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Relationships Between Chemical Structure and 
Activity of Triterpenes Against Gram-Positive 

and Gram-Negative Bacteria 

A. G. Pacheco*, A. F. C. Alcântara, V. G. C. Abreu and G. M. Corrêa 
Departamento de Química,  

Universidade Federal de Minas Gerais, Belo Horizonte, Minas Gerais,  
Brazil 

1. Introduction 

Bacteria are non-chlorophyllated unicellular organisms that reproduce by fission and do not 
present nuclear envelope. Gram´s stain is a staining technique used to classify bacteria based 
on the different characteristic of their cell walls. Gram-positive or Gram-negative bacteria 
are determined by the amount and location of peptidoglycan in the cell wall, exhibiting 
different chemical compositions and structures, cell-wall permeabilities, physiologies, 
metabolisms, and pathogenicities.  

Microbial diseases present a significant clinical interest because some species of bacteria are 
more virulent than other ones and show alteration in sensibility to the conventional 
antimicrobial drugs, mainly species of the genera Staphylococcus, Pseudomonas, Enterococcus, 
and Pneumococcus. The extensive use of the penicillin since the Second World War promoted 
the appearance of the first strains of penicillin-resistant Gram-positive bacteria (Silveira et 
al., 2006). Vancomicin and methicillin showed a large spectrum of bactericidal actions 
against many Gram-positive bacteria. However, some strains also presented resistance to 
these compounds, as observed to the drugs vancomycin-resistant Enterococcus (VRE) and 
methicillin-resistant Staphylococcus aureus (MRSA), respectively. As a consequence, the 
resistance that pathogenic microorganisms build against antibiotics has stimulated the 
search of new antimicrobial drugs (Al-Fatimi et al., 2007; Rahman et al., 2002). 

In the last few decades, the ethnobotanical search has been the subject of very intense 
pharmacological studies about drug discovery as potential sources of new compounds of 
therapeutic value in the treatment of bacterial diseases (Matu & Staden, 2003). The importance 
of secondary metabolites for the antimicrobial activity has been observed to triterpenoid 
compounds (Geyid et al., 2005). The triterpenes are widely distributed in the plant and animal 
kingdoms and occur in either a free state or in a combined form, mainly in the form of esters 
and glycosides (Ikan, 1991). Triterpenes present a carbon skeleton based on six isoprene units, 
being biosynthetically derived from the squalene, which may usually yield the pentacyclic 
triterpenes with six-membered rings. These pentacyclic triterpenes (PCTTs) present a basic 
skeleton which provides a large amount of derivative structures because different positions on 
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their skeleton may be substituted. As result, there are at least 4000 known PCTTs (Dzubak et 
al., 2006), exhibiting a large spectrum of biological activities (James & Dubery, 2009). Some 
classes of triterpenes present other skeleton, such as fernane- and lupane-type triterpenes.  
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The literature describes the isolation of triterpenes from the vegetal species which exhibit 
bactericidal activity (Katerere et al., 2003; Sunitha et al., 2001; Ryu et al., 2000; Yun et al., 
1999). Table 1 shows the most recent studies relating plant that exhibit bactericidal activity 
and contain triterpenes. The activity against Gram-negative bacteria has been few studied in 
relation to Gram-positive ones. The Gram-positive bacteria more studied are S. aureus, B. 
subtilis, B. cereus, and S. faecalis (24, 11, 7, and 6 occurrences, respectively). On the other 
hand, the Gram-negative bacteria more studied are P. aeroginosa, E. coli, K. pneumoniae, and 
S. typhi (15, 13, 9, and 6 occurrences, respectively). 
 

Species Isolated compound Activity against Gram-
positive bacteria 

Activity against Gram-
negative bacteria Ref. 

Abies 
sachalinensis 

Triterpenes Bacillus subtilis and 
Staphylococcus aureus 

- Gao et al., 
2008 

Acacia mellifera Triterpenes S. aureus - Mutai et al., 
2009 

Alstonia 
macrophylla 

Triterpenes and 
steroids 

S. aureus, Staphylococcus 
saprophyticus, and 

Streptococcus faecalis 

Escherichia coli and 
Proteus mirabilis 

Chattopadh
yay et al., 

2001 
Austroplenckia 

populnea 
Triterpenes S. aureus - Miranda et 

al., 2009 
Aquilaria 
agallocha 

Triterpenes, alkaloids, 
anthraquinones, and 

tannins 

Bacillus brevis and B. 
subtilis 

Pseudomonas aeruginosa
and Shigella flexneri  

Dash et al., 
2008 

Azadirachta 
indica 

Triterpenes, glycosides, 
and fatty acids 

Micrococcus luteus and S. 
aureus  

P. aeruginosa and Proteus 
vulgaris 

Khan et al., 
2010 

Azima 
tetracantha 

Triterpenes, steroids, 
and tannins 

S. aureus and B. subtilis E. coli, Klebsiella 
pneumoniae, and P. 

aeruginosa  

Ekbote et 
al., 2010 

Calophyllum 
inophyllum 

Triterpenes S. aureus - Yimdjo et 
al., 2004 

Cardiospermum 
helicacabum 

Triterpenes, steroids, 
sugars, alkaloids, 

phenols, saponins, 
aminoacids, and 

tannins 

B. subtilis P. aeruginosa and 
Salmonella typhi 

Viji et al., 
2010 

Cedrus deodara Triterpenes, alkaloids, 
steroids, flavonoids, 

tannins, phenolic 
compounds, and  

Bacillus cereus, E. faecalis, 
and S. aureus  

E. coli, K. pneumoniae, 
and P. aeruginosa  

Devmurari, 
2010 

Table 1. Vegetal species that exhibit bactericidal activity and contain triterpenes 
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Species Isolated compound Activity against Gram-
positive bacteria 

Activity against Gram-
negative bacteria Ref. 

Commiphora 
glandulosa 

Triterpenes B. subtilis, Clostridium 
perfringens, and S. aureus  

- Motlhanka 
et al., 2010 

Dendrophthoe 
falcata 

Triterpenes, steroids, 
tannins, and glycosides 

B. cereus, B. subtilis, M. 
luteus, S. aureus, 
Staphylococcus 

epidermidis, and 
Streptococcus pneumoniae, 

Enterobacter aerogenes, E. 
coli, K. pneumoniae, P. 

aeruginosa, Serratia 
marcescens, and S. typhi  

Pattanayak 
et al., 2008 

Dichrostachys 
cinerea 

Triterpenes and 
steroids 

B. subtilis and S. aureus E. coli and P. aeruginosa Eisa et al., 
2000 

Drynaria 
quercifolia 

Triterpenes, coumarins, 
flavones, lignans, 

saponins, and steroids  

B. subtilis and S. aureus E. coli, K. pneumoniae, P. 
aeruginosa, and S. typhi 

Ramesh et 
al., 2001 

Elaeodendron 
schlechteranum 

Triterpenes B. cereus, B. subtilis, and 
S. aureus 

- Maregesi et 
al., 2010 

Ficus ovata Triterpenes B. cereus, S. aureus, and 
S. faecalis 

Citrobacter freundii, E. 
coli, K. pneumoniae, P. 

aeruginosa, and S. typhi 

Kuete et al., 
2009 

Finlaysonia 
obovata 

Triterpenes S. aureus E. coli and P. aeruginosa Mishra & 
Sree, 2007 

Galium 
mexicanum 

Triterpenes, saponins, 
flavonoids, 

sesquiterpene lactones, 
and glucosides 

S. aureus methicillin-
resistant (MRSA) 

- Bolivar et 
al., 2011 

Garcinia 
gummicutta 

Triterpenes, alkaloids,  
steroids, oils, catechins, 

and phenolics

B. subtilis and S. aureus Aeromonas hydrophila, K. 
pneumoniae, P. 

aeruginosa, and S. typhi  

Maridass et 
al., 2010 

Leucas aspera Triterpenes S. pneumoniae E. coli Mangathay
aru et al., 

2005 
Miconia 

ligustroides 
Triterpenes B. cereus - Cunha et 

al., 2010 
Mirabilis jalapa Terpenes and 

flavonoids 
B. cereus, E. faecalis, and 

M. luteus 
E. coli, K. pneumoniae, 

and P. aeruginosa  
Hajji et al., 

2010 
Moringa oleifera Triterpenes, alkaloids, 

flavonoids, 
sesquiterpenes, 

lactones, diterpenes, 
and naphtoquinones 

E. faecalis and S. aureus  Aeromonas caviae and 
Vibrio arahaemolyticus 

Peixoto et 
al., 2011 

Mussaenda 
macrophylla 

Triterpenes - Porphyromonas gengivalis Kim et al., 
1999 

Phyllanthus 
simplex 

Triterpenes, steroids, 
lignans, flavonoids, 

glycosides, and 
phenolic compounds 

S. aureus E. coli, P. aeruginosa, and 
S. flexneri 

Chouhan & 
Singh, 2010 

Psidium 
guajava 

Triterpenes, tannins, 
and flavonoids 

B. subtilis and S. aureus  E. coli and P. aeruginosa Sanches et 
al., 2005 

Pulicaria 
dysenterica 

Triterpenes and 
steroids 

B. cereus and S. aureus  Vibrio cholera Nickavar & 
Mojab, 2003 

Tridesmostemon 
omphalocarpoides 

Triterpenes S. aureus and S. faecalis E. coli, K. pneumoniae, P. 
vulgaris, Shigella 

dysenteriae, and S. typhi 

Kuete et al., 
2006 

Triumfetta 
rhomboidea 

Triterpenes, Steroids, 
flavonoids, tannin, and 
phenolic compounds 

B. cereus, E. faecalis, and 
S. aureus  

E. coli, K. pneumoniae, 
and P. aeruginosa  

Devmurari 
et al., 2010 

Vochysia 
divergens 

Triterpenes S. aureus - Hess et al., 
1995 

Table 1. Vegetal species that exhibit bactericidal activity and contain triterpenes (contd.) 
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Some plants exhibit a broad spectrum of activity against both Gram-positive and Gram-
negative bacteria and contain other chemical classes, such as coumarins, flavonoids, phenolic 
compounds, and alkaloids. However, there is an expressive quantity of vegetal species that 
only triterpenes were  isolated, suggesting an intrinsic relationship between this chemical class 
and the bactericidal activity of these plants. Thus, the present work provides an extensive 
search in original and review articles addressing the bactericidal activity of triterpenes, which 
may inspire new biomedical applications, considering atom economy, the synthesis of 
environmentally benign products without producing toxic by-products, the use of renewable 
sources of raw materials, and the search for processes with maximal efficiency of energy. To 
systematization of the results, it was considered that the biological activities are related to the 
presence of functionalized sites on the chemical structure of each triterpene. Obviously the 
obtained data do not make them possible the comparison of the intensity of bactericidal 
activities among the active triterpenes. Moreover, many triterpenes were tested against few 
species of bacteria, and as a consequence this work only records biological positive test. 

Table 2 shows the bactericidal activity of oleanane-type triterpenes isolated from vegetal 
species and fungi (Compounds 1 to 43 shown in Figure 1). In the case of Gram-positive 
bacteria, oleananes with different functionalizations exhibit activity against S. aureus and a 
relationship between chemical structure and bactericidal activity could not established. The 
oleananes 6, 20, 21, 35, and 36 exhibit activity against E. faecalis. All these compounds 
present functional groups on the alpha side of the triterpene skeleton (hydroxyl group at C-
1 and oxygenated group at C-20 or C-16). Compounds 1 to 5, and 42 exhibit activity against 
M. luteus and present carboxyl group at C-17 or C-20 and oxygenated group at C-3. The 
presence of a functional group at C-17 is an important criterion to the activity against B. 
subtilis, except compounds 29 and 43, which are carboxyl group funcionalized at other 
positions (i.e. C-3 and C-20, respectively). The activity against S. mutans is exhibited by the 
compounds 14, 15, 17, 18, and 24, which present oxygenated group at C-3 and carboxyl 
group at C-17. Few oleanane-type triterpenes were tested against S. pneumoniae and B. 
pumilus, and as a consequence, relationships between chemical structure and activity against 
these Gram-positive bacteria were not possible.  

Considering the Gram-negative bacteria, Table 2 shows many oleananes active against E. 
coli. These compounds present different functional groups at the oleanane skeleton, but all 
them present oxygenated group at C-3. Compounds 13-16, 19, 26, 28-38, and 43 exhibit 
activities against S. typhi and only present oxygenated group at C-3 in common. The activity 
against S. sonnei is registered for the compounds 7, 8, 10, and 13, which present carboxyl 
group at C-17 and oxygenated group at C-3. Similarly, the activity against P. gingivalis is 
registered for the compounds 14, 15, 18, 24, and 25, which present carboxyl group at C-17 
and oxygenated group at C-3. Only two compounds exhibited activity against P. fluorencens 
(11 and 12) and both the oleananes present hydroxyl group at C-19 on the alpha-side of the 
skeleton. Few oleananes were tested against V. cholera, S. dysenteriae, S. flexneri, S. boydii, P. 
aeruginosa, and C. pneumoniae and relationships between chemical structure and activity 
against these Gram-negative bacteria were not possible. 

Figure 2 shows the ursane-type triterpenes with bactericidal activity isolated from vegetal 
species. For the Gram-positive bacteria, the ursanes active against S. aureus and B. subtilis 
present oxygenated group at C-3 in common. Few compounds exhibited positive tests 
against S. epidermidis, A. viscosus, M. luteus, S. mutans, C. perfrigens, S. faecalis, and B. cereus. 
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In the case of Gram-negative bacteria, the ursanes active against E. coli present an 
oxygenated group at C-3 in common. The ursanes active against S. sonnei, S. flexneri, B. typhi, 
K. pneumonae, and P. aeroginosa concomitantly present oxygenated groups at C-3 and C-17. 

Figure 3 shows the lupane-, friedelane-, and fernane-type triterpenes with bactericidal 
activity isolated from vegetal species. Friedelin (compound 68) exhibits the largest spectrum 
of activities against  Gram-positive bacteria (Bacillus megaterium, Bacillus stearothermophilus, S 
aureus, and S. faecalis) and Gram-negative bacteria (C. freundi, E. aerogenes, Enterococcus 
cloacae, K. pneumoniae, Morganella morganii, P. aeruginosa, P. mirabilis, P. vulgaris, S. dysenterie, 
S. flexneri, and S. typhi, Salmonella typhimurium). This compound only presents 
functionalization at C-3 (carbonyl group at position C-3 on the triterpene skeleton). As a 
consequence, the position C-3 could be considered as a strategic position to bactericidal 
activity of all triterpenes above-mentioned.  However, the fernanes 82-84 do not present 
functional groups at C-3, but exhibit activity against M. tuberculosis.  

The compounds shown in the Figures 4 and 5 are miscellaneous-types of triterpenes isolated 
from vegetal species or obtained from hemi-synthesis which exhibit bactericidal activity. 
The variety of their chemical structures does not permit to establish relationships with the 
bactericidal activities showed in the Tables 2 and 3. However, among the triterpenes shown 
in the Figures 1 to 5 and Tables 2 and 3, 90% of them exhibit activity against Gram-positive 
bacteria and 60% of them exhibit activity against Gram-negative bacteria. These results 
indicate higher resistance of Gram-negative Bacteria to the triterpenes.  

 

Compound Vegetal 
species 

Activity against 
Gram-positive 

bacteria 

Activity 
against 
Gram-

negative 
bacteria 

Ref. 

2α-Hydroxy-3-oxoolean-12-en-30-oic acid 
(1) 

Dillenia 
papuana 

B. subtilis and M. 
luteus 

E. coli Nick et al., 
1994 

Olean-1,12-dien-29-oic acid, 3-oxo (2) Dillenia 
papuana 

B. subtilis and M. 
luteus 

E. coli Nick et al., 
1994 

lα-Hydroxy-3-oxoolean-12-en-30-oic acid 
(3) 

Dillenia 
papuana 

B. subtilis and M. 
luteus 

E. coli Nick et al., 
1994 

2-Oxo-3β-hydroxyolean-12-en-30-oic acid 
(4) 

Dillenia 
papuana 

B. subtilis and M. 
luteus 

E. coli Nick et al., 
1994 

Olean-12-en-1,3-dihydroxy (5) Dillenia 
papuana 

B. subtilis and M. 
luteus 

E. coli Nick et al., 
1994 

3,30-Dihydroxyl-12-oleanen-22-one (6) Cambretum 
imberbe 

E. faecalis and S. 
aureus  

E. coli Angeh et 
al., 2007; 

Katerere et 
al., 2003 

Arjulonic acid (7) Syzygium 
guineense 

B. subtilis E. coli and 
Shigella sonnei 

Djoukeng et 
al., 2005 

Terminolic acid (8) Syzygium 
guineense 

B. subtilis E. coli and S. 
sonnei 

Djoukeng et 
al., 2005 

2α,3β,24-Trihydroxyolean-12-en-28-oic 
acid (9) 

Planchonia 
careya 

MRSA Enterococcus 
vancomicin-

resistant 
(VRE) 

McRae et 
al., 2008 

2,3,23-Trihydroxy-(2α,3β,4α) olean-11-en-
28 oic acid (10) 

Syzygium 
guineense 

B. subtilis E. coli and S. 
sonnei 

Djoukeng et 
al., 2005 

Table 2. Bactericidal activity of triterpenes isolated from vegetal species and fungi 
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Compound Vegetal 
species 

Activity against 
Gram-positive 

bacteria 

Activity 
against 
Gram-

negative 
bacteria 

Ref. 

Arjungenin (11) Planchonia 
careya 

Pseudomonas 
fluorencens 

McRae et 
al., 2008 

Arjunic acid (12) Terminalia 
arjuna 

P. fluorencens Sun et al., 
2008 

3-Acetyl aleuritolic acid (13) Spirostacheps 
africana 

S. aureus E. coli, Shigella 
boydii, S. 

dysenteriae, S. 
flexneri, S. 

sonnei, S. typhi, 
and V. cholera  

Mathabe et 
al., 2008 

Oleanolic acid (14) Periplaca 
laevigata 

Spretococcus 
mutans and S. 

aureus  

E. coli, P. 
gingivalis, and 

S. typhi  

Hichri et al., 
2003 

Oleanolic acid acetate (15) Periplaca 
laevigata 

S. mutans and S. 
aureus  

E. coli, P. 
aeruginosa, P. 
gingivalis, and 

S .typhi  

Hichri et al., 
2003 

Maslinic acid acetate (16) Periplaca 
laevigata 

S. aureus E. coli, P. 
aeruginosa, and 

S. typhi  

Hichri et al., 
2003 

Methyl 3-acetyloleanolic acid (17) Vitis vinifera S. mutans Rivero-
Cruz et al., 

2008 
Methyl oleanolic acid (18) Vitis vinifera S. mutans P.gingivalis Rivero-

Cruz et al., 
2008 

Oleanolic acid 28-O-[β-D-
glucopyranosyl] Ester (19) 

Drypetes paxii S. aureus E. coli and S. 
typhi 

Chiozem et 
al., 2009 

1α,3β-Dihydroxyolean-12-en-29-oic acid 
(20) 

Cambretum 
imberbe 

E. faecalis and S. 
aureus  

E. coli Angeh et 
al., 2007; 

Katerere et 
al., 2003 

1α,3β-Hydroxyimberbic-acid-23-O-β-L-4-
acetylrhamnopyranoside (21) 

Cambretum 
imberbe 

E. faecalis and S. 
aureus  

- Angeh et 
al., 2007; 

Katerere et 
al., 2003 

1,3,24-Trihydroxyl-12-olean-29-oic acid 
(22) 

Cambretum 
imberbe 

S. aureus E. coli Angeh et 
al., 2007; 

Katerere et 
al., 2003 

1α,23-Dihydroxy-12-oleanen-29-oic acid-
3β-O-2,4-diacetyl-L-rhamnopyranoside 

(23) 

Cambretum 
imberbe 

S. aureus E. coli Angeh et 
al., 2007; 

Katerere et 
al., 2003 

3-O-(30,30-dimethylsuccinyl)-oleanolic 
acid (24) 

Vitis vinifera S. mutans P. gingivalis Rivero-
Cruz et al., 

2008 
3-O-(20,20-dimethylsuccinyl)oleanolic 

acids (25) 
Vitis vinifera - P. gingivalis Rivero-

Cruz et al., 
2008 

3β,6R,13β-Trihydroxyolean-7-one (26) Camellia 
sinensis 

S. aureus E. coli, S. 
dysenteriae, 
and S. typhi 

Ling et al., 
2010 

Table 2. Bactericidal activity of triterpenes isolated from vegetal species and fungi (contd.) 



Relationships Between Chemical Structure and  
Activity of Triterpenes Against Gram-Positive and Gram-Negative Bacteria 

 

7 

Compound Vegetal 
species 

Activity against 
Gram-positive 

bacteria 

Activity 
against 
Gram-

negative 
bacteria 

Ref. 

18α-Oleanane-3β-ol,19β,28-epoxy (27) - Chlamydia 
pneumoniae 

Dehaen et 
al., 2011 

9β,25-cyclo-3β-O-(β-D-glucopyranosyl)-
echynocystic acid (28) 

Syniplocos 
panicrelata 

B. subtilis and S. 
aureus  

E. coli and P. 
aeruginosa  

Semwal et 
al., 2011 

3-Oxoolean-l,12-dien-30-oic acid (29) Dellenia 
papuana 

B. subtilis E. coli Nick et al., 
1994 

3R-Hydroxyolean-12-en-27-oic acid (30) Aceriphyllum 
rossii 

MRSA,  
quinolone 

resistance S. 
aureus (QRSA), 
and S. aureus  

- Zheng et 
al., 2008 

3β-Hydroxyolean-12-en-27-oic acid (31) Aceriphyllum 
rossii 

MRSA,  QRSA, 
and S. aureus  

- Zheng et 
al., 2008 

Aceriphyllic acid A (32) Aceriphyllum 
rossii 

MRSA,  QRSA, 
and S. aureus 

- Zheng et 
al., 2008 

Methyl ester of aceriphyllic acid A (33) Aceriphyllum 
rossii 

MRSA,  QRSA, 
and S. aureus

- Zheng et 
al., 2008 

22α-Acetyl-16α,21β-dihydroxyoleanane-
13β:28-olide-3-O-[β-glucopyranosyl-

(1'''→6')][6''-O-
coumaroylglucopyranosyl-(1''→2')]-β-

glucopyranoside (34)

Maesa 
lanceolata 

S. aureus - Manguro et 
al., 2011 

16α,22α-Diacetyl-21β-angeloyloleanane-
13β:28-olide-3β-O-[β-glucopyranosyl-

(1''→2')][β-glucopyranosyl-(1'''→4')]-β-
glucopyranoside (35) 

Maesa 
lanceolata 

B. subtilis, E. 
faecalis, S. aureus,  
and S. pneumoniae 

E. coli, P. 
aeruginosa, 

and V. cholera 

Manguro et 
al., 2011 

16α,22α,28-Trihydroxy-21β-
angeloylolean-12-ene-3β-O-[α-
rhamnopyranosyl-(1'''→6'')][β-

glucopyranosyl-(1''→2')]-β-
xylopyranoside(36) 

Maesa 
lanceolata 

E. faecalis and S. 
pneumoniae  

S. typhi and 
V. cholera  

Manguro et 
al., 2011 

16α,28-dihydroxy-22α-acetyl-21β-
angeloylolean-12-ene-3-O-[β-
galactopyranosyl-(1''→2')][α-

rhamnopyranosyl-(1'''→4')]-α-
arabinopyranoside (37) 

Maesa 
lanceolata 

B. subtilis S. typhi and 
V. cholera  

Manguro et 
al., 2011 

Chikusetsusaponin IVa methyl Ester (38) Drypetes 
laciniata 

- E. coli and S. 
typhi 

Fannang et 
al., 2011 

3β-[(α-L-Arabinopyranosyl)-oxy]olean-
12-en-28-oic acid (39) 

Clematis 
ganpiniana 

B. subtilis - Ding et al., 
2009 

Hederagenin-3β-O-α-L-
arabinopyranoside (40)

Clematis 
ganpiniana 

Bacillus pumilus 
and B. subtilis 

- Ding et al., 
2009 

3β-O-α-L-Rhamnopyranosyl-(1→2)-α-L-
arabinopyranosyl oleanolic acid (41)

Clematis 
ganpiniana 

B. pumilus and B. 
subtilis 

E. coli Ding et al., 
2009 

α-Hederin (42) Clematis 
ganpiniana 

B. pumilus, B. 
subtilis, M. luteus, 

and S. aureus 

E. coli and S. 
dysenteriae 

Ding et al., 
2009 

5,6(11)-Oleanadien-3β-ethan-3-oate (43) Rhododendron 
campanulatum 

B. subtilis and S. 
aureus  

E. coli, K. 
pneumoniae, 
and S. typhi 

Tantry et 
al., 2011 

Asiatic acid (44) Syzygium 
guineense 

B. subtillis E. coli and S. 
sonnei 

Djoukeng et 
al., 2005 

Hydroxyasiatic acid (45) Syzygium 
guineense 

B. subtilis E. coli and S. 
sonnei 

Djoukeng et 
al., 2005 

Table 2. Bactericidal activity of triterpenes isolated from vegetal species and fungi (contd.) 
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Compound Vegetal 
species 

Activity against 
Gram-positive 

bacteria 

Activity 
against 
Gram-

negative 
bacteria 

Ref. 

Eleganene-A (46) Myricana 
elegans 

B. subtilis and S. 
aureus  

S. flexneri and 
S. typhi 

Ahmad et 
al., 2008 

Eleganene-B (47) Myricana 
elegans 

B. subtilis and S. 
aureus  

E. coli, P. 
aeruginosa, S. 

flexneri, and S. 
typhi 

Ahmad et 
al., 2008 

(2α,3β)-2,3,23-Trihydroxy-13,28-
epoxyurs-11-en-28-one (48) 

Eucalyptus 
camaldulensis 

S. aureus and S. 
epidermidis 

E. coli, K. 
pneumonae, 

and P. 
aeruginosa 

Tsiri et al., 
2008 

Ilexgenin A (49) Ilex hainanensis Actinomyces
viscosus and S. 

mutans  

- Chen et al., 
2011 

Rotundic acid (50) Ilex integra B. subtilis, M. 
luteus, and S. 

aureus 

P. aeruginosa Haraguchi 
et al., 1999 

Ursolic acid (51) Geum rivale S. aureus E. coli and P. 
aeruginosa 

Panizzi et 
al., 2000 

1β,2β,3β–Trihydroxy-urs-12-ene-23-oic-
rhamnoside (52) 

Commiphora 
glandulosa 

B. subtilis,  C. 
perfringens, and S. 

aureus  

- Montlhanka 
et al., 2010 

Erythrodiol (53) Myricana 
elegans 

B. subtilis P. aeruginosa  
and S. flexneri  

Ahmad et 
al., 2008 

Corosolic acid (54) Myricana 
elegans 

B. subtilis P. aeruginosa 
and S. flexneri  

Ahmad et 
al., 2008 

1β,3β-Dihydroxyurs-12-en-27-oic acid 
(55) 

Carophora 
coronata 

B. subtilis and 
MRSA

- Khera et al., 
2003 

22β-Acetyl lantoic acid (56) Lantana camara S. aureus E. coli, P. 
aeruginosa, 
and S. typhi 

Barre et al., 
1997 

Lantic acid (57) Lantana camara B. cereus,  B. 
subtilis, M. luteus, 
S. aureus, and S. 

faecalis 

E. coli Saleh et al., 
1999 

22β-Acetoxylantic acid (58) Lantana 
Camara 

S. aureus E. coli, P. 
aeruginosa, 
and S. typhi  

Barre et al., 
1997 

Taraxast-20-ene-3β-ol  (59) Saussurea 
petrovii 

B. subtilis and S. 
aureus  

E. coli Daí et al., 
2001 

Taraxast-20(30)ene-3β,21α-diol (60) Saussurea 
petrovii 

B. subtilis and S. 
aureus 

E. coli Daí et al., 
2001 

20α,21α-Epoxy-taraxastane-3β,22α-diol 
(61) 

Saussurea 
petrovii 

B. subtilis and S. 
aureus 

E. coli Daí et al., 
2001 

Taraxast-20-ene-3β-ol (62) Saussurea 
petrovii 

B. subtilis and S. 
aureus 

E. coli Daí et al., 
2001 

Taraxast-20-ene-3 β,30-diol (63) Saussurea 
petrovii 

B. subtilis and S. 
aureus 

E. coli Daí et al., 
2001 

20(29)-Lupene-3β-isoferulate (64) Euclea 
natalensis 

B. pumilus - Weigenand 
et al., 2004 

Lupeol (65) Curtisia dentata B. subtilis and S. 
aureus 

E. coli and P. 
aeruginosa  

Shai et al., 
2008 

Betulinic acid (66) Curtisia dentata B. subtilis and S. 
aureus 

E. coli and P. 
aeruginosa  

Shai et al., 
2008 

Table 2. Bactericidal activity of triterpenes isolated from vegetal species and fungi (contd.) 
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Compound Vegetal 
species 

Activity against 
Gram-positive 

bacteria 

Activity 
against 
Gram-

negative 
bacteria 

Ref. 

Betulin (67) Myricana 
elegans 

- C. pneumoniae Dehaen et 
al., 2011; 

Ahmad et 
al., 2008  

Friedelin (68) Visnia 
rubescens 

Bacillus 
megaterium, 

Bacillus 
stearothermophilus, 

S aureus, and S. 
faecalis  

C. freundi, E. 
aerogenes, 

Enterococcus 
cloacae, K. 

pneumoniae, 
Morganella 
morganii, P. 

aeruginosa, P. 
mirabilis, P. 
vulgaris, S. 

dysenterie, S. 
flexneri, and S. 

typhi, 
Salmonella 

typhimurium

Tamokou et 
al., 2009; 

Kuete et al., 
2009, 2007, 

2006 

3-Oxo-friedelan-20α-oic acid (69) Maytenus 
sinegalensis 

B. subtilis and S. 
aureus 

E. coli, K. 
pneumoniae, 

and S. flexneri 

Lindsey et 
al., 2003; 

Lindsey et 
al., 2006 

3β-Hydroxyfriedelane-7,12,22-trione (70) Drypetes 
laciniata 

- E. coli, P. 
aeruginosa, 
and S. typhi 

Fannang et 
al., 2011 

12α-Hydroxyfriedelane-3,15-dione (71) Drypetes paxii S. aureus Chiozem et 
al., 2009 

Friedelanol (72) Visnia 
rubescens 

S. aureus P. aeruginosa 
and S. typhi  

Angeh et 
al., 2007; 

Katerere et 
al., 2003 

3β-Hydroxyfriedelan-25-al (73) Drypetes paxii S. aureus - Chiozem et 
al., 2009 

3-Hydroxy-2,24-dioxo-3-friedelen-29-oic 
acid (74) 

Elaeodendron 
schlechteranum 

B. cereus and S. 
aureus  

- Maregesi et 
al., 2010 

22β-Hydroxytingenone (75) Elaeodendron 
schlechteranum 

B. cereus and S. 
aureus  

- Maregesi et 
al., 2010 

2,3,7-Trihydroxy-6-oxo-1,3,5(10),7-
tetraene-24-nor-friedelane-29-oic acid 

methyl ester (76) 

Crossopetalum 
gaumeri 

B. cereus, M. 
luteus, and S. 

epidermidis 

- Ankli et al., 
2000 

Zeylasterone (77) Maytenus 
blepharodes 

S. aureus - Léon et al., 
2010 

Dimethylzeylasterone (78) Maytenus 
blepharodes 

S. aureus - Léon et al., 
2010 

Zeylasteral (79) Maytenus 
blepharodes 

S. aureus - Léon et al., 
2010 

Dimethylzeylasteral (80) Maytenus 
blepharodes 

S. aureus - Léon et al., 
2010 

30-Ethyl-2α,16α-dihydroxy-3β-O-(β-D-
glucopyranosyl)-hopan-24-oic acid (81) 

Syniplocos 
panicrelata 

B. subtilis and S. 
aureus 

E. coli and P. 
aeruginosa  

Semwal et 
al., 2011 

Hopan-27-al-6β,11R,22-triol (82) Conoideocrella 
tenuis (fungus) 

- Mycobacterium 
tuberculosis 

Isaka et al., 
2011 

A'-Neogammacerane-6,11,22,27-tetrol 
(83) 

Conoideocrella 
tenuis (fungus) 

- M. tuberculosis Isaka et al., 
2011 

Table 2. Bactericidal activity of triterpenes isolated from vegetal species and fungi (contd.) 
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Compound Vegetal 
species 

Activity against 
Gram-positive 

bacteria 

Activity 
against 
Gram-

negative 
bacteria 

Ref. 

Hopane-6β,7β,22-triol (84) Conoideocrella 
tenuis (fungus) 

- M. tuberculosis Isaka et al., 
2011 

Dysoxyhainic acid G (85)   Dysoxylum 
hainanense 

B. subtilis, M. 
luteus,  and S. 

epidermidis 

- He et al., 
2011 

20-Epikoetjapic acid (86) Osyris 
lanceolata 

B. subtilis and S. 
aureus 

E. coli  and P. 
aeruginosa  

Yeboah et 
al., 2010 

Dysoxyhainic acid J (87) Dysoxylum 
hainanense 

B. subtilis and S. 
epidermidis 

- He et al., 
2011 

(9,11),(18,19)-Disecoolean-12-en-28-oic 
acid (88) 

Ficus 
benjamina 

B. subtilis and S. 
aureus 

E. coli and 
S.typhimurium 

Parveen et 
al., 2009 

2-Chrysene acetic acid, 9-carboxy-
1,2,3,4,4a,4b,5,6,6a,7,8,9,10,10a,12,12a-

hexadecahydro-α,α,1,4a,4b,6a,9-
heptamethyl-1-(2-oxoethyl),2-methyl 

ester (89) 

Dillenia 
papuana 

B. subtilis and M. 
luteus 

E. coli Nick et al., 
1994 

Polyporenic acid C (90) Fomitopsis 
rosea (fungus) 

S. aureus - Popova et 
al., 2009 

Dysoxyhainic acid I (91) Dysoxylum 
hainanense 

B. subtilis and S. 
epidermidis 

- He et al., 
2011 

3α-Hydroxy-24-methylene-23-oxolanost-
8-en-26-carboxylic acid (92) 

Fomitopsis 
rosea (fungus) 

S. aureus - Popova et 
al., 2009 

3α-Carboxyacetoxyquercinic acid (93) Fomitopsis 
rosea (fungus) 

S. aureus - Popova et 
al., 2009 

3α-Oxepanoquercinic acid C (94) Fomitopsis 
rosea (fungus) 

S. aureus - Popova et 
al., 2009 

Lamesticumin F (95) Lansium 
domesticum 

B. cereus  and B. 
subtilis  

- Dong et al., 
2011 

3α-
(3′Butylcarboxyacetoxy)oxepanoquercinic 

acid C (96) 

Fomitopsis 
rosea (fungus) 

S. aureus - Popova et 
al., 2009 

Helvolic acid (97) Pichia 
guilliermondii 

(fungus) 

B. subtilis, S. 
aureus, and 

Staphylococcus 
haemolyticus 

Agrobacterium 
tumifaciens, E. 

coli, 
Pseudomonas 
lachrymans, 

Ralstonia 
solanacearum, 

and 
Xanthomonas 

vesicatoria 

Zhao et al., 
2010 

5α,8α-Epidioxi-24(ξ)-methylcholesta-6,22-
diene-3β-ol (98) 

Fomitopsis 
rosea (fungus) 

S. aureus Popova et 
al., 2009 

1,3,16β-yl-Phenypropylacetate-lanostan-
5,11,14,16,23,25-hexen-22-one (99) 

Stachyterphita 
jamaicensis 

S. aureus and S. 
faecalis 

E. coli  and P. 
aeruginosa  

- 

Maregesi et 
al., 2010 

Dysoxyhainic acid H (100) Dysoxylum 
hainanense 

B. subtilis and M. 
luteus 

- He et al., 
2011 

3β-O-cis-p-Coumaroyltormentic acid (101) Planchonia 
careya 

S. aureus VRE McRae et 
al., 2008 

3β-O-trαns-p-Coumaroyltormentic acid 
(102) 

Planchonia 
careya 

S. aureus VRE McRae et 
al., 2008 

Table 2. Bactericidal activity of triterpenes isolated from vegetal species and fungi (contd.) 
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Compound Vegetal 
species 

Activity against 
Gram-positive 

bacteria 

Activity 
against 
Gram-

negative 
bacteria 

Ref. 

Lamesticumin C (103) Lansium 
domesticum 

B. cereus, B. 
subtilis, M. luteus, 
S. epidermidis, S. 

aureus, and 
Streptococcus 

pyogenes 

- Dong et al., 
2011 

Lamesticumin D (104) Lansium 
domesticum 

B. cereus and B. 
subtilis  

- Dong et al., 
2011 

Lamesticumin B (105) Lansium 
domesticum 

B. cereus, B. 
subtilis, M. luteus, 

S. aureus, S. 
epidermidis, and S. 

pyogenes 

- Dong et al., 
2011 

Lamesticumin E (106) Lansium 
domesticum 

B. cereus and B. 
subtilis  

- Dong et al., 
2011 

Lansic acid 3-ethyl Ester (107) Lansium 
domesticum 

B. cereus, B. 
subtilis, M. luteus, 

S. aureus, S. 
epidermidis, and S. 

pyogenes 

- Dong et al., 
2011 

Ethyl lansiolate (108) Lansium 
domesticum 

B. cereus, B. 
subtilis, M. luteus, 

S. aureus, S. 
epidermidis, and S. 

pyogenes

- Dong et al., 
2011 

Lamesticumin A (109) Lansium 
domesticum 

B. cereus, B. 
subtilis, M. luteus, 

S. aureus, S. 
epidermidis, and S. 

pyogenes 

- Dong et al., 
2011 

3-Cyclohexene-1-propanoic acid,2-[2-
[(1S,2R,3R)-2-(3-ethoxy-3-oxopropyl)-3-
(1-hydroxy-1-methylethyl)-2-methyl-6-

methylenecyclohexyl]ethyl]-1,3-dimethyl-
6-(1-methylethenyl) (110) 

Lansium 
domesticum 

B. cereus, B. 
subtilis, M. luteus, 

S. aureus, S. 
epidermidis, and S. 

pyogenes 

- Dong et al., 
2011 

Table 2. Bactericidal activity of triterpenes isolated from vegetal species and fungi (contd.) 

Compound Activity against Gram-
positive bacteria 

Activity against Gram-
negative bacteria Ref. 

β–D-Galactosideo methyl 
oleanolate (111) 

S. aureus - Takechi & 
Tanaka, 1992 

β–D-Xilosideo methyl oleanolate 
(112) 

S. aureus - Takechi & 
Tanaka, 1992 

β–D-Fucosideo methyl oleanolate 
(113) 

S. aureus - Takechi & 
Tanaka, 1992 

β–L-Fucosideo methyl oleanolate
(114) 

S. aureus - Takechi & 
Tanaka, 1992 

β–Maltosideo methyl oleanolate 
(115) 

S. aureus - Takechi & 
Tanaka, 1992 

β-Maltotriosídeo methyl oleanolate 
(116) 

S. aureus - Takechi & 
Tanaka, 1992 

Oleanolic acid acetate (117) S. aureus E. coli and P. aeruginosa Hichri et al., 
2003 

Table 3. Bactericidal activity of triterpene derivatives 
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Compound Activity against Gram-
positive bacteria 

Activity against Gram-
negative bacteria Ref. 

3β-O-Acetate β-amyrin (118) S. aureus E. coli and P. aeruginosa Hichri et al., 
2003 

2β,3β-Dihydroxy-ll-oxooleana-
12,18-dien-30-oic acid (119) 

B. subtilis Erwinia sp. Pitzele, 1974 

2β,3α-Dihydroxy- ll -oxooleana- 
12,18-dien-30-oic acid (120) 

- Erwinia sp. Pitzele, 1974 

2β,3α-Dihydroxy- ll -oxo-l8β-olean-
12-en-30-oic acid (121) 

B. subtilis - Pitzele, 1974 

2β,3β-Dihydroxy-ll-oxo-18β-olean-
12-en-30-oic acid (122) 

- Erwinia sp. Pitzele, 1974 

2β,3β-Diacetoxy-ll-oxo-18β-olean-
12-en-30-oic acid (123) 

- Erwinia sp. Pitzele, 1974 

3β-Acetyl-11-oxooleanolic acid 
(124) 

S. aureus E. coli, P. aeruginosa, and S. 
typhimurium 

Hichri et al., 
2003 

Methyl 2β,3α-dihydroxy-18β-olean- 
12-en-30-oate (125) 

- Erwinia sp. Pitzele, 1974 

1α-Bromo-2,3-dioxo-18β-olean-12- 
en-30-oic acid (126) 

- Erwinia sp. Pitzele, 1974 

3β-O-Nicotinoyl-20-(4-
methylpiperazin-1-yl)carbonyl-11-

oxoolean-12(13)-ene (127) 

S. aureus - Kazakovaa et 
al., 2010 

N-3-pyridinacetyloleanolic amide 
(128) 

S. aureus E. coli, P. aeruginosa, and S. 
typhimurium 

Hichri et al., 
2003 

3β-Hydroxyolean-12-en-28-
carboxydiethylphosphonate  (129) 

S. aureus E. coli, P. aeruginosa, and S. 
typhimurium 

Hichri et al., 
2003 

3β-Acetoxy-12α-hydroxyoleanan- 
13β,28-olide (130) 

- S. typhimurium Hichri et al., 
2003 

Oleanan-28-oic acid, 3β,13-
dihydroxy-12-oxo-, γ-lactone, 

acetate (131) 

S. aureus E. coli, P. aeruginosa, and S. 
typhimurium 

Hichri et al., 
2003 

β-Gentiobiosideo methyl ursolate 
(132) 

S. aureus - Takechi & 
Tanaka, 1993 

β-Maltotriosídeo methyl ursolate 
(133) 

S. aureus - Takechi & 
Tanaka, 1993 

Urs-12-ene-28-carboxy-3β–
dodecanoate (134) 

Bacillus sphaericus, B. 
subtilis, and S. aureus 

Pseudomonas syringae Mallavadhani 
et al., 2004 

Urs-12-ene-28-carboxy-3β–
tetradecanoate (135) 

Bacillus sphaericus, B. 
subtilis, and S. aureus 

P. syringae Mallavadhani 
et al., 2004 

Urs-12-ene-28-carboxy-3β–
hexadecanoate (136) 

Bacillus sphaericus, B. 
subtilis, and S. aureus 

E. coli and P. syringae Mallavadhani 
et al., 2004 

Urs-12-ene-28-carboxy-3β–
octadecanoate (137) 

Bacillus sphaericus, B. 
subtilis, and S. aureus 

E. coli and P. syringae Mallavadhani 
et al., 2004 

3-Oxo-17-(4-methylpiperazin-1-
yl)carbonyloursan-12(13)-ene (138) 

S. aureus - Kazakovaa et 
al., 2010 

2-Furfurylidenebetulonic acid (139) S. aureus - Kazakovaa et 
al., 2010 

(4-Methylpiperazin-1-yl)amide 
betulonic (140) 

S. aureus - Kloos & Zein, 
1993 

Betulin dioxime (141) - C. pneumoniae Kloos & Zein, 
1993 

Umbellatin α (142) B. cereus  and B. subtilis  - Gonzalez et 
al., 1992 

Table 3. Bactericidal activity of triterpene derivatives (contd.) 
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Fig. 1. Oleanane-type triterpenes with bactericidal activity isolated from vegetal species.  
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Fig. 2. Ursane-type triterpenes with bactericidal activity isolated from vegetal species. 
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Fig. 3. Lupane-, friedelane-, and fernane-type triterpenes with bactericidal activity isolated 
from vegetal species. 
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Fig. 4. Miscellaneous types of triterpenes with bactericidal activity isolated from vegetal 
species. 
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In conclusion, the general analysis of the relationships between chemical structure and 
activity of triterpenes against Gram-positive and Gram-negative bacteria indicates that the 
antibacterial activity of the triterpene may be related to the presence of an oxygenated group 
at C-3, since 95% of the bactericidal triterpenes present this functionality. This site is 
represented by hydroxyl, carbonyl, glycosideo, esther (mainly acethyl), or hydroxylimine 
(compound 141). The bactericidal activity is also influenced by the chemical structure of the 
substituent group. Glycoside derivatives usually exhibit higher activity, mainly for 1→6 
type bonding in relation to 1→4 type one (Takechi & Tanaka, 1993). The activity is increased 
for the triterpenes containing free hydroxyl group at C-3, mainly on the beta-side. In fact, 
the activity usually decreased when the position C-3 is an ester derivative (Abreu et al., 
2011). The conversion of the carboxyl group at C-17 on the beta-side to a lactone at C-13 and 
C-17 increases the bactericidal activity (Hichri et al., 2003). 

Moreover, the bactericidal activity attributed to the C-3 site is not influenced by the steric 
effects, because very active compounds contain groups that present large volumes at C-3, 
such as compounds 23-25, 28, 36-42, 64, 81, 99, 101, 102, 111-116, 127, and 134-137. A 
carboxyl group at C-17 on the beta side is also important ⎯ 78% and 81% of the triterpenes 
active against Gram-positive and Gram-negative bacteria, respectively, present this 
functional group. The same analysis can be made for the compounds containing 
functionality at C-20 on the alpha- or beta-side.  

The majority of the active triterpenes presents π-bonding at positions C-5, C-6, C-9, C-11, C-
12, and C-13 (i.e., Δ5,6 Δ9,11, and Δ12,13, respectively), few of them present Δ20,30 and Δ20,21, and 
π-bondings are absent in few active triterpenes. The bactericidal activities are mainly related 
to functional groups at the rings A and E of the triterpene skeleton. Considering a great 
quantity of active triterpenes containing π-bonding at the ring C, it may be proposed that 
this functionalization is also important to the bactericidal activity. 
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1. Introduction  

Materials in nanoscale range have dominated several areas of engineering science and 
technology. In the area of biotechnology nano materials have been used increasingly in 
biomedical analysis, fabrication of biosensors/biointerface, clinical diagnosis and therapy, 
drug delivery and so on (Cao, 2008; Mirkin et al., 1996; Alivasatos, 2004; Jena and Raj, 2006, 
2011; Xiao et al., 2003; Sengupta et al., 2005; Wu et al., 2003; Brigger et al.,2002; Cui et al., 
2001; Gao et al., 2004; Rosi and Mirkin, 2005). Particular interest has been focused on 
nanostructured noble metal particles for biotechnology application because of their 
biocompatibility, lower toxicity and higher affinity with wide range of biomolecules 
(Hazarika et al., 2004; Bae et al., 2005). Therefore, different processes have been adopted for 
tuning the surfaces of metal nanoparticles to explore the selective binding and monitoring of 
specific targets in biological sensing (Wang, 2005; Wang et al., 2006; Kneipp et al., 2006). 
Nanoparticles attached to biomolecules act as an artificial receptor and control the cellular 
processes for various biological applications such as inhibition of enzymatic activity, 
transcription regulations, etc (De et al., 2008). 

The noble metal nanoparticles are known to display plasmon resonance in the visible region 
(Kreibing and Volmer, 1995). Optical properties of metal nanoparticles originate from the 
surface plasmon resonance have attracted substantial interest in biotechnology for diagnosis 
and sensing (Alivasatos, 2004; Gao et al., 2004; Nam et al., 2003; Xiang et al., 2006; Katz and 
Willner, 2004). The colour change due to the assembly of Au or Ag nanoparticles developed 
the colorimetric method for many applications. These colorimetric strategies has been 
utilised to develop DNA detection methods to study the affinity and specificity of DNA-
DNA interactions (Mirkin et al., 1996; Nam et al., 2003; Stoeva et al., 2006; Storhoff et al., 
1998; Han et al. 2006). The sensing methodology is based on the colour change due to 
assembly of Au nanoparticle-linked complementary strands formed by the specific binding 
of targeted strands. Kanaras et al. demonstrated the use of Au nanoparticle DNA interaction 
for determination of the enzymatic cleavage of DNA (Kanaras et al. 2007). This process is 
designed to monitor the enzymatic cleavage activity based on the wave length shifting of 
Au nanoparticles. Jena and Raj have developed an optical method for the sensing of 
biomedically important polyionic drugs, protamine and heparin based on the 
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assembly/disassembly of Au nanoparticles (Jena and Raj, 2008). A colorimetric sensor based 
on Au nanoparticle-apatamer has been documented for sensing of small molecules and 
protein (Wang et al., 2008; Liu and Lu, 2006, 2004). Dong and co-workers developed a 
colorimetric sensor using Au nanoparticle for monitoring α-thrombin based on the specific 
interaction of aptamer with α-thrombin (Wei et al. 2007).  

The wide application of metal nanoparticles in biological process has been motivated to 
produce nanoparticles of biofiendly in nature. Therefore, synthesis of nanoparticle under 
green and benign processes were adopted to produce toxic free nanoparticles (Zhang et al., 
2007; Mohanpuria et al., 2008; Gill et al., 2007; Goodman et al. 2004; Jin et al. 2007; Singh and 
Nalwa, 2007; Kannan et al. 2006; Kattumuri et al. 2007). Current nanotechnology research 
makes great effort to develop bio-friendly methods for production of noble nanostructured 
materials. For instance, several synthetic methodologies have been explored for the 
production of metal nanoparticles using vitamins, plant extracts, biomolecules and etc 
(Nadagauda and Verma, 2006;  Shankar et al. 2004; Gardea-Torresdey et al. 1999; Zhang et 
al., 2006). Shukla et al. explored a green method for synthesis of Au nanoparticles using 
soybean which are biocompatible in nature (Shukla et al., 2008).  

It has been explored that nano-structured materials with novel shapes exhibit more unique 
physical and chemical properties (Jena et al., 2011). The dramatic enhancement in 
nanostructure properties has been achieved on tuning the shape in contrast to the size, 
because different crystal surfaces have different surface atom densities and electronic 
structures leading to different physical and chemical properties (Jena et al., 2011). Therefore 
the nanostructured particles with unusual shape possess wider biological and medical 
applications in comparison with their common spherical counter part. These anisotropic 
nanomaterials have potential application in signal amplification in bioanalysis and 
biodiagnosis technology (Grunes et al. 2002; Yu et al. 2003; Turner, 2000; Haes and Van 
Duyne, 2002). Particle shape has been recognised as an important attribute compared to the 
size and can be engineered for drug delivery (Mitragotri, 2009). It has been explored that by 
mimicking the distinctive shapes of bacteria, fungi, and blood cells could improve the ability 
of nanoparticles to deliver drugs to diseased cells in the body (Mitragotri, 2009). Wijaya et 
al. have utilized nanoparticles having bone and capsule like shapes for controlled and 
selective release of drugs (Wijaya et al. 2009). Ray and co-workers have been successfully 
utilised Au nanorods for screening HIV-1 viral DNA sequencing (Darbha et al., 2008). As far 
as the particle shape is concerned, very little is explored particularly with respect to 
structural property relationship of particles and their biological applications. Therefore, the 
current development is more focused on producing nanosized materials of well-defined 
morphologies with improved properties.  

A substantial amount of research has been carried out for the synthesis of Ag nanostructures 
owing to their wide and potential applications in antibacterial, antimicrobial, SERS and so 
forth (Wijaya et al., 2009; Braun et al., 2007; Gupta and Silver, 1998; Schultz et al., 2000). The 
antibacterial activity of Ag nanostructures has been studied and well documented in the 
literature.  The antibacterial activity of silver has been widely exploited in healing the cuts 
and wounds (Fox Jr. et al., 1974). It has been effectively implemented in surgical procedures 
to prevent bacterial infections (Bosetti et al., 2002; Alt et al., 2004). The extensive application 
of Ag nanoparticles as a successful antibacterial agents are due to their effective bacteria 
extermination capacity even at very low concentrations (Banerjee et al. 2010). It has been 
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observed that the bacteria and microbes are less likely to build resistance against silver as 
they usually do against antibiotics (Banerjee et al. 2010). Several studies and explanation has 
been documented regarding the biocidal activity of Ag nanoparticles. The general 
perception is that the Ag nanoparticles are prone to bind the sulphur groups of the protein 
present in bacterial cell wall and open the permeability of the cell membrane and damage 
the cell wall. Few documents explained that the Ag+ ions present on the surface of Ag 
nanoparticles have the actual biocidal properties for cell destructions. The Ag+ ions are 
capable of entering to the bacterial cells and get reduced to their elemental states. The 
cellular process attempts to remove these reduced Ag from the cell interior and eventually 
hampers the cellular process leading to cell death. It has been explored that the Ag 
nanostructures target the bacterial membrane, destabilize the plasma membrane potential 
and ultimately damage the bacterial cell. Chattopadhyay and co-workers have established 
that the small Ag nanoparticles having sizes less than 10 nm make pores on the cell wall and 
release the cytoplasmic content of the cell and cause cell death (Gogoi, et al., 2006). Morones 
et al. explored that antibacterial activity depends on the size of Ag nanostructures (Morones 
et al., 2005). Song and co-workers explored the shape dependent biocidal activity of Ag 
nanostructures towards gram negative bacterium, E. coli (Pal et al. 2007).   

Many synthetic processes have been developed for spherical shaped Ag nanoparticles and 
their promising applications. However, more emphasis has been paid for different shaped 
Ag nanostructures. Various synthetic protocols have been documented for the production of 
silver nanoparticles with different shapes (Sun and Xia, 2002a, 2002b ; Jin et al., 2001; Lofton 
and Singmund, 2005; Pastoriza-Santos and Liz-marjan, 2002; Bera and Raj, 2010; 
Nicewarner-Pena et al. 2001; Kim et al. 2004; Yu and Yam, 2004; Im et al. 2005; Hao et al. 
2002; Chen et al. 2005, 2002; Jiang et al. 2006; Ducamp-Sanuesa et al. 1992; Sun et al. 2002; 
Chen and Carroll, 2002; Xue et al. 2008). Xia and co-workers adopted the polyol process to 
synthesize a variety of different shaped Ag nanostructures by controlling the concentration 
of capping agent PVP and precursor, Ag NO3 in solution (Wiley et al. 2006, 2005, 2004; Sun 
et al., 2003). Templates, polymers and Surfactants have been mainly used to get anisotropic 
nanostructures. Though these methods are successful to produce well-defined silver 
nanostructures, the improved chemical and physical properties of these nanostructure 
particles are hindered by these strong surface protecting agents. Therefore, substantial 
interest has been focused to explore sterile, nontoxic and environmentally safe protocols for 
facile synthesis of different shaped silver nanoparticles. 

In this investigation, the unique flower shaped Ag nanostructures were synthesized 
adopting bio-inspired approach and the antibacterial activities investigated. We observed 
that the antibacterial properties can be improved by shaping the Ag nanostructures from 
spherical to flower-like morphology.     

2. Materials and methods 

2.1 Materials 

AgNO3, Rutin hydrate (RT), were obtained from Himedia, India. All other chemicals not 
mentioned here are of analytical grade and used as received from the suppliers. Carbon 
coated copper grids were obtained from SPI supplies, USA. All the solutions were prepared 
with deionised water (18 Ωm) obtained from Millipore system. Glasswares used in this 
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investigation were well cleaned with freshly prepared aqua regia, then rinsed thoroughly 
with water and dried prior to use (Caution: aqua regia is a powerful oxidizing agent and it 
should be handled with extreme care). 

2.2 Instrumentation 

A variety of characterization equipment was employed in order to study the as-synthesised 
nanostructured material in a comprehensive way. TEM images were obtained from FEI, 
TECHNAI G2 transmission electron microscope operating at 200 kV. The specimens were 
prepared by dropping 2 µl of colloidal solution onto carbon coated copper grids. The UV-
visible spectra of the colloidal solutions were recorded on a Shimadzu UV-1700 
spectrophotometer. X-ray diffraction analysis was carried out with X’pert PRO (Pan 
Analytica) X-ray diffraction unit using Ni filtered CuKα (λ = 1.54 Å) radiation. X-ray 
photoelectron spectroscopic analyses were carried out on Kratos Axis 165 X-ray 
Photoelectron Spectrometer. The X-ray gun was operated at 15 kV and 20 mA and high-
resolution spectra were collected using 80 eV pass energy, respectively, with Mg Kα 1253.6 
eV radiation. The data were obtained with an acquisition time of 121 seconds.  

2.3 Synthesis of flower shaped Ag nanostructures (AgNFs) 

In a typical synthesis, 10 ml aqueous solution of  AgNO3 (1 mM) was stirred for 2-3 min. and 
then 0.2 ml of Rutin (15 mM) was added. The stirring was continued for 30 minute and the 
resulting nanocolloid was stored at 4°C (Jena et al. 2009). 

2.4 Synthesis of spherical Ag nanostructures 

Citrate stabilized nanoparticles were synthesized according to the previous report (Link and 
El-Sayed, 1999; Mulvany, 1996) by slight modification. In brief, Ag nanocolloids are 
prepared by reducing AgNO3 (1 mM) with sodium citrate (0.3 mM) in aqueous medium at 
boiling temperature. 

2.5 Determination of antibacterial activity 

Streptococcus Faecalis (SF), Pseudomonas Aeruginosa (PA) and Escherichia coli (EC) 
bacterias are used in this investigation. The Stocks were created by passing the original 
reference organisms once through the Muller-Hinton Broth (MHB) and plating on Muller-
Hinton agar (MHA) plates for bacterial organisms. For inoculum preparations, bacteria were 
sub-cultured in Brain-Heart-Infusion (BHI) at 35 °C for 24 hr. The optical density of each 
culture was measured at 550 nm.  The agar well diffusion method was used to determine the 
antibacterial activity of as synthesized AgNFs. The media used were Muller-Hinton agar 
(Himedia) for the bacteria under study. The nutrient agar plates were swabbed with 
cultured bacteria. A total of 2 mm diameter wells were punched into the agar and filled with 
100 µl of AgNF colloids standard antibiotics (Ciprofloxacin, Gentamicin, Penicillin, and 
Chloroamphenicol) used as positive control. The plates were incubated at 35 °C for 24 h for 
bacteria pathogen. The antibacterial activity was calculated by measuring the inhibition 
zone diameter. The experiments were repeated thrice and the average values of antibacterial 
activity were calculated. 
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3. Result and discussions  

3.1 Characterization of Ag nanoparticles 

The UV-visible absorption spectra of the as-synthesized Ag nanoparticles were recorded. 
The absorption spectra of Ag nanoparticles shows its plasmon absorption bands at 438 nm 
with a small shoulder peak at round 600 nm (Fig. 1). It has been explored that the surface 
plasmon band of metal nanoparticle depends on the shape, size and its surrounding 
medium. The anisotropic nanoparticles are known to exhibit characteristic bands 
corresponding to transverse and longitudinal plasmon absorption. This sort of spectra 
observed for Ag nanoparticles is attributed to the formation of anisotropic nanostructures 
rather than spherical. In order to confirm for the same, the transmission electron microscope 
(TEM) measurements has been carried out. Interestingly TEM image shows the formation of 
flower-like shape (Fig 2). The Ag nano flowers (AgNFs) have an average size in between 40 
to 60 nm. Point should be noted here that present report describes a bio-friendly process for 
rapid synthesis of flower-like Ag nanocrystals without using any template, polymer and 
surfactant at room temperature. Fig 2 (F) is the selected area electron diffraction (SAED) 
pattern of the AgNFs; the clear spots and ordered arrangement reveals that the particles are 
of single crystalline in nature.  For further investigation of surface morphology, the 
structural analyses of AgNFs were carried out by high-resolution TEM measurements. Fig 2 
(D) shows the typical HRTEM of a branched AgNFs.  The lattice fringe spacing of the 
AgNFs was measured to be 0.235 nm revealing that the growth of the nanostructure occurs 
preferentially on (111) planes of a face centred cubic lattice of Ag. A precise investigation 
and thorough analysis of AgNFs reveals the nanoparticles consist of twin boundaries. The 
HRTEM measurement thus exposed that the AgNFs are predominant of Ag(111) lattice 
planes along with the presence of twin boundaries.  

 

 
Fig. 1. UV-visible spectrum of Ag nanostructures. Reprinted with permission from (Jena et 
al., 2009), copyright 2009, American Chemical Society. 
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Fig. 2. TEM images of AgNFs induced by rutin 
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The energy dispersive spectrum confirmed that the AgNFs consist of only Ag (Fig. 2E). 
Interestingly, the XRD spectrum of AgNFs shows only one peak corresponding to Ag(111) 
(data not shown). Further the XPS characterization is made to confirm the elemental status. 
The XPS analysis clearly shows that the prepared AgNFs consist of elemental Ag (data not 
shown). 

The growth of nanostructured particles is highly perceptive to the concentration of rutin. A 
facile and fruitful synthesis of AgNFs has been achieved at room temperature after 
manipulating and controlling the concentrations of rutin. By slightly changing the 
concentration of rutin, nanostructured particles with different morphology were obtained. 
First, we have examined the influence of concentration of rutin at a fixed concentration of 
the precursor (1 mM). The TEM images of Ag nanoparticles at different concentrations of 
rutin have measured (Fig. 3A-C). At higher concentration of rutin, we observed spherical 
nanoparticles. But at low concentration of rutin we obtained anisotropic nanoparticles. 
These results indicate the shape and morphology of the nanostructured particles greatly 
depends on the concentration of rutin. The growth of nanostructured particles is highly 
sensitive to the concentration of precursor. When the concentration of Ag+ increases, we 
obtained nanoparticles with different morphology (Fig. 3D, E). Thus, it is cleared that the 
size and shape evolution of Ag nanoparticles are highly sensitive to the concentration of 
precursor as well as reducing/capping agent at normal conditions. 
 

 

 
Fig. 3. TEM images of rutin-induced formation of Ag nanoparticles: A-C at fixed 
concentration (1mM) of Ag+; [rutin] (A) 3, (B) 1, and (C) 0.5 mM and D, E at fixed 
concentration (0.3 mM) of rutin. [Ag+]: (A) 0.5 mM and (B) 2mM. Reprinted with permission 
from (Jena et al., 2009), copyright 2009, American Chemical Society. 

The mechanism for the formation of flower shaped silver nanoparticles, were traced out by 
TEM measurements at different intervals of time over the entire period of formation of 
nanoparticles. It has been found that at initial stage of the reaction, small spherical shaped 
nanoparticles were formed and in due course of time, these small nanoparticles led to 
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formation of initial anisotropic nanoparticles of short branches. Thereafter, a further 
nucleation and assembly process took place for the crystals to grow into a final flower 
shaped nanoparticles with many branches (Fig. 4). 

 
Fig. 4. TEM measurements showing the growth stages of AgNFs at different time intervals 
of the reaction. (a) 5 min (b) 10 min and (c) 20 min and (d) 30 min. 

The formation of AgNFs is attributed to the reduction of Ag+ by rutin. It is well 
documented in the literature that rutin has the tendency to donate electrons by carbonilation 
of –OH groups at 3', 4' positions favouring a stable quinonic resonant structure (Fig 5A 
inset). Thus the formation of elemental Ag0 is possible due to transfer of electrons from rutin 
to Ag+ ions. The UV-visible spectra of rutin shows three absorption peak X, Y, and Z at 398, 
320 and 270 nm respectively (Fig. 4 A (a)). The absorption peak X corresponds to B ring 
position and the intensity of the peak is due to the -OH groups at 3', 4' positions. It was 
observed that the intensity of peak at X diminishes on subsequent oxidation of rutin to its 
stable quinonic structure. As a matter of fact, He et al. have shown similar pattern on 
spectro-electrochemical oxidation of rutin (He et al 2007). In order to confirm the above fact, 
absorption spectra of supernatant of Ag nanoparticles were recorded. Surprisingly, a 
decrease in the intensity of X band with slight increase in the intensity of Y and Z bands 
were observed (Fig. 4Ab). This observation is attributed to the oxidation of rutin by 
carbonilation of –OH groups at 3', 4' positions to form a stable quinonic resonant structure 
simultaneously reducing Ag+ to Ag0 which undergoes nucleation in due course to produce 
Ag nanostructures (fig. 5 B). 

 

Fig. 5. (A) UV-visible spectra of 0.3 mM rutin (a) and its oxidation product (b).  Inset shows 
the structure of rutin. (B) Scheme showing the possible mechanism towards reduction of 
Ag+ by rutin. 
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3.2 Antibacterial application of AgNFs 

The antibacterial efficiency of AgNFs was examined against three representative 
microorganisms, Pseudomonas Aeruginosa (gram negative), S. Faecalis (gram positive), 
and Escherichia Coli (Gram-negative) of clinical interest. It is well known that E. coli is the 
most characterized bacterium and can cause gastroenteritis, urinary tract infections and 
neonatal meningitis; P. Aeruginosa causes chronic respiratory infections in individuals 
with cystic fibrosis and cancer; and S. Faecalis can cause endocarditic as well as bladder 
prostate and epididymal infections. Fig. 6X demonstrates the antibacterial activity of 
AgNFs that shows a clear zone of inhibition after 24 h incubation of the plate at 35 °C. The 
antibacterial efficacies of AgNFs are compared with the standard antibiotics (Fig. 6Y). Most 
diagnostically, the AgNFs found to show their potential antibacterial activity against 
Pseudomonas Aeruginosa, S. Faecalis and Echerichia Coli. Further, a certain amount of 
colloidal AgNFs was added into the bacterial broth medium and incubated for 24 h. It was 
found that the coagulation of the bacterial medium was absolutely converted to a 
transparent medium (Fig. 6Z). Hence, it harmonizes the dramatic antibacterial activity of 
colloid AgNFs. 

 

 
Fig. 6. (X) Diffusion disc showing the antibacterial activity of AgNFs towards (a) P. 
Aeruginosa (b) S. Faecalis and (c) E. Coli. (Y) Plots showing the antibacterial activity of 
AgNFs (A', B', C') with respect to the standard antibiotics, Gentamicin (A, C) and Penicillin 
(B). PA: Pseudomonas Aeruginosa; SF: S. Faecalis; EC: Escherichia Coli. (C) Photographic 
image showing the antibacterial activity of AgNFs (A) growth medium, (Z) after growth of 
bacteria (E. Coli) and (c) bacteria solution in presence of AgNFs after 24 h. Reprinted with 
permission from (Jena et al., 2009), copyright 2009, American Chemical Society. 
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3.3 Comparative bacterial inhibition studies 

A Comparative bacterial inhibition studies were made with different Ag nanoparticles 
synthesized using rutin and citrate. The citrate stabilized nanoparticles have an average size 
of 30-40 nm. The antibacterial efficacies of four different nanoparticles were investigated 
against S. Faecalis bacterium (Fig. 7). As it can be seen (Fig. 7A), the inhibition zone is high 
in case of AgNFs as compared to other nanoparticles. So it can be inferred that the shape 
might have played a significant role for their potential antibacterial activity. The effective 
antibacterial activity of AgNFs can be ascribed to its higher tendency to react with sulphur 
and phosphorous containing compounds in the bacterial cell leading to bacterial death. It is 
also worthwhile to mention that the AgNF has higher antibacterial property which makes it 
a promising candidate material for clinical and industrial applications. 

 
 

 

 
Fig. 7. Diffusion disc showing the antibacterial efficacies of four different shapes of 
nanoparticles induced by rutin (A, B, C) and citrate (D) against S. Faecalis bacterium. 
Reprinted with permission from (Jena et al., 2009), copyright 2009, American Chemical 
Society. 
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4. Conclusion 

We have developed a bioinspired and environmental friendly procedure for rapid room 
temperature synthesis of flower like Ag nanoparticles circumventing the extra controls and 
additives. The as prepared AgNFs are potentially capable of attracting diverse 
biological/clinical applications. The AgNFs shows antibacterial activity towards E. Coli, P. 
Aeruginosa and S. Faecalis bacterium that are of clinical interest. The AgNFs show an 
improved potential antibacterial activity compared to its spherical counterparts. The shape 
of present Ag nanostructure plays a vital role to tune the improved antibacterial properties. 
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1. Introduction 

The Moraceae family consists of about 50 genera and nearly 1400 species including 
important group such as Artocarpus, Morus and Ficus.1 The genus Ficus consists of trees and 
shrubs that possess latex-like material within their vasculatures, affording protection and 
self-healing for physical assaults.2 A number of Ficus species are used as food and for 
medicinal properties in traditional Chinese medicine especially amongst people where these 
species grow.3 Ficus benjamina is used as ornamental plant in University of Yaounde I, 
Cameroon.4 Previous phytochemical studies on the wood of Ficus lutea resulted in the 
isolation of benjaminamide (2), β-amyrin, β-amyrin acetate, lupeol, betulinic acid, β-
sitosterol glucoside and lutaoside.5 The strong antioxidant and antibacterial activities 
exhibited by this genus6 in addition to the search for the chemical constituents of 
Cameroonian medicinal plants7 justified further attempts to isolate and identify active 
compounds. The few differences between the secondary metabolites isolated from the wood 
and the leaves of F. lutea  are may be related to the real specific differences or more probably 
to a geographic or environmental influence on biosynthesis. 

2. Results and discussion 

The leaves of F. lutea were extracted with MeOH during 30 hours. The extract was 
submitted to repeated column chromatography to afford benjaminamide (2), betulinic 
acid, 9,19-cycloart-25-ene-3β,24-diol, vitexin as well as one new ceramide (1a). The 1H and 
13C NMR, and MS of the known compounds were consistent with those reported in the 
literature. 

Lutamide (1a) was obtained as an amorphous solid. The molecular formula C34H64NO4 
was determined by HRFABMS at m/z 550.48348 [M-H]- (Calcd. 550.48351). The IR 
spectrum of 1a indicated absorption bands at ν 3405 cm-1 (OH), and strong absorption 
bands for a secondary amide at ν 1639 and 1590 cm-1. These data were supported by the 
signals at δ 52.5 and 174.8 in 13C NMR spectrum which confirm the presence of C-N and 
C=O, respectively. The 1H and 13C NMR spectral data (table 1) of 1a indicated the 
presence of an amide linkage, two long chain aliphatic moieties, suggesting the 
sphingolipid (glycolipid) nature of the molecule. 1D and 2D NMR spectral data of 1a were 
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nearly superimposable to that of lutaoside (1c) which was further isolated from the wood 
extract of this plant.5 A careful comparison of the spectra data of 1a and lutaoside (1c) let 
to the conclusion that, the structure of lutamide (1a) was (2R)-2-hydroxy-N-
((2S,3R,5E,12E)-1,3-dihydroxyoctadeca-5,12-dien-2-yl)hexadecanamide (1a), which is 
reported here for the first time. 
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Acetylation of compound 1a gave 1b (C40H70NO7; m/z 676.51509 [M-H]-; Calcd. 676.51520). 
 
 
 

Position δC δH 

1α 68.2 (t) 4.58 (dd, 10.7; 4.9) 

1β 68.2 (t) 4.40 (dd, 10.7; 4.3) 

2 52.5 (d) 5.18 (m) 

3 75.7 (d) 4.39 (m) 

4 128.5ε (d) 5.50ζ (dd, 15.4; 5.3) 

5 128.1ε (d) 5.10ζ (dt, 15.4; 4.7) 
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Position δC δH 

6 33.5 (t) 2.25 (m) 

7-10, 15-17 24.0-26.5 (t each) 1.27 (br s) 

11 33.0 (t) 2.11 (m) 

12 130.0ε (d) 5.50ζ (dd, 15.0; 4.8) 

13 129.0ε (d) 5.44ζ (dd, 15.0; 4.6) 

14 32.1 (t) 1.99 (m) 

18 13.0 (q) 0.90 (t, 6.4) 

NH - 8.50 (d, 8.0) 

1’ 174.8 (s) - 

2’ 73.1 (d) 4.20 (t, 7.3) 

3’ 31.0 (t) 1.78 (m) 

4’-14’ 27.8-29.0 (t each) 1.27 (br s) 

15’ 21.9 (t) 1.70 (m) 

16’ 12.7 (q) 0.89 (t, 6.4) 

Multiplicities and coupling constants in Hz are given in parentheses 
Resonances with the same superscripts (ε, ζ) in the same column may be interchanged. 

Table 1. 1H (400 MHz, C5D5N, 30 °C, TMS) and 13C (100 MHz, C5D5N) NMR data of 
lutamide (1a) 

The antifungal and antibacterial activities of compounds 1a, 1b and 2 were determined 
using the agar diffusion method with 8 mm paper disks loaded with 40 μg of each 
compound (See Table 2). Compound 1a and 1b exhibited in vitro good antimicrobial activity 
against Mucor miehi and Bacillus subtilis compared to the nystatin as reference. 

 

Micro-organisms tested Sample 
1a 1b 2      Nystatin 

Chlorella vulgaris 10 11 - - 
Scenedesmus subspicatus 13 10 10 - 
Chlorella vulgaris 11 9 11 - 
Mucor miehei 15 15 13 15 
Bacillus subtilis 16 15 14 14 
Candida albicans 12 13 13 15 
Streptomyces viridochromogenes -  - 14 

Diameter of inhibition zone in mm. Nystatin was used as reference and the experiments were repeated 
3 times. 

Table 2. Antimicrobial activity of compounds 1a, 1b and 2 
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3. Experimental section 

3.1 Materials and method 

Melting point is uncorrected and was obtained with a micro melting point apparatus 
(Yanaco, Tokyo-Japan). Optical rotation values were measured with a Horiba SEPA-300 
polarimeter, and IR spectra were recorded with JASCO J-20A spectrophotometer. 1H and 13C 
NMR spectra were acquired with a Jeol EX-400 spectrometer. Chemical shifts are given on a 
δ (ppm) scale with TMS as an internal standard. Mass spectra were obtained with a Jeol 
JMS-700 instrument. Column chromatography was conducted on silica gel 60 (Kanto 
Chemical Co., Inc., Japan), Sephadex LH-20 (Pharmacia, Sweden) and ODS (Fuji Silysia, 
Japan). TLC analysis was carried out by using precoated silica gel plates (Merck), and the 
spots were detected by spraying with H2SO4/10% vanillin and then heating. Flash 
chromatography was carried out on silica gel (230-400 mesh). Rf values were measured on 
Polygram SIL G/UV254 (Macherey-Nagel & Co.).  

3.2 Plant material 

The leaves of Ficus lutea Vahl were collected in July 2008 at Kribi, South Cameroon. A 

voucher specimen (Ref. No. 3471/SRFK) has been deposited in the National Herbarium, 
Yaoundé, Cameroon. 

3.3 Extraction and isolation 

The powdered leaves of Ficus lutea (2 Kg) were soaked in 10 l of MeOH during 30 hours at 
room temperature. Solvent was removed under reduced pressure and 60 g of organic extract 
were obtained. Part of this dark-green residue (58 g) was subjected to vacuum liquid 
chromatography (VLC) on silica gel and eluted with pure n-hexane (Fraction A), followed by 
mixture of n-hexane/ethyl acetate in incremental steps 50%, 100% (Fractions B, C respectively) 
and finally 10% of the mixture of ethyl acetate/methanol (Fraction D). Four main fractions (A-
D) were obtained and, basis of analytical TLC, fractions C and D were combined.  

Fraction A (7 g) gave mainly betulinic acid (53.0 mg)9 and vitexin (11 mg).10  

Fractions B (6 g) were chromatographed on silica gel and eluted with a mixture of n-
hexane/ethyl acetate of increasing polarity to yield 54 fractions (ca. 100 ml each). Fractions 
1-32 (2 g), subjected to column chromatography over silica gel, yielded mainly 9,19-cycloart-
25-ene-3β,24-diol (33 mg)11 while benjaminamide (2, 5 mg) was obtained in fractions 33-54 (3 
g) eluted with CHCl3/MeOH (6:1).  

Fraction C and D (21 g) was passed through a Sephadex LH-20 column and subjected to 
silica gel column chromatography and preparative TLC to afford benjaminamide (2, 19 mg) 
and lutamide (1a, 34 mg).  

Lutamide or (2R)-2-hydroxy-N-((2S,3R,5E,12E)-1,3-dihydroxyoctadeca-5,12-dien-2-yl)hexadecanamide 
(1a): Amorphous powder. – Rf = 0.44 (CH2Cl2/10% MeOH). – [α]D25 +19 (c 0.6, MeOH). – IR 
(Film): ν = 3405 (OH), 3201 (NH), 2914, 2853, 1639, 1590, 1418, 1217, 1177, 1078, 1057, 1039, 890 
cm-1. – 1H NMR (400 MHz, C5D5N, 30 °C, TMS) and – 13C NMR (100 MHz, C5D5N): see Table 1. 
- FABMS: m/z 550 [M-H]-. - HRFABMS: m/z 550.48348 [M-H]- (Calcd. 550.48351 for C34H64NO4, 
[M-H]-). 
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3.4 Acetylation of lutamide (1a) 

Lutamide (1a, 6.0 mg) was dissolved in pyridine (1.5 mL) and Ac2O (1.2 mL). The solution 
was stirred for 10 hours at 50 °C. The usual work-up gave three-acetoxylutaoside (1b) (4.1 
mg, 84 %) as an amorphous solid with Rf = 0.94 (CHCl3/10% MeOH). – [α]D25 +23 (c 0.9, 
Pyridine). – IR (Film): ν = 3203 (NH), 2905, 2843, 1653, 1579, 1463, 1217, 1100, 886 cm-1. – 1H 
NMR (400 MHz, C5D5N, 30 °C, TMS): δ = 0.87 (t, J = 6.0 Hz, 6 H, H-18, H-16’), 1.20-1.30 (br 
s); 1.48-1.55 (m, 4 H, H-3’, H-15’), 1.90 (m, 8 H, H-4, H-7, H-11, H-14 ), 2.05, 2.06, 2.12 (s, 3 H 
each, CH3-C=O), 5.17 (dd, J = 11.0, 3.5 Hz, 1 H, H-1a), 5.25 (dd, J = 11.0, 5.0 Hz, 1 H, H-1b), 
5.42-5.48 (m, 4 H, H-5, H-6, H-12, H-13), 5.51 (m, 1 H, H-2’), 5.53 (m, 1 H, H-3), 8.49 (d, J = 8.0 
Hz, 1 H, NH). – FABMS: m/z 676 [M-H]-. – HRFABMS: m/z 676.51509 [M-H]- (Calcd. 
676.51520 for C40H70NO7, [M-H]-). 

4. Antimicrobial assay 

Agar diffusion tests were performed in the usual manner8 with Bacillus subtilis and 
Escherichia coli (on peptone agar), Staphylococcus aureus (Bacto nutrient broth), Streptomyces 
viridochromogenes (M Test agar), the fungi Mucor miehei and Candida albicans (Sabouraud 
agar), and three microalgae (Chlorella vulgaris, Chlorella sorokiniana and Scenedesmus 
subspicatus).  

Compounds were dissolved in an azeotrope chloroform/MeOH (87:13) and 40 μg pro paper 
disks (Ø 8 mm) were impregnated with each using a 100 μl syringe, dried for 1 h under 
sterile conditions and placed on the pre-made agar test plates. Bacteria and fungi plates 
were kept in an incubator at 37 °C for 12 h, micro algae plates for three days at room 
temperature in a day light incubator. The diameter of inhibition zones was measured. 
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1. Introduction 

This chapter is undertaken with a view to survey important scientific research and 
developmental works pertaining to antibacterial modification of textiles using 
nanotechnology as a new means to achieve such textiles. Inevitably, conventional 
antimicrobial agents and their applications to textiles are reported. This is followed by a 
focus on inorganic nanostructured materials that acquire good antibacterial activity and 
application of these materials to the textiles. Evaluation of the antibacterial efficacy is 
described. An outlook which envisions the importance of using nanotechnology in the 
antibacterial finishing of textiles is also outlined. 

2. History 

During World War II, when cotton fabrics were used extensively for tentage, tarpaulins and 
truck covers, these fabrics needed to be protected from rotting caused by microbial attack. 
This was particularly a problem in the South Pacific campaigns, where much of the fighting 
took place under jungle like conditions. During the early 1940 s, the US army Quartermaster 
Crops collected and compiled data on fungi, yeast and algae isolated from textiles in tropical 
and subtropical areas throughout the world. Cotton duck, webbing and other military 
fabrics were treated with mixtures of chlorinated waxes, copper and antimony salts that 
stiffened the fabrics and gave them a peculiar odour. At the time, potential polluting effects 
of the application of, these materials and toxicity-related issue were not a major 
consideration. 

After World War II, and as late as the mid-to-late 1950.s fungicides used on cotton fabrics 
were compounds such as 8-hydroxygiunoline salts, copper naphthenate, copper ammonium 
fluoride and chlorinated phenals. As the government and industrial firms became more 
aware of the environmental and workplace hazards these compounds caused. Alternative 
products were sought. A considerable amount of work was done by the Southern Regional 
Research Laboratory of the US Department of Agriculture, the Institute of Textile Technology 
(ITT) and some of the ITT.s member mills to chemically modify cotton to improve its 
resistance to rotting and improve other properties by acetylation and cyanoethylation of 
cotton. These treatments had limited industry acceptance because of relatively high cost and 
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loss of fabric strength in processing. In addition, the growing use of man-made fibres such as 
nylon, acrylics and polyester, which have inherent resistance to microbial decomposition, 
came into wider use to replace cotton in many industrial fabrics [2]. 

3. Introduction 

Clothing and textile materials are good media for growth of microorganisms such as 
bacteria, fungi. According to recent reports, microorganisms could survive on fabric 
materials for more than 90 days in a hospital environment. Such a high survival rate of 
pathogens on medically used textiles may contribute to transmissions of diseases in 
hospitals. As a means to reduce bacterial population in healthcare settings and possibly to 
cut pathogenic infections caused by the textile materials, utilization of antimicrobial textiles 
in healthcare facilities is considered to be a potential solution[3].  

Textile surface modification provides a way to impart new and diverse properties to textiles 
while retaining comfort and mechanical strength. Currently, functional finishes on textile 
fabrics are of critical importance to improve textile products with multifunctional 
properties. Textile finishes can be divided into aesthetic and functional finishes. Aesthetic 
finishes are finishes used to modify the appearance or hand of a fiber or fabric. They can 
alter the texture, luster, or drape of a textile material. Mechanical and chemical processes 
may be used to impart an aesthetic finish, this type of finishing with a greater emphasis 
being placed on mechanical processes. Many different chemicals and processes are used in 
the finishing of textile materials.  Functional Finishes that alter fiber or fabric performance, 
maintenance, durability, safety, and environmental resistance can be considered as 
functional finishes. Functional finishes are generally applied specifically to alter properties 
related to care, comfort, and durability. Most functional fabric properties are imparted by 
using chemical and wet processing methods [4, 5]. Some common functional finishes are 
listed below:  

Antimicrobial, Antistatic, Durable press, Flame resistant/retardant, Soil release/resistant, 
Water proof/repellent, UV Protection, Self cleaning, Wrinkle recovery. This chapter will 
focus on the antimicrobial finishes of textiles. The driving force behind the chemical 
finishing of cotton during the next 10 years is anticipated to comprise several factors. Of 
these factors, mention is made of the following: (i) chemical finishes which maximize the 
added value; (ii) chemical finishes which are friendly with the environment; (iii) methods 
which are convenient for application, and (iv) the need for better quality and minimum use 
of water and energy [6].  

In recent years, antimicrobial finishing of textiles has become extremely important in the 
production of protective, decorative and technical textile products. This has provided 
opportunities to expand the use of such textiles to different applications in the textile, 
pharmaceutical, medical, engineering, agricultural, and food industries [7]. Antimicrobial 
finishing of textiles protects users from pathogenic or odor-generating microorganisms, 
which can cause medical and hygienic problems, and protects textiles from undesirable 
aesthetic changes or damage caused by rotting, which can result in reduced functionality. 
As a consequence of their importance, the number of different antimicrobial agents suitable 
for textile application on the market has increased dramatically. These antimicrobial agents 
differ in their chemical structure, effectiveness, method of application, and influence on 
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people and the environment as well as cost [8-12]. In the literature [9, 10, 12], there are 
several different classifications of antimicrobial agents according to efficiency, mechanism of 
antimicrobial activity and washing resistance. According to these studies, products can be 
divided into biocides and biostats, leaching and bound antimicrobials, controlled-release 
and barrier-forming agents, and agents of poor and of good washing resistance. In general, 
the activity of antimicrobial finishes can be biocidal or biostatic. While the biocides 
(bactericides and fungicides) include agents that kill bacteria and fungi, the biostats 
(bacteriostats and fungistats) inhibit the microorganisms’ growth. The mode of action is 
directly related to the concentration of the active substance in the textile. The minimum 
inhibitory concentration (MIC) is required for biostatic activity, but the minimum biocidal 
concentration (MBC) should be exceeded for biocidal activity.  

The majority of antimicrobial agents in the textile industry utilize a controlled-release 
mechanism [12]. These agents, which are also called, leaching antimicrobials [9], are not 
chemically bound to the textile fibers and their antimicrobial activity is attributed to their 
gradual and persistent release from the textile into their surroundings in the presence of 
moisture, where they act as a poison to a wide spectrum of bacteria and fungi. The 
antimicrobial efficiency depends directly on the concentration, which should not drop 
below the MIC. Owing to leaching of the agent into its surroundings, the concentration of 
the active substance in the textile decreases and gradually falls under the limit of 
effectiveness. This can induce resistance to these substances in microorganisms; in 
addition, leaching agents do not withstand repeated laundering. A controlled release 
mechanism can also be found in agents that are chemically incorporated into the fiber 
surface, but with an active substance that is leachable in water. The important advantage of 
these agents over other leaching antimicrobials is that they can be regenerated under 
appropriate conditions.  

The bound antimicrobials [9] include finishes that are chemically bound to the surface of the 
textile fibers, where they act as a barrier and control microorganisms which come into 
contact with the fiber surface. Because these agents do not leach into the surroundings of the 
textile substrate, the probability of microorganisms developing resistance to them is small. 
Covalent binding of the agent to the textile surface can be ensured if there are enough 
reactive groups in the agent and the fibers, and if the application process is carried out 
under suitable conditions. Accordingly, when using bound antimicrobials, the mechanism 
of chemical binding to the textile surface and the conditions that initiate or catalyze the 
reaction should be known. Bound antimicrobials are much more resistant to repeated 
laundering in comparison to leaching agents. However, washing durability of the agent 
cannot assure its durability of antimicrobial function. The latter could decrease or even 
expire with the adsorption of dirt, deadly microorganisms or complex formation between 
the finish and the anionic detergent during laundering. For antimicrobial finishing in the 
textile industry, it is not only the antimicrobial efficiencies of the agents that are important, 
the environmental, health and safety aspects of their use must also be taken into account [7].  

It should be stressed that the release of finishes from the textile into the surroundings could 
have negative impacts on living organisms in water because they can affect susceptible 
bacteria, thereby potentially selecting resistant bacteria. Fortunately, bound antimicrobials 
are environmentally friendly finishes with no leaching of toxic products into the 
surroundings. Taking these facts into account, much research has focused on the synthesis 
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of novel antimicrobial agents where leaching antimicrobials have been replaced with bound 
antimicrobials. Some of the most important examples are presented in this chapter. 

4. Conventional Antimicrobial Agents for textiles 

4.1 Quaternary ammonium compounds 

Cationic surface active agents (cationic surfactants), including particularly quaternary 
ammonium salts (QASs), are important biocides that for many years have been known to be 
effective antiseptic and disinfectant agents [8-10],[12, 13]. As antimicrobial agents for 
textiles, monoammonium and “gemini’’ or “dimeric’’ ammonium surfactants (Figure 1) with 
an alkyl, alkylaryl and perfluorinated hydrocarbon group are used [14, 15]. These are active 
against a broad spectrum of microorganisms such as Gram-positive and Gram-negative 
bacteria, fungi and certain types of viruses [16]. The antimicrobial activity of QASs depends 
on the length of the alkyl chain, the presence of the perfluorinated group and the number of 
cationic ammonium groups in the molecule. The antimicrobial function arises from 
attractive interactions between the cationic ammonium group of the QAS and the negatively 
charged cell membrane of the microbe; these interactions consequently result in the 
formation of a surfactant–microbe complex. This in turn causes the interruption of all 
essential functions of the cell membrane and thus the interruption of protein activity [17]. 
QASs also affect bacterial DNA, causing a loss of multiplication ability [18]. If the long 
hydrocarbon chain is bonded to the cationic ammonium in the structure of the QAS, two 
types of interactions between the agent and the microorganism can occur: a polar interaction 
with the cationic nitrogen of the ammonium group and a non-polar interaction with the 
hydrophobic chain. Penetration of the hydrophobic group into the microorganism 
consequently occurs, enabling the alkylammonium group to physically interrupt all key cell 
functions.  

  
Fig. 1. Chemical structure of monoquaternary ammonium salt, alkyltrimethylammonium 
bromide (A), and diquaternary ammonium salt,alkanediyl-α,ω- 
bis(dimethylalkylammonium bromide) (B).   
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Despite many positive properties, QASs have an inherent weakness: leaching from the 
textile. There are no reactive functional groups in the structure of the QAS to allow its 
chemical bonding to the fibers. Owing to the lack of physical bonding, leaching of the QAS 
occurs, resulting in a fast decrease in concentration to below the MIC. In addition, QASs 
have poor wash durability. To develop new, permanently bonded, non-leaching QAS 
biocidal groups for textile fibers, contemporary studies have synthesized polymerizable 
QASs [19-21] with acrylate or methacrylate groups for incorporation in the structure (Figure 
2). Such QAS monomers have been named surfactant monomers or “surfmers”. Under 
appropriate conditions, “surfmers” polymerize into a bulk polymer network with a 
polycationic structure, including side QAS groups chemically bonded to the main 
polyacrylate chain. The merit of fixed bonding to the textile surface is that the QAS groups 
can act as a biobarrier and kill microorganisms by contact. Furthermore, the formation of a 
polymer network on the surface of the fibers strongly increases the durability and wash 
resistance of the antimicrobial agent. 

 

 

 
Fig. 2. Chemical structures of various “surfmers”: alkyl(2-(acryloyloxy) ethyl)dimethyl 
ammonium bromide (A)  benzyl(11-  (acryloyloxy)undecyl)dimethyl ammonium bromide 
(B) , N- (4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11- heptadecafluoroundecyl)-N,Ndiallylmethyl 
ammonium iodide (C)  
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4.2 N-halamines 

N-halamines are heterocyclic organic compounds containing one or two covalent bonds 
formed between nitrogen and a halogen (N–X), in which the latter is usually chlorine [22]. 
N–Cl bonds of different stability can be formed by the chlorination of amine, amide or 
imide groups in dilute sodium hypochlorite. N-halamines are biocides that are active for a 
broad spectrum of bacteria, fungi and viruses. Their antimicrobial properties are based on 
the electrophilic substitution of Cl in the N-Cl bond with H; this reaction can be carried 
out in the presence of water and results in the transfer of Cl+ ions that can bind to 
acceptor regions on microorganisms. This hinders enzymatic and metabolic processes, 
leading to the destruction of the microorganisms. As an N–H bond, which does not have 
antimicrobial properties, is formed in the substitution reaction, further exposure of the 
agent to dilute sodium hypochlorite is needed for regeneration of its antimicrobial activity 
[23, 24] . 

N-halamines can be applied to various textile surfaces including cellulose [25-27], 
polyamide [28] and polyester [29] fibers. To increase their effectiveness and the durability of 
the antimicrobial finish [25], research has been oriented toward synthesis of N-halamide 
monomers with an incorporated vinyl reactive group (Figure 3) [30, 31] that can polymerize 
on cellulose fibers under appropriate conditions to form a coating with excellent durability 
after washing [30]. 

 
 

  
Fig. 3. Chemical structures of 3-(4'-vinylbenzyl)-5,5-dimethylhydantoin (A) and N-chloro-
2,2,6,6-tetramethyl-4-piperidinyl methacrylate (B). 
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4.3 Chitosan 

Chitosan is a deacetylated derivate of chitin, which is a natural polysaccharide mainly 
derived from the shells of shrimps and other sea crustaceans. Chemically, it can be 
designated as poly-β-(1→4)-D-glucosamine or poly-(1,4)- 2-amido-deoxy-β-D-glucose 
(Figure 4) [32]. In addition to its antimicrobial activity, chitosan has some important 
advantages such as non-toxicity, biocompatibility and biodegradability. 

 

 

 
Fig. 4. Chemical structure of chitosan 

To provide antimicrobial effect for textiles, chitosan can be used as an additive when 
spinning antimicrobial fibers [33] and also as a finishing agent [32] for surface modification, 
mainly of cellulose, cellulose/polyester and wool fibers. Chitosan is positively charged and 
soluble in acidic to neutral solutions because the amino groups in chitosan have a pKa of 
~6.5. Its antimicrobial function arises from its polycationic nature, which is caused by 
protonation of the amino groups at the C-2 atoms of the glucosamine units; such 
antimicrobial function is very similar to that determined for QAS. Positively charged amino 
groups can bind to the negatively charged bacterial surface, resulting in the disruption of 
the cell membrane and an increase in its permeability. Chitosan can also interact with the 
DNA of microorganisms to prevent protein synthesis.  

The antimicrobial efficiency of chitosan depends on its average molecular weight, degree 
of deacetylation and the ratio between protonated and unprotonated amino groups in the 
structure [32]. It is believed that chitosan of a low molecular weight is more 
antimicrobially active than chitosan oligomers [32]. The efficiency also increases with 
increased deacetylation, which can exceed 90%. An important disadvantage of chitosan is 
its weak adhesion to cellulose fibers, resulting in a gradual leaching from the fiber surface 
with repetitive washing. To enable chitosan to bind strongly to cellulose fibers, various 
crosslinking agents are used, including mostly polycarboxylic acids (1,2,3, 4-
butantetracarboxylic and citric acids) [32, 34] and derivates of imidazolidinone[35]. In the 
presence of a crosslinking agent, hydroxyl groups of chitosan and cellulose can form 
covalent bonds with carboxyl groups of polycarboxylic acid in an esterification reaction or 
with hydroxyl groups of imidazolidinone in an etherification reaction, thus leading to the 
formation of a crosslink between chitosan and cellulose. This greatly improves durability 
and wash resistance. In addition, the reactivity of quaternized chitosan has been 
improved by introducing functional acrylamidomethyl groups to the primary alcohol 
groups (C-6), which can form covalent bonds with cellulose in alkaline conditions (Figure 
5) [36]. 
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Fig. 5. Chemical structure of reactive O-acrylamidomethyl-N-[(2-hydroxy-3-
trimethylammonium)propyl]Chitosan chloride  

The chemical binding of chitosan to cellulose fibers can also be achieved by oxidation of 
cellulose fibers with potassium periodate under acidic conditions to form aldehyde groups, 
which are allowed to react with the amino groups of chitosan and form a Schiff base (C=N 
double bond) [37]. Following the model of N-halamine halogenation, some of the amino 
groups in chitosan have been transformed into an –NHCl structure in the presence of 
sodium hypochlorite [38]. It has been found that chlorination significantly improves the 
antimicrobial activity of chitosan. 

4.4 Halogenated phenols 

Among halogenated phenols, triclosan 5-chloro-2-(2.4-dichlorophenoxy) phenol (Figure 6) 
[39] is the most widely used biocide; it is present in many contemporary consumer and 
personal health-care products, detergents and household objects, including textiles and 
plastics. 

 

 
Fig. 6. Chemical structure of triclosan 
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At bactericidal concentration, triclosan is very effective against a broad range of 
microorganisms, including antibiotic- resistant bacteria. As the widespread use of triclosan 
could represent a potential risk in terms of the development of resistant microorganisms 
[39], strong binding to solid surfaces with subsequent controlled release is important. 
Triclosan has therefore been applied to cellulose fibers in combination with polycarboxylic 
acids as crosslinking agents [40]. The application of polycarboxylic acid to fibers previously 
finished with triclosan enhances the washing durability of the antimicrobial coating. 

Novel host–guest complexes including triclosan molecules have been prepared with the use 
of cationic β-cyclodextrins (Figure 7), which are torus-shaped cyclic oligosaccharides 
containing six to eight glucose units linked by α-1,4 bonds [41]. Water solubility, stability 
and antimicrobial activity have been determined for the host–guest complexes. Owing to 
strong electrostatic attraction, the complexes are adsorbed to the surface of cellulose fibers 
almost completely. Triclosan has also been encapsulated in biodegradable polylactide as a 
carrier and used for finishing non-woven textiles [42].  

 

 
Fig. 7. Schematic presentation of host–guest complexes between cationic β-cyclodextrin and 
triclosan. 

4.5 Polybiguanides 

Polybiguanides are polymeric polycationic amines that include cationic biguanide repeat 
units separated by hydrocarbon chain linkers of identical or dissimilar length. One of the 
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most important antimicrobial agents among them is poly (hexamethylenebiguanide) 
(PHMB) with an average of 11 biguanide units (Figure 8) [43]; PHMB exhibits much greater 
antimicrobial activity than corresponding monomeric or dimeric biguanides. PHMB is 
widely used in medicine as an antiseptic agent, especially for preventing wound infection 
by antibiotic- resistant bacteria [44]. Owing to its high biocidal activity and low toxicity, it 
has also attracted attention for the antimicrobial finishing of textiles, mainly for the 
protection of cellulose fibers [43]. 
 

 
Fig. 8. Chemical structure of Poly (hexamethylenebiguanide). Here nav is the average 
number of repeat units  

The literature [45] indicates that PHMB can bind to the anionic carboxylic groups of 
cellulose (Figure 9), which are formed through oxidation of glucose rings during pre-
treatment processes such as bleaching and mercerizing. At lower concentrations, 
electrostatic interactions between PHMB and carboxylic groups in the cellulose dominate; 
however, hydrogen bonding of PHMB with cellulose resulting in multilayer adsorption 
becomes increasingly dominant as the concentration of PHMB increases. The adsorption of 
PHMB increases if cellulose fibers are previously dyed with anionic reactive dyes [76, 79], 
which provide sulfonic acid sites with which the PHMB can react. However, strong PHMG-
dye interactions cause a reduction in the antimicrobial activity of PHMB, which is 
undesirable. 

 
Fig. 9. Binding of poly (hexamethylenebiguanide) to the carboxylic group of cellulose 
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5. Nanotechnology 

In recent years nanotechnology has become one of the most important and exciting forefront 
fields in physics, chemistry, engineering and biology. It shows great promise for providing 
us in the near future with many breakthroughs that will change the direction of 
technological advances in wide range of applications. The prefix nano in the word 
nanotechnology means one billionth of a meter (1x10-9). Nanotechnology deals with various 
structures of matter having the dimension of the order of a billionth of a meter. Structures 
on this scale have been shown to have unique and novel functional properties. Based on that 
principle, many applications of nanotechnology from the simple to the complex have been 
done. One of these applications is to prepare antimicrobial textiles based on heavy metals in 
their nanoscale.  

Particles at the nanoscale are below the wave length of visible light and therefore, cannot be 
seen. Consequently they can impart new properties. For example, Ti-nanoparticles are 
applied for the textile materials in order to develop textile products with UV- protection and 
self cleaning property. Also Silver nanoparticles are used as antimicrobial agent for wound 
dressing materials as well as for wound healing. In addition, the production of fibers with 
diameter less than 100nm is now feasible with the invention of electrospinning process. 
Electrospinning is a manufacturing new technology capable of producing thin, solid 
polymer strands from solution by applying a strong electric field to a spinneret with a small 
capillary orifice. The spun, polymer based nanofibers, can be loaded with different additives 
which could be metal nanoparticles like silver, drugs or catalysts depending on the required 
applications. The resulted nanofibers are collected and bundled. These electrospun fibers 
have high surface area and porous structure, where more than one drug can be 
encapsulated directly into the fiber. The resulted matrix can be used extensively for medical 
textiles production with multifunctional properties.          

The intersecting fields of study that create this domain of science and engineering 
perfectly typify the rapid, multidisciplinary advancement of contemporary science and 
technology. Inorganic materials such as metal and metal oxides have attracted lots of 
attention over the past decade due to their ability to withstand harsh process conditions. 
The use of nanoparticles of silver, gold and zinc oxide has been seen as a viable solution 
to stop infectious diseases due to the antimicrobial properties of these nanoparticles. In 
view of the textile industry's innovative history, it is no wonder that nanotechnology has 
found its way into this sector so quickly. Nanotechnology is forecasted as the second 
industrial evolution in the world. The novel properties and low material consumption 
amount has attracted global interest across disciplines and industries. The textile sector is 
no exception.  

As stated by the “European Technological Platform for Textiles and Fashion”, the textile 
industry to thrive must improve and reduce the costs of the processes, offer innovative 
products for traditional markets, develop new products for new markets [46]. 
Nanotechnology can have an important role to achieve these goals and, in effect, all over the 
world public and private research institutions and private enterprises are actively engaged 
in nanotechnology research aimed at applications in the textiles sector. With growth in 
world population and the spread of disease, the number of antibiotic resistant 
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microorganisms is rising along with the occurrence of infections from these microorganisms. 
With this increase in health awareness, many people focused their attention on educating 
and protecting themselves against harmful pathogens. It soon became more important for 
antimicrobial finished textiles to protect the wearer from bacteria than it was to simply 
protect the garment from fiber degradation. The need for antimicrobial textiles goes hand-
in-hand with the rise in resistant strains of microorganisms. Functional textiles include 
everything from antimicrobial finished textiles, to durable, or permanent press finished 
garments, to textiles with self-cleaning properties, and also textiles with nanotechnology 
[46].  

6. Antibacterial modification of textiles using sol-gel technology 

The sol-gel process is known as chemical solution deposition, it is a wet-chemical 
technique widely used in the fields of material science and ceramic engineering. Such 
methods are used primarily for the fabrication of materials (typically a metal oxide) 
starting from a chemical solution (or sol) that acts as the precursor for an integrated 
network (or gel) of either discrete particles or network polymers. Typical precursors are 
metal alkoxides and metal chlorides, which undergo various forms of hydrolysis and 
polycondensation reactions. In this chemical procedure, the 'sol' (or solution) gradually 
evolves towards the formation of a gel-like diphasic system containing both a liquid 
phase and solid phase whose morphologies range from discrete particles to continuous 
polymer networks. In the case of the colloid, the volume fraction of particles (or particle 
density) may be so low that a significant amount of fluid may need to be removed initially 
for the gel-like properties to be recognized. This can be accomplished in any number of 
ways. The simplest method is to allow time for sedimentation to occur, and then pour off 
the remaining liquid. Centrifugation can also be used to accelerate the process of phase 
separation. Removal of the remaining liquid (solvent) phase requires a drying process, 
which is typically accompanied by a significant amount of shrinkage and densification. 
The rate at which the solvent can be removed is ultimately determined by the distribution 
of porosity in the gel. The ultimate microstructure of the final component will clearly be 
strongly influenced by changes imposed upon the structural template during this phase of 
processing [47]. 

The precursor sol can be either deposited on a substrate to form a film (e.g., by dip coating 
or spin coating), cast into a suitable container with the desired shape (e.g., to obtain 
monolithic ceramics, glasses, fibers, membranes, aerogels), or used to synthesize powders 
(e.g., microspheres, nanospheres) [47]. The sol-gel approach is a cheap and low-temperature 
technique that allows for the fine control of the product’s chemical composition. Sol-gel 
derived materials have diverse applications in optics, electronics, energy, space, 
(bio)sensors, medicine (e.g., controlled drug release), reactive material and separation (e.g., 
chromatography) technology and in the production of antimicrobial textiles. 

Recently, investigations have been conducted to improve properties of textile fabrics by 
embedding various finishes in sol-gel coating to enhance fabric performance. The following 
section will focus on different sol-gel applications that create new functional properties in 
textile fabrics. Textiles coated with sol-gel are reported to impart many important 
properties, as shown in Figure 10. 
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Fig. 10. Different applications of sol-gel coating on textiles [1] 

Antimicrobial finishing of cotton textile based on water glass by sol-gel method was 
investigated by [48]. They prepared the silica sol by acidifying water glass solution with 
0.05M H2SO4 solution to pH 11. Antimicrobial treatment was performed by impregnating 
cotton textile in silica sols and then treated with silver nitrate solution. The antimicrobial 
activity of the treated cotton fabrics was determined according to AATCC Test method 100-
1999. The anti-microbial activity is evaluated by determining the percentage reduction of 
bacteria count on the sample after exposing the treated fabric to the bacteria. 

This result was compared to an untreated control sample by exposing to a bacterial lawn. 
This antibacterial activity was measured by washing the samples several times after sol-gel 
treatment. Mahltig et al.,’s (2005) results exhibited that antimicrobial durability of the 
treated samples increased with increase in water glass content [49]. For the samples without 
water glass, bacterial reduction % was zero only after 10 washing cycles. But with a water 
glass content of 2% and 5%, higher silver ions were retained that resulted in more than 99% 
bacterial 25 reduction even after 20 and 50 cycles of washing. The bacterial reduction % also 
increases with increase in silver content as well. 

Mahltig et al. (2004) investigated antibacterial effect by embedding the biocides in silica 
coatings. Biocides used in this study were silver nitrate, colloidal Ag, 
(cetyltrimethylammoniumbromide) CTAB, and octenidine. Silica sol solution was prepared  
from tetraethoxysilane (TEOS) and 3-glycidyloxypropyltriethoxysilane (GOPTS) [50]. 
Properties such as antibacterial efficacy wash-out and long-term behavior were analyzed. 
Their results showed biocidal additives Octenidine and CTAB exhibit high inhibition rate of 
more than 90% against the fungi Aspergillus niger after 4hr of leaching, whereas colloidal 
Ag treated samples without sol-gel have the lowest inhibition. 

Daoud et al. (2005) coated the cellulosic fibers with titanium oxide nanoparticles, which 
were obtained from aqueous titania sol. Titanium isopropoxide was hydrolysed and 
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condensed in water to obtain the titania sol coating at low temperature. The stability of 
titania coating and the antibacterial activity of the coating was analyzed [51]. Treatment 
with sodium carbonates solutions showed less leaching behavior, which indicated that 
titania sols were strongly bonded with the cellulosic substrate. They confirmed the same 
with the help of FESEM images, which shows uniform distribution of the titania sols. The 
treated fabrics exhibited good antibacterial activity because of the formation of TiO2 surface 
on the cellulose substrate which prevented the formation of a protective biofilm of adsorbed 
bacteria. 

To fix a QAS on textile fibers, sol–gel technology has also been used in antimicrobial textiles. 
This enables the formation of a nanocomposite polymer network with an organic–inorganic 
hybrid structure [52, 53]. Colloidal solutions (sols) have been prepared for this purpose, 
consisting of mixtures of tetraalkoxysilane (Si(OR)4) and QASs with different structures [54] 
or organic–inorganic hybrids, including alkyltrialkoxysilanes (Rx-Si(OR)3), with 
incorporated quaternary ammonium groups (Figure 11) [55, 56]. Alkoxysilanes are sol–gel 
precursors with alkoxy groups that can hydrolyze in the presence of a catalyst to form 
silanol (–SiOH) groups, which further condense among each other or with the hydroxyl (–
OH) groups of the fibers. The formation of covalent bonds between –SiOH groups of the 
precursor and –OH groups of the fibers provides increased durability and wash resistance 
for the nanocomposite network on the finished fibers.  

 

 
Fig. 11. Chemical structures of alkyltrialkoxysilanes with incorporated quaternary 
ammonium groups: alkyl-dimethyl-(3(trimethoxysilyl)- propyl) ammonium bromide (A), 
perfluorooctylated quaternary ammonium silane coupling agent (B). 

Quaternary ammonium functionalized polyhedral oligomeric silsesquioxanes (Q-POSS) are 
also used as sol–gel precursors with antimicrobial properties. These have a cage-like 
structure of (Rx–SiO1.5)n (n = 6, 8, 10, 12,…), where Rx is a QAS group [57, 58]. The most 
often used POSS precursors are octasilsesquioxanes (n = 8), which have a cubic form with 
QAS groups bound to silicon atoms. Accordingly, up to eight QAS groups can be 
incorporated into each molecule (Figure 12), thus enhancing antimicrobial properties. 
Because Q-POSSs possess a polysiloxane core compatible with the siloxane matrix, they can 
be used as additives to the polysiloxane coating in combination with polydimethylsiloxane. 
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Fig. 12. Schematic presentation of idealized structure of totally quaternized quaternary 
ammonium Functionalized polyhedral oligomeric silsesquioxanes. 

Substituted polycationic polysiloxanes with a pendant QAS (Figure 13A) or imidazolium 
salt groups (Figure 13B) are also important [59, 60] as bacteriostats on textile fibers. These 
are mostly copolymers consisting of polydimethylsiloxane, polymethylhydrosiloxane and 
QAS- or imidazolium- modified polysiloxanes in different molar ratios.  

 
Fig. 13. Substituted polycationic polysiloxane with pendant QAS (A) and imidazolium salt 
(B) groups. 
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7. Synthesis of nanoparticles 

There are two methods for the production of nanoparticles which is summarized below: 

7.1 Top-down technique 

The principle behind the top-down approach is to take a bulk piece of the material and then 
modify it into the wanted nanostructure and subsequent stabilization of the resulting 
nanosized metal nanoparticles by the addition of colloidal protecting agents. Cutting, 
grinding and etching are typical fabrication techniques, which have been developed to work 
on the nano scale. The sizes of the nanostructures which can be produced with top-down 
techniques are between 10 to 100 nm.  

 

 

7.2 Bottom-up technique 

Bottom-up or self-assembly refers to construction of a structure atom by-atom, molecule-by-
molecule or cluster-by-cluster. Colloidal dispersion used in the synthesis of nanoparticles is 
a good example of a bottom-up approach. An advantage of the bottom-up approach is the 
better possibilities to obtain nanostructures with less defects and more homogeneous 
chemical compositions.  
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8. Stabilization of nanoparticles 

There are two general kinds of stabilization procedures: electrostatic stabilization by the 
surface adsorbed anions and steric stabilization by the presence of bulky groups.  

8.1 Steric stabilization 

Steric stabilization can be achieved by the adsorption of large molecules, i. e. polymers, at 
the surface of the particles [61].  

 

8.2 Electrostatic stabilization  

Electrostatic stabilization involves the creation of an electrical double layer arising from ions 
adsorbed on the surface and associated counter ions that surround the particle [61]. 
Recently, increasing public concern about hygiene has been driving many investigations for 
anti-microbial modification of textiles. However, using many anti-microbial agents has been 
avoided because of their possible harmful or toxic effects. Application of inorganic nano-
particles and their nanocomposites would be a good alternative [62]and consequently, they 
can open up a new opportunity for anti-microbial and multi-functional modification of 
textiles. 
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9. Classification of inorganic based nano materials 

Nano-structured materials on the basis of inorganic active agents having good potential for 
anti-microbial activity on textile materials can be categorized in two main groups: 

1. Inorganic nano-structured materials and their nanocomposites. 
2. Inorganic nano-structured loaded organic carriers. 

 
Fig. 14. Classification of inorganic based nano-structured anti-microbial agents. 

The inorganic nano-structured materials include titanium dioxide, silver, zinc oxide, copper, 
gallium, gold nano-particles, carbon nanotubes, nano-layered clay, and their nano-
composites. The inorganic nano-structured loaded in organic materials include cyclodextrin 
loaded with inorganic materials, nano- and micro-capsules having inorganic nano-particles, 
metallic dendrimer nano-composites and inorganic nano-particles loaded in liposomes. 
Note that categories such as loaded cyclodextrins, metallic dendrimers nano-composites and 
loaded liposome can be included in nano-capsules. However, each one has an especial 
concept, history, architecture and properties. This chapter focus on the inorganic nano-
structured materials with good antimicrobial activity potential for textile modification [63]. 
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9.1 TiO2 nanoparticles 

Currently, TiO2  nanoparticles have created a new approach for remarkable applications as 
an attractive multi-functional material. TiO2 nanoparticles have unique properties such as 
higher stability, long lasting, safe and broad-spectrum antibiosis. This makes TiO2 
nanoparticles applicable in many fields such as self-cleaning, anti-bacterial agent and UV 
protecting agent. 

9.1.1 Mechanism of action 

Titanium dioxide irradiation by light with more energy compared to its band gaps generates 
electron – hole pairs that induce redox reactions at the surface of the titanium dioxide. 
Consequently, electrons in TiO2  jump from the valence band to the conduction band, and 
the electron (e− ) and electric hole (h+)  pairs are   formed on  the surface of  the photo-
catalyst. The created negative electrons and oxygen will combine into O2 −, the positive 
electric holes and water will generate hydroxyl radicals. Ultimately, various highly active 
oxygen species can oxidize organic compounds of cell to carbon dioxide (CO2) and water 
(H2O). Thus, titanium dioxide can decompose common organic matters in the air such as 
odor molecules, bacteria and viruses. 

 

Photocatalysis Mechanism of TiO2 

9.2 ZnO nanoparticles  

Recently, ZnO has been found highly attractive because of its remarkable application 
potential in solar cells, sensors, displays, gas sensors, sun-screens, UV absorbers, 
antireflection coatings, antibacterial, and photo-catalysis. ZnO nano-particles have some 
advantages, compared to silver nano-particle, such as lower cost, white appearance, and 
UV-blocking property.  
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9.3 Silver nanoparticles 

Since ancient times among various anti-microbial agents, silver has been most extensively 
studied and used to fight against infections and prevent spoilage. At present, many 
researchers have focused on anti-bacterial and multifunctional properties of silver 
nanoparticles. [64] [65]. Silver is a safer anti-microbial agents in comparison with some 
organic anti-microbial agents that have been avoided because of the risk of their harmful 
effects on the human body.  Silver has been described as being ‘oligodynamic’ because of its 
ability to exert a bactericidal effect on products containing silver, principally due to its anti-
microbial activities and low toxicity to human cells. Its therapeutic property has been 
proven against a broad range of micro-organisms, over 650 disease-causing organisms in the 
body even at low concentrations. 

9.3.1 Mechanism of action 

The brief explanation of its antimicrobial mechanism can be explained as follows:  

Generally, metal ions destroy or pass through the cell membrane and bond to the −SH 
group of cellular enzymes. The consequent critical decrease of enzymatic activity causes 
micro-organism metabolisms change and inhibits their growth, up to the cell’s death.  The 
metal ions also catalyze the production of oxygen radicals that oxidize molecular structure 
of bacteria. The formation of active oxygen occurs according to chemical reaction:  

 ( )metal ion
2 2 2 2 2H O  1 / 2 O H O H O  O+ ⎯⎯⎯⎯→ ⎯⎯→ +   

Such a mechanism does not need any direct contact between antimicrobial agent and 
bacteria, because the produced active oxygen diffuses from fiber to the surrounding 
environment. Silver ions can  lead to  denaturing of  protein and  cell  death because of  their 
reaction with  nucleophilic amino acid  residues in  proteins, and  attach to  sulfhydryl, 
amino, imidazole, phosphate and carboxyl groups of  membrane  or  enzyme  proteins. 
Respiration blocking and cell death also may be caused by forming R–S–S–R bonds. 
 

 

9.4 Gold nanoparticles 

Gold nanoparticles are known as a novel biomedical application. Their potent antibacterial 
effectiveness against acne or scurf and no tolerance to the antibiotic have caused their 
commercial usage in soap and cosmetic industries. They can remove waste materials from 
the skin and control sebum. 
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10. Evaluation of antimicrobial efficacy 

A number of test methods have been developed to determine the efficacy of antimicrobial 
textiles [66]. These methods generally fall into two categories: the agar diffusion test and 
suspension test. 

10.1 Agar diffusion test 

Agar diffusion test is a preliminary test to detect the diffusive antimicrobial finish. It is not 
suitable for non diffusive finishes and textile materials other than fabrics [67]. The agar 
diffusion tests include AATCC 147-2004 (American Association of Textile Chemists and 
Colorists), JIS L 1902-2002 (Japanese Industrial Standards) and SN 195920- 1992 (Swiss 
Norm). They are only qualitative, but are simple to perform and are most suitable when a 
large number of samples are to be screened for the presence of antimicrobial activity. In 
these tests, bacterial cells are inoculated on nutrient agar plates over which textile samples 
are laid for intimate contact. The plates are then incubated at 37°C for 18–24 h and examined 
for growth of bacteria directly underneath the fabrics and immediately around the edges of 
the fabrics (zone of inhibition). No bacterial growth directly underneath the fabric sample 
indicates the presence of antimicrobial activity. The zone of inhibition should not be 
expected if the antimicrobial agent is firmly attached to the textile (e.g. covalently) which 
prevents its diffusion into the agar. If the antimicrobial agent can diffuse into the agar, a 
zone of inhibition becomes apparent and its size provides some indication of the potency of 
the antimicrobial activity or the release rate of the active agent [67]. 

10.2 Suspension test 

This type of test is exemplified by AATCC 100-2004, JIS L 1902-2002 and SN 195924-1992. 
These methods provide quantitative values on the antimicrobial finishing, but are more 
time-consuming than agar diffusion tests. Typically, a small volume (e.g. 1 ml) of bacterial 
inoculums in a growth media is fully absorbed into fabric samples of appropriate size 
without leaving any free liquid. This ensures intimate contact between the fabric and the 
bacteria. After incubating the inoculated fabrics in sealed jars at 37°C or 27°C for up to 24 h, 
the bacteria in the fabric are eluted and the total number is determined by serial dilution 
and plating on nutrient agar plates. Antimicrobial activity, expressed as percentage of 
reduction, is calculated by comparing the size of the initial population with that following 
the incubation. Appropriate controls, e.g. samples that have gone through the same 
processing except the antimicrobial finishing, should be included in each experiment to 
ascertain that the observed decrease in bacterial number is truly due to the antimicrobial 
finishing.  

It should be noted that suspension tests are often performed under artificial conditions that 
promote bacterial growth (e.g. rich nutrients in the inoculum and saturating moisture in the 
testing fabrics). The moisture in the tests is also essential for the action of the biocide. As a 
result, dramatic results are often produced (e.g. >99% bacterial cells are killed during the 
assays), leading to an overwhelming impression of the efficacy of the antimicrobial ability. 
However, such conditions are rarely found during the normal use of a textile product. To 
date, very few studies have examined the antimicrobial effects under normal wearing 
conditions. To more closely mimic the real-life situation, the JIS L 1902-2002 method 
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recommends the use of bacterial cells suspended in heavily diluted nutrient media to limit 
nutrient levels.  

The ISO (International Organization for Standardization) has developed a test method (ISO 
20743) in which bacteria are “printed” onto the surface of textiles without them being in an 
aqueous suspension [25, 26]. The printed samples are then incubated under humid 
conditions at 20°C for a specified time (18–24 h) following which the surviving cells are 
counted. Antimicrobial tests only assess the antimicrobial effectiveness of the treated 
textiles. Before marketing, the textile products have to pass biocompatibility tests which 
involve three separate assays: cytotoxicity, sensitization and irritation. These assays are 
outside the scope of this chapter but are discussed elsewhere [66]. 

11. Remarks and outlooks 

Inorganic and metallic-based nanostructure materials have created a new interesting fields 
in all sciences for the continuous investigations due to their undeniably unique properties. 
Their applications have already led to the development of new practical productions. 
Considering the indubitable role of textiles in human life, these new fields in textile industry 
have been increasingly welcomed. However, designing new applicable and affordable 
techniques for manufacturing scale-up production will not only create a new field of study, 
but meet the expanding human requirements. 
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1. Introduction 

The treatment of infectious diseases still remains an important and challenging problem 
because of a combination of factors including emerging infectious diseases and the 
increasing number of multi-drug resistant microbial pathogens. In spite of a large number of 
antibiotics and chemotherapeutics available for medical use, at the same time the emergence 
of old and new antibiotic resistance created in the last decades revealed a substantial 
medical need for new classes of antimicrobial agents. There is a real perceived need for the 
discovery of new compounds endowed with antimicrobial activity, possibly acting through 
mechanism of action, which is distinct from those of well-known classes of antimicrobial 
agents to which many clinically relevant pathogens are now resistant.  

Due to the outbreak of infectious diseases caused by different pathogenic bacteria and the 
development of antibiotic resistance, researchers are searching for new antibacterial agents. 
Therefore, new antimicrobial agents and nanotechnological materials have to be synthesized 
for the treatment of resistant bacterial diseases. 

Historically, medicinal inorganic chemistry is rich in metal- or metalloid-based drugs, 
including Paul Erlich's organoarsenic compound for the treatment of syphilis, antiarthritic 
gold preparations, and diagnostic agents for magnetic resonance imaging (Gd, Mn, Fe) 
among others.  

Some metals have been used as drugs and diagnostic agents to treat a variety of diseases 
and conditions. Platinum compounds, cisplatin (cis-[Pt(NH3)2Cl2]), carboplatin and 
oxaliplatin are among the most widely used cancer therapeutic agents. Gold drugs, 
myocrisin and auranofin are used for the treatment of rheumatoid arthritis. Another 
important aspect of medicinal inorganic chemistry is the development of 
radiopharmaceuticals and diagnostic agents. A technetium radiopharmaceutical, cardiolite 
supplies 99mTc, which is selectively taken up by myocardial tissue and is used to image the 
heart. 186Re/188Re has been identified as important radionuclides with therapeutic potential. 
The use of lanthanides and transition metals (Gd, Fe, Mn) as paramagnetic contrast agents 
for magnetic resonance imaging is becoming more exciting with the development of new 
complexes having the ability to target specific tissues and physiological states.  

The field of bioinorganic chemistry, which deals with the study of role of metal complexes 
in biological systems, has opened a new horizon for scientific research in coordination 
compounds. A large number of compounds are important from the biological point of view. 
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Some metals are essential for biological functions and are found in enzymes and cofactors 
required for various processes. For example, hemoglobin in red blood cells contains an iron 
porphyrin complex, which is used for oxygen transport and storage in the body. 
Chlorophyll in green plants, which is responsible for photosynthetic process, contains a 
magnesium porphyrin complex. Cobalt is found in the coenzyme B12, which is essential for 
the transfer of alkyl groups from one molecule to another in biological systems. Metals such 
as copper, zinc, iron and manganese are incorporated into catalytic proteins (the 
metalloenzymes), which facilitate a multitude of chemical reactions needed for life. Today 
medicinal inorganic chemistry remains a field of great promise with many challenges. The 
potential for a major expansion of chemical diversity into new structural and reactivity 
motifs of high therapeutic impact is unquestionable.  

Biological metal ions play key roles in the structural organization and activation of certain 
enzymes, which are involved in the transfer of genetic information from DNA, leading to 
the synthesis of specific proteins. Transition metal complexes have attracted attentions of 
inorganic, metallo-organic as well as bio-inorganic chemists because of their extensive 
applications in wide ranging areas from material to biological sciences.  

Some chelating agents have been developed for metal intoxication, e.g., water soluble 
phosphine chelating agents are designed for chelating metals such as technetium, rhenium, 
platinum and gold. Many organic compounds used in medicine do not have a purely 
organic mode of action; some are activated or biotransformed by metal ions including 
metalloenzyme, others have a direct or indirect effect on metal ion metabolism. The 
pharmacological activities of these metal compounds depend on the metal ion, its ligands 
and the structure of the compounds. These factors are responsible for reaching them at the 
proper target site in the body. It is known that certain metal ions penetrate into bacteria and 
inactivate their enzymes, or some metal ions can generate hydrogen peroxide, thus killing 
bacteria.  

Biologically relevant metal complexes have several requirements in terms of their synthetic 
design. First, a biologically active metal complex should have a sufficiently high 
thermodynamic stability to deliver the metal to the active site. The metal-ligand binding 
should be hydrolytically stable. The kinetics with which the metal ion undergoes ligation or 
deligation reactions is of great importance. The molecular weight of the metal complex is 
also critical. The compounds of low molecular weight with neutral charge and some water 
solubility are soluble in almost any medium and may slip through biological membranes by 
passive diffusion. 

Generally, drug combinations have proven to be an essential feature of antimicrobial 
treatment due to a number of important considerations: (i) they increase activity through the 
use of compounds with synergistic or additive activity; (ii) they thwart drug resistance; (iii) 
they decrease required doses, reducing both cost and the chances of toxic side effects; (iv) 
they increase the spectrum of activity.  

Various biological aspects of the metal based drugs/ligands entirely depend on the ease of 
cleaving the bond between the metal ion and the ligand. As a consequence, it is essential to 
understand the relationship between ligand and the metal in biological systems. Several 
metal complexes are known to accelerate the drug action and the efficacy of the organic 
therapeutic agent. The efficacy of the various organic therapeutic agents can often be 
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enhanced upon coordination with a suitable metal ion. The pharmacological activity of 
metal complexes is highly dependent on the nature of the metal ions and the donor 
sequence of the ligands because different ligands exhibit different biological properties. 
There is a real perceived need for the discovery of new compounds endowed with 
antimicrobial activities. The newly prepared compounds should be more effective and 
possibly act through a distinct mechanism from those of well-known classes of antimicrobial 
agents to which many clinically relevant pathogens are now resistant. 

2. Metal complexes of sulfonamides 

Sulfonamides were the first effective chemotherapeutic agents employed systematically for 
the prevention and cure of bacterial infections in humans. Among the many and so different 
families of organic–inorganic chemicals being currently investigated today because of their 
applications, sulfonamides and their N-derivatives are one of the outstanding groups. 
Sulfonamides represent an important class of medicinally important compounds which are 
extensively used as antibacterial agent. It interferes with PABA (p-aminobenzoic acid) in the 
biosynthesis of tetrahydrofolic acid, which is a basic growth factor essential for the 
metabolic process of bacteria.  

N-Substituted sulfonamides are still among the most widely used antibacterial agents in the 
world, mainly because of their low cost, low toxicity, and excellent activity against bacterial 
diseases.  

Many activities apart from carbonic anhydrase have been recently reviewed that include 
endotelin antagonism, anti-inflammatory, tubular transport inhibition, insulin release and 
saluretic activity. It is well documented that toxicological and pharmacological properties 
are enhanced when sulfonamides are administered in the form of their metal complexes  

In 2006 the synthesis, characterization and comparative biological study of a series of 
antibacterial copper complexes with heterocyclic sulfonamides (L) were reported. Two 
kinds of complexes were obtained with the stoichiometries [Cu(L)2]·H2O and 
[Cu(L)2(H2O)4]·nH2O, which were characterized by infrared and electronic spectroscopies. 
The antimicrobial activity was evaluated for all the synthesized complexes and ligands 
using the agar dilution test. The results showed that the complexes with five-membered 
heterocyclic rings were more active than the free sulfonamides while the pyrimidine, 
pyridine and pyridazine complexes had similar or less activity than the free ligands. In 
order to find an explanation for this behavior lipophilicity and superoxide dismutase-like 
activity were tested, showing that the [Cu(sulfamethoxazol)2(H2O)4]·3H2O presented the 
highest antimicrobial potency and a superoxide dismutase-like activity comparable with 
pharmacological active compounds. In spite of the fact that the different species were added 
in the agar as a suspension, due to their low solubility, all the compounds were active 
against S. aureus and E. coli. They acted as antibacterial agents with different behaviors. 
[Cu(sulfadiazine)2]·H2O, [Cu(sulfamerazine)2]·H2O and [Cu(sulfapyridine)2]·H2O were less 
effcient than the corresponding sulfonamides, while [Cu(sulfamethoxypyridazine)2]·H2O 
had the same microbiological activity. On the contrary, [Cu(sulfisoxazole)2(H2O)4]·2H2O, 
[Cu(sulfamethoxazole)2(H2O)4]·3H2O, [Cu(sulfamethoxazole)2]·H2O and 
[Cu(sulfamethizole)2]·H2O were more efficient than the free sulfonamides (MIC from 4 to 32 
μg/mL). In this last group all the ligands have a five membered heterocycle (isoxazole and 
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diazomethyzole) and all the corresponding complexes coordinate through the heterocyclic 
N. None of the copper sulfate dilutions, used as controls, inhibited the growth of bacteria. 
Taking into account the previous knowledge, it could be suggest that one reason for the 
higher activity of the last four complexes may be due to higher lipophilicity in relation with 
free sulfonamides. The complexes with five-membered heterocyclic rings showed more 
activity than free ligands, in particular [Cu(sulfamethoxazole)2(H2O)4]·3H2O provided the 
highest antimicrobial potency (4 µg/mL against Staphylococcus aureus ATCC 29213, S. aureus 
and Escherichia coli (from patient exudates).  

In 2007, tri- and di-positive metal complexes of the sulfa-drugs, Schiff base namely 2-
thiophene carboxaldehyde-sulfametrole (HL) and its have been synthesized and 
characterized. The proposed general formulae of the prepared complexes are 
[M2X4(HL)(H2O)4] (whereM = Mn(II), Co(II), Ni(II), Cu(II), Zn(II) and Cd(II), X= Cl, 
[Fe2Cl6(HL)(H2O)2], [(FeSO4)2(HL)(H2O)4] and [(UO2)2(HL)(NO3)4]·H2O. Chloramphenicol 
and Grisofluvine were used as reference compounds for antbacterial and antifungal 
activities, respectively. Escherichia coli, Salmonella typhi, Staphylococcus aureus and Bacillus 
subtillus (bacteria) or Aspergillus terreus and Aspergillus flavus (Fungi) were used as the test 
organisms. Results have been recorded in the form of inhibition zones (diameter, cm). It can 
be seen that the antibacterial and antifungal of HL ligand are more or similar to that of the 
standards. Further the antibacterial and antifungal actions of HL ligand may be significantly 
enhanced on chelation with transition metal ions. Also, complexes showed more or same 
antibacterial activity and moderate antifungal activity comparable to that of the standards. 
So, the results suggest that metallation increases activity.  

Based on the significant biological and pharmacological properties that the indole moiety 
possesses, a new class of such compounds was reported by combining the chemistry of 
sulfonamides with indole-3-carbaldehyde and to explore their biological activities with the 
aim of obtaining more potent antibacterial and/or antifungal compounds. Synthesis of 
seven new indolenyl sulfonamides, have been prepared by the condensation reaction of 
indole-3-carboxaldehyde with different sulfonamides such as, sulphanilamide, 
sulfaguanidine, sulfathiazole, sulfamethoxazole, sulfisoxazole, sulfadiazine and 
sulfamethazine. These synthesized compounds have been used as potential ligands for 
complexation with some selective divalent transition metal ions (cobalt, copper, nickel & 
zinc). Structure of the synthesized ligands has been deduced from their physical, analytical 
(elemental analyses) and spectral (IR, 1H NMR and 13C NMR & UV–vis) data. All the 
compounds have also been assayed for their in vitro antibacterial and antifungal activities 
examining six species of pathogenic bacteria (Escherichia coli, Shigella flexneri, Pseudomonas 
aeruginosa, Salmonella typhi, Staphylococcus aureus and Bacillus subtilis) and six of fungi 
(Trichophyton longifusus, Candida albicans, Aspergillus flavus, Microsporum canis, Fusarium 
soloni and Candida glabrata). Antibacterial and antifungal results showed that all the 
compounds showed significant antibacterial activity whereas most of the compounds 
displayed good antifungal activity (MIC from 1.3 to 0.65 x 10-4 M) 

In 2010 a new series of sulfonamide derived Schiff bases has been synthesized by a 
condensation reaction of various sulfonamides with aromatic aldehydes. The so obtained 
sulfonamide were further investigated for their chelation and biological properties with first 
row d-transition metal ions [cobalt(II), copper(II), nickel(II) and zinc(II)]. An octahedral 
geometry has been suggested for all the complexes. The ligands and their metal complexes 
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have been screened for in vitro antibacterial, antifungal and cytotoxic properties. The result 
of these studies have revealed that all compounds showed moderate to significant 
antibacterial activity against one or more bacterial strains and good antifungal activity 
against various fungal strains. All the synthesized compounds exhibited varying degree of 
inhibitory effect on the growth of different tested strains. A significant activity was observed 
by all the compounds against E. coli. Antibacterial activity is overall enhanced after 
complexation of the ligands. However, the Zinc (II) complexes ([Zn(L1-H)2(H2O)2]: 
C38H36N8O8S2 Br2Zn) and ([Zn(L2-H)2(H2O)2]: C34H28N8O8S2Br2 Zn) of both the ligands were 
observed to be the most active against all strains (MIC was in the range of 3.204 x 10-8 to 
1.341 x 10-7 M). The antifungal screening of all compounds was carried out against T. 
longifusus, C. albican, A. .avus, M. canis, F. solani and C. glaberata fungal strains according to 
the literature protocol. Majority of the synthesized compounds showed good antifungal 
activity against different fungal strains. Compounds [Zn(L1-H)2(H2O)2], [Ni(L2-H)2(H2O)2] 
and [Zn(L2-H)2(H2O)2] showed excellent while all other compounds showed moderate to 
excellent activities against various fungal strains. The results of inhibition were compared 
with the results of inhibition with the standard drugs miconazole and amphotericin B. 

The reaction between phthalylsulfathiazolate (PST) and cobalt(II) aqueous solutions leads to 
a stable complex compound, [CoII(PST)(H2O)4]·2H2O (Co-PST). Reflectance diffuse spectrum 
is in agreement with a distorted octahedral environment of the Co(II) ion. Vibrational FTIR 
and Raman spectroscopic data reveal that the ligand would be doubly deprotonated. 
Spectroscopic and chemical data let us suggest that the Nthiazolic and the Nsulfonamide 
atoms could be the binding sites for the Co(II) ion to the phthalylsulfathiazole moiety. The 
following strains from the American Type Culture Collection (ATCC), Rockville, MD, USA, 
Malbrán Institute (MI), Pasteur Institute (PI) and from the Laboratorio de Microbiologı´a 
(LM, Facultad de Ciencias Médicas, Universidad Nacional de Cuyo, Mendoza, Argentina) 
were used: Gram-negative bacteria: Escherichia coli ATCC 25922, LM1-Escherichia coli, LM2-
Escherichia coli, Pseudomonas aeruginosa ATCC 27853 and Gram-positive bacteria: LM-
Staphylococcus aureus, Staphylococcus aureus methicillin-sensitive ATCC 29213 and 
Staphylococcus aureus methicillin-resistant ATCC 43300 were used for the antibacterial 
evaluation. Bacteria were grown on Müeller–Hinton agar medium. Co-PST showed 
antibacterial activity similar to the ligand (20-30 μg/mL). Activity against Candida albicans, if 
moderate (125 μg/mL), was better than the ligand one (>250 μg/mL). Co-PST did not show 
direct mutagenicity with the Ames test in the range of assay doses nor hemolytic effects to 
human erythrocytes in vitro at concentrations in which it is active. The phytotoxicity of the 
complex, evaluated with the Allium test, was similar to the phthalylsulfathiazole one in the 
whole tested range. 

More recently (2011), copper(II) and nickel(II) complexes of sulfadimethoxine, sulfadiazine, 
sulfamerazine and sulfamethazine were synthesized and characterized by single-crystal X-
ray diffraction and electrochemistry. Structural inspections showed that the antibacterial 
entity of ligands remains non-coordinated to metal ions in the complex high-lighting the fact 
that in each cluster, antiseptic activity of the metal has been associated to the antibiotic 
activity of the ligand. The antibacterial activity of the complex is as important as the ligands 
one with the addition of antiseptic activity via the incorporation of copper ions. Bacterial 
strains tested were Staphylococcus aureus, Escherichia coli, Klebsiella pneumoniae, Enterococcus 
faecalis, Pseudomonas aeruginosa. The MICs of E. faecalis and P. aeruginosa are equal to or 
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greater than 128 μg/mL. The MICs of E. coli, S. aureus and K. pneumoniae are between 32 and 
128 μg/mL. All the results obtained with the complexes are thus at least identical or greater 
than those observed for the free ligands. 

3. Antibacteria in materials 

Bacteria can grown in different materials that are in close contact with humans, foods, etc., 
so, it is very important to control this matter in order to prevent risk of infections. The three 
following investigations are examples in this way. 

The growth of bacteria on cellulosic textile is one of its inherent properties. Infection by 
bacteria causes cross-infection by pathogens, development of odour, staining and loss of the 
performance properties of textile, so application of antimicrobial finishing agents are 
necessary for many textiles such as hygienic, medical textiles and odour free sport wear. The 
antimicrobial function can be incorporated into textile either by chemical finishing of fabrics 
with biocidal agents or by physical incorporation of the agents into fibers. An area of 
polymer research that presents great current interest is that of the development of polymers 
with antimicrobial activities, generally known as polymeric biocides. In the area of health 
care and hygienic applications, biocidal polymers may be incorporated into fibers, or 
possibly extruded into fibers themselves, and used for contact disinfectants in many 
biomedical applications. One method of achieving antimicrobial polymers is to add an 
organic or inorganic biocide to the polymers during processing of the material.The 
antimicrobial study emphasise that Cu/oxidized polyvinyl pyridine (PVP) and 
Ag/oxidized PVP have retarded the growth of bacteria significantly, and Ag/oxidized PVP 
has a far better biocidal activity. The antibacterial activity of both metal ions survived after 
washing 10 times. 

Jute, a lignocellulosic natural fiber, has 58–68% a-cellulose, 12–14% lignin and 21–24% 
hemicellulose as a major constituent. Traditionally and due to its inherent coarseness 
property, jute is being used as a low cost packaging material and also to some extent for 
producing floor covering and decorative items. A study was carried out using chitosan–
metal complex aiming to impart the jute fabric antimicrobial properties. In this regards, Ag+, 
Zn2+ and Zr2+ ions were allowed separately to form a complex with chitosan. It has been 
found that, jute fabrics treated with chitosan–metal complex show better antimicrobial 
properties than those fabrics treated with either chitosan or metal salt separately. Moreover, 
the jute fabrics treated with chitosan–Zn complex have higher antimicrobial properties 
compared with those samples treated with chitosan–Zr or chitosan–Ag complexes. It has 
been found that, jute fabrics treated with chitosan–metal complex show better antimicrobial 
properties than those fabrics treated with either chitosan or metal salt separately. Moreover, 
the jute fabrics treated with chitosan–Zn complex have higher antimicrobial properties 
compared with those samples treated with chitosan–Zr or chitosan–Ag complexes. 

Antimicrobial ceramics (ACs) are becoming increasingly important because of their wide 
range of applications, including fabrics, building materials, cosmetics, electrical appliances, 
etc. The antimicrobial ceramics (AC) based on hydroxyapatite (HA) were made in a wet 
chemical process with additions of AgNO3, Cu(NO3)2·3H2O and Zn(NO3)2·6H2O. The 
aerobic Escherichia coli was used in the study. An obvious antimicrobial effect against E. coli 
was observed in Ag(I) AC. In contrast to Ag(I) AC, it was difficult to ascertain any 
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bactericidal effect in the case of Cu(II) and Zn(II) AC. This suggests that Ag(I) dissolved out 
and reacted with E. coli and inactivated the E. coli metabolism, thus inhibiting its growth. 

4. Cu, Co, Ni, Zn  

Many biologically active compounds used as drugs possess modified pharmacological and 
toxicological potentials when administered in the form of metal based compounds. Various 
metal ions potentially and commonly used are cobalt, copper, nickel and zinc because of 
forming low molecular weight complexes and therefore, prove to be more beneficial against 
several diseases. 

The antibiotic activity of metal complexes of N-methylthioformohydroxarnic acid against 
gram-negative Escherichia coli and gram-positive Staphylococcus aureus was investigated. The 
kinetically labile, square-planar, divalent (Cu, Ni, and Pd) and octahedral, trivalent (Fe, Co, 
and Cr) complexes displayed activity (0.5 to 5 µM against S. aureus), whereas the more inert 
platinum(II) or rhodium(III) complex displayed no activity, or activity only at elevated 
concentrations. The free ligand did not suppress the growth of the above organisms, and the 
sulfur atom of the ligand in its metal complexes appears crucial for activity.  

Neutral thiabendazole (TBZH) when uncoordinated to a metal centre is a poor anti-Candida 
agent and has very little chemotherapeutic potential. Complexes of Cu(II), in which the 
TBZH is present as a neutral chelating ligand, are all potent anti-candida agents with 
activity comparable to the prescription drug ketoconazole. Coordination of neutral TBZH to 
a copper centre in two of these complexes resulted in a significant increase in its 
chemotherapeutic potential. 

Synthesis and antimicrobial activity of new metal [Co(II), Ni(II), Zn(II)] complexes from 2-
(1’-hydroxynaphthyl)benzoxazoles have been described in 2007. The cobalt complex 
C34H20CoN2O4 showed significant antifungal activity (MIC 6.25-12.5 µg/mL).  

Interaction of norfloxacin (Nor) and ofloxacin (Ofl) with copper(II) and 
copper(II)/phenanthroline has been studied in aqueous solution and the stability constants 
of the binary complexes Cu(II)/fluoroquinolone and of the ternary complexes 
Cu(II)/phenanthroline/fluoroquinolone have been determined by potentiometry and UV–
vis spectrophotometry. The stability constants for the binary and ternary complexes of 
norfloxacin were always higher than those found for ofloxacin and comparing the values 
obtained for the binary and ternary species (logK) it is possible to conclude that the ternary 
complexes are more stable than the binary ones, suggesting that an interaction occurs 
between the ligands in the ternary complexes. From the distribution diagrams it is possible 
to state that at physiological pH 7.4, the copper ternary complexes, are the main species in 
solution not only at the concentration used to determined the stability constants but also at 
the minimum inhibitory concentration. The antibacterial activity of these complexes, in 
different bacterial strains, was determined, at physiological pH, and the results obtain show 
that these complexes may be good candidates as metalloantibiotics. (MIC against Escherichia 
coli ATCC 25922: Cu.Ofl. 0.015 and Cu.Ofl.Phe: 0.03 µg/mL). This work shows that 
copper(II)/phenanthroline complexes with fluoroquinolones are very stable, at 
physiological pH and they seem to be a good approach for the development of drugs with 
similar activity against bacteria but with the possibility of lowering their level of resistance. 
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A novel copper(II) complex of the fluoroquinolone antibacterial drug N-propyl-norfloxacin 
(Hpr-norf) in the presence of 1,10-phenanthroline (Phen) has been synthesized, 
characterized and studied its biological properties as antitumor antibiotic and antimicrobial 
agent. The antimicrobial activity of the complex has been tested, revealing an increased 
potency in comparison to the free Hpr-norf. (MIC: 4–16 μg/mL) 

A few mixed ligand transition metal carbodithioate complexes of the general formula [M(4-
MPipzcdt)x(phen)y]Y (M = Mn(II), Co(II), Zn(II); 4-MPipzcdt = 4-methylpiperazine-1-
carbodithioate; phen = 1,10-phenanthroline; x = 1 and y = 2 when Y = Cl; x = 2 and y = 1 
when Y = nil) were synthesized and screened for their antimicrobial activity against Candida 
albicans, Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus and Enterococcus faecalis 
by disk diffusion method. All the complexes exhibited prominent antimicrobial activity 
against tested pathogenic strains with the MIC values in the range <8-512 μg/mL. The 
complexes [Mn(4-MPipzcdt)2(phen)] and [Co(4-MPipzcdt)(phen)2]Cl inhibited the growth of 
Candida albicans at a concentration as low as 8 µg/mL. The complexes were also evaluated 
for their toxicity towards human transformed rhabdomyosarcoma cells (RD cells). Moderate 
cell viability of the RD cells was exhibited against the metal complexes.  

Mixed-ligand ternary transition metal (i.e., Cu, Co and Ni) complexes bearing iminodiacetic 
acid ligand and 1,10-phenanthroline co-ligand, were synthesized and characterized from 
spectral methods. The complexes usually adopt a distorted octahedral geometry around the 
metal ion. Among the synthesized ternary complexes, copper and cobalt complexes showed 
remarkable antibacterial and antifungal activities (6.25 to 12.5 µg/mL). 

Transition metal complexes of the type [M(L)2] and those containing monodentate 
phosphines of the type [M(L)2(PPh3)] (M= Ni, Co, Cu and Zn; L = cyclohexylamine-N-
dithiocarbamate; PPh3 = triphenylphosphine) have been synthesized. The spectral studies in 
all compounds revealed that the coordination of metals occurs via the sulphur atom of the 
dithiocarbamate ligand in a bidentate fashion. The ligand and their metal complexes were 
screened in vitro for their antibacterial activity against Escherichia coli, Staphylococcus aureus, 
Salmonella typhi, Enterococcus faecalis, Pseudomonas aeruginosa and Bacillus cereus and 
antifungal activities against Aspergillus flavus, Aspergillus carbonarius, Aspergillus niger and 
Aspergillus fumigatus. The metal complexes exhibited higher antimicrobial activity than the 
parent ligands. Generally, the zinc complexes were effective against the growth of bacteria 
with Zn(L)2 displaying broad spectrum bacteriocidal activity at concentrations of 50 µg/mL; 
and Ni(L)2 was more effective against the growth of fungi at concentrations of 100–
400µg/mL under laboratory conditions. 

Condensation of o-acetoacetylphenol and 1,2-diaminopropane in 1:1 molar ratio under 
condition of high dilution yielded the mono-condensed dibasic Schiff base ligand with a 
N2O2 donors. Reactions of the ligand with metal salts yielded mono- and homo-bi-nuclear 
complexes formulated as [M(HL)], where M = Co(II), Ni(II) and Cu(II), 
[M2(L)Cl(H2O)2]·½H2O, where M: Co(II) and Ni(II) and [Cu(H2L)Cl]. The mononuclear 
Ni(II) complex, [Ni(HL)], was used to synthesize homo- and hetero-bi- and tri-nuclear 
complexes with the molecular formulae [Ni2(L)Cl(H2O)2], [Ni2(L)2FeCl(H2O)]·H2O and 
[Ni2(HL)2CoCl2]. The structures of the complexes were characterized by various techniques 
such as elemental and thermal analyses, IR, 1H and 13C NMR, mass and electronic spectra as 
well as conductivity and magnetic moment measurements. Square-planar and octahedral 
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geometries are suggested for the Cu(II), Co(II) and Ni(II) complexes. The Schiff base and its 
metal complexes were evaluated for antimicrobial activity against Gram positive bacteria 
(Staphylococcus aureus), Gram negative bacteria (Escherichia coli) and fungi (Candida albicans 
and Aspergillus flavus). The ligand and some of its complexes were found to be biologically 
active. Results recorded revealed that among all the compounds Zn(L)2 was effective at 
lower concentration (50µg/mL) and also exhibit bactericidal activity against all the bacteria. 
On the other hand Co(L)2 was the compound with the weakest activity against bacteria and 
mostly static except with P. aeruginosa.  

The transition metal (Fe, Co, Ni or Cu) ternary complexes containing pyridine-2,6-
dicarboxylate dianion as primary ligand and 4-picoline as an auxiliary ligand were 
synthesized and characterized from spectral methods. The spectral data are consistent with 
a distorted octahedral geometry. The iron, copper and cobalt complexes showed remarkable 
antibacterial and antifungal activities while nickel complex showed these activities up to less 
extent. The antimicrobial activities investigated against Escherichia coli, Bacillus subtilis, 
Staphylococcus aureus, Salmonella typhymurium, Candida albicans, Aspergillus fumigatus and 
Penicillium marneffei showed significant activities (6.25 to 12.5 µg/mL). 

Equilibrium studies on the ternary complex systems involving ampicillin (amp) as ligand 
(A) and imidazole containing ligands viz., imidazole (Him), benzimidazole (Hbim), 
histamine (Hist) and histidine (His) as ligands (B) at 37 ºC show the presence of CuABH, 
CuAB and CuAB2. The antimicrobial activity of Cu(II)–amp(A) and Cu(II)–amp(A)–
Him/Hist/His(B) complexes were tested against bacteria S. typhi, yeast S. cerevisae and 
fungi L. theobrome and F. oxysporum. The bacteria and yeast were tested by “agar diffusion 
method” and the fungal activity have been tested using “potato dextrose agar method” 
using DMF as control. The zone inhibition against the growth of bacteria, yeast and fungi for 
the binary and ternary complexes show that the inhibition zone of ternary complexes (6.7-
9.1 mm) is higher than the binary complex and control (3.6-7.9). On chelation, the polarity of 
Cu(II) ion will be reduced to a greater extent due to the overlap of ligand orbital and partial 
sharing of the positive charge of the Cu(II) ion with donor groups. Further, it increases the 
delocalization of π-electrons over the whole chelate ring and enhances lipophilicity of the 
complexes. This increased lipophilicity enhances the penetration of the complexes into lipid 
membranes and blocking of the metal binding sites in the enzymes of microorganism. These 
complexes also disturb the respiration process of the cell and thus block the synthesis of 
protein that restricts further growth of the organism.  

The straightforward condensation of 3-acetyl-2-one indol and hydrazinecarbothioamide to 
yield the novel Schiff base ligand has been reported. Its flexible back bone, together with the 
presence of N, S and O donor atoms, renders this compound interesting for studying its 
coordination behaviour with transition metals ion. In this work some complexes with 
copper, nickel and cobalt have been characterized . The spectral data indicate that ligand 
behaves as a neutral pentadentate ligand, with two different coordinating sites, one 
provided by a nitrogen and an oxygen donor atoms and one by the C=N, C=O and C=S 
groups, each one accommodating a metal ion. Antimicrobial study reveals that, metal 
complexes have more biological activity than free ligand. Complex  HLNi2(OAc)4(H2O)3 

shows best antimicrobial activity against all microorganism (MIC: 10-12 µg/mL, while 
Imipenem = standard drug: 6-8 µg/mL, ligand: 65-125 µg/mL). 
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The antibactericidal activity of the cupric chloride, fluoroquinolones and its complexes were 
tested against two Gram(+) S. aureus, B. subtilis, and three Gram(−) S. marcescens, E. coli and 
P. aeruginosa organisms using double dilution method. An acceptable reason for this 
increase in bactericidal activity may be considered in the light of Overtone’s concept and 
chelation theory. According to Overtone’s concept of cell permeability, the lipid membrane 
that surrounds cell favors the passage of only lipid soluble materials so that liposolubility is 
an important factor which controls bactericidal activity. This increased lipophilicity 
enhances the penetration of the complexes into lipid membranes and blocks the metal 
binding sites in bacterial enzymes. The antimicrobial activity of all complexes against five 
microorganisms (MIC from 0.36 to 2.07 µg/mL) is much higher than metal salt. The complex 
shows better antimicrobial activity than the metal salt ≈ 3000 µg/mL), another quinilones 
(1.1-5.7 μg/mL), and enrofloxacin (1.4-3.9 μg/mL). 

The study provides useful information about the nature of bonding in zinc–thione 
complexes. We have shown that thiones react with ZnCl2 to form the complexes of the type, 
L2ZnCl2 in which the ligands coordinate in the thione form in solution as well as in the solid 
state. Antimicrobial activities of the complexes were evaluated by minimum inhibitory 
concentration and the results showed that some complexes exhibited significant activities 
against gram-negative bacteria (Escherichia coli, Pseudomonas aeruginosa: [Zn(Dmtu)2Cl2] 50-
40 µg/mL) and yeasts ([Zn(Tmtu)2Cl2]  80 µg/mL against Saccharomyces cerevisiae). 
However, moderate activity was observed against molds (Aspergillus niger, Penicillium 
citrinum).  

5. Silver antimicrobial agents 

Silver and its compounds have long been used as antimicrobial agents in medicine. Silver is 
active at low concentrations and has a low toxicity. Silver sulfadiazine is a widely used 
broad-spectrum antibiotic ointment, effective against a broad range of bacteria and some 
yeasts. It is used to prevent and treat skin infections on the areas of burnt skin. Silver 
complexes of oxygen donor ligands such as, [Ag(hino)]2 (where hino = 4-isopropyltopolone) 
and water-soluble silver(I) complexes of 2-pyrollidone-2-carboxylic acid displayed wide 
ranging and effective activities against some bacteria, yeasts and moulds. It has been found 
that the silver–oxygen bonding properties rather than the chiral helical or achiral polymer 
structure play a role in exhibiting antimicrobial activities. The antimicrobial activities of the 
silver(I)–oxygen bonding complexes are independent of whether the ligand itself possesses 
antimicrobial activities. Examples of such complexes are {[Ag(L-Hasp)]2} and 
{[Ag(LHasp)]2}n, where the ligand showed no activity. Similarly, salicylic acid (salH) did not 
prevent the growth of a fungal pathogen, while the silver complexes, [Ag(salH)]2 and 
[Ag(NH3)(salH)]2 greatly inhibited cell reproduction. These complexes also produced a 
cytotoxic response against human cancer cells. The biological action of the silver(I) oxygen 
complexes comes from a weaker bonding property of the Ag–O bond. In the biological 
system, the ease of ligand replacement of the silver(I) complexes would result in further 
replacement with biological ligands. The Ag–O bonding complexes can readily undergo 
ligand replacement with O-, N- or S-donor atoms. The antimicrobial activities by silver(I)–
oxygen bonding complexes are due to the silver(I) ion itself, i.e., due to a direct interaction 
between the silver(I) ion and biological ligands such as protein, enzymes and membrane. 
The coordinating ligands of the silver(I) complexes play the role of carrier for the silver(I) 
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ion to the biological system. The magnitude of antimicrobial properties of silver complexes 
is related to the ease with which they participate in ligand exchange reactions. For example, 
it has been speculated that the weak Ag–O and Ag–N bond strengths might play an 
important role in exhibiting wider spectrum of antimicrobial and antifungal activities and 
that the potential target sites for inhibition of bacterial and yeast growth by silver 
complexes might be the sulfur containing residues of proteins. Generally, Ag–S complexes 
have been shown to have a narrower spectrum of antibacterial activity than Ag–N 
complexes but no antifungal activity. In contrast, the compounds with Ag–P bonds have 
shown no activity against bacteria, yeast or molds. A sulfur coordinated, water soluble 
silver(I) complex of thiomalic acid showed remarkable antimicrobial activity against some 
bacteria, yeast and moulds. Although aqueous silver nitrate itself has similar activities for 
bacteria, the complexation of silver(I) with thiomalate leads to appreciably high activities 
for some moulds. Antimicrobial activities have been observed for sulfur bonded silver 
complexes of 2-mercaptonicotinic acid, [Ag(Hmna)]6·4H2O and 2-mercaptobenzoic acid, 
[Ag(Hmba)]n and [Na{Ag(Hmba)}·H2O]n. The spectra of antimicrobial activities observed 
in Ag–S bonded compounds have so far been narrower than those in the Ag–N bonded 
compounds such as [Ag(im)]n (im = imidazole) and [Ag(triaz)]n (triaz = 1,2,4-triazole). The 
key factor determining the spectra of antimicrobial activity is the nature of atom 
coordinated to the silver(I) atom and its bonding properties, (i.e., the ease of ligand 
replacement), rather than the solid state structure, solubility, charge and degree of 
polymerization of the complexes  

The antibacterial property of silver has been known for thousands of years. Silver 
nanoparticles have proved to be most effective as they have good antimicrobial efficacy 
against bacteria, viruses and other eukaryotic microorganisms. Silver is toxic to 
microorganisms by poisoning respiratory enzymes and components of electron transport 
system, and it also binds to bacterial surface, altering the membrane function and inhibiting 
replication. Silver compounds are used as antimicrobial agents in a variety of applications, 
including coating of catheters, dental resin composites, burn wounds and homeopathic 
medicine, antimicrobial matter with a minimal risk of toxicity in humans. The synthesis, 
spectroscopic, thermal and antimicrobial properties and characterization of five new 
(saccharinato)silver(I) complexes with diverse diamine derivatives, N,N,N’,N’-
tetramethylethylenediamine, N,N’-diethylethylenediamine, N,N’-dimethylethylenediamine, 
N,Ndiethylethylenediamine and 1,3-diamino-2,2-dimethylpropan ligands, namely 
[Ag2(sac)2(tmen)2] (1), [Ag2(sac)2(deten)2] (2), [Ag2(sac)2(dmen)2]n (3), [Ag(sac)(N,N-eten)] (4) 
and [Ag(sac)(dmpen)]n (5) and Ag(I)–saccharin complex (6) were reported. There are no 
significant differences among antimicrobial activities of new complexes. Complex 6 is more 
efficient against all bacteria and yeast than the new complexes except P. aeruginosa. While 
the values of MIC for 6 are in the range of 13.5–27.5 μg/mL, value of MIC for P. aeruginosa is 
45 μg/mL. But the values of MIC for new complexes (1–5) are in the range of 30–55 μg/mL. 
Antimicrobial activities of complexes 1–5 and 6 did not show differences between gram (+), 
gram (-) and eukaryotes in point of effective dose. It is known that there are a disparity 
between prokaryotes (gram +, gram -) and eukaryotes. But this difference is not important 
for antimicrobial effect of silver-saccharinate complexes. This suggests that they are potent 
as broad spectrum topical antimicrobial agents, but they need to be investigated with 
respect to their toxicity. 
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Two water-soluble, silver(I) complexes showing a wide spectrum of effective antibacterial 
and antifungal activities, i.e., {[Ag(Hhis)]0.2Et(OH)}2  (1; H2his = L-histidine) and 
[Ag(Hpyrrld)]2  (2; H2pyrrld  = (S)-(-)-2-pyrrolidone-5-carboxylic acid) were prepared. 
Antimicrobial activities of the free ligands, H2his and H2pyrrld, were estimated as >1000 
µg/mL for bacteria, yeast, and mold and, thus, showed no activity. The Ag+ ion, as aqueous 
AgNO3, has shown remarkable activities against Gram-negative bacteria (E. coli, P. 
aeruginosa), moderate activities against one Gram-positive bacteria (B. subtilis), and no 
activity (>1600 μg/mL) against 2 yeasts and 10 molds. The complex 2, on the contrary, 
showed remarkable and excellent activities against a wide spectrum of Gram-negative and -
positive (B. subtilis and S. aureus) bacteria and yeast (C. albicans and S. cerevisiae) and even 
against many molds except A. niger and A. terreus. A similar wide spectrum was also 
obtained in 1. Of particular note is the fact that in 1 and 2 activities against many molds are 
observed. The antibacterial and antifungal activities of 1 and 2 were remarkable (7.9-62.5 
µg/mL) and comparable to another silver(I)-N-heterocycle complexes (6.3-50 µg/mL). 

The alkanol N-functionalized silvercarbene complexes Silver(I)-2,6-bis(ethanolimidazolemethyl) 
pyridine hydroxide and silver(I)-2,6-bis(propanolimidazolemethyl)pyridine hydroxide are 
soluble in aqueous media. The  solubility and stability of silver complexes in chloride solution are 
key factors that limit the use of silver complexes for in vivo application. The bactericidal activities 
of the water-soluble silver(I)-carbene complexes were found to be improved over that of silver 
nitrate, so the use of Ag-C donor (carbene) compounds has demonstrated its potential as a 
therapeutic agent. 

The antimicrobial activity of the bis(N-heterocyclic carbene) (NHC) silver acetate complex, 
was evaluated against a variety of test organisms including a panel of highly resistant 
opportunistic pathogens recovered, primarily, from the respiratory tract of patients with 
cystic fibrosis (CF). The silver complex was also found to be a very effective antimicrobial 
agent when tested on fungi. Against A. niger and S. cerevisiae, it was found to be effective 
with a fungicidal MIC values of 13 μg/mL and 4 μg/mL. It shows a fungistatic effect on C. 
albicans with a MIC value of 4 μg/mL. Application of this NHC silver complex to primary 
cultures of murine respiratory epithelial cells followed by microarray analysis showed 
minimal gene expression changes at the concentrations effective against respiratory 
pathogens. Furthermore, methylated caffeine without silver showed some antibacterial and 
antifungal activity. 

Preliminary in vivo toxicity studies demonstrated very low toxicity for both the parent 
methylated caffeine and the silver complex. Given the water solubility of this silver complex 
and its low toxicity, it may prove useful as a nebulized therapy in patients colonized with 
these resistant organisms. 

 [Ag(2-amino-3-methylpyridine)2]NO3 (1) and [Ag(pyridine-2-carboxaldoxime)NO3] (2) 
were prepared from corresponding ligands and AgNO3 in water/ethanol solutions, and the 
products were characterized by IR, elemental analysis, NMR, and TGA. The X-ray crystal 
structures of the two compounds show that the geometry around the silver(I) ion is bent for 
complex 1 with nitrate as an anion and trigonal planar for complex 2 with nitrate 
coordinated. The geometries of the complexes are well described by DFT calculations using 
the ZORA relativistic approach. The compounds were tested against 14 different clinically 
isolated and four ATCC standard bacteria and yeasts and also compared with 17 commonly 
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used antibiotics. Both 1 and 2 exhibited considerable activity against S. lutea, M. lutea, and S. 
aureus (0.6-17.9 µg/mL) and against the yeast Candida albicans (2.3 µg/mL), while 2-amino-3-
methylpyridine is slightly active and pyridine-2-carboxaldoxime shows no antimicrobial 
activity. In addition, the interaction of these metal complexes with DNA was investigated. 
Both 1 and 2 bind to DNA and reduce its electrophoretic mobility with different patterns of 
migration, while the ligands themselves induce no change. 

The two compounds show antibacterial effects against different bacteria and yeast, quite 
comparable to commercial antibiotics in vitro, but their activity spectrum is different, on 
both a microgram per milliliter basis and a Ag per milliliter basis.  

6. Metal ions from the 5º and 6º periods 

Dimers of vancomycin (Van), linked by a rigid metal complex, [Pt(en)(H2O)2]2+, (en: 
ethylenediamine) exhibit potent activities (MIC: 0.8 μg/mL, 720 times more potent than that 
of Van itself) against vancomycin resistant enterococci (VRE). The result suggests that 
combining metal complexation and receptor/ligand interaction offers a useful method to 
construct multivalent inhibitors. In summary, metal complex can be used as a new platform 
to construct multivalent inhibitors, which are as effective as other rigid linkers used for 
multivalency. One of the concerns on platinum-based complexes is its cytotoxicity. 
Preliminary study has shown that these cis-platin based divalent Vans are not toxic toward 
mammalian cells. Our future work will examine other metal complex linkers, which may 
help further elucidate the structural basis of vancomycin resistance, as well as the mechanism 
of multivalent Vans binding to vancomycinsensitive strains, which has yet to be established.  

Cationic gold(I) complexes containing 1-[2-(acridin-9-ylamino)ethyl]-1,3-dimethylthiourea 
[AuL(1)]n+ (where L is Cl-, Br-, SCN-, PEt3, PPh3, or 1), derived from a class of analogous 
platinum(II) antitumor agents, have been synthesized. Unlike platinum, gold does not form 
permanent adducts with DNA, and its complexes are 2 orders of magnitude less cytotoxic in 
non-small-cell lung cancer cells than the most active platinum-based agent. Instead, several 
gold analogues show submicromolar and selective antimicrobial activity against 
Mycobacterium tuberculosis (MIC: 0.49-0.82 μM). In conclusion, the current set of complexes 
shows considerable potential as relatively nontoxic anti-Mtb agents. Given the urgent need 
for effective treatment options for multidrug resistant forms of TB, novel gold(I) complexes 
based on improved prodrug design and deliverymay represent a promising approach to 
combating this disease. 

A series of novel palladium(II) chloride and bromide complexes with three types of 
quinolinylaminophosphonates have been synthesized and structurally characterized. All 
organophosphorus ligands contain three potential donor atoms, quinoline nitrogen, amino 
nitrogen and phosphoryl oxygen, but their coordination behaviour towards palladium(II) 
ion is different. In complexes either quinoline or both quinoline and amino nitrogens are 
involved in metal(s) bonding forming mononuclear dihalide adducts either with cis- or 
trans-configuration as well as dinuclear tetrahalide complexes. Phosphoryl oxygen is not 
coordinated and is free to be involved in hydrogen bonding, which is the main feature of 
crystal structures of complexes. The stereochemistry of the complexes, the nature of metal–
ligand binding and hydrogen bond interactions are investigated by spectroscopy and X-ray 
structure analysis. Biological properties of complexes were examined by screening of their 
ability to inhibit the cancer growth in vitro in a panel of human tumor cell lines and their 
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antimicrobial activity in a wide spectrum of bacterial and fungal strains. While no specific 
antimicrobial effects of both the free organophosphorus ligands and their palladium(II) 
halide complexes were noted, the majority of complexes demonstrated cytostatic activity, 
which was especially pronounced in the case of dipalladium tetrahalide complexes with 
IC50:10 μM. It may be concluded that palladium complexes of investigated 
quinolinylaminophosphonates represent an interesting class of new complex compounds 
from the viewpoint of their physicochemical, structural and biological properties. 

Some organotin(IV) complexes containing benzil bis(benzoylhydrazone) and different 
numbers of bipyridyl units have been synthesised and fully characterized. In all the 
complexes the bis(hydrazone) ligand is doubly deprotonated and behaves as N2O2 
tetradentate chelate. The in vitro antimicrobial activity against bacteria and fungi was 
evaluated. Methyl derivatives are devoid of antimicrobial properties, whereas all 
butyltin(IV) complexes show a good activity against bacteria that increases with the number 
of bipyridyl units (12-25 μg/mL). 

7. Conclusions 

In general, when the antimicrobial activity of metal complexes is concerned, the following 
five principal factors may be considered:  

i. The chelate effect, i.e. bidentate ligands, such as the quinolones, show higher 
antimicrobial efficiency towards complexes with monodentate ligands 

ii. The nature of the ligands 
iii. The total charge of the complex; generally the antimicrobial efficiency decreases in the 

order cationic > neutral > anionic complex 
iv. The nature of the counter ion in the case of the ionic complexes 
v. The nuclearity of the metal center in the complex; dinuclear centers are more active than 

mononuclear ones.  

The antimicrobial activities of metal complexes depended more on the metal center itself 
than on the geometry around the metal ion. 

The biological activity of new silver(I) complexes is potentially important, and these compounds 
are developed not only with wound care in mind but some cases of antibiotic resistence, and also 
with, for example, the treatment of lungs chronically infected with cystic fibrosis. 

Because of the broad spectrum activity displayed by some of the tested compounds, it is 
would be necessary to evaluate the cytotoxicity of these compounds as their applications in 
the formulation of novel antimicrobial therapeutic drugs seem promising. Useful test in the 
preclinical phase of medicaments are bioassays like the Ames test and a micronucleus test 
(Allium cepa test for example). 

8. References 

Beerse et al USA Patent Nº US 6,294,186 B1, Sep. 25, 2001 
Chohan, Zahid H.; Hazoor A. Shad a, Moulay H. Youssoufi b, Taibi Ben Hadda Some new 

biologically active metal-based sulfonamide, European Journal of Medicinal 
Chemistry 45 (2010) 2893-2901 



 
Metal Complexes as Antimicrobial Agents 

 

87 

Dai, Hui-Xiong; Antonia F. Stepan, Mark S. Plummer, Yang-Hui Zhang, and Jin-Quan Yu 
Divergent C–H Functionalizations Directed by Sulfonamide Pharmacophores: Late-
Stage Diversification as a Tool for Drug Discovery, J. Am. Chem. Soc., Article 
ASAP DOI: 10.1021/ja201708f, Publication Date (Web): April 13, 2011,  

Efthimiadou Eleni K., Alexandra Karaliota, George Psomas Metal complexes of the third-
generation quinolone antimicrobial drug sparfloxacin: Structure and biological 
evaluation, Journal of Inorganic Biochemistry 104 (2010) 455–466 

Higazy, Asha; Mohamed Hashem, Ali ElShafei, Nihal Shaker, Marwa Abdel Hady 
Development of antimicrobial jute packaging using chitosan and chitosan–metal 
complex Carbohydrate Polymers, Volume 79, Issue 4, 17 March 2010, Pages 867-874 

Kantouch, A.; Atef El-Sayed A Polyvinyl pyridine metal complex as permanent 
antimicrobial finishing for viscose fabric International Journal of Biological 
Macromolecules, Volume 43, Issue 5, 1 December 2008, Pages 451-455 

Kascatan-Nebioglu, Aysegul, Abdulkareem Melaiye, Khadijah Hindi, Semih Durmus, 
Matthew J. Panzner, Lisa A. Hogue, Rebekah J. Mallett, Christine E. Hovis, Marvin 
Coughenour, Seth D. Crosby, Amy Milsted, Daniel L. Ely, Claire A. Tessier, 
Carolyn L. Cannon, and Wiley J. Youngs Synthesis from Caffeine of a Mixed N-
Heterocyclic Carbene−Silver Acetate Complex Active against Resistant Respiratory 
Pathogens, J. Med. Chem., 2006, 49 (23), pp 6811–6818 

Katsarou, Maria E.; Eleni K. Efthimiadou, George Psomas, Alexandra Karaliota and 
Dionisios Vourloumis Novel Copper(II) Complex of N-Propyl-norfloxacin and 
1,10-Phenanthroline with Enhanced Antileukemic and DNA Nuclease Activities J. 
Med. Chem., 2008, 51 (3), pp 470–478) 

Kim, T. N., Q. L. Feng, J. O. Kim, J. Wu, H. Wang, G. C. Chen, F. Z. Cui. Journal of Materials 
Science: Materials in Medicine 9 (1998) 129-134 Antimicrobial effects of metal ions 
(Ag(I), Cu(II), Zn(II) in hydroxyapatite 

Kozarich, John W. Medicinal Inorganic Chemistry: Promises and Challenges, , Medicinal 
Inorganic Chemistry, Chapter 2, pp 4–14 ACS Symposium Series, Vol. 903, ISBN13: 
9780841238992 eISBN: 9780841220218 Publication Date (Print): August 25, 2005, 
Copyright © 2005 American Chemical Society 

Lippard, S.; Chapter 1Metal Ion Chemistry for Sustaining Life, , In Medicinal Inorganic 
Chemistry; Sessler, J., et al.; ACS Symposium Series; American Chemical Society: 
Washington, DC, 2005 

M.R. Malik et al., Inorg. Chim. Acta (2011), doi:10.1016/j.ica.2011.06.017 
Monti, Laura; Ana Pontoriero Natalia Mosconi, Cecilia Giulidori, Estela Hure, Patricia A. M. 

Williams, María Victoria Rodríguez, Gabriela Feresin, Darío Campagnoli and 
Marcela Rizzotto* “Synthesis, characterization and antimicrobial properties of a 
Co(II)-phthalylsulfathiazolate complex” Biometals (2010), 23:1015-1028 and 
references cited therein 

Morais Leme D, Marin-Morales MA (2009) Allium cepa test in environmental monitoring: a 
review on its application. Mutat Res 682:71–81 

Mortelmans K, Zeiger E (2000) The Ames Salmonella/microsome mutagenicity assay. Mutat 
Res 455:29–60 28:2187–2195 

Nomiya, Kenji *, Kuniaki Onodera, Ken Tsukagoshi, Kouhei Shimada, Akira Yoshizawa, 
Tada-aki Itoyanagi, Akiyoshi Sugie, Shinichiro Tsuruta, Ryo Sato, Noriko 



 
A Search for Antibacterial Agents 

 

88

Chikaraishi Kasuga Inorganica Chimica Acta 362 (2009) 43–55, Syntheses, 
structures and antimicrobial activities of various metal complexes of hinokitiol 

Olar, Rodica; Mihaela Badea, Dana Marinescu, Mariana-Carmen Chifiriuc, Coralia Bleotu, 
Maria Nicoleta Grecu, Emilia-Elena Iorgulescu, Veronica Lazar; N,N-
dimethylbiguanide complexes displaying low cytotoxicity as potential large 
spectrum antimicrobial agents European Journal of Medicinal Chemistry, Volume 
45, Issue 7, July 2010, Pages 3027-3034  

Patil, Sangamesh A.; Vinod H. Naik, Ajaykumar D. Kulkarni, Prema S. Badami DNA 
cleavage, antimicrobial, spectroscopic and fluorescence studies of Co(II), Ni(II) and 
Cu(II) complexes with SNO donor coumarin Schiff bases Spectrochimica Acta Part 
A: Molecular and Biomolecular Spectroscopy, Volume 75, Issue 1, January 2010, 
Pages 347-354  

S. Bellú, E. M. Hure, M. Trapé, C. Trossero, G. Molina, C. Drogo, P. A. M. Williams, A. M. 
Atria, J. C. Muñoz Acevedo, S. Zacchino, M. Sortino, D. Campagnoli and M. 
Rizzotto* "Synthesis, Structure and Antifungal Properties of Co (II)-sulfathiazolate 
complexes" Polyhedron 24 (2005) 501-509.  

Saeed Ahmad*, Anvarhusein A. Isab, Saqib Ali, Abdul Rahman Al-Arfaj. Perspectives in 
bioinorganic chemistry of some metal based therapeutic agents (Polyhedron 25 
(2006) 1633–1645) 

Shebl, Magdy; Saied M.E. Khalil, Saleh A. Ahmed, Hesham A.A. Medien;Synthesis, 
spectroscopic characterization and antimicrobial activity of mono-, bi- and tri-
nuclear metal complexes of a new Schiff base ligand Journal of Molecular Structure, 
Volume 980, Issues 1-3, 10 September 2010, Pages 39-50  

Sultana, N., M. Saeed Arayne, Somia Gul, Sana Shamim;Sparfloxacin–metal complexes as 
antifungal agents – Their synthesis, characterization and antimicrobial activities 
Journal of Molecular Structure, Volume 975, Issues 1-3, 30 June 2010, Pages 285-291  

Wilkinson, Brendan L.; Alessio Innocenti, Daniela Vullo, Claudiu T. Supuran and Sally-Ann 
Poulsen Inhibition of Carbonic Anhydrases with Glycosyltriazole Benzene 
Sulfonamides J. Med. Chem., 2008, 51 (6), pp 1945–1953) 

Xing, Bengang; Chun-Wing Yu, Pak-Leung Ho,Kin-Hung Chow, Terence Cheung, Hongwei 
Gu, Zongwei Cai, and Bing Xu Multivalent Antibiotics via Metal Complexes: 
Potent Divalent Vancomycins against Vancomycin-Resistant Enterococci J. Med. 
Chem., 2003, 46 (23), pp 4904–4909 

Yesilel, Okan Zafer Gökhan Kastas, Cihan Darcan, Inci Ilker, Hümeyra Pasaoglu, Orhan 
Büyükgüngör Inorganica Chimica Acta 363 (2010) 1849–1858 Syntheses, thermal 
analyses, crystal structures and antimicrobial properties of silver(I)-saccharinate 
complexes with diverse diamine liga 

Zafar A. Siddiqi*, M. Shahid, Mohd. Khalid, S. Kumar European Journal of Medicinal 
Chemistry 44 (2009) 2517–2522, Antimicrobial and SOD activities of novel 
transition metal ternary complexes of iminodiacetic acid containing a-diimine as 
auxiliary ligand 

Zafar A.; Mohd Khalid, Sarvendra Kumar, M. Shahid, Shabana Noor, Antimicrobial and 
SOD activities of novel transition metal complexes of pyridine-2,6-dicarboxylic acid 
containing 4-picoline as auxiliary ligand European Journal of Medicinal Chemistry, 
Volume 45, Issue 1, January 2010, Pages 264-Siddiqi, 269 



6 

Dendrimers as Antibacterial Agents 

Metin Tülü and Ali Serol Ertürk 
Yıldız Technical University 

Turkey 

1. Introduction 

No more than 100 years ago, if a person acquired a bacterial infection, the body had to clear 
the infection by itself or else the infection would eventually result in death. After penicillin 
and many other effective antibiotics were discovered, however, that changed. In the decades 
after penicillin was discovered in 1928, a number of powerful antibiotics were developed. 
They were used plentifully and often carelessly prescribed needlessly for certain bacterial 
infections and even for viral infections where they have no effect. Farmers found that 
animals fed low levels of antibiotics grow faster and are less subject to disease, so thousands 
of tons of antibiotics were (and still are) added to animal feed. The problem: unlike 
disinfectants, antibiotics generally act against a single component of a bacterium. Thus, in 
environments where antibiotics are present, there is great selective pressure toward bacteria 
that can make the relatively minor mutations needed to render them resistant. Once a single 
bacterium has developed resistance to an antibiotic, it can be amplified across bacterial 
species by quick propagation and the tendency to share antibiotic resistance genes with 
other bacteria. In the last decade, resistance to antibiotics even antibiotics once thought to be 
“last ditch” treatments has increased remarkably and is continually on the rise. Doctors are 
finding many once-treatable infections are now deadly (e.g. highly publicized Methicillin-
resistant Staphylococcus aureus (MRSA) infections). Large pharmaceutical companies, once 
major sources of new antibiotics, have exhausted most “easy” targets for new antibiotics and 
have shifted their research and development focus to long-term, chronic diseases rather than 
antibiotic discovery to increase profits (Tanner, 2009).  

Antibacterial and antimicrobial are two similar concepts and sometimes they are used 
interchangeably; however there are some differences between them. Antibacterial: 
Anything that destroys bacteria or suppresses their growth or their ability to reproduce. 
Heat, chemicals such as chlorine, and antibiotic drugs all have antibacterial properties. 
Many antibacterial products for cleaning and hand washing are sold today. Such products 
do not reduce the risk for symptoms of viral infectious diseases in otherwise healthy 
persons. This does not preclude the potential contribution of antibacterial products to 
reducing symptoms of bacterial diseases in the home (Dorland Medical Dictionary, 2010). 
The term antibacterial is often used synonymously with the term antibiotic(s); today, 
however, with increased knowledge of the causative agents of various infectious diseases, 
antibiotic(s) has come to denote a broader range of antimicrobial compounds, including 
anti-fungal and other compounds.  
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Antimicrobial is a substance that kills or inhibits the growth of microorganisms (Merriam-
Webster Online Dictionary, 2009) such as bacteria, fungi, or protozoans. Antimicrobial 
drugs either kill microbes (microbiocidal) or prevent the growth of microbes 
(microbiostatic). Disinfectants are antimicrobial substances used on non-living objects or 
outside the body (Wikipedia, 2011). 

  
(a)     (b) 

Fig. 1. a) Scanning electron micrograph of S. aureus, 20,000 times enlargement, and false 
color added b) Bacterial cells of Staphylococcus aureus, which is one of the causal agents of 
mastitis in dairy cows. Its large capsule protects the organism from attack by the cow's 
immunological defenses (Kluytmans et al., 1997). 

2. How do antibacterial agents work? 

Most antimicrobial agents used for the treatment of bacterial infections may be categorized 
according to their principal mechanism of action. There are 5 major modes of action: (1) 
interference with cell wall synthesis, (2) inhibition of protein synthesis, (3) interference with 
nucleic acid synthesis, (4) inhibition of a metabolic pathway, and (5) Disruption of bacterial 
membrane structure. (Table 1.)(Neu, 1992). Antibacterial drugs that work by inhibiting 
bacterial cell wall synthesis include the b-lactams, such as the penicillins, cephalosporins, 
carbapenems, and monobactams, and the glycopeptides, including vancomycin and 
teicoplanin (McManus, 1997; Neu, 1992). β-Lactam agents inhibit synthesis of the bacterial 
cell wall by interfering with the enzymes required for the synthesis of the peptidoglycan 
layer. Vancomycin and teicoplanin also interfere with cell wall synthesis, but do so by 
binding to the terminal D-alanine residues of the nascent peptidoglycan chain, thereby 
preventing the cross-linking steps required for stable cell wall synthesis. Macrolides, 
aminoglycosides, tetracyclines, chloramphenicol, streptogramins, and oxazolidinones 
produce their antibacterial effects by inhibiting protein synthesis. Bacterial ribosomes differ 
in structure from their counterparts in eukaryotic cells. Antibacterial agents take advantage 
of these differences to selectively inhibit bacterial growth. Macrolides, aminoglycosides, and 
tetracyclines bind to the 30S subunit of the ribosome, whereas chloramphenicol binds to the 
50S subunit. Fluoroquinolones exert their antibacterial effects by disrupting DNA synthesis 
and causing lethal double-strand DNA breaks during DNA replication (Drlica & Zhao, 
1997), whereas sulfonamides and trimethoprim (TMP) block the pathway for folic acid 
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synthesis, which ultimately inhibits DNA synthesis (Petri, 2005; Yao & Moellering, 2003). 
The common antibacterial drug combination of TMP, a folic acid analogue, plus 
sulfamethoxazole (SMX) (a sulfonamide) inhibits 2 steps in the enzymatic pathway for 
bacterial folate synthesis. Disruption of bacterial membrane structure may be a fifth, 
although less well characterized, mechanism of action. It is postulated that polymyxins exert 
their inhibitory effects by increasing bacterial membrane permeability, causing leakage of 
bacterial contents (Storm et al., 1977). The cyclic lipopeptide daptomycin apparently inserts 
its lipid tail into the bacterial cell membrane (Carpenter & Chambers, 2004), causing 
membrane depolarization and eventual death of the bacterium. 
 

1. Interference with cell wall synthesis : 
- Lactams: penicillins, cephalosporins, carbapenems, monobactams 
- Glycopeptides: vancomycin, teicoplanin 

2. Protein synthesis inhibition 
- Bind to 50S ribosomal subunit: macrolides, chloramphenicol, clindamycin, 

quinupristin-dalfopristin, linezolid 
- Bind to 30S ribosomal subunit: aminoglycosides, tetracyclines 
- Bind to bacterial isoleucyl-tRNA synthetase: mupirocin 

3. Interference with nucleic acid synthesis 
- Inhibit DNA synthesis: fluoroquinolones 
- Inhibit RNA synthesis: rifampin 

4. Inhibition of metabolic pathway: sulfonamides, folic acid analogues 

5. Disruption of bacterial membrane structure: polymyxins, daptomycin 

Table 1. Mechanisms of action of antibacterial agents 

3. Methods for antibacterial activity 

3.1 Disk diffusion method 

Screening for antibacterial and antifungal activities are carried out using sterilized antibiotic 
discs (6 mm), following the procedure performance standards for Antimicrobial Disk 
Susceptibility Tests, outlined by the National Committee for Clinical Laboratory Standards 
NCCLS (Collins, 1989; Villonova, 1993).  

According to Disc Diffusion Method; when a filter paper disc impregnated with a chemical 
is placed on agar the chemical will diffuse from the disc into the agar. This diffusion will 
place the chemical in the agar only around the disc. The solubility of the chemical and its 
molecular size will determine the size of the area of chemical infiltration around the disc. If 
an organism is placed on the agar it will not grow in the area around the disc if it is 
susceptible to the chemical. This area of no growth around the disc is known as a “zone of 
inhibition”. 

Principle; antiseptics, disinfectants and antibiotics are used in different ways to combat 
microbial growth. Antiseptics are used on living tissue to remove pathogens. 
Disinfectants are similar in use but are used on inanimate objects. Antibiotics are 
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substances produced by living organisms, such as Penicillium or Bacillus, that kill or 
inhibit the growth of other organisms, primarily bacteria. Many antibiotics are chemically 
altered to reduce toxicity, increase solubility, or give them some other desirable 
characteristic that they lack in their natural form. Other substances have been developed 
from plants or dyes and are used like antibiotics. A better term for these substances is 
antimicrobials, but the term antibiotic is widely used to mean all types of antimicrobial 
chemotherapy. Many conditions can affect a disc diffusion susceptibility test. When 
performing these tests certain things are held constant so only the size of the zone of 
inhibition is variable. Conditions that must be constant from test to test include the agar 
used, the amount of organism used, the concentration of chemical used, and incubation 
conditions (time, temperature, and atmosphere). The amount of organism used is 
standardized using a turbidity standard. This may be a visual approximation using a 
McFarland standard 0.5 or turbidity may be determined by using a spectrophotometer 
(optical density of 1.0 at 600 nm). For antibiotic susceptibility testing the antibiotic 
concentrations are predetermined and commercially available. Each test method has a 
prescribed media to be used and incubation is to be at 35-37o C in ambient air for 18-24 
hours. The disc diffusion method for antibiotic susceptibility testing is the Kirby-Bauer 
method. The agar used is Meuller-Hinton agar that is rigorously tested for composition 
and pH. Further the depth of the agar in the plate is a factor to be considered in the disc 
diffusion method. This method is well documented and standard zones of inhibition have 
been determined for susceptible and resistant values. There is also a zone of intermediate 
resistance indicating that some inhibition occurs using this antimicrobial but it may not be 
sufficient inhibition to eradicate the organism from the body. 

The standardized methods for antiseptic and disinfectant testing are more rigorous and 
more difficult to reproduce in a student laboratory. Two common tests are the Phenol 
Coefficient Test (a comparison of the effect of the chemical and phenol on several 
organisms) and the Use Dilution Test (testing the chemical under actual conditions of use). 
A disc diffusion test can be used to approximate the Use Dilution Test. The chemical under 
consideration is used to saturate a filter paper disc. This disc is then used to introduce the 
chemical to the agar for testing. The actual zone sizes have not been standardized as in the 
Kirby-Bauer method, but a comparison of zone sizes for the same chemical among 
organisms will provide an approximate effectiveness of the chemical. 

3.2 Dilution method 

Screening for antibacterial and antifungal activities was carried out by preparing a broth 
micro dilution, following the procedure outlined in Manual of Clinical Microbial (Jones et 
al., 1985). The broth dilution method depends upon inoculation at a specific inoculum 
density of broth media (in tubes or microtitre plates) containing antibiotics at varying levels 
usually doubling dilutions are used and after incubation, turbidity is recorded either 
visually or with an automated reader, and the breakpoint concentration established. 
Microtitre plates or ready-to-use strips are commercially available with antibiotics ready 
prepared in the wells. A variation on this approach is the agar dilution method where a 
small volume of suspension is inoculated onto agar containing a particular concentration of 
antibiotic, when the inoculum has dried the plate is incubated and again examined for zones 
of growth. 
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Biological data: Standardized samples of Penicillin-g (blocking the formation of bacterial 
cell walls, rendering bacteria unable to multiply and spread; Ampicillin (penetrating and 
preventing the growth of Gram-negative bacteria); Cefotaxime (used against most Gram-
negative enteric bacteria); Vancomycin (acting by interfering with the construction cell walls 
in bacteria), Ofloxacin (entering the bacterial cell and inhibiting DNA-gyrase, which is 
involved in the production of genetic material, preventing the bacteria from reproducing); 
Tetracyclines (exerting their antimicrobial effect the inhibition of protein synthesis; Nystatin 
(binding to sterols in the fungal cellular membrane altering the permeability to allow 
leakage of the cellular contents and destroying the fungus); Ketoconazole (inhibiting the 
growth of fungal organisms by interfering with the formation of the fungal cell wall) and 
Clotrimazole (interfering with their cell membranes and causing essential constituents of the 
fungal cells leakage). Mueller Hinton media, Nutrient Broth and Malt Extract Broth are 
purchased from Difco and yeast extracts is obtained from Oxoid. 

4. Dendrimers as antibacterial or antimicrobial agents 

High molecular surface functional group concentration of dendrimers can dominate 
antibacterial properties to the interacting molecule. If the end or surface groups of 
dendrimers are functionalized with biologically active antimicrobial groups, we might 
expect an increase in antimicrobial activity of the dendrimers depending on the high 
molecular antimicrobial surface functional group increase on the surface of the molecule.  

The target for antimicrobials must be selected carefully. This is because of the fact that 
bulkier dendrimers may not be able to penetrate the cell membrane barrier and may have 
difficulty reaching the target site for the anticipated antimicrobial action (Chen & Cooper, 
2002).  

Biocides immobilized on dendrimers can be more effective if the target sites are cell walls 
and/ or membranes. It has been shown that small quaternary ammonium compounds exert 
their antimicrobial action by disrupting and disintegrating the cell membrane (Ghosh, 1988; 
Kourai et al., 1980; Panarin et al., 1985). Converting functional end groups of dendrimer to 
ammonium salts, dendrimer biocides can be synthesized. These dendrimer biocides have 
been shown to be more potent than their small molecule counterparts as they bear high local 
density active groups. Thus, dendrimer biocides may be very beneficial in terms of activity, 
localization in specific organs, reduced toxicity, and increased duration of action 
(Donaruma, 1978, 1980). 

As the bacteria are negatively charged and dendrimer biocides have high positive charge 
density, electrostatic interactions bring them into contact with each other. Depending on 
the concentration of the dendrimer biocides, membrane permeability can be slightly 
changed or denaturized. At the end, high concentrations of dendrimer biocides can lead 
to complete disintegration of the bacterial membrane causing to a bactericidal effect (Neu, 
1992). 

By adding water soluble functional end groups to dendrimers, water soluble dendrimers are 
obtained. When these dendrimers interacted with bacteriostatic weak water soluble or 
insoluble antibiotics, the antibacterial properties antibiotics can be altered, especially 
improved, and also clinical applications can be experimentally observed by conducting 
studies. Bacterial inflections remain major causes of mortality in hospitals all around the 



 
A Search for Antibacterial Agents 

 

94

world. Against these bacterial inflections including enteric and urinary tract, and respiratory 
tract, sulfonamides are widely used. They are preferred due to ease of administration and 
wide spectrum of anti-bacterial activity. However, the clinical use of sulfonamides is limited 
due to their extremely low solubility in water, rapid elimination in blood, low level of 
association to plasma proteins and several side effects. Microbiology studies showed that 
PAMAM dendrimers could increase water solubility and the anti bacterial activity of a kind 
of sulfonamide, Sulfamethoxazole (SMZ)(Fig. 2.) (a 4- or 8 fold increase in the antibacterial 
activity of SMZ in dendrimer solution compared to pure SMZ dissolved in dimethyl 
sulfoxide (DMSO) or 0.01 M NaOH solution) (Ma, et al., 2007). Likewise, Quinolones (Fig. 3.) 
which are expanding class of clinically established potent antibiotics are not freely soluble in 
water. Microbiological studies of the quinolones (nadifloxacin and prulifloxacin) showed 
that strong antimicrobial activities of nadifloxacin and prolifloxacin were still significantly 
increased in the presence of PAMAM dendrimers and also their water solubility increased 
(Cheng et al., 2007). 

 

 
Fig. 2. Structure of Sulfamethoxazole (SMZ) 4-amino-N-(5-methylisoxazol-3-yl)-
benzenesulfonamide 

 

 
Fig. 3. Essential structure of all quinolone antibiotics: R1 is usually piperazine; if the 
connection contains fluorine (F), it is a fluoroquinolone. 

Highly branched dendritic structures and unique properties of dendrimers have attracted 
great interest in the recent studies of antimicrobial activities of dendrimers and their 
derivatives (Chen & Cooper, 2000). In most cases, Dendrimers have the ability of carrying 
biologically active agents by encapsulating them in the interior or generally, attaching them on 
the periphery of dendrimers. For example, most dendrimers displaying antimicrobial activities 
are terminated with antimicrobial agents, including ferrocene (Abd-Elzaher & Ali, 2006), 
quaternary ammonium (Chen et al., 2000; Chen & Cooper, 2000, 2002), boron complexes (De 
Queiroz, 2006), carbohydrates (Rojo, 2004), and peptides (Bernstein et al., 2003, Bourne et al., 
2000; Janiszewska et al., 2006; Klajnert et al., 2006; Pini et al., 2005; Sechi et al., 2006).  
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Poly (amido amine) PAMAM (e.g, the generation 3 (G3) PAMAM in Fig. 4.) dendrimers are the 
most extensively studied dendrimers. PAMAM dendrimers with a wide variety of functional 
groups at the periphery are commercially available. Some of the dendrimers having terminal 
amino groups are shown as they are having low toxicity to eukaryotic cells (Malik et al., 2000; 
Roberts et al., 1996). Modification of the amino groups of the PAMAM dendrimers with poly 
(ethylene glycol) (PEG) or lauroly chains further improves the biocompatibility (Jevprasesphant 
et al., 2003a, 2003b; Luo et al., 2002). As the number of PEG or lauroyl chains increases, the 
cytotoxicity of PAMAM to human colon adenocarcinoma cells decreases (Jevprasesphant et al., 
2003). Shielding of the positive charges of the protonated amino groups on the exterior of the 
dendrimer by the PEG or lauroyl chains is likely the reason for reduced cytotoxicity 
(Jevprasesphant et al., 2003). Due to their excellent biocompatibility, PEG-modified PAMAM 
dendrimers have been used as carriers of imaging agents and pharmaceuticals, including 
antimicrobial agents such as penicillin V and silver (Aymonier et al., 2002; Balogh et al., 2001; 
Bielinska et al., 1996; Svenson & Tomalia, 2005; Yang & Lopina, 2003). 

 
Fig. 4. Structure of the G3 PAMAM dendrimer possessing ~32 amino groups at the 
periphery. 
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Even if mostly PAMAM dendrimers stated as the carriers or the modifiers of the 
antibacterial agents, it has been shown that PAMAM dendrimers themselves show 
antibacterial properties and they are highly toxic to some bacteria. They are also suggested 
PAMAM dendrimers as the antimicrobial agents because of the fact that PEG-coated 
PAMAM derivatives exhibited low toxicity to human corneal epithelial cells (Calabretta et 
al., 2007). Epidemiologic studies performed in Europe countries report an increase in 
infectious diseases and bacterial resistance to antibiotics. This has resulted in intensive 
world wide search for natural linear antimicrobial peptides and their derivatives. 
Antimicrobial peptides are 10 to 50 amino-acid-long peptide antibiotics that have been 
recently discovered in many living organism including humans. These peptides are an 
important part of the innate defense system. They are an important part of the innate 
defense system, possessing a high potency and broad spectrum of activity against 
prokaryotic cells with only a minor impact on eukaryotic cells. Such properties raised some 
hope that natural antimicrobial peptides and their synthetic analogs may be adaptable for 
use in vivo as new generation antibiotics (Lequin et al., 2003; Papo & Shai, 2003; Powers & 
Hancock, 2003).  

Active structures of linear peptides can be modeled by application of dendrimer chemistry. 
Dendrimers have nanoscopic dimensions having surface functional groups. Dendrimers can 
be synthesized by using organic chemistry methods and they can be indicated as the well 
suited compounds for biotechnological and biochemical applications. This is because of the 
fact that they can have multivalent nature, unambiguous composition, reliability and 
versatility in their synthesis. Eventually, antibacterial properties between two structurally 
different class of molecules- linear peptides and dendrimers can be transferred to attribute 
active conformation of amphiplic dendrimeric peptides (Janiszewska et al., 2007). 

There is a significant global need for new antibacterial and alternative mechanisms of action 
given the rise in resistance among bacteria (MacDougall & Polk, 2005; Mah & O’Toole, 
2005). Of the various known antibacterial agent classes, amphiphilic compounds act through 
perturbation and disruption of the prokaryotic membrane (Denyer, 1995). It has been 
hypothesized that amphiphilic anionic dendrimers may exhibit antibacterial activity with 
minimal eukaryotic cell cytotoxicity, since dendrimers with terminal anionic charges are 
generally noncytotoxic and have low toxicity in zebrafish whole animal development 
studies (Heiden, 2007). On the other hand, cationic dendrimers, some of which have 
antibacterial properties if the positive charge is properly shielded (Chen & Cooper, 2002), 
have repeatedly shown cytotoxicity against a variety of eukaryotic cell lines (Gurdag et al., 
2006; Hong et al, 2004). 

Apart from the cytotoxicity studies about the antimicrobial activities of the dendrimer 
integrated molecules, dendrimer studies also have come to a major interesting point in 
terms of many oral care products. Most of these products, especially toothpastes include 
Triclosan (TCN) (Fig. 5.) in order to prevent the bacterial growth called dental plague on the 
surface of the teeth. PAMAM dendrimers are of interest because they preferred in strategy 
in formulation to increase the delivery efficiency of antibacterial. TCN has broad spectrum 
antimicrobial activity against many types of Gram positive and Gram-negative non-
sporulating bacteria, some fungi and yeasts (Brading & Marsh, 2003). For an antibacterial to 
be effective when delivered from an oral care product it should be efficiently retained and 
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subsequently released at the site of interest. Dendrimers are good candidates for delivery 
systems as they can be modified by the addition of molecules to their surface groups. Active 
molecules either can be encapsulated or conjugated to surface groups. The surface groups 
also can be modified to enable specific targeting of the dendrimer carrier (Sampathkumar & 
Yarema, 2005). TCN is not an ionic molecule, itself. In theory, cationic dendrimers may have 
intrinsic mucoadhesive properties for use in the oral cavity, as mucin (which covers oral 
epithelia) is negatively charged (Hao & Heng, 2003), thus creating an electrostatic attraction 
between mucus and dendrimer. An agent such as TCN, when encapsulated in the 
dendrimer architecture may then be slowly released into the oral cavity, potentially 
increasing efficacy (Gardiner et al., 2008). 

 

 
Fig. 5. Structure of Triclosan 

Metal containing dendritic nanoparticles called as the Metallodendrimers. They are 
incorporated with metal atoms. Silver has known since ancient times as a very effective 
antimicrobial agent. Silver containing compounds and materials have been routinely used to 
prevent attack of a broad spectrum of microorganisms on prostheses (Gosheger et al., 2004), 
catheters (Semuel & Guggenbichler, 2004), vascular grafts (Strathmann & Wingender, 2004), 
human skin (Lee & Jeong, 2005), also used in medicine to reduce infection in burnt 
treatment (Parikh et al., 2005; Ulkur et al., 2005), arthroplasty (Alt, 2004). However they 
exhibit low toxicity to mammalian cells. The antibacterial activity of silver nanoparticles was 
tested against Bacillus subtilis and Staphylococcus aureus bacteria at different concentrations 
by using the diffusion disc technique. The results have showed that the antibacterial activity 
increases with the increase of concentration of the active agent (Mahapatra & Karak, 2008). 
An example demonstration of Nano-scaled silver interaction with bacteria cell can be shown 
from Fig. 6. 

The scope of Metallodendrimers has been developing by the interest of the antibacterial 
studies conducted by the application of them to different type of materials as in interaction. 
Silver complexes of dendrimers have a broad spectrum of preventing variety of 
microorganism attacks and so they are preferred as antibacterial study materials. For 
example, it has been shown that Dendrimers have been used as vehicle to develop the 
antimicrobial properties of textile fabrics by modifying (PAMAM) G3 dendrimer to provide 
antimicrobial properties. By accomplishing this, metal nanoparticles AgNO3-PAMAM (G3) 
complex as well as a MesoSilver-PAMAM (G3) complex has been formed and applied to 
Cotton/Nylon blend fabric. SEM analysis has shown that Dispersion of the silver 
nanoparticles onto the fabric (see Fig. 7. and Fig. 8.) was well and treated fabric against 
Staphylo-coccus aureus exhibited significantly biocide activities for each type of modified 
dendrimers (Ghosh et al., 2010).  
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Dispersion of organic/ inorganic hybrid materials could be utilized to form regular thin film 
coatings with antibacterial effects by using dendritic-polymer templates. The antibacterial 
activity of the coating films based on the hyper branched core/shell type hybrids and 
closely associated with the silver ions release of the films. The molecular architecture of the 
core/shell type hybrids used as hosts for silver nanoparticles can provide an improved 
control of the silver ion release and therefore an adjustment of the antibacterial affect 
specific to its application. This can be succeeded by the utility of the controllable generation 
structure of dendrimer nanoparticles (Gladitz et al., 2009). It has been shown that dendrimer 
films effectively inhibited the colonization of the Gramnegative bacteria Pseudomonas 
aeruginosa (strain PAO1) and, to a lesser extent, the Gram-positive bacteria Staphylococcus 
aureus (SA). Moreover, The antibacterial activity of the films was maintained even after 
storage of the samples in Phosphate Buffered Saline (PBS) for up to 30 days (Wang et al., 
2011). 
 

 
 

Fig. 6. Diagram summarizing nano-scaled silver interaction with bacterial cells. Nano-scaled 
silver may (1) release silver ions and generate reactive oxygen species (ROS); (2) interact 
with membrane proteins affecting their correct function; (3) accumulate in the cell 
membrane affecting membrane permeability; and (4) enter into the cell where it can 
generate ROS, release silver ions, and affect DNA. Generated ROS may also affect DNA, cell 
membrane, and membrane proteins, and silver ion release will likely affect DNA and 
membrane proteins (Marambio-Jones & Hoek, 2010).  



 
Dendrimers as Antibacterial Agents 

 

99 

 
Fig. 7. SEM image of the fabric treated with silver/ dendrimers complex at 1200 
magnification (10.0 kV and 10 mm distance) (Ghosh et al., 2010) 

 
Fig. 8. SEM image of MesoSilver–dendrimer composite treated-fabric (1200 mag) (Ghosh et 
al., 2010) 
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5. Conclusion 

It is clear that bacteria will continue to develop resistance to currently available antibacterial 
drugs by either new mutations or the exchange of genetic information, that is, putting old 
resistance genes into new hosts. In many healthcare facilities around the world, bacterial 
pathogens that Express multiple resistance mechanisms are becoming the norm, 
complicating treatment and increasing both human morbidity and financial costs. Prudent 
use of antibacterial drugs using the appropriate drug at the appropriate dosage and for the 
appropriate duration is one important means of reducing the selective pressure that helps 
resistant organisms emerge. The other vital aspect of controlling the spread of multidrug 
resistant organisms is providing sufficient personnel and resources for infection control in 
all healthcare facilities. New antibacterial agents with different mechanisms of action are 
also needed. It is difficult to outsmart organisms that have had several billion years to learn 
how to adapt to hostile environments, such as those containing antimicrobial agents. Yet, 
with sufficient efforts to use antimicrobial agents wisely, thereby preventing the emergence 
of resistant organisms, and strict attention to infection control guidelines to contain the 
spread of resistant organisms when they develop, we should be able to stay at least 1 step 
ahead of the next resistant plague. 
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1. Introduction 

According to the statement "prevention is better than cure" the consumers’ concern about 
their health increases, which is reflected in the sales of products supporting the immune 
system. Such products are made of milk and colostrum, especially the immune proteins 
isolated from them. These proteins are increasingly used to enrich baby food, dietary 
medications or high-protein formulas recommended for convalescents and athletes. 
Furthermore, these proteins are used in pharmacology and cosmetology. They play a major 
role in the transmission of passive immunity to the offspring and protect the host mammary 
gland (Gapper et al., 2007; Stelwagen et al., 2009). This group of proteins include 
immunoglobulins, lactoferrin, lactoperoxidase and lysozyme. Increasingly, these milk 
components are used by humans for the prophylactic or therapeutic aims. 

Content of antibacterial proteins in the diet is one of the factors determining the normal 
immune response of the organism. Lactoferrin, lysozyme and immunoglobulins are 
therefore essential components of milk from the consumers’ viewpoint. In order to meet 
the demands of the consumers, the dairy industry should seek high quality raw materials 
tested for biologically active compounds. It is therefore important to know the factors that 
determine their content in cow milk. In this study the influence of selected factors on 
content of lactoferrin, lysozyme and immunoglobulins G in cow milk is discussed. 

2. Characteristics of milk proteins with the antibacterial properties 

2.1 Immunoglobulins 

Very important group of proteins exhibiting antimicrobial activity are the immunoglobulins. 
These compounds are high molecular globulins, which are present in plasma and body 
fluids. Depending on the physicochemical structure and biological activity, three major 
classes of immunoglobulins are distinguished, i.e. IgG, IgM and IgA. IgG dominate 
(approximately 80 %) in milk of ruminants, while in other mammalian milk, including 
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human, – IgA (approximately 90 %). They determine the specific humoral immunity of a 
body (El-Loly & Farrag, 2007; Pakkanen & Aalto, 1997). During the process of antigens 
binding  as well as phagocytosis or complement activation these proteins are involved in the 
destruction of pathogenic microorganisms, i.e. Escherichia coli, Candida albicans, Clostridium 
difficile, Shigella flexneri, Streptococcus mutans and Helicobacter pylori (Gapper et al., 2007; 
Korhonen, 2004). Furthermore, the immunoglobulins block the action of toxins and viruses. 
In many countries, the specimens on the basis of immunoglobulins are commercially 
available. They are meant for the livestock, mainly for newborn calves and pigs in order to 
prevent gastro-intestinal infections (El-Loly, 2007). Other increasingly popular products are 
also Ig-based products used as food additives (Gapper et al., 2007; Stelwagen et al., 2009; 
Struff & Sprotte, 2008). It has been shown that the supplementation use is beneficial for 
immunity system and prevents diseases of the digestive system (Mehra et al., 2005; Struff & 
Sprotte, 2008). The reduction of diarrhea incidence caused by rotavirus was noted in the 
infants and children up to four years (El-Loly, 2007; Gapper et al., 2007; Rawal et al., 2008). 
Clinical studies have confirmed the efficacy of these specimens in the analgesic therapy in 
patients with fibromyalgia syndrome (Goebel et al., 2008; Struff & Sprotte, 2008). 

2.2 Lactoferrin 

Lactoferrin is a glycoprotein with a molecular weight of about 80 kDa. Due to the size and 
construction, it belongs to the transferrin family, which has a specific ability to bind iron 
(Baker & Barker, 2005; Legrant et al., 2008). It occurs as a single polypeptide chain which 
consists of about 690 amino acids (Baker & Barker, 2005, Pakkanen & Aalto, 1997). This 
protein was first isolated from milk in the 60s of the previous century. Lactoferrin also 
occurs in other secretions such as saliva, tears, semen, bronchial mucous secretion, digestive 
and genital tract. It is also a component of neutrophil secondary granules from which, 
during an injury, infection and inflammation, it is released into the blood (Artym, 2010, 
Baker & Barker, 2005; Garcia-Mantoya, 2011; Małaczewska & Rotkiewicz, 2007). This protein 
is an essential element of non-specific innate immunity of humans and other mammals 
(Kruzel et al., 2007; Legrant et al., 2008). By binding and sequestrating of iron, lactoferrin 
exhibits antibacterial properties against Gram-positive and Gram-negative bacteria, non-
capsular and capsular viruses as well as various types of fungi and parasites (Małaczewska 
& Rotkiewicz, 2007; Orsi, 2004; Steijns & Hooijdonk, 2000; Wakabayashi et al., 2006). This 
action partially results from the ability of protein to chelate iron (Fe3+ ions), thereby 
removing this element from the environment of microbial growth (Andersen et al., 2003). 
Other mechanisms of the lactoferrin antimicrobial action include direct destruction of 
sheaths and disturbance of bacterial cell metabolism, inhibition of the processes of bacterial 
adherence to body tissues of the host (Hendrixon et al., 2003), inhibition of biofilm 
formation by some bacteria (Singh et al., 2002) and stimulation of the immune system of 
host to fight against pathogens (Artym, 2006). Lactoferrin protects the intestinal epithelial 
cells, and at the same time inhibits the growth of E. coli and other pathogenic intestinal 
bacteria, mainly Enterobacteriaceae, while stimulating the growth of useful intestinal 
microflora of the Bifidobacterium genus (Wakabayashi et al., 2006). This is particularly crucial 
in the case of neonates in whom there is a gradual colonization of the alimentary canal by 
diverse microflora. The development of normal bacterial flora ensures the efficient 
digestion, protects against the pathogenic bacteria development and increases immunity 
(Actor et al., 2009, Griffiths et al., 2003). These factors determined the use of lactoferrin in 
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food for infants (Satue-Gracia et al., 2000; Wakabayashi et al., 2006). An additional 
advantage of lactoferrin in the fight against bacterial infections is the possibility of 
increasing a bacteria sensitivity to certain antibiotics (vancomycin, penicillin) and lowering 
their effective doses. The combination of penicillin with lactoferrin doubles an inhibitory 
activity of antibiotic against Staphylococcus aureus (Diarra et al., 2002). Lactoferrin also shows 
an antiviral activity (Van der Strate et al., 2001; Zimecki & Artym, 2005). In clinical trials, it 
proved to be effective in inhibiting of hepatitis C and B type virus infections (Ikeda et al; 
2000; Ishii et al., 2003; Okada et al., 2002), herpes (Herpes simplex virus) (Andersen et al., 2003; 
Jenssen et al., 2004), HIV (Berkhout et al., 2002; Semba et al., 1998) and rotavirus, which are 
the most important etiological factor for acute diseases running with a diarrhea – major 
cause of mortality of infants and young children in developing countries (Brock, 2002; 
Superti et al., 1999; Van der Strate et al., 2001). Moreover, the synergistic effect with antiviral 
drugs, including interferon, acyclovir and cidofovir, has been observed (Andersen et al., 
2003; Ishii et al., 2003). This effect allows the reduction of the doses of used drugs, 
characterized by high toxicity for the organism. Lactoferrin also has antioxidant capacity 
and prevents the formation of free radicals, as well as regulates the production and release 
of cytokines and tumor necrosis factor – TNF, secreted by macrophages (Małaczewska & 
Rotkiewicz, 2007). In vitro and in vivo research showed that lactoferrin applied direct 
antitumor effect on melanoma and colon cancer cells (Spadaro et al., 2008). Moreover, the 
results suggest that lactoferrin accelerates the formation of bone tissue, and therefore can be 
used in the prevention and treatment of the bone diseases, including osteoporosis. Due to 
cytoprotective properties, it may be involved in slowing down the development of 
neurodegenerative diseases, such as Alzheimer's or Parkinson's disease or multiple sclerosis 
(Blains et al., 2009, Cornish et al., 2004). 

Very important properties of lactoferrin is its resistance to heat and proteolytic enzymes 
(Małaczewska & Rotkiewicz, 2007; Steijns & Hooijdonk, 2000; Wakabayashi et al., 2006). In 
veterinary medicine, what is particularly promising is the use of lactoferrin in aquaculture 
as an agent safe for the environment and human health (Małaczewska et al., 2009). 

2.3 Lysozyme 

Lysozyme (N-acetylmuramide glycanhydrolase, E.C.3.2.1.17) is a low molecular weight 
(14.4 kDa) enzymatic protein from the hydrolase group. It is widely distributed in nature, 
occurring in many body fluids and tissues of living organisms (Fox & Kelly, 2005). The 
highest concentration of the enzyme was found in tears and egg white protein, which is 
currently the basic source of its obtaining on an industrial scale (Cegielska-Radziejewska et 
al., 2008; Chiang et al., 2006; Liśnierowski, 2009; Malicki et al., 2003). The relatively large 
quantities were also noted in human milk (Benkerroum, 2008; Pakkanen & Aalto, 1997; 
Shah, 2000). Lysozyme is natural defense mechanism of an organism. Its action is based on 
disintegrating the bacteria by dissolving the polysaccharide-peptide complex 
(peptidoglycan), which is the main component of the cell wall of numerous bacteria 
(Masschalck & Michiels, 2003). Under natural conditions, the antibacterial activity of 
lysozyme (monomer form) is limited to Gram-positive bacteria, and only after modification 
(despite the reduction of hydrolytic activity) its bactericidal activity extends to Gram-
negative bacteria, including many pathogenic bacteria (Benkerroum, 2008; Chang & Li, 2002; 
Ibrahim et al., 1996; Liśnierowski, 2009; Liśnierowski et al., 2004; Masschalck et al., 2001; 
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Masschalck & Michiels, 2003). Lysozyme is also one of the mechanisms of non-specific, 
humoral immune response (Benkerroum, 2008; Montagne et al., 1998; Pakkanen & Aalto, 
1997). Antibacterial properties of lysozyme causes a considerable interest in its practical 
utilization in many sectors of food industries. It is used primarily as an additive to food, 
showing the preservative properties (Leśnierowski, 2009; Malicki et al., 2003; Proctor and 
Cunningham, 1988; Rosiak & Kołożyn-Krajewska, 2003). During rennet cheese production 
lysozyme limits the growth of butyric fermentation bacteria, especially Clostridium 
tyrobutyricum, causing cheese bloating (Danyluk & Kiev, 2001; Proctor & Cunningham, 
1988). Lysozyme is also used in medical diagnostics, pharmacology and veterinary 
medicine. The enzyme has found a wide application in the therapies of viral and bacterial 
infections, treatment of skin as well as eye diseases, periodontitis, leukemia and cancer 
(Benkerroum, 2008; Proctor & Cunningham, 1988; Zimecki & Artym, 2005). Lysozyme exerts 
an antibiotic adjuvant mechanism of action, and therefore it is often called the endogenous 
antibiotic. It has been shown that the administration of lysozyme enriched milk for the 
premature has a positive influence on their development and speeds up the fight against an 
infection (Zimecki & Artym, 2005). 

3. Antibacterial proteins content in milk of different animal species 

Antibacterial proteins content in milk of different species of livestock is highly variable 
(table 1). The greatest amount of lactoferrin and lysozyme contains human milk, however, it 
is a poor source of immunoglobulins G. The milk of mares, similar to human milk, is 
characterized by a high content of lysozyme, at lower level of lactoferrin. Milk of other 
livestock species contains considerably less of these proteins, however, in this group of 
animals the camel and cow milk is distinguished by a higher content of lactoferrin and the 
ovine milk – lysozyme. The richest source of IgG is the camel milk. It is worth noting that 
the lactoferrin derived from human milk reveals the lowest antibacterial activity, while the 
highest from the camel milk (Coness et al., 2008). A changeability within the species is 
primarily due to the differences in lactation period, feeding regimen, number of analyzed 
samples, breeds, and methods of analysis. 

 
 
 

Specification Lactoferrin Lysozyme Immunoglobulins G 
Human 700-2000 100-890 40-54 
Cow 80-500 0.37-0.60 100-800 
Buffalo 50-320 0.13-0.15 460-1300 
Camel 200-728 0.73-5.00 2000 
Goat 98-150 0.25 100-400 
Ewe 140 1-4 500 
Mare 820 400-890 390 

Table 1. Average concentrations of lactoferrin, lysozyme and immunoglobulins G in milk of 
different species (mg/l) (Dračková et al., 2009; El-Hatmi et al., 2007; Konuspayeva et al., 
2008; Liu et al., 2009; Pandya & Khan, 2006; Park et al., 2007; Stelwagen et al., 2009; Wheeler 
& Hodgkinson, 2007) 
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4. Materials and methods 

4.1 Materials 

4.1.1 Animals 

The studies were conducted throughout four successive years (2006-2009) on milk samples 
collected from seven different breeds of dairy cows maintained in Poland, i.e. three breeds 
with an international meaning (Polish Holstein-Friesian, Simental and Jersey) as well as four 
local breeds (Polish Red, Whitebacks, Polish Black and White and Polish Red and White).  
The Polish Holstein-Friesian, Simental and Jersey cows were managed under an intensive 
system in free-stall barns. An animal feeding system, established over both the winter and 
summer season, was based on a Total Mixed Ration – TMR (corn silage, haylage and feed 
concentrate). It should be also mentioned that one group of the Simental cows, included into 
the research, was maintained in the Southern Poland and a conventional feeding system was 
used. In the summer the animals grazed pasture ad libitum, and in the winter they received 
haylage, hay, and concentrate. However, the local breeds of cows are predominantly 
managed in small-sized farms in South-Eastern Poland (mountain, submountain or boggy 
terrains). Owing to small number and genetic distinction, the animals of these breeds are 
included into the genetic resources conservation programme (Litwińczuk et al., 2006). These 
cows were housed in a conventional system, i.e. in tie-stall barns. The summer feeding was 
based on pasture forage, i.e. green fodder comprising grasses and legumes supplemented by 
hay or straw, while the winter feeding on haylage and hay with fodder beet additive. In all 
the farms, a feed ration was supplemented with a feed concentrate.  

4.1.2 Milk samples collection 

Milk samples were collected individually from each cow during trial milking which 
occurred twice a year, once in the summer period and again in the winter. A total of 3,105 
milk samples were examined (table 2). 

 
Breed Summer season Winter season 

Intensive system 
Polish Holstein-Friesian 502 539 
Simental 215 242 
Jersey 184 192 
Total 901 973 

Conventional system 
Simental 221 207 
Polish Red 159 126 
Whitebacks 133 117 
Polish Black and White 91 75 
Polish Red and White 54 48 
Total 658 573 

Table 2. Number of milk samples taken to the research 
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4.2 Chemical analysis 

All milk samples were transported to the laboratory of the Department of Commodity 
Science and Processing of Animal Raw Materials, University of Life Sciences in Lublin 
(Poland). Each milk sample was analyzed for somatic cell count (SCC) using flow cytometry 
technology – Somacount 150 apparatus (Bentley, USA). In 2,662 samples the SCC did not 
exceed 400,000 cells/ml, i.e. the standard accepted by the European Parliament and the 
Council of 29 April 2004 (EC Regulation No. 853/2004 on the specific hygiene rules for food 
of animal origin). These milk samples were included solely into the research evaluating an 
effect of cow breed,  age of cows and stage of lactation and feeding system. 

Lactoferrin and lysozyme contents were determined using the reversed-phase high-
performance liquid chromatography (RP-HPLC) with UV-Vis detector. From each sample of 
raw milk was taken 50 ml and adjusted to pH 4.6 with 0.1 mol/l HCl, and allowed to stand 
at room temperature for about one hour to allow for the acid precipitation of caseins. 
Consequently, whey (7 ml) was taken from each of the samples separately and then 
centrifuged at 10,000 rpm for 15 min. Finally, whey solutions were filtered through paper 
quality filter discs (diameter: 125 mm, density: 65 g/m2, grade: 3 hours (Munktell, 
Germany)) and 0.20-μm disposable sterile filters (Millipore type GSTF, USA). The 
supernatants in vials were kept refrigerated until further analysis, and were injected into the 
chromatograph at the suitable time (in the amount of 20 μl). Protein separation was 
performed on liquid chromatography ProStar 210 model and UV-Vis ProStar 325 detector 
(Varian, USA). The measurements were carried out using the water/acetonitrile mobile 
phase at gradient elution and column NUCLEOSIL 300-5 C18 (Varian, USA) of 250 mm 
length and 4.6 mm diameter. The mobile phase was solvent A (90% water, 10% acetonitryle) 
and solvent B (90% acetonitryle, 10% water), purchased from Sigma (Germany). The 
solvents were filtered through 0.45-μm filters (Millipore, USA) and degassed by using 
ultrasounds. The total analysis time for a single sample was 35 min at 205 nm wavelength 
with column temperature of 37°C. The analyses of reference substances were conducted 
under the same conditions. On the grounds of the obtained chromatograms, using program 
Star 6.2 Chromatography Workstation (Varian, USA), the qualitative and quantitative 
identification of each substance was performed followed by their concentration 
determination. Calibration of the chromatographic system for whey proteins determination 
was carried out by the external standard method. For this purpose, each protein was 
calibrated individually by injecting solutions of the standards (20 μl). The standards were 
purified proteins, i.e. lactoferrin (90 %) from bovine milk and lysozyme (95 %) from hen egg 
whites, which were purchased from Sigma (Germany). All chemicals were of HPLC 
analytical grade. Concentrations of lactoferrin and lysozyme solutions ranged from 0 to 200 
mg/l and from 0 to 20 µg/l respectively, and were prepared to create the calibration curves. 
The limits of quantification LOQ (for lactoferrin – 40 mg/l and for lysozyme – 2.8 µg/l) and 
detection LOD (for lactoferrin – 8.7 mg/l and lysozyme – 0.9 µg/l) were determined. The 
immunoglobulin G (IgG) levels were established by the aid of radial immunodiffusion 
technique with Bovine IgG LL tests (The Binding Site, Birmingham, UK). Control samples, 
provided in the IgG LL set, were used before the test samples. 

4.3 Statistical analysis 

Data are given as mean ± standard deviation. The obtained results were analyzed by the 
General Linear Model (GLM) – factorial ANOVA procedures of Statsoft Inc. Statistica ver.6 
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(Statsoft Inc. 2003). It was done on the grounds of one-way and multi-way analysis of 
variance with interaction, using Tukey’s HSD procedure.  

The following factors were taken into consideration: 

- cow  breed 

Seven breeds of cows kept in Poland, i.e. three breeds of international importance (Polish 
Holstein-Friesian, Jersey and Simmental) and four local breeds, kept only in Poland (Polish 
Red, Whitebacks, Polish Black and White and Polish Red and White). 

- age of cows and stage of lactation  

Age classes, mostly noticed as subsequent lactation: I, II, III and IV. 

Stage of lactation, i.e. up to 120 days, from 121 to 200 and from 201 to 305 days of lactation. 

- feeding system 

Two feeding systems solely for the Simental cows were distinguished: 

• conventional (in the summer cows grazed the pasture (ad libitum), in the winter 
cows were fed with haylage and hay),  

• intensive (total mixed ration (TMR) feeding system was used throughout the year). 
- somatic cell count. 

The research material for each breed was split into four groups according to somatic cell 
count detected in the milk samples: Group I – up to 100,000 cells/ml, Group II – 101,000-
400,000 cells/ml, Group III – 401,000-500,000 cells/ml, and Group IV – 501,000-1,000,000 
cells/ml. Next, to regulate the SCC distribution, the SCC data were transformed into log 10 
SCC for each sample before statistical analysis could take place. 

5. Factors affecting the content of lactoferrin, lysozyme and 
immunoglobulins G 

5.1 Cow breed 

It has been shown that among the many breeds of cows involved in milk production in 
Poland, the cows of local breeds produce a raw material with a higher content of 
antibacterial proteins, such as lactoferrin and immunoglobulins G. The highest 
concentration of these proteins was found in the milk of Polish Red cows (128.7 and 558.1 
mg/l). A slightly lower level of them was established in milk of Polish Red and White (120.9 
and 545.6 mg/l) as well as Whitebacks (115.2 and 540.2 mg/l). Significant amounts of 
lactoferrin and immunoglobulins G were also reported in the milk of Simental cows (116.74 
and 579.9 mg/l), managed under an intensive production system. However, the milk 
obtained from two breeds of cows with the greatest importance in milk production, both in 
Poland and the world, i.e. Holstein-Friesian and Jersey, was a poorer source of these 
proteins (table 3). Simultaneously, milk of Jersey cows characterized by a high content of 
lysozyme (13.02 µg/l). Milk of local cow breeds contains only slightly less lysozyme (from 
10.79 to 12.42 µg/l). The comparable to the present research lactoferrin content in raw milk 
from Swedish farms, i.e. 90 mg/l (70-110 mg/l) was obtained by Lindmark-Månsson et al. 
(2003). In another Swedish study (Wedholm et al., 2006), both in the milk of Swedish 
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Holstein cows, and Swedish Red-White, established 120.0 mg/l of lactoferrin. Higher level of 
this protein (145.66-204.89 mg/l) reported Wielgosz-Groth et al. (2009) in the milk of Polish 
Holstein-Friesian cows. A substantially lower this protein content (7.30-14.73 mg/l) in milk 
from Black-White variety cows with 50-75 % share of Holstein-Friesian genes obtained 
Reklewska et al. (2003). The authors, however, noted the closest to the present study lysozyme 
concentration. That milk, depending on the feeding system, contained from 12.54 to 16.43 µg/l 
of lysozyme. Significantly more of this protein (70 µg/l) found Elegamy et al. (1996). Tsuji et al. 
(1990), analyzing lactoferrin concentration in the colostrum obtained from four breeds of cows 
in Japan, showed a higher share of this protein in the colostrum produced by Holstein-Friesian 
and Jersey cows (1.96-2.11 mg/ml), compared to Japanese Brown and Japanese Black (0.40-0.56 
mg/ml). Newstead (1976) determined IgG concentration in milk of Jersey and Friesian cows. 
The author found (compared to the present research) a substantially lower level of this protein 
in milk of Jersey cows, i.e. 0.32 g/l. While milk gained from Friesian cows contained 0.46 g/l 
IgG. In the research of Levieux and Ollier (1999) revealed the comparable to the present study 
concentration of IgG. Krukowski et al. (2006) in the milk from Black and White variety cows 
with 50-75 % Holstein-Friesian genes reported higher level of these proteins – 628 mg/l. 
Whereas, in milk from the Polish Holstein-Friesian Black and White variety cows, the 
differences in IgG content reached over 200 mg/l. Murphy et al. (2005) showed a breed 
influence on concentration of IgG in colostrum of beef cows (from 75.7 mg/ml for the 
Limousin to 95.5 mg/ml for Charolais). 
 

Specification Lactoferrin 
(mg/l) 

Lysozyme 
(μg/l) 

Immunoglobulins G 
(mg/l) 

Polish Holstein- 
Friesian  

88.42A 
14.72 

8.22A 
0.99 

423.6A 
18.4 

Simental 116.74BC 
16.54 

9.84AB 
1.88 

579.9B 
16.5 

Jersey 103.48AB 
15.68 

13.02B 
2.21 

508.6AB 
29.1 

Polish Red 128.7C 
17.35 

12.17B 
5.76 

558.1B 
22.4 

Whitebacks 115.2BC 

21.01 
12.42B 
3.38 

540.2B 
46.1 

Polish Black and 
White 

105.9AB 

19.37 
10.79AB 

4.82 
530.2B 
29.3 

Polish Red and 
White 

120.9BC 

19.22 
11.51AB 

5.23 
545.6B 
48.3 

A, B, C – differences significant at P≤0.01  

Table 3. Effect of breed on the antimicrobial protein content in bovine milk  
(mean ± standard deviation) (Król et al., 2007, 2010a, 2010b; unpublished data) 

5.2 Age of cows and stage of lactation 

Age of cows (usually referred to as the subsequent lactation) and stage of lactation are the 
main physiological factors affecting the productivity and chemical composition of cow milk. 
It has been shown that the poorest source of analyzed antimicrobial proteins proved to be 
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the milk obtained from primiparous cows (table 4). The lowest level of IgG was found in I 
lactation (454.8 mg/l). In subsequent lactations share of these compounds increased 
gradually, with significant differences (P≤0.01) occurred only in the IV lactation. Lysozyme 
content progressed successively with the lactations, with peaks reported in IV lactation. 
Whereas, the highest lactoferrin concentration was observed in milk from cows at II and IV 
lactation, 107.18 and 115.61 mg/l, respectively. In the studies of Levieux & Ollier (1999), 
similarly to the present research, the primiparous cows produced significantly less IgG, as 
compared to cows at II-IV lactation (P≤0.05) and older (P≤0.01). The results of Guliński et al. 
(2006) and Mian-Bin Wu & Xu Yin-Jun (2009) confirmed the higher concentration of these 
proteins in milk and colostrum produced by the multiparous cows. It was also noted that in 
the subsequent lactations were significant differences in lactoferrin content (Back & 
Thompson, 2005; Hagiwara et al., 2003; Liu et al., 2009; Tsuji et al., 1990). Older cows, i.e. in 
IV lactation, produced milk with significantly higher concentration of this protein, 
compared to younger ones (Back & Thompson, 2005; Liu et al., 2009; Tsuji et al., 1990). 
Whereas, Hagiwara et al. (2003) reported significantly lower lactoferrin concentration in V 
lactation in relation to II (P≤0.01) and III (P≤0.05) lactation. 
 

Specification Subsequent lactation 
I II III IV 

Lactoferrin 
(mg/l) 

89.39A 
17.89 

107.18B 
18.26 

99.50AB 
16.32 

115.61B 

19.33 
Lysozyme 
(μg/l) 

7.56a 
2.11 

9.29ab 

1.68 
9.87b 

2.13 
10.28b 

2.36 
Immunoglobulins G 
(mg/l) 

454.8A 

16.4 
511.7AB 

21.5 
513.2AB 

19.7 
541.1B 

25.9 
a, b – differences significant at P≤0.05; A, B – differences significant at P≤0.01  

Table 4. Effect of subsequent lactation on the antimicrobial protein content in bovine milk  
(mean ± standard deviation) (Król et al., 2010a) 

Antibacterial protein level also underwent significant changes throughout the lactation 
period (table 5). Milk collected during the first months of lactation was characterized by the 
lowest lactoferrin and lysozyme content. Significantly more of these proteins amounts were 
determined in the late stage of lactation, i.e. by 48.11 mg/l (P≤0.01) and 3.12 mg/l (P≤0.05). 
Milk obtained from this lactation stage also contained the highest immunoglobulins G level 
(553.8 mg/l). During the first stages of lactation, these proteins content was significantly 
lower (P≤0.05), i.e. ranged from 70.6 mg/l (early stage) to 78.4 mg/l (middle stage). 
Concentration of IgG investigated by Caffin et al (1983) was also noted to change (alike in 
the present study) during the lactation course. In the early (30 days) and the middle stage 
(150 days) of lactation, there were found comparable values, i.e. 0.37 and 0.38 mg/ml. The 
significantly higher IgG content was reported in milk obtained in late lactation (270 days) – 
0.60 mg/ml. Changes in IgG level in milk during lactation also confirmed the research of 
Liu et al. (2009). Wielgosz-Groth et al. (2009) showed an increase in the content of lactoferrin 
in milk of Jersey cows during lactation. Its concentration ranged from 51.91 µg/ml in the 
first month of lactation to 259.43 µg/ml in the tenth one. The changes in these protein 
content thought the lactation were also reported by Hiss et al. (2008), who analyzed goat 
milk. Until 32nd lactation week the lactoferrin level maintained between 10 to 28 mg/ml, 
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then it successively progressed to reach over 100 µg/ml in 44th lactation week. In human 
milk also stated that the lactoferrin and lysozyme concentration increase in the duration of 
lactation (Hennart et al., 1991; Montagne et al., 2001). Cheng et al. (2008) found a high 
correlation coefficient between the content of lactoferrin and lactation stage (r = 0.557). 
 

Specification Lactation stage 
<120 days 121-200 days 201-305 days 

Lactoferrin 
(mg/l) 

76.12A 

15.69 
109.50AB 

19.58 
124.23B 

21.36 
Lysozyme 
(μg/l) 

8.16a 

2.25 
9.18ab 

2.64 
11.28b 

3.29 
Immunoglobulins  G  
(mg/l) 

483.2a 

21.3 
475.4a 

19.8 
553.8b 

23.6 
a, b – differences significant at P≤0.05; A, B – differences significant at P≤0.01 

Table 5. Effect of lactation stage on the antimicrobial protein content in bovine milk (mean ± 
standard deviation) (Król et al., 2010a) 

5.3 Feeding system 

Among the environmental factors, the feeding system has the major impact on the milk 
yield and its chemical composition. For example the Simental cows, for which it was 
possible to distinguished two groups of feeding system, the significant differences in the 
content of these proteins were showed between the groups (table 6). Milk of cows grazing 
the pasture characterized by a higher content of lactoferrin (by 27.9 mg/l), lysozyme (by 0.65 
mg/l), as well as IgG (by 39.6 mg/l). Higher level of the functional whey proteins in milk of 
cows grazing the pasture also obtained King et al. (2007) and Reklewska et al. (2003). 
Different results reported Wielgosz et al. (2009). The authors found lower levels of 
lactoferrin in the milk of cows kept on the pasture (145.66-148.83 mg/l) in comparison with 
milk of cows fed in barns (174.63-204.89 mg/l). Turner et al. (2003) also reported higher 
levels of lactoferrin in milk of cows fed the TMR system in relation to milk of cows grazing 
the pasture. In the subsequent study (Turner et al., 2007) the content of lactoferrin in milk of 
cows using the pasture in various degree was compared. Significantly (P≤0.05) higher 
lactoferrin yield (in g per day) was found in the milk of cows having unrestricted access to 
pasture (ad libitum). Mackle et al. (1999) showed that a pasture supplementing with maize 
grain and silage led to slightly decreasing of IgG content. 

Specification Feeding system
Traditional  system Intensive system 

Lactoferrin 
(mg/l) 

127.52B

19.1
110.71A 

17.8
Lysozyme 
(μg/l) 

10.90b

2.4 
10.25a 

2.4 
Immunoglobulins G 
(mg/l) 

602.4B

40.1
562.8A 

31.6
a, b – differences significant at P≤0.05; A, B – differences significant at P≤0.01  
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Table 6. Effect of feeding system on the antimicrobial protein content in bovine milk 
(mean ± standard deviation) (Król et al., 2008; Brodziak, 2011; unpublished data) 

5.4 Somatic cell count 

Somatic cell count is a commonly recognized indicator of bovine udder health, milk quality 
and its technological usability. SCC is also one of the criteria for admission to the purchase 
of milk. According to many authors and bovine quarter producing milk with the SCC over 
200,000 cells/ml shows the symptoms of subclinical mastitis. In Poland and other EU 
countries in accordance with the applicable decree, i.e. Regulation (EC) No. 853/2004, raw 
cow milk should not contain more than 400,000 somatic cells/ml. SCC has been shown to 
influence the immunoactive protein content. With the growth of SCC significantly increased 
the concentration of lactoferrin, lysozyme and IgG (table 7). Milk with the highest number of 
somatic cells (group IV) contained most of these proteins. In comparison to milk of cows 
belonging to I group, these differences were for lactoferrin – 26.66 mg/l (i.e. 32.6 % value of 
group I), lysozyme – 5.14 µg/l (60.2 %) and IgG – 219.4 mg/l (42.6 %). A substantial effect of 
SCC on immunoactive proteins content was confirmed by relatively high positive values of 
calculated correlation coefficients. For the content of lactoferrin: r = 0.65, for lysozyme r = 
0.63 and for immunoglobulins G r = 0.79. Urech et al. (1999), in the study of quarter milk, 
indicated similar tendencies when 100,000 cells/ml were recognized as the threshold of 
somatic cell count. Quarter milk obtained from clinically healthy mammary glands 
contained an average of 84,000 of somatic cells/ml, whereas the milk from infected glands 
had 293,000 cells/ml (P<0.001). The authors showed the significant growth of lactoferrin (by 
0.45 %) in milk from the affected udder. Similarly, Hamann (2002) defined “the gold 
standard” for a cell count to be up to 100,000 somatic cells/ml. Counts that reached above 
this point provided evidence of disturbed milk secretion that would lead to a reduced 
production of daily milk, changes in its chemical composition, and a deterioration of the 
processing properties of the milk. According to Lindmark-Månsson et al. (2000, 2006) an 
exceeding 5,000 cells/ml for somatic cell count limit leads to increase of lactoferrin content 
in milk, and a close relationship between this milk component and the status of udder 
health has been confirmed by very high correlation coefficients between milk lactoferrin 
concentration and somatic cell counts (r = 0.962 and r = 0.918 at P<0.001), obtained in two 
independent studies. A significant increase (P<0.05) of lactoferrin content with concurrent 
progression of a mammary gland disease was also noted in goat and buffalo milk (Leitner et 
al., 2004; Piccinini et al., 2006). The effect of SCC growth on the content of IgG was reported 
also by other authors (Caffin et al., 1983; Liu et al., 2009). 
 

Specification SCC group 
I II III IV 

Lactoferrin 
(mg/l) 

81.84a 
17.2 

82.56a 
18.4 

91.07ab 
19.6 

108.5b 
20.2 

Lysozyme 
(μg/l) 

8.65A 
1.74 

9.68AB 
1.46 

11.54AB 
2.05 

13.79B 
2.68 

Immunoglobulins G 
(mg/l) 

514.6a 
18.9 

520.9a 
22.7 

587.1ab 
35.5 

734.0b 
54.3 
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a, b – differences significant at P≤0.05; A, B, C – differences significant at P≤0.01 

Table 7. Effect of SCC on the antimicrobial protein content in bovine milk (mean ± standard 
deviation) (Litwińczuk et al., 2011; unpublished data) 

Summarized in table 8 the results of two-way analysis of variances indicate significant 
influence of the analyzed factors (breed, age of cows, stage of lactation, feeding system, 
SCC) on the content of individual proteins. For lactoferrin content the significant 
interactions between breed of cows and stage of lactation as well as breed and SCC were 
also found. In the case of the following interactions: breed and age of cows as well as age of 
cows x stage of lactation the significant correlations have been shown for lysozyme content. 

 

Factor Lactoferrin Lysozyme Immunoglobulins G 

Breed 0.004 0.010 0.002 
Age of cows 0.000 0.000 0.002 
Stage of lactation 0.000 0.021 0.030 
Feeding system 0.001 0.031 0.008 
SCC 0.015 0.000 0.025 
Breed x age of cows 0.521 0.015 0.150 
Breed x stage of 
lactation 0.029 0.365 0.131 

Breed x SCC 0.000 0.553 0.777 
Age of cows x stage 
of lactation 0.075 0.003 0.778 

Age of cows x SCC 0.363 0.470 0.951 
Stage of lactation x 
SCC 0.893 0.560 0.817 

Table. 8. Results of one-way and two-way variances analysis for chosen milk proteins 
(P values) (Litwińczuk et al., 2011; unpublished data) 

6. Conclusion 

Content of the antibacterial proteins is determined by the genetic factors (breed of cows), 
environmental (feeding system and SCC) as well as physiological (age of cows and stage of 
lactation). Significant increase of these proteins concentration could be achieved by a 
production system changing, i.e. the introduction of pasture.  
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1. Introduction 

Antimicrobial peptides (AMP) are a family of more than 500 different substances which 
protect mucosal and dry epithelial surfaces of all multicellular organisms (Bals, 2000; 
Zasloff, 2002). They are widely dispersed in nature and active against broad spectrum of 
Gram-positive and Gram-negative bacteria, yeasts, fungi and enveloped viruses, therefore 
they called “natural antibiotics”. Most of AMP are the cationic peptides very diversed with 
structure but demonstrate an affinity for the negatively charged phospholipids which are 
present on the outer surfaces of the cytoplasmic membranes of many microbial species. As 
far as it is difficult for a microbe to change the phospholipid organization of its membrane, 
resistance to the AMP occurs at levels that are much lower than those observed for 
conventional antibiotics. Besides the direct antimicrobial function AMP are the 
inflammation mediators participated in such different processes as proliferation, immune 
induction, wound healing, cytokines release, chemotaxis, protease-antiprotease balance, 
redox homeostasis. Different human epithelial locuses are investigated for availability of 
AMP – respiratory tract, oral cavity, skin, colon, vaginal tract. However some “blank spots” 
occur until now, for example, to what extent the role of AMP in the defense of vaginal tract 
is important, and do the AMP take part in the defense of hair?  

2. Antimicrobial peptides as factor of local immunity in vulvovaginal 
candidosis 

Vulvovaginal candidosis (VVC) affected women of reproductive age, at that acute VVC , 
which strike up to 75% of women , and chronic recurrent VVC (up to 20%) are distinguished 
(Fidel Jr, 2007). Factors promoted the VVC development reputed the following: availability 
of current diseases (infectional, endocrinopathic, autoimmune etc.); mechanic traums; 
chemical factors – use of corticosteroids, cytostatics, antibiotics, oral contraceptives etc.; 
pregnancy.  

It is known that in systemic candidosis a main protective role belongs to cellular immunity, 
namely to polymorphonuclear leucocytes; in mucosal candidosis, except VVC, most 
significant are Th1-cells, circulated in the blood and local (Fidel Jr, 2007). In VVC most 
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important are reputed the factors of local immunity, among which listed phagocytes and 
epithelial cells (Nomanbhoy et al, 2002), antibodies (Barousse et al, 2004), cytokines and 
interferon (Shabashova et al, 2006), concentration of lactate and pH, as well as antimicrobial 
peptides (AMP) secreted by different leucocytes and epithelial cells (Valore et al, 2002, 2006).  

In connection with vaginal protection the following peptides are listed: lactoferrin, 
calprotectin, secretory leukoprotease inhibitor , cathelicidines, lysozyme and defensins.  

In table 1 features of these substances are summarized: some their chemical properties, 
localization in human organism, antimicrobial activity spectrum, mechanism of action, and 
minimal inhibiting concentrations against the Candida spp., as well as their concentrations in 
vaginal secretions of healthy women and in patients with VVC.  

Origin of VVC is caused by the decrease of protective function of vaginal epithelium, with 
combined action of different AMP as the part of the protection. Summarizing the data of 
table 1 one can conclude that the levels of some AMP somewhat higher in patients with 
VVC than in healthy women, however researchers till now did not demonstrate exact 
results, which phase of disease was studied – acute or remission? It is logically to propose 
that the beginning of acute phase of VVC must be caused by the sudden fall of AMP level, 
whereas the further development of the disease most likely accompanied with gradual 
increase of AMP level.  

Compare of AMP concentrations, which really can suppress C. albicans growth, with AMP 
levels occurred in vaginal secretions may give the information about some peptide 
substance. Apparently the most significant may be calprotectin, defensin HNP-1 and in 
some extent lysozyme. Certain of the AMP known to have a synergistic action, for example, 
lactoferrin and calprotectin can intensify the effect of each other during the growth 
inhibition of C. albicans (Okutomi et al, 1998).  

As far as all of AMP are produced by immune cells it is obviously that decrease of their level 
must be the result of: 1) decrease of the compounds synthesis in the cells; 2) reduction of 
quantity of the cells; 3) change the structure of AMP resulting to the loss of activity. Anyway 
the local cell immunity is primary towards the AMP. Deficit of such effective tools of the 
first defense line, like AMP, the human organism should compensate by alternative 
mechanisms of resistance to fungal microflora: activation of phagocytal function and 
increase of specific immunoglobulines synthesis. Recently was found out that monoclonal 
antibodies Mab C7 obtained by C. albicans mannoprotein not only suppressed the adhesion 
of yeast cells to different surfaces, but had the direct candidacidal activity (Omaetxebarria et 
al, 2005). Earlier unknown mechanism of AMP induction in vagina was discovered: 
cathelicidine hCAP-18, contained at high concentrations, but in inert form in semen plasma, 
falling in vagina with low pH transformed in its active form (Sorensen et al, 2003).  

3. Role of AMP compare to other factors of local immunity in women with 
vulvovaginal candidosis 

Reasons of frequent appearance of VVC during pregnancy and increase of its recurrent form 
still are not clear. Among provoking factors of VVC local immunity and hormones 
disturbances are usually listed. However it is still a question which parameter of local 
immunity is most important and which factors are causal in the process of symbiotic to 
pathogenic flora and acute to chronic VVC transformation.  
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Table 1. Continued 
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Table 1. Antimicrobial peptides of vaginal mucosa – biochemical properties. 
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From a quantity of factors of local immunity in VVC we can mark out few factors with 
direct antifungal activity: phagocytes (Nomanbhoy et al., 2002), antibodies (Barousse et al., 
2004) and antimicrobial peptides (AMP) (Valore et al., 2002, 2006).  

Phagocytosis of C. albicans is performed by neutrophyles and macrophages, that 
demonstrated by in vitro studies (Vonk et al., 2002). But there are no data on the action of 
these cells in vivo.  

Among immunoglobulins most presented in vaginal secretions are IgG and secretory IgA. 
(Mestecky et al., 2005). But data concerning a relationship between immunoglobulins level 
and yeast population size are few a number and discrepant (de Carvalho et al., 2003; 
Kurnatowska et al., 2002; Mestecky et al., 2005).  

However phagocytosis and immunoglobulins are common and relatively well investigated 
parameters of immunity whereas AMP as medical research subjects are insufficiently 
known.  

In context of vaginal epithelium protection lactoferrin, calprotectin, lysozyme, leukoprotease 
secretory inhibitor, cathelicidins and defensins are mentioned. 

The aim of the study was to determine a relationship between yeast population, severity of 
the disease and some parameters of local immunity in pregnant women with VVC.  

3.1 Materials and methods 

The study included 45 pregnant women aged 22 to 35 years old, conventionally divided into 
two main groups by the presence or absence of a chronic process. Each group was divided 
into two subgroups depending on the phase of the process at the time of the survey. Group 
has a name: RVVCE - women with recurrent VVC with exacerbation (n=9); RVVCR - 
women with recurrent VVC in remission (n=10); AVVC - women with primary acute VVC 
(n=13) ; ASYM - women with the minimum of typical symptoms of VVC at the time of the 
survey (n=13). 

To assess the severity of the VVC the combination of the following symptoms was used: 
itching, burning sensation, the nature and amount of vaginal discharge, pain during 
urination, dyspareunia, dermatitis of perianal area, swelling, redness and erosive lesions of 
the vaginal walls. Each symptom was evaluated on a scale from 0 to 2, where a 0 means the 
absence of symptoms, 1 - moderate intensity, and for 2 - a vivid manifestation of a symptom.  

Material for inoculation of medium was taken from the vaginal fornix with a sterile 
applicator, which was placed in a test tube with sterile transport medium «Amies» and 
delivered to the laboratory. Inoculation was carried out by the standard method on glucose-
peptone-yeast growth medium containing the antibiotic.  

Material for microscopy was collected with a sterile spatula from the vaginal fornix in a 
sterile container. A small amount (about 5 µl) sample was placed on a glass slide, pressed 
the coverslip so as to remove excess and to observe a monolayer of cells. Microscopy of 
samples were carried out at a total magnification of х1750. Efficiency of phagocytosis was 
evaluated as the ratio between the number of yeast cells, localized within the phagocytes, 
and the total number of yeast cells in the field of microscope.  
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Collection of vaginal secretions was carried out by the following method: put a tampon in 
the vagina «OB Pro comfort » of 10 minutes, after which the tampon was transferred to a 
plastic column 15х75 mm and eluted with 7 ml of distilled water using vacuum pump. The 
eluate was filtered through a bacterial membrane filter Millipore with a pore diameter of 
0,22µ. The filtrate was freeze-dried and diluted in sterile distilled water so as to obtain a 10-
fold concentrated relative to the initial filtrate (VF).  

Immunoglobulins was assessed by dot-blot analysis . An antigen used in the analysis was 
obtained by selective extraction of surface proteins of cells Candida albicans (Arzumanian 
et al, 2000). Antigen at a concentration of 1mg/ml volume of 0.8 µl was applied onto a 
nitrocellulose membrane (“Whatman”) with pore size 0.2 µ, dried and washed with 0,1% 
Tween-20 in saline, then with distilled water. Then incubated the membrane in the wells 
with 80 µl of blocking solution - PBS with 10% bovine serum - within 30 minutes, after 
which the well was added 20 µl of VF and incubated overnight. After incubation, liquid 
was removed, well washed, as described above, added 100 µl of conjugate solution in 
blocking solution. In determining the sIgA as a conjugate used mouse monoclonal 
antibodies to human sIgA conjugated with peroxidase at a dilution of 1:250; in 
determining IgG - mouse monoclonal antibody to human IgG conjugated with peroxidase 
at a dilution of 1:5000. After incubation for 1 hour the liquid was removed, the well with 
the membrane was washed as described above, added 100 µl of a solution containing 
hydrogen peroxide, TMB and precipitating agent, developed within 15-20 minutes. 
Results of the analysis were evaluated by 6-point scale from 0 to 5 depending on the 
intensity of the color spot.  

Antifungal activity was determined as follows: two days old test culture of Candida albicans 
(№ 927, collection of Mechnikov Institute) were incubated with aliquots of VF with a 
temperature of 320 C and the ratio 20 µl of VF / 5 µl yeast suspension with concentration of 
cells 105 CFU / ml. From this mixture aliquots were inoculated on agar plates immediately 
after mixing and after 2 h of incubation. The result was expressed as the percentage of cells 
killed in the process of incubation. 

3.2 Results and discussion 

One of the aims of the study was to evaluate the local cellular antifungal immunity based on 
data fungal populations microscopy. We studied different of morphotypes data of fungal 
cells directly into the smears of women with VVC: single yeast cells (blastospores), 
pseudomycelium, true mycelium and blastospores enclosed in phagocytes. Summary data 
of microscopy of samples, culture tests and features of the VVC course in different groups of 
patients are presented in table 1.  

The sum of symptoms characterizing the severity of theVVC for the group RVVCE varied 
from 5 to 13, whereas for the group RVVCR - from 1 to 9, for the group AVVС - from 2 to 8, 
for the group ASYM - from 1 to 6. Table 1 shows the median of these values. Obviously that 
this index correspond to the nature of the VVC. At the same time attention is drawn to the 
presence of symptoms in the group ASYM. The main contribution in this category belongs 
to the symptom of "the number and nature of vaginal discharge”, namely, all patients in this 
subgroup had “milky” smears and in 38,5% of them there were abundant. Hereinafter we 
consider this category of patients as close to normal.  
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According to the established norm the increased contamination by yeast cells was observed 
in the two categories of patients – in AVVС and to a greater extent in RVVСE. However, 
despite the low seeding in the group RVVСR occurred the highest efficiency of phagocytosis 
(80%). This index was significantly lower in the acute phase, and in patients of ASYM group 
it was the lowest. Efficiency of phagocytosis in the subgroups varied as follows: in group 
ASYM from 0 to 50%, in AVVС - 20 ÷ 100%, in RVVСR - 50 ÷ 90%, and in RVVСE - 20 ÷ 
100%. The frequency of detection of psevdomycelial cells was maximal in RVVСE and 
minimal in ASYM. Mycelium was detected much less frequently and only in subgroups 
with evidence of inflammation. Likewise divided within the groups frequency of positive 
cultural tests. Namely the presence of viable yeast cells in vaginal secretions in the group 
RVVСE was found in 100% of patients and varied in the range 1800 - 200,000 CFU/ml.  

Compare all the above parameters with the sum of symptoms in the groups studied 
revealed the presence of a high degree of correlation of all indexes, except the efficiency of 
phagocytosis. In addition, the correlation coefficient between the frequency of positive 
cultural tests in the groups and medians of maximal number of yeast cells in the field of 
microscope was 0.921. There was no relationship between the efficiency of phagocytosis and 
yeast dissemination (r = 0,194), as well as between the efficiency of phagocytosis and the 
frequencies of positive cultural tests (r = - 0,134).  

The next task of the study was to investigate the participation of local humoral immunity, 
namely immunoglobulins G and A. It is noteworthy that in all groups studied, more or less 
often the local IgG-antibodies to antigens of C. albicans were found. This is understandable, 
considering that none of the groups had patients who more or less would not be a carrier of 
opportunistic yeasts. However, in the acute phases of VVС was a significant increase in 
frequency of detection of IgG, especially in the group AVVС. The levels of these antibodies 
varied in all groups from 0 to 5, median values were: for RVVСE – 1, RVVСR – 0, AVVС - 2, 
ASYM - 0. Immunoglobulins of sIgA class did not occur in the patients group RVVСR, but 
at the exacerbation of a chronic process, these antibodies were detected in 25% of cases, 
while AVVС - 50% of cases. Interestingly, even in the group ASYM patients met with sIgA-
antibodies. Levels of these immunoglobulins were varied as follows: for RVVСE- 0 to 3 
(median 0), for RVVСR - 0; for AVVС - 0 to 3 (median 1), for ASYM - 0 to 2 (median 0). 

The absolute values of the levels of IgG and sIgA did not correlate with either the abundance of 
yeast cells in vaginal secretions, or with frequency of positive cultural tests or with each other. 
Total of all 45 patients only 3 were detected the presence of both antibodies, while they were 
patients in the acute phase of the VVC. However, the detection rate of IgG-antibodies in the 
groups correlated with the medians of contamination of vaginal secretions (r = 0,772), whereas 
the frequency of detection of sIgA-antibodies was not associated with this index (r = 0,143).  

The third objective of the study was determination of antifungal activity of antimicrobial 
peptides presented in vaginal secretions. We assessed the cumulative effect of AMP on the 
cells of C. albicans test culture (see "Materials and Methods"). It is important that the action 
of VF on yeast cells had a dose-depend character (figure 1). The highest activity against 
yeast cells possessed preparations obtained from vaginal secretions of ASYM group: spread 
of activity values was 34,4 ÷ 92,5%. In the group of patients with RVVСR this index ranged 
from 0 ÷ 63,8%; at RVVСE - 0 ÷ 48,4%; at AVVС - 0 ÷ 26,9%. Medians of these values are 
shown in table 1. Marked inverse correlation between the medians of antifungal activity and 
medians of following factors took place: the severity of the VVC (r = - 0,811), sowing 
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            a                b 

 
        c 

Fig. 1. Effect of different aliquots of vaginal fluid on the cells of С. albicans reference culture 
(stained by bromocresol purple); a - С. albicans incubated with 1 μl of vaginal fluid obtained 
from woman of ASYM group; b - 20 μl of vaginal fluid; c - 40 μl of vaginal fluid; alive cells – 
white, dead cells – yellow. 

(r = - 0,689), contamination (r = - 0,855), IgG-antibodies (r = - 0,894), sIgA- antibodies  
(r = - 0,544). No correlation was found between the medians of antifungal activity and 
efficiency of phagocytosis (r = - 0,117).  

Phagocytosis is an important mechanism of protection from opportunistic fungi. 
Traditionally an evaluation of phagocytosis and intracellular lysis C. albicans carry out by 
neutrophils and macrophages on in vitro models of cell cultures (Vonk et al., 2002). Revealed 
the presence of yeast blastospores not only in the intercellular space of vaginal smears, but 
within the phagocytes, we decided to estimate the ratio of the number of free and 
phagocyted yeast cells and use this index as an indicator of the efficiency of phagocytosis in 
this locus. Similar study with C. albicans test culture has previously been carried out (Valore 
E., 2006), but without analysis of correlation between VVC severity and antimicrobial 
activity of VF. According to the most recent data most presented in the vaginal secretions is 
immunoglobulin G (Mestecky et al, 2005). Attempts to establish the relationship between the 
severity of VVC and levels of immunoglobulins did not give unambiguous results (de 
Carvalho et al, 2003; Kurnatowska , Magnowski, 2002; Mestecky et al, 2005 ). Nevertheless, it 
is useful to compare the level and frequency of detection of secretory immunoglobulin in 
chronic and acute VVС with other parameters of local immunity.  

Summarizing the data of correlation analysis of the studied parameters, we can conclude that 
for the category of patients, which is close to normal (ASYM), the most important part of local 
immunity is the total antifungal activity of soluble components of the vaginal secretions (table 
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1, 2). It is clear that at high antifungal activity of AMP the functioning of phagocytes and 
immunoglobulins is not necessary. Primary acute process (AVVC) caused by low antifungal 
activity, but it is characterized by significant activation of phagocytes and immunoglobulins. 
Chronization of acute process (RVVСE) also accompanied by a low antifungal activity and 
increased phagocytosis, but less frequent detection of immunoglobulins than in AVVС. Based 
on data of microscopy and cultural tests can be concluded that the acute phase of chronic VVC 
is always accompanied by the greatest severity of symptoms, an abundance of blastospores and 
often filamentous elements. These data are consistent with the results of studies conducted on 
large samples of patients with VVС (2861 pers.), where it is shown that the presence of hyphae 
of the mycelium is a marker of disease severity (Demirezen , Beksac , 2004). In the remission 
stage of chronic process (RVVСR) was noted the relatively high antifungal activity, a high level 
of efficiency of phagocytosis and the lowest level of immunoglobulins. 
 

Group of 
patients 

n Severity of 
VVC,  
(median) 

Maximal 
amount of 
yeast cells 
in one 
field 
(median) 

Frequency 
of positive 
cultural 
tests, %   

Efficiency of 
phagocytosis, 
% of 
phagocyted 
cells in 
smears 
(median) 

IgG, 
frequency 
of 
detection, 
% 

sIgA,  
frequency 
of 
detection, 
% 

Antifunga
l activity 
of VF, % 
of killed 
yeast cells 
(median) 

RVVCE 9 8 43 100 40 50 25 13,6 
RVVCR 10 4 19 0 80 42,9 0 43,2 
AVVC 13 5 30 30,8 50 62,5 50 12,5 
ASYM 13 3 8 0 15 16,7 33,3 54,1 
r*   0,968 0,982 0,057 0,588 0,062 - 0,811 

* - correlation coefficient between certain index and severity of VVC  

Table 2. Correlation between severity of VVC and data of microscopy of vaginal smears in 
different groups of patients  

Thus, the direct antifungal activity of the soluble fraction of vaginal secretions, apparently, is 
the first condition, limiting the increase of fungal population. Reasons for the decrease of this 
activity may be, on the one hand, reducing the number of AMP, produced by neutrophils and 
epithelial cells, on the other - change the structure of AMP, leading to the loss of their activity. 
Human organism is forced to fill up the deficit of AMP through alternative mechanisms - 
activation of the local phagocytic function and increase the synthesis of specific secretory 
immunoglobulins. All these conclusions we summarized on  the scheme (table 3). 
 

GROUPS PHAGOCYTOSIS IMMUNOGLOBULIN G ANTIMICROBIAL PEPTIDES 

RVVCE 

RVVCR 

AVVC 

ASYM 

Table 3. Interrelation of investigated parameters of local immunity depending on form of 
VVC in pregnant women. relatively low index;  relatively high index 
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4. Bacterial vaginosis and the local antimicrobial activity in women 

The colonization of female genital tract by alien microorganisms is determined by several 
factors, among which are normally listed the competition with resident microflora, 
exfoliation of the squamous epithelium, acidic and lactate rich medium. More than 20 years 
ago the antimicrobial peptides produced by polymorphonuclear neutrophils and epithelial 
cells were mentioning as a barrier in this locus (Cohen , 1984). Details concerning the role of 
each of the AMP, as well as contribute to the overall antimicrobial activity in vulvovaginal 
candidiasis mentioned above (table 1). In recent years a detailed study of the spectrum of 
these peptides in bacterial vaginosis (BV) and in the norm was carried out (Valore et al, 
2002, 2006). In bacterial vaginosis was showed a reduction in the concentrations of AMP as 
compared with healthy women. The purpose of this study was to compare antimicrobial 
activity of vaginal discharge with the severity of bacterial vaginosis, as well as pH and some 
microbiological parameters.  

4.1 Materials and methods 

The study was conducted in 53 pregnant women, 44 of them - with bacterial vaginosis, and 
9 - without it.  

The severity of BV was evaluated by total score used a combination of the following 
symptoms: the nature and amount of bleeding, specific “fish” odor, pain when urinating, 
itching, burning, dyspareunia, dermatitis of perianal area, swelling, redness of the vaginal 
walls. Each symptom was evaluated on a scale from 0 to 2, where a 0 means the absence of 
symptoms, 1 - moderate intensity, and for 2 – vivid manifestation of a symptom. In 
accordance with the values of obtained scores all women was divided into subgroups: 1 - 
group consisted of women without signs of BV, then the subgroup is referred to as the 
"norm"; 2 - with mild BV (scores of 3 to 8 points); 3 - with moderate BV (9 to 12 points), 4 - 
with severe BV (13 to 18 points).  

Material for microscopy taken with a sterile spatula from the vaginal fornix and placed on a 
glass slide. After staining the smears by Gram number of lactobacilli, bacteroides, gram-
positive cocci and gardnerellas were estimated. Abundance expressed in points on four-
point scale, where 0 - absence of this group of microorganisms, 1 - single cells in the visual 
field, 2 - moderate number of cells, 3 - an abundance of cells. Lactobacilli and bacteroides 
were combined into a group of "obligatory microflora”, and cocci and gardnerellas - a group 
of " facultative microflora”. 

Collection of vaginal secretions (VF)was carried out as mentioned above (see chapter 3.1). 
Total antimicrobial activity was determined as follows: cells of 4 days old test culture of 
Escherichia coli (№ 23, a collection of Mechnikov Institute) were incubated with aliquots of 
VF at a temperature of 320 C and a ratio of 40 µl of VF/ 10 µl of bacterial suspension density 
of 104 CFU / ml. Aliquotes of the mixture were seeded on Petri dishes with agar medium 
immediately after mixing and after 2 h of incubation. The result was expressed as the 
percentage of cells killed in the process of incubation.  

Separation of proteins in samples was carried out by SDS-PAGE in 5-20% gradient 
polyacrylamide gel (Lambin et al., 1976). Samples were prepared in nondenaturating 
conditions by mixing 1 volume of sample with 2 volumes of buffer and causing the sample 
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to 40 µl per track. Staining was performed using Coomassie R-250. As molecular weight 
standards using a mixture of LMW (“Amersham Pharmacia”).  

Glucose was determined using VO meter "Accu-check Active" “Roche Diagnostics GmbH” 
(Germany). The result was expressed as mmol /l.  

The pH was evaluated using indicator strips, intended for measuring range 3.8 - 6.0 (“LLC 
Lach-Ner”, Czech Republic).  

4.2 Results and discussion 

Lactic-acid bacteria and bacteroids form a large part of the normal vaginal microflora (up to 
108 CFU / ml), and are obligate microorganisms inhabiting this ecosystem. At the same 
time, the Gram-positive cocci, which are represented by entero-, strepto-, and staphylococci, 
are minor components of the vaginal microbiota (up to 103 CFU / ml), which can be 
distinguished by microscopic study. Even more rare and less desirable are the bacteria of the 
genus Gardnerella. Namely with increase in their population, and population of aerobic cocci 
is often linked BV. Therefore, the microorganisms identified by smear microscopy, we 
divided into two main groups - obligate (lactobacilli and bacteroides) and facultative (cocci 
and gardnerellas). Based on data of microscopy every smear was expessed in points. The 
results of the assessment in the form of arithmetic means are given in table 4. From the table 
it is followed that the highest scores on the obligatory microflora was observed in the 
absence of symptoms of BV. In part, index of facultative microorganisms were the lowest in 
the group "norm", and largest, respectively, in the groups with BV.  

In general, in all groups the abundance of obligate microflora was in high inverse 
correlation relationship with abundance of facultative one (Pearson's correlation coefficient  
r = - 0,968). At that, the abundance of facultative microflora was directly correlated with the 
 

 
Group of 
patients 

 
n 

Severity 
of BV  
(medians)

Abundance of 
microflora, (medians) 

 
Glucose  
(mmol/l) 
(medians)

 
 
 рН 
(medians)

Antimicrobial 
activity of VF, 
% of killed E. 
coli cells 
(medians) 

 
Obligatory

 
Facultative 

Norm 
(absence of 
BV 
symptoms) 

9 0 6 1 1,9 4,4 78,2 

Mild BV 12 8 3 5 1,7  5,0 36,4 
Moderate 
BV 

14 11  3 4 1,8 5,0 44,0 

Severe BV 18 14 3 5 1,65 5,2 22,4 
r*   -0,914 0,885 - 0,830 0,975 - 0,944 
r*- correlation coefficient between certain index and severity of BV  

Table 4. Some biochemical and microbiological parameters of vaginal secretions in patients 
with BV and healthy women  
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severity of BV (r = 0,885), but the abundance of obligate microflora - vice versa (r = -0,914). 
Low pH of the vagina is reputed as the result of metabolism of lactic acid bacteria. Our data 
show that the lowest pH value had indeed taken place if there were not symptoms of BV 
and in the presence of a large number of lactobacilli. At the same time the biggest pH values 
were corresponded to severe form of BV. In other words, pH values were correlated not 
only with the severity of BV (r = 0,975), but with the nature of the microflora of this locus: 
between pH and obligate microflora relationship was characterized by r = - 0,962, and the 
pH and facultative microflora of r = 0,966.  

As the concentration of glucose in vaginal secretions may affect the abundance of flora, we 
assessed the level of glucose in the studied groups of patients. It turned out that the greatest 
concentrations of glucose were detected in the absence of symptoms of BV, and the smallest - in 
the group with the severe form of the disease. There has been an inverse relationship of the 
index with the severity of BV (r = - 0,830), a direct correlation with the abundance of obligate 
microflora (r = 0,827), but the reverse - with abundance of facultative one (r = - 0,933). Probably, 
the low level of glucose in the locus leaded to more intense amino acids consumption, which in 
part resulted in alkalization of the medium (pH increase) due to release of amines. 

In determining the total antimicrobial activity resulting from the cumulative action of 
antimicrobial peptides, the highest index was appeared in a group of women without 
symptoms of BV, as well as the rise of symptoms was accompanied by decrease of 
antimicrobial activity (r = - 0,944). Obviously, it is just reducing immune defense of locus 
resulted the increase of the opportunistic microflora population and the depletion of the 
normal microflora: the correlation between antimicrobial activity and obligate microflora 
was r = 0,926, while between antimicrobial activity and facultative microflora r = - 0,969. The 
division of VF proteins in a gradient of polyacrylamide gel demonstrated an association 
between antimicrobial activity and the presence / intensity of bands corresponded to 
antimicrobial peptides (figure 2). Track number 2 corresponds to the VF, obtained from 
women with mild BV (severity corresponded to 5 points, antimicrobial activity 100%). On 
this track, we can distinguish the following polypeptides - calprotectin with mol.mass about 
37 kDa, cathelicidine hCAP18 (18 kD), secretory leucoprotease inhibitor – SLI (about 12 
kDa), lysozyme (14.5 kDa) and defensin (less than 5 kDa). Track number 1 - the mild BV 
(severity score was equal to 7 points, antibacterial activity 66,7%) - no calprotectin, 
distinguishable other proteins, but less intense band. Track number 3 - severe BV (sum of 
symptoms 14, antimicrobial activity 21,6%) - no calprotectin and subtle defensin. Track 
number 4 - severe BV (total symptoms -17 points, antimicrobial activity 0%) - no calprotectin 
and defensin, a weaker band of lysozyme. Reduced concentrations of AMP in the VF of 
patients with BV have observed previously (Valore et al, 2006), however, the study of this 
phenomenon on a background of varying severity was carried out for the first time. From 
these data we can also conclude that the most important AMP in the antibacterial protection 
of the vagina in these patients are calprotectin, defensin and lysozyme.  

Above, based on data from the literature, we compared the concentrations of AMP, which 
actually can inhibit the growth of C. albicans, with the levels of these substances in the 
vaginal secretions with the purpose of determine, which of these compounds are most 
important in the protection of this locus. It turned out that the most significant may be 
calprotectin, defensin HNP-1 and, to some extent, lysozyme. It is known that calprotectin 
causes depletion of the environment in trace elements, i.e. inhibits the growth of 
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Fig. 2. SDS-PAGE of vaginal fluid samples obtained from patients with BV: track 1 - the mild 
BV (severity - 7 points, antibacterial activity - 66,7%track); track 2 - mild BV (severity - 5 
points, antimicrobial activity - 100%); track 3 - severe BV (severity - 14, antimicrobial activity 
- 21,6%); track 4 - severe BV (severity -17 points, antimicrobial activity 0%); track 5 – 
mol.mass markers.  

microorganisms (Loomans et al, 1998). Lysozyme destroys the glycoside bonds of 
polysaccharides of cell walls and damages the cytoplasmic membrane (Ibrahim et al, 2001). 
Defensin bound to negatively charged cytoplasmic membrane and cause the formation of 
pores (Schneider et al, 2005). Since these peptides were key in this study, we can conclude 
that in the mechanism of action they are not specific for microorganisms and act similarly to 
the pro-and eukaryotes.  

Thus, we conclude that in pregnant patients with BV was noted a direct correlation between 
the severity of the disease and the level of pH of vaginal secretions, and invert correlation 
with the level of glucose in this locus. At the same time the high degree correlation between 
the BV severity and microbiological parameters was registered. Important role in the 
vaginal antimicrobial immune defense belongs to the total activity of AMP : calprotectin, 
defensins, lysozyme, cathelicidine and secretory leucoprotease inhibitor.  

5. Antimicrobial peptides in local defence of skin 

Surface epithelium of multicellular organisms is a barrier between the body and 
environment and works as active immune organ. Skin covered not only by several layers 

defensins 
 SLI 
lysozyme 
cathelicidines 

calprotectine 
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of specialized cells, but antimicrobial substances – fatty acids, chloride ions and 
antimicrobial peptides. AMP are constitutively synthesized in normal epithelial cells and 
induced under the influence of several factors – microorganisms, disruption of skin 
integrity etc.  

At last six classes of AMP – dermcidins, cathelicidins, defensins, ribonuclease 7, psoriasin 
and antileucoprotease – protect the skin from pathogenous and opportunistic microflora, 
with demonstrating of multiple functions concerned with immune defense.  

Biochemical features of defensins, cathelicidins and secretory leucoprotease inhibitor we 
reviewed above (chapter 2). Below some properties of other peptides are listed.  

Dermcidines were created in 2001 and shown to be secreted by merocrine sweat glands 
(Schittek et al, 2001). This class of peptides have the broad spectrum of action in the large 
diapason of pH and chloride ions ; molecular mass varied close to 5-8 kDa. They are 
excreted on the skin surface at 1-10 µg/ml of sweat, at that this concentration is toxic for 
bacteria and yeasts (Schittek et al, 2001; Flad et al, 2002). In connection with skin have 
mentioned the following dermcidins: DCD-1,DCD-1L, SSL-46, SSL-45, SSL-29, SSL-25, LEK-
45, LEK-44, LEK-43, LEK-42, LEK-41, LEK-26, LEK-24, YDP-42, among which are cationic, 
anionic and neutral peptides. Interestingly that quantity of the secreted dermcidins depends 
on the certain body area: zones with intensive sweat excreting (axilla, hands, forehead etc.) 
had higher levels of dermcidins. Skin produces the peptides with the constant rate and they 
are stable during 72 hours. However in spite of their stability and broad spectrum of 
activity, some microorganisms are resistant to dermcidins. Presence of dermcidins is caused 
the production of specific proteases in Staphylococcus aureus and S. epidermidis (Lai et al, 
2007). Estimation of synthetic dermcidin effect showed the absence of antifungal activity in 
this peptide (López-García et al, 2006).  

Ubiquitous ribonucleases (RNKases) play important role in metabolism, angiogenesis, 
neurotoxicity, and antitumoral activity. Recently was created a new antimicrobial function 
of ribonucleases (Harder, Schroeder, 2002). The main source of RNKase 7 is keratinocytes. 
The peptide has molecular mass of 14,5 kDa, and destroys cytoplasmic membrane of 
different microorganisms even at low temperature (4 °С) and during some minutes (Huang 
et al, 2007). The lethal dose of RNKase 7 against vancomicin-resistant Enterococcus faecium 
was 30 nM.  

Psoriasin (synonym S100A7) was known since the beginning of 90-th years as a peptide 
participated in inflammatory processes of chemotaxis, oncogenesis, angiogenesis and found 
in tissues of ear, skin, tongue and amniotic fluid (Madsen et al, 1991). It is the anionic 
peptide with molecular mass 11,4 kDa. High concentrations of the peptide contain the 
keratynocytes of patients with psoriasis, for which the infiltration of neutrophyls is typical. 
Antimicrobial activity of psoriasin was fixed in 2005 when the direct bactericidal action on 
E. coli was demonstrated by neutralization of the peptide by monoclonal antibodies (Glaser 
et al, 2005). The increase of psoriasin expression was found in presence of bacteria and 
proinflammatory cytokines , and decrease of the peptide activity took place in presence on 
zinc ions.  

Apparently much in known about skin AMP, but for today no information exists concerning 
the native immune defense of skin appendages – hair and nails.  
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5.1 The congenital immune defence of hair 

Skin appendages – nails and hair - are known to be affect by microorganisms with 
keratinase activity – dermatophytes, yeasts , rare staphylococci and propionic bacteria 
(Mikx, de Jong , 1987). However, not all people of the population are susceptible to these 
microbial agents, therefore apparently some defense of these loci must exist. Role of fatty 
acids and chloride ions in nail/hair protection is improbable, and so it remains to propose 
that AMP may realize the defense function.  

Estimation of the presence and activity of AMP in normal hair keratinocytes was the aim of 
further study.  

5.2 Materials and methods 

Hair samples were obtained from 5 women 7 to 50 years old, which did not use the 
chemical coloration and hairdressing. Samples of fresh washed hair cut at a range of 10 cm 
from background. 360 mg of hair cut of scissors, then grinded by mortar and pestle up to 
homogeneity, adding drop by drop 8 ml 0,1 M solution of citric acid in 50% water ethanol 
[Harder, 2001]. The obtained cell-free homogenate was centrifuged during 7 min at the rate 
10000 g, supernatant (about 3 ml) was dried at 270С in Petri dish. Dry extract was washed 
off by 0,5 ml potassium phosphate buffer ph 8,2 and centrifuged again; the final pH of 
solution was 6,5 (further we identify this solution as E). Control to E was the initial solution 
of citric acid processed by the same manner (C).  

As a test yeast culture was used strain Candida albicans (№ 927 from collection of Mechnikov 
Institute) grown in glucose-pepton-yeast agar during 2 days at 270С.  

For the study of antimicrobial activity we used 3 methods – determination of alive yeast 
cells by microscopy and inoculation, and estimation of growth inhibition zones. For 
microscopy 1 loop of culture was suspended in 1 ml of potassium phosphate buffer pH 4,6 , 
then 100 µl of the suspension was added to 80 µl solution E. After incubation during 2 hours 
at 320С, 800 µl of 2 mM bromocrezol purple solution in the same buffer was added 
(Kurzweilova H, Sigler K., 1993). Mixture was incubated during 1 hour at 32 0 C, centrifuged 
at the rate 5000 g during 5 min, pellet microscoped at magnification х 1750 and 
photographed by camera Sony DSC-W7 (figure 3).  

For the estimation of antimicrobial activity by inoculation method 1 loop of test-culture was 
suspended in 1 ml of sterile distilled water, and 10 µl of the suspension was added to 3 ml 
potassium phosphate buffer pH 5,5 (final cells concentration was approximately 103 
CFU/ml). Then 20 µl of new suspension was added to 80 µl of solution E, mixed and 
inoculated the Petri dishes with agar immediately after mixing and after the certain time 
(table 5).  

Dishes were incubated during 2 days at 270C, after that number of grown yeast colonies was 
calculated. 

The zones of growth inhibition were estimated in the following way: warm molten agar was 
inoculated by test-culture cells (approximately 50 CFU/ml), filled in two Petri dishes and leave 
alone for congelation. After the agar surface drying, 20 µl of solution E and control solution C 
were put in the center of dishes (figure 4). Dishes were incubated during 4 days at 270C.  
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Fig. 3. Cells of C. albicans test-culture processed by extract of human hair : white cells – alive, 
dead and broken cells - yellow, dye – bromocrezol purple.  

 
Fig. 4. Antimicrobial activity of hair extract against C. albicans test-culture : left dish is 
experimental, right one is control.  

 

Time of exposition, hours 
% of killed cells, average means from 5 

samples (5 experiments) 
0 0 

0,5 20,7 ± 8,3 
1 32,6 ± 7,3 
3 46,7 ± 5,3 

Table 5. Estimation of dieing rate of test-culture C. albicans cells under the incubation with 
hair extract.  

Separation of proteins was carried out as written in chapter 4.1. Gels were stained by silver 
nitrate (figure 5). As the molecular mass standards LMW protein mixture was used 
(“Amersham-Pharmacia”).  
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Fig. 5. Separation of proteins in gradient of SDS-PAGE: left track – hair extract, right track – 
low molecular weight markers.  

5.3 Results and discussion 

For the extraction of AMP from hair cells we used the solution, which was applied with the 
same purpose to the skin scales (Harder, Schroeder , 2001). The resulted extract even after 
centrifugation contained keratin – high molecular protein, the main component of 
keratinocytes. After neutralization of the extract by basic buffer the second centrifugation 
was necessary for the removing of keratin residue, which precipitated after the procedure.  

Microscopy of test-culture cells processed by the solution E showed that alive cells were 
almost absent, whereas in the control sample all cells were alive (figure 3). 

One can see large amount of cell debris, that is evidence of destruction of cell membranes 
typical for AMP, and disruption of cell walls. Such results did not enable to calculate the 
percent of killed cells.  

The treatment of test-culture by hair extract and the following inoculation of agar showed, 
that during 3 hours a suspension with initial concentration about 200-300 alive cells in 20 µl, 

β-defensins
dermcidins
psoriasin
RNAase 7
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lost about 52% of cells (table 5). At that cells, treated with control solution, completely saved 
alive.  

Use of zone inhibition method demonstrated the presence of empty areola in the center of 
dish (diameter about 15-20 mm) with the absence of such one in the control (figure 4).  

Thus we have proved the availability of antimicrobial activity in hair by 3 different ways. As 
the extraction method means the removal of peptides, it would be logically to expect a 
relationship between their presence and antimicrobial activity. Thereupon we separated the  

solution E by gradient SDS-PAGE (figure 5). It turned out that the extract really contained 
the low molecular proteins. Most distinct band corresponded to molecular mass about 14,4 
kDa. Probably it is RNAase 7, which is usually expressed in skin keratinocytes (Harder, 
Schroeder , 2002). The second intensity had the the band with moleculad mass about 23 kDa, 
but among known skin AMP such peptides are absent. Multiple bands located in the 
diapason from 12 kDa to 3 kDa, they may correspond to psoriasin (11,4 kDa), dermcidins (5-
8 kDa) and β-defensins (3,5-4,5 kDa).  

Filtration of the extract through the membrane filter with pore diameter 3 kDa showed the 
absence of antimicrobial activity in the obtained solution.  

From the data one can conclude that normal hear extracts displayed the antimicrobial 
action, which expressed in membrane lysis and disruption of cell walls. This antimicrobial 
activity is the result of AMP availability. Hair keratinocytes as skin keratinocytes contain the 
endogenous AMP, which play the important role in the innate defense of human hair from 
keratinophylic microorganisms.  

6. Conclusion 

Since the time of AMP creation much information were collected concerning their role in 
host defense against microbial agents. From our data and some facts from literature it is 
obvious that just low levels of these “natural antibiotics” in different loci are the reason of 
transformation of opportunistic microflora to pathogenic. Frequently even humoral and 
cellular components of immune system are secondary as compared with AMP: good 
example of this may be observed in vulvovaginal candidosis and bacterial vaginosis. In the 
innate defense of hair AMP also play the main role what is caused by the specific structure 
and “dry” consistence of this skin appendages. We may suppose that AMP should 
participate in the defense of nails.  

The development of the investigation line was apparently concerned the working out of 
different substances similar to AMP as a new pharmaceutical antimicrobial preparations. 
Now on the base of knowledge about structure and function of AMP new antimicrobial 
preparations are developed (Bals, 2000). Synthetic and recombinant analogues of the 
peptides are at the study of pharmaceutical research, including clinical trials of I – III phase.  

Lysozyme for example is already traditional preparation used in the cases of local microbial 
affection. It is possible that the analogues of natural AMP will have not only antimicrobial 
activity, but could be used as immunomodulators.  

The other direction of research may be study of stimulation of AMP synthesis in vivo in 
immune cells – neutrophils, epitheliocytes etc. – by immunomodulating agents. There are 
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many such preparations in pharmaceutical market, which are known to have the 
stimulating effect on the proliferation of immune cells. However it is still a question if they 
may increase the AMP synthesis or not.  
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1. Introduction 

The discovery and introduction of antibiotics revolutionized the human therapy, the 
veterinary and plant medicines. Despite the spectacular results, several problems have 
occurred later on. Emergence of antibiotic resistance is an enormous clinical and public 
health concern. Spread of methicillin-resistant Staphylococcus aureus (MRSA) (Ellington et al., 
2010), emergence of extended spectrum beta-lactamase (ESBL) producing Enterobacteriaceae 
(Pitout, 2008), carbapenem resistant Klebsiella pneumoniae (Schechner et al., 2009) and poly-
resistant Pseudomonas (Strateva and Yordanov, 2009) and Acinetobacter (Vila et al., 2007) 
causes serious difficulties in the treatment of severe infections (Vila et al., 2007; Rossolini et 
al., 2007). A comprehensive strategy, a multidisciplinary effort is required to combat these 
infections. The new strategy includes compliance with infection control principles: 
antimicrobial stewardship and the development of new antimicrobial agents effective 
against multi-resistant gram-negative and gram-positive pathogens (Slama, 2008). During 
the last few decades, only a few new antibiotic classes reached the market (Fotinos et al., 
2008). These facts highlight the need to develop new therapeutic strategies. The increasing 
incidence of serious infections caused by antibiotics-resistant and multi-resistant 
microorganisms such as the methicillin-resistant Staphylococcus aureus (MRSA) in human; 
streptomycin-resistant Erwinia amylovora (the bacterial pathogen causing fireblight disease) 
in Rosaceae make it imperative to develop new antimicrobial agents to face the new 
challenges Kocsis et al., 2009). It has also become obvious that, at least in Europe, antibiotics 
are not allowed to use for plant protection. Consequently, new antimicrobial compounds of 
different mode of action are needed which justify research efforts toward new sources. This 
chapter should be considered as a modest contribution to these efforts.  
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Microbes often live in polymorphic environments wherein they have to compete for 
nutrients, space and overcome toxins in order to survive and flourish. Amongst the 
chemical toolkits, antibiotics play an important role. The vast majority of recently used 
antibiotics are of eukaryotic origin, and the vast majority of antibiotics researchers focus on 
antibiotics producing fungi. However, some bacteria also produce compounds of 
antimicrobial activity. Consequently, these bacteria may be potential sources of novel 
antimicrobial compounds acting through novel molecular action mechanism. Our aim is to 
find bacterial sources for novel antibiotics effective against pathogens, which are resistant to 
antibiotics used in clinical practice and plant medicine. 

The entomopathogenic nematode/bacterium (EPN/EPB) symbiotic associations are 
considered as model systems to address broad biological questions of mutualism, 
co-evolution and pathogenesis. As an indispensible part of keeping this system competitive 
in nature, broad spectral antibiotics produced by symbiotic bacteria (EPB) of 
entomopathogenic nematodes (EPN) and keep monoxenic conditions within insect cadavers 
in soil conditions such a way. Recently, the genomic sequences of bacterial symbionts, 
Photorhabdus luminescens (Duchaud et al., 2003) and two Xenorhabdus species have been 
completed, and the latter are being analyzed (Ogier et al., 2010). An area with ramifications 
in plant pathology, veterinary science, and even human health, is the primary and 
secondary gene products of antimicrobial activity. Webster et al. (2002) and later Brachmann 
et al. (2006) and Bode (2009) reviewed the results of antibiotics studies in EPB since the work 
of Akhurst (1982).  
 

 
Fig. 1. Localization of Xenorhabdus (A) and Photorhabdus (B) entomopathogenic nematode 
symbiotic bacteria (EPB) in the gut of the infective dauer juvenile form of their respective 
entomopathogenic nematode (EPN) symbiotic partner, Steinernema (A) and Heterorhabditis 
(B). After the entering the insect the bacteria kill the host and colonize the cadaver, and 
serve as food source as well as antimicrobial-producing “safe-guard” for the nematode in 
soil condition (Courtesy of Dr. Todd Chiche he University of Michigan, USA). 

EPB antibiotics have broad target spectra, which provide monoxenic conditions within 
insect cadavers. Despite descriptions and patenting of antibiotic molecules from Xenorhabdus 
(Webster et al. 1996; Thaler et al. 2001), nothing has been published on their commercial use. 
Our joint efforts revealed that antimicrobials new profiles are mainly of oligopeptide nature, 
such as the hexapeptide bicornutin A (Furgani et al., 2008 Böszörményi et al., 2009) which is 
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effective against prokaryotic (Erwinia amylovora) and eukaryotic (Phytophthora nicotianae) 
plant pathogens (Böszörményi et al., 2009). In this chapter, we intend to summarize our 
results since 2009, which mainly include the search of the target specificity of the cell-free 
conditioned media (CCFM) of two species, Xenorhabdus szentirmaii and X. budapestensis 
(Lengyel et al., 2005). Some of the related (sometimes poly-resistant) pathogens belonging 
respectively to Pantoea, Klebsiella, Escherichia, Staphylococcus Salmonella, Candida and 
Alternaria are also of human clinical and/or veterinary importance. 

2. Aim, objective and rationale 

2.1 Aim 

The problems, which should be solved, are related with the increasing poly-resistance of 
pathogenic microorganisms of clinical, veterinary and plant medicine significance. Strong 
efforts of the scientific community have been exerted toward finding new antibiotics with 
novel action mechanisms. Antimicrobials of peptide nature, which induce apoptosis in 
target cells, have a great potential in control eukaryotic pathogens. Our contribution to the 
field is the introduction two novel organisms, X. szentirmaii and X. budapestensis what we 
have found excellent sources of compounds of strong antimicrobial activity. Their 
antimicrobial compounds proved antagonistic towards bacteria resistant to other 
antibiotics (Furgani et al., 2008; Böszörményi et al., 2009) and also toward some eukaryotic 
pathogens such as oomycetae, fungi and, according to some preliminary data, against 
pathogenic protozoon (McGwire et al., 2010, personal communication). Thus, importance 
and possible application of these compounds in agriculture and veterinary medicine was 
already thoroughly investigated and proved in several studies. Many of them have been 
patented but none of them is used in the practice. We considered the possible explanations 
and introduced two novel EPB species of excellent antimicrobial activities. Efficacy of these 
components against human clinical isolates has never been investigated before. The aim of 
our study is to investigate the antimicrobial potential of compounds produced by two 
entomopathogenic bacteria (EPB) as potential tools of controlling poly-resistant pathogens. 
Within this joint study, identification and purification of the bioactive molecules of the 
Xenorhabdus strains will be performed in different laboratories in Hungary and Ohio 
(USA). 

2.2 Objective 

The final goal of this study is to provide a view about the future perspectives of using 
antimicrobial peptides produced by Xenorhabdus szentirmaii and X. budapestensis in plant, - 
veterinary, - and may be in human medicine. 

2.2.1 Xenorhabdus budapestensis and X. szentirmaii as sources of novel pathogen 
antagonists different from conventional antibiotics concerning their action 
mechanism 

Our previous studies (Furgani et al., 2008; Böszörményi et al., 2009) confirmed that there 
might be new perspectives concerning the potential of some Xenorhabdus antibiotics, and for 
their use as alternative tools of pathogens of veterinary and plant medicine importance. We 
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found that, X. budapestensis and X. szentirmaii are the best of theses organisms. We also 
proved that antibacterial activities could mostly be adsorbed by Amberlite, and could be 
eluted without significant loss of activity. All of them gave a ninhydrin positive reaction, 
indicating that the most important compounds are of peptide nature. One of our main 
objectives is to determine their target specificity and then further purification after that. Our 
first steps toward this direction resulted in the discovery a hexapeptide (called Bicornutin A) 
of strong antibacterial activity.  

Before going further toward biochemical purification, we wanted to test the target spectrum 
of the intact CFCM of the two species. This is what we are reporting about in this chapter. 
We provide new data about their control potential on plant pathogens as well as against 
multiple resistant human and animal pathogens.  

We are also going to give an account on the very strong anti-oomycetal activity, providing a 
potential tool for plant medicine in nursery and forestry. Finally, they have a selective 
antifungal effect, which might be exhausted in behalf of plant medicine and human clinical 
practice. 

We have also made the first steps toward a genetic approach of better understanding and 
improving the antimicrobial potential of by Xenorhabdus szentirmaii and X. budapestensis.  

2.2.2 Potential pathogen targets of EPB antimicrobials in nature 

At this point, we included into our Introduction vast majority of the potential target 
organisms, not only those that have already been analyzed. The reason is to draw the 
attention of the Reader of the perspectives and potential of using EPB antimicrobial 
compounds of apoptotic activity in the veterinary and plant medical, and potentially in the 
clinical practice, in the future.  

2.2.2.1 Plant pathogenic bacteria 

According to the data presented in the Widely Prevalent Bacteria Lists of Plant Pathology at 
Bugwood Websites in 2009, Ohio, as far the most infected state of the United States of 
America, is represented by 62 plant pathogenic bacteria. The climate as well as the plant 
pathogenic bacterium flora of Hungary and Ohio is rather similar. The most prevalent plant 
pathogenic bacteria belong to eight different groups. The general aim is to discover efficient 
antibacterial compounds, which antagonize agriculturally important pathogens in an 
environmentally friendly way. Our way is to test antibacterial activity of some 
entomopathogenic (nematode-symbiotic) bacteria on plant pathogenic bacteria. Our target 
bacteria in this study were as follows: Agrobacterium, Burkholderia, Clavibacter, 
Curtobacterium, Dyckeya, Erwinia, Pectobacterium, Ralstonia, Pseudomonas, and Xanthomonas 
species. 

2.2.2.1.1 Agrobacterium species, biovars, strains 

Agrobacterium species are Gram-negative, non-spore forming, rod-shaped bacteria attacking 
643 dicotyledonous (broad-leaved) plant species. Neither monocotyledons, nor Liliales, nor 
Arales are Agrobacterium targets. The target organs are the roots and the stalks. The most 
characteristic symptoms are hypertrophies in most of their host plants. Disease symptoms: 
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formation of tumor-like swellings called galls that can generally be found on the crown of 
the plant just above the soil. The most important Agrobacterium pathogens are listed in Table 
1. The most widely known species cause crown gall disease. Agrobacterium cells have one 
circular and one rode-shape chromosome. As extra-genomic DNA, they contain plasmids of 
different biological role (Fig 2, Left).. The most important is the Ti (tumor inducing) plasmid 
including a sequence (called TDNA) of eukaryotic nature. The TDNA is excised after 
infection and is capable of inserting randomly to the chromosomes of the plant. The 
expression of genes located on the TDNA result in tumor. The plant tumor cells produce 
compounds that are normally not produced by the plant. These compounds are used as a 
form of energy by the infecting bacteria. A. tumefaciens strains use different carbohydrates. 
They are classified into three main biotypes called biovars. There are allelic differences of 
genes located on the circular chromosome resulting in phenotypic differences of biovars 
concerning host preference and antibiotics sensitivity. Crown gall disease in grapevines (Fig 
2, Right), is caused by bacteria belonging to Biovar 3, and (recently renamed as A. vitis). As 
for ecology, A. tumefaciens can generally be found on and around root surfaces known as the 
rhizosphere, where they might be attacked either by chemical or biological antagonists; as 
well as in the cambria (within the plant) as innocent saprophytes. They seem to use 
nutrients that leak from the root tissue. They invade the plant if it becomes conditioned 
(susceptible, wounded). 

 
Fig. 2. A. tumefaciens cell with visible Ti plasmid (“North”) and the genome (“South”); 
Crown gall disease (on the LEFT) Crown gall disease (on the RIGHT) Courtesy of Prof. 
George P. Rédei, (University of Missouri-Columbia, MO, USA)  

 

Scientific name Disease 
Agrobacterium tumefaciens  crown gall of dicotyledonous plants 
Agrobacterium vitis crown gall of grape 
Agrobacterium rhizogenes  hairy root disease 
Agrobacterium rubi  cane gall of Rubus 

Table 1. Agrobacterium species and the diseases they cause. (Higher order taxa: full lineage: 
root; cellular organisms; Bacteria; Proteobacteria; Alphaproteobacteria; Rhizobiales; 
Rhizobiaceae; Rhizobium/Agrobacterium group). SOURCE: Plant Pathology Bugwood 
Websites - Widely Prevalent Bacteria Lists  
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2.2.2.1.2 Clavibacter species, subspecies, and strains 

Bacterial canker of is one of the most important and most difficult-to-control tomato 
diseases. Bacterial canker and wilt disease of tomato caused by Clavibacter michiganensis 
subsp. michiganensis are spread into different countries all over the world resulting in 
considerable yield losses (up to 70%), mainly in field-grown tomato production. The 
bacterium has been present in North America, Canada, Asia, and Africa. In European 
countries, it is on the list of quarantine pest. Symptom of the disease is wilting and 
desiccation of the plant both in field. Infected fruits show characteristic “bird’s eye” spots; 
fail to develop and fall or ripen unevenly. Whenever it has been established in vascular 
tissues of the crop, it and becomes seed-born. The disease has also been recorded in 
greenhouses (Shoemaker and Echandi, 1976; Agrios, 1997). No sufficient chemical control 
exists. Biological control agents directly used against bacterial canker such as Pseudomonas 
fluorescens, Bacillus and Streptomyces species has been tried (Nishioka et al., 1997). The 
harmful Clavibacter bacteria are listed in Table 2. 
 

Scientific name Disease 

Clavibacter michiganensis ssp. michiganensis bacterial canker and wilt of tomato 
Clavibacter michiganensis ssp. nebraskensis Goss' bacterial wilt on cora 
Clavibacter michiganensis ssp. sepedonicus ring rot of potato 

Clavibacter michiganensis ssp. insidiosus bacterial wilt of alfalfa 

Table 2. Clavibacter species and the plant diseases they cause. Taxonomic position: full 
lineage: root; cellular organisms Bacteria; Actinobacteria; Actinobacteria (class); 
Actinobacteridae; Actinomycetales; Micrococcineae; Microbacteriaceae; Clavibacter; 
Clavibacter, C. michiganensis. (SOURCE: Plant Pathology Bugwood Websites Widely 
Prevalent Bacteria Lists) 

2.2.2.1.3 Erwinia species and strains 

Fire blight disease caused by Erwinia amylovora is one of the most destructive plant diseases 
that cause severe crop losses in many countries for a long time (Rosen, 1929). At present, the 
disease threatens commercial fruit industries worldwide. It occurs in many fruit species, 
especially those belonging to the Pomaceae and Rosaceae families, such as Malus domestica, 
Pyrus communis, Cydonia oblonga and Cotoneaster spp. It appears in the central, southern, and 
eastern regions of the European continent (Németh, 1998) and present in many states of the 
USA (Steiner and Zeller, 1996; Paulin, 1997). It appeared in Hungary first in 1995 (Hevesi, 
1996). Right after these finding epidemics spread over in many fruit tree orchards (Németh, 
1999; Jones et al., 1996). Chemical control and cultural practices did not prove sufficiency to 
arrest epidemics. Several research programs have been developed continuously to reduce 
the incidence of this serious disease or overcome the potential of the pathogen (van der 
Zwet and Beer, 1995). We have provided the first evidence that conditioned cell-free 
medium of Xenorhabdus budapestensis was capable of reducing the spreading of fire blight 
inflammation on apple trees after artificial infestation in green house conditions. The effects 
proved unambiguously cytotoxic in laboratory experiments (Böszörményi et al., 2009). 
Table 3 provides a list of some plant pathogenic bacterium species belonging to Erwinia and 
Pantoea genera.  
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Scientific name Disease 

Erwinia amylovora  fire blight of Rosaceae 
Erwinia tracheiphila  bacterial wilt on corn 
Pantoea ananatis  center rot of pineapple 
Pantoea stewartii pv. stewartii Stewart's wilt of maize 

Table 3. Erwinia species and the diseases they cause. SOURCE: Plant Pathology Bugwood 
Websites Widely Prevalent Bacteria Lists) Taxonomy: Full lineage: cellular organisms; Bacteria; 
Proteobacteria; Gammaproteobacteria; Enterobacteriales; Enterobacteriaceae; Erwinia 

2.2.2.1.4 Xanthomonas species, subspecies and strains  

Bacteria belonging to genus Xanthomonas cause numerous plant diseases with diverse 
symptoms, including vascular wilts, cankers, soft rots, blights, leaf spots, tumors or galls. X. 
euvesicatoria strains are pathogens causing the bacterial spot diseases of Capsicum annuum 
and Lycopersicon esculentum a consequence of which is destructive loss in these two 
economically important crops. Control measures are applied yearly but no complete 
eradication of the disease has been achieved so far. Biological control provided some 
promising evidence concerning protection against the disease in small-scale plots. For 
example, Pseudomonas fluorescens gave promising inhibitory effects (Colin et al., 1984; Tzeng 
et al., 1994). Xanthomonas pathogens are listed in Table 4.  
 

Scientific name Disease 
Xanthomonas vesicatoria  bacterial spot of tomato and pepper 

Xanthomonas campestris pv. papavericola bacterial blight of poppy 
Xanthomonas campestris pv. pelargonii bacterial blight of geranium 
Xanthomonas campestris pv. raphani bacterial leaf spot of radish and turnip 
Xanthomonas campestris pv. vesicatoria bacterial spot of tomato and pepper 
Xanthomonas campestris pv. zinniae bacterial leaf spot of zinniae 
Xanthomonas fragariae  angular leaf spot of strawberry 
Xanthomonas gardneri  bacterial spot of tomato & pepper 
Xanthomonas hortorum pv. hederae bacterial leaf spot of ivy 
Xanthomonas perforans  bacterial spot of tomato & pepper 
Xanthomonas translucens pv. undulosa wheat leaf streak/black chaff 
Xylella fastidiosa ssp. fastidiosa Pierce's disease of grapevine 
Xanthomonas arboricola pv. juglandis walnut blight 
Xanthomonas arboricola pv. pruni bacterial spot of stone fruits 
Xanthomonas axonopodis pv. vitians bacterial leaf spot of lettuce 
Xanthomonas campestris pv. armoraciae bacterial leaf spot of crucifers 
Xanthomonas campestris pv. campestris black rot of crucifers 
Table 4. Xanthomonas species and the diseases they cause. SOURCE: Plant Pathology 
Bugwood Websites Widely Prevalent Bacteria Lists Taxonomy, full lineage: root; cellular 
organisms; Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; 
Xanthomonadaceae, Xanthomonas. 
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2.2.2.1.5 Pectobacterium species, subspecies and strains 

There is a group of plant pathogens closely related to Erwinia called Pectobacteria In 
Hungary, Pectobacterium chrysanthemi and P. carotavora cause bacterial spot of peach, 
tobacco wildfire, citrus canker, and some ornamental diseases as well Antibiotics were used 
to control black rot of cabbage. The list of these bacteria is given in Table 5. 
 
 
 

Scientific name Disease 

Pectobacterium atrosepticum  black leg of potato 
+Pectobacterium carotovorum ssp. carotovorum bacterial soft rot 

Pectobacterium chrysanthemi  bacterial wilt and soft rot 

Pectobacterium chrysanthemi pv. dieffenbachiae stem rot  

Pectobacterium chrysanthemi pv. zeae stem rot of maize 

Table 5. Pectobacteria species and the diseases they cause. SOURCE: Plant Pathology 
Bugwood Websites Widely Prevalent Bacteria Lists. Taxonomy: cellular organisms; Bacteria; 
Proteobacteria; Gammaproteobacteria; Enterobacteriales; Enterobacteriaceae; 
Pectobacterium; Pectobacterium carotovorum. +Synonyms: Erwinia carotovora (ssp.) 
carotovora. 

2.2.2.1.6 Ralstonia and Burkholderia species, subspecies (plant variants), biovars and 
races 

Ralstonia solanacearum attacks all the solanaceous crop plants. Over 200 hosts are known. 
Some are listed in Table 6. Strains show varying degrees of host specificity. The high 
economic and social impact of this organism results from its wide geographical distribution 
in all warm and tropical countries of the globe. Recently, distribution of the pathogen has 
been extended to more countries that are temperate from Europe and North America as the 
result of the dissemination of strains adapted to cooler climates. Nevertheless, the diseases 
are common in Europe but the pathogen is on the list of quarantine pest. Only complex and 
integrated control strategy can succeed in reducing the disease incidence. 
 
 
 

Scientific name Disease 

Ralstonia solanacearum (excl. Race 3 Biovar 2) southern bacterial wilt 

Burkholderia andropogonis  gummosis of grasses 

Burkholderia caryophylli  vascular wilt 

Burkholderia gladioli pv. gladioli scab of flower bulb 

Table 6. Ralstonia and Burkholderia species and the diseases they cause. (SOURCE: Plant 
Pathology Bugwood Websites Widely Prevalent Bacteria Lists) Taxonomy: Lineage (full): 
root; cellular organisms; Bacteria; Proteobacteria; Betaproteobacteria; Burkholderiales; 
Burkholderiaceae; Ralstonia / Burkholderia. 
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2.2.2.1.7 Pseudomonas species, subspecies and strains: plant, animal and human 
pathogens 

Pseudomonas aeruginosa is a Gram-negative rod measuring 0.5 to 0.8 µm by 1.5 to 3.0 µm. 
Almost all strains are motile by means of a single polar flagellum. Its optimum growth 
temperature is 37 oC, but is also able to grow at 42 oC. Pseudomonas may form biofilm or 
exists in a planktonic form. Genus Pseudomonas is cleaved into eight groups. P. aeruginosa is 
the type species and there are another 12 members. Each is well known to plant 
microbiologists. They cause numerous plant diseases with diverse symptoms, including 
vascular wilts, cankers, soft rots, blights, leaf spots, tumors or galls. P. aeruginosa has become 
increasingly recognized as an emerging opportunistic pathogen of clinical relevance. Several 
different epidemiological studies track its occurrence as a nosocomial pathogen and indicate 
that antibiotic resistance is increasing in clinical isolates. P. aeruginosa is an opportunistic 
pathogen; it exploits some break in the host defenses to initiate an infection. It causes 
urinary tract infections, respiratory system infections, dermatitis, soft tissue infections, 
bacteremia, bone and joint infections, gastrointestinal infections and a variety of systemic 
infections, particularly in patients who are immunosuppressed. The case fatality rate in 
these patients is nearly 50 percent. P. aeruginosa isolates may produce three colony types. 
Natural isolates from soil or water typically produce a small, rough colony. Clinical samples 
yield one or another of two smooth colony types. One type has a fried-egg appearance, 
which is large, smooth, with flat edges and an elevated appearance. Another type, 
frequently obtained from respiratory and urinary tract secretions, has a mucous appearance, 
which is attributed to the production of alginate slime. The smooth and mucous colonies are 
presumed to play a role in colonization and virulence. 

Being Gram-negative bacteria, most Pseudomonas spp. are naturally resistant to penicillin and 
to the majority of related beta-lactam antibiotics, but a number of those is sensitive to 
piperacillin, imipenem, ticarcillin, tobramycin, or ciprofloxacin. This ability to thrive in 
harsh conditions is a result of their hardy cell wall that contains porins. Their resistance to 
most antibiotics is attributed to efflux pumps, which pump out some antibiotics before the 
antibiotics are able to act (Poole, 2004). Pseudomonas aeruginosa is a highly relevant 
opportunistic human pathogen. One of the most worrying characteristics of P. aeruginosa is 
its low antibiotic susceptibility. This low susceptibility is attributable to a concerted action of 
multidrug efflux pumps with chromosomally encoded antibiotic resistance genes (e.g. 
mexAB-oprM, mexXY, etc.) and the low permeability of the bacterial cellular envelopes. 
Besides intrinsic resistance, P. aeruginosa easily develops acquired resistance either by 
mutation in chromosomally encoded genes, or by the horizontal gene transfer of antibiotic 
resistance determinants. Development of multidrug resistance by P. aeruginosa isolates 
requires several different genetic events that include acquisition of different mutations 
and/or horizontal transfer of antibiotic resistance genes. Hypermutation favors the selection 
of mutation-driven antibiotic resistance in P. aeruginosa strains producing chronic infections, 
whereas the clustering of several different antibiotic resistance genes in integrons favors the 
concerted acquisition of antibiotic resistance determinants. Some recent studies have shown 
phenotypic resistance associated to biofilm formation or to the emergence of small-colony-
variants may be important in the response of P. aeruginosa populations to antibiotic 
treatment. This justifies testing new natural compounds of antibacterial activity against 
them. The most important plant pathogenic species are listed in Table 7. 
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Scientific name Disease 

Pseudomonas syringae pv. berberidis leaf spot/fall of Berberis 

Pseudomonas syringae pv. coronafaciens halo blight of oats 

Pseudomonas syringae pv. delphinii Bacterial leaf spot of delphinium crop 

Pseudomonas syringae pv. glycinea bacterial blight of soybean 

Pseudomonas syringae pv. lachrymans angular leaf spot of cucumber 

Pseudomonas syringae pv. maculicola bacterial leaf spot of cauliflower 

Pseudomonas syringae pv. apii leaf spot of parsley 

Pseudomonas syringae pv. atrofaciens basal glume rot of wheat 

Pseudomonas syringae pv. atropurpurea leaf spot of Italian ryegrass 

Pseudomonas syringae pv. mori bacterial blight of mulberry 

Pseudomonas syringae pv. morsprunorum bacterial canker of stone fruit tees 

Pseudomonas syringae pv. papulans blister spot of apple 

Pseudomonas syringae pv. phaseolicola halo blight of bean 

Pseudomonas syringae pv. pisi bacterial blight of pea 

Pseudomonas syringae pv. syringae  bacterial brown spot of bean/canker of stone fruit 

Pseudomonas syringae pv. tabaci wildfire of tobacco 

Pseudomonas syringae pv. tomato bacterial speck 

Pseudomonas tolaasii  bacterial blotch on mushrooms 

Pseudomonas viridiflava  spots/soft rots on leaves/fruits on many plant species 

Table 7. Plant pathogenic Pseudomonas species and the diseases they cause. (SOURCE: Plant 
Pathology Bugwood Websites - Widely Prevalent Bacteria Lists) Taxonomy: Lineage (full): 
root; cellular organisms; Bacteria; Proteobacteria; Gammaproteobacteria; Pseudomonadales; 
Pseudomonadaceae Pseudomonas 

2.2.2.2 Plant pathogenic Oomycetae 

The most harmful plant pathogenic oomycetae are the downy mildew, Phytophthora and 
Pythium species, causing planting-off and root-rot (decay) diseases. Phytophthora species are 
well known in agriculture, limiting production of many crops from potatoes to citrus 
(Erwin and Ribeiro, 1996). Classically, this is a genus of agricultural plant pathogens 
especially destructive in poorly drained soils or cool wet climates. The name derives from 
Greek for „plant killer”. These are oomycetae, water molds, related to algae and are not 
true fungi (Mycota). Consequently, they are quite resistant to fungicide, but sensitive to 
antibiotics (Érsek, 1975). Despite their unique phylogeny, they grow as filamentous hyphae 
and reproduce by spores, like fungi. They disperse and infect by motile zoospores, and 
survive unfavorable conditions especially drying, as thick-walled chlamydospores or 
oospores. Most cause root diseases, but especially on trees, some cause some lethal stem 
cankers, or infect foliage. Phytophthora species are one of the most harmful agricultural 
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pathogens all around the world, often causing serious damages. Phytophthora infestans used 
to cause the Irish potato famine 1845 to about 1860. Although the importance of potato as a 
staple food to countries lies only with the European countries since then but it extends all 
the way to the developing countries and especially in Africa. Farmers have tried to stop the 
disease using synthetic chemicals but it seems to exacerbate from time to time. Even where 
fungicides are used, continued wet spells often lead to major epidemics, as occurred for 
example in 2004 in Egypt and 2006 in Northern Peru and Kashmir. Even when epidemic 
conditions are not widespread, farmers in developing countries may get behind on 
spraying and lose control of the disease. This increases the chances of developing more 
resistance to these synthetic chemicals. Hence, the need for us to search for potential 
biological control for the Phytophthora strains which are becoming resistant to fungicides 
but are sensitive to antibiotics. P. infestans is a re-emerging pest ever since its discovery. It 
still causes major epidemics in potato and tomato crops worldwide (Forbes et al., 1994). For 
example, in 2000, 15% of the total potato crop of Russia was destroyed due to late blight. 
Such severe epidemics could trigger a new, potentially catastrophic potato famine 
(Schiermeier, 2001). Worldwide losses in potato production caused by late blight and 
measures to control the disease have been estimated at a billion dollar level annually 
(Duncan, 1999). 

There are about 60 species in the genus Phytophthora that cause various disease symptoms, 
including root rot, fruit rot, foliar blight and stem blight on many economically important 
plants (Erwin and Ribeiro, 1996). A few examples of root rot pathogens are as follows: 
Phytophthora sojae (living on soybean); P. fragariae (on strawberries); P. cryptogea (on many 
plant species including tomato and cucumber); and P. cinnamoni (on various woody plant 
species). Other species cause leaf blight symptoms. Phytophthora is a good example of such a 
pathogen along with P. porri on leek. There are also many fruit rot pathogens such as P. 
capsici on various plants, and P. palmivora and P. megakarya on cocoa pods. The classification 
of Phytophthora species based on which part of the plant it predominantly infects is quite 
arbitrary. Disease symptoms are represented on all plant tissues, above and below ground. 
The environmental damage caused by Phytophthora diseases in natural ecosystems can be 
tremendous, due to difficulties in controlling the spread of the disease. An example of a 
severe ecological tragedy is sudden oak death, a disease caused by P. ramorum, which has 
emerged recently along the pacific coast of the United States. P. ramorum is destroying oak 
trees and is probably also spreading to other trees, such as redwoods and to other regions in 
North America (Knight, 2002). Likewise, P. cinnamoni, which has a very wide host range, 
infecting over 900 species of plants (Zentmyer, 1980), has caused severe epidemics in the jar 
rah tree forests Western Australia (Podger et al., 1965; Podger, 1972) as well as more recent 
outbreaks across the world. Hence, one can say the Irish potato famine is therefore not 
limited to a historic reference. In reality, many Phytophthora epidemics are just being kept 
under control by the use of prophylactic oomycetae (Talbot, 2004). When forest trees are 
grown in agricultural settings, such as in nurseries, they are vulnerable to agricultural 
diseases, including Phytophthora root rots. The Phytophthora species commonly involved in 
forest nurseries are often the same species affecting agricultural commodities in the area. 
Douglas-fir seedlings, for example, are affected by P. megasperma and other six Phytophthora 
species when raised in poorly drained nursery soils (Hansen et al., 1979). Tree seedlings that 
had been infected but survived in the nursery are likely to die in the first year after planting 
into forest sites. These nursery Phytophthora species, however, do not survive long in the 
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forest soils and do not spread to surrounding trees (Roth and Kuhlman 1996; Hansen et al., 
1980). They are adapted to agricultural soils, and cannot compete in the more complex forest 
soil microbial community and generally dryer, better-drained forest soils. Other 
Phytophthora species do very well in forests, however. In recent years, it has become clear 
that, there is a very different community of Phytophthora species resident and probably 
indigenous in more or less undisturbed temperate forests. Many of these are new to science. 
For example, eight Phytophthora species were isolated from oak forest soils in the Forét de 
Amance in NE France (Hansen and Delatour, 1999). There were no obvious symptoms of 
Phytophthora root rot in this healthy mature stand, yet 12 of 14 soil samples from one site 
yielded one or more species. Five of the eight Phytophthora species were not described or 
only very recently described. Similar results have been obtained in Germany (Jung et al., 
1996, 2002), eastern deciduous forests in the United States (Balci et al., 2007), and the 
western US (authors’ unpublished data). The indigenous forest Phytophthora community is 
numerous and diverse. In most cases, the Phytophthoras are confined to the fine roots of the 
trees, and while they kill fine roots, in normal soil conditions, the trees replace the roots 
without dramatic growth loss. In Europe Phytophthora, species may contribute to the 
recurrent, chronic disease called oak decline. Oak decline, however, is primarily associated 
with periods of unusual drought, often coupled with outbreaks of defoliating insects. Under 
these stressful conditions, loss of additional rootlets to Phytophthora contributes to the 
decline (Hansen and Delatour 1999; Jung et al., 2000). In contrast to the nursery soil 
Phytophthora species that are generally poorly adapted to forest soils, and to the indigenous 
Phytophthora community that persists in a dynamic equilibrium with its host trees, a few 
species qualify as truly destructive in the forests. These exotic, invasive species can threaten 
the economic viability and ecological sustainability of the forests they attack. Distinguishing 
exotic from indigenous organisms is sometimes difficult. The complex processes of 
coevolution assure, that the host and the pathogen coexist without either consistently 
affecting the reproductive fitness of the other. It is often presumed that the resulting disease 
symptoms will be subtle and perhaps difficult to detect, and the ecological impact will be 
slight. By this thinking, a Phytophthora species that kills trees rapidly and over an expanding 
area must be exotic. This line of reasoning, while compelling in some situations, must be 
used with caution. Phellinus weirii is a pathogenic fungus that causes laminated root rot, a 
lethal disease of Douglas fir in North American forests (Childs, 1963). The disease is 
dramatic, altering forest structure and composition and pathways of succession (Hansen 
and Goheen, 2000), yet the pathogen is indigenous to the forests where it is found. Another 
presumed characteristic of an alien population is genetic uniformity. An invading 
population likely started as one or a few individuals making the first beachhead. This would 
be an evolutionary „bottleneck”, and should result in reduced genetic diversity in the new 
population. P. cinnamomi (Fig 3) occurs worldwide and causes severe root rot and dieback 
on Fraser firs, shortleaf and loblolly pines, azaleas, camellia, boxwood, and many other trees 
and woody ornamentals (Ferguson & Jeffers, 1999). The disease impacts a range of economic 
groups including nursery crops managed forests, and Christmas tree farms. Root infected 
rhododendrons and azaleas and tree saplings develop above ground leaf chlorosis, necrosis, 
wilt, leaf curl, and death. Stem necrosis may not occur for many weeks after the 
development of wilting symptoms. Belowground symptoms are most severe in poorly 
drained soils and include necrosis of young feeder roots and the lower vascular tissues 
around the crown and just below the soil line. Cankers may become visible at the base of 1-2 
year old plant. 
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Fig. 3. Life cycle of (Left) and a symptom called resin soaked tissue, caused by  
P. cinnamomi Rands. The host is sand pine (Pinus clausa (Chapman ex Engelm.)  
Vasey ex Sarg) Image location: USA. The website of the picture: Phytophthora root 
rot. Phytophthora cinnamomi Rands forestryimages.org. Google pictures.  
Image No: 4823089. From Edward L. Barnard, Florida Department of Agriculture 
Consumer Services, Bugwood.org. 

Phytophthora species reproduce both clonally and sexually. Many sexual species have in-
breeding rather than outbreeding mating systems. Genetic diversity can be expected 
relatively low regardless of origin. As there have been no studies of diversity in indigenous 
clonal or in-breeding species, there is no diversity baseline against which to compare a 
suspected invading population (Érsek et al., 1995). Phytophthora species and the diseases 
caused by them are listed in Table 8. 

2.2.2.3 Plant pathogenic fungi 

Plant pathogens provide new challenge because of resistance problems. Necrotrophic 
plant pathogens have received increasing attention over the past decade. Initially 
considered to invade their hosts in a rather unsophisticated manner, necrotrophs are now 
known to use subtle mechanisms to subdue host plants. The gray mould pathogen Botrytis 
cinerea is one of the most comprehensively studied necrotrophic fungal plant pathogens. 
The genome sequences of two strains have been determined. Targeted mutagenesis 
studies are unraveling the roles played in the infection process by a variety of B. cinerea 
genes that are required for penetration, host cell killing, and plant tissue decomposition or 
signaling. Our increasing understanding of the tools used by a necrotrophic fungal 
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pathogen to invade plants will be instrumental to designing rational strategies for disease 
control (van Kan, 2006). Alternaria alternata (Keissl, 1912) has been recorded causing leaf 
spot and other diseases on over 380 host species. It is opportunistic pathogen on 
numerous hosts causing leaf spots, rots and blights on many plant parts. It can also cause 
upper respiratory tract infections and asthma in people with sensitivity (Wiest et al., 
1987).  

 

 
 
 

Phytophthora 
sp. Disease Host Disease Management 

P. infestans Late blight Potato Sanitation and fungicides 
P. sojae Root and stem rot Soybean Resistant varieties 
P. palmivora Black pod Cacao Sanitation 
P. alni Collar rot Alder Clean nursery stock 
P. cinnamoni Jar rah dieback 

Little leaf disease 
Ink disease 
Avocado root rot 

Jar rah eucalyptus 
Shortleaf pine 
Chestnut 
Avocado 

Sanitation 
Change species 
Uncontrolled 
Fungicides, Soil management 

P. lateralis Cedar root disease Port-Oxford-cedar Sanitation, avoidance 
 and resistance 

P. ramorum Sudden oak death, 
Ramorum blight 

Fagaceae and Ericaceae Quarantine and 
 eradication 

P. cactorum Crown rot Strawberry Prevention and sanitation  
P. parasitica Phytophthora stem-

rot 
Snapdragon Prevention and sanitation 

P. capsici Phytophthora blight Cucumber, Squash, Melons, 
Pumpkin, 

Practice crop rotation 

P. fragariae Red stele Strawberry Proper site selection and 
preparation 

P. megakarya Black pod disease Cocoa trees Chemical control-fungicides 
P. syringae Fruit-rot Apples Chemical control 
P. primulae  Root and stem rot Parsley Quarantine and 

 eradication 
 
 

Table 8. Some destructive Phytophthora species and the diseases they cause and available 
disease management. 

2.3 Rationale 

The target organisms discussed above are all harmful plant pathogen of economic 
significance. The options of using chemicals (traditional antibiotics or fungicides) against 
them are rather limited, because of the realistic danger of environmental pollution. 
Furthermore, the resistance problems (discussed in the Introduction) also should be 
overcome by introducing novel antimicrobials of different action mechanisms. EPB could 
also be used in vivo as an antagonistic biocontrol agent, in some niche like rhizosphere in 
forest threes.   
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3. Materials and methods  

3.1 Materials 

3.1.1 Entomopathogenic Bacteria (EPB) 

The colonies of Xenorhabdus and Photorhabdus on indicator LBTA plates are demonstrated in 
Fig 4.  

 

 
Fig. 4. Colonies of antibiotics-producing primary (1o) cells of a Xenorhabdus (A), and a 
Photorhabdus on LBTA indicator plates The bacteria were freshly isolated by Abate Birhan 
Addisie from the respective nematodes (above). Photo: Andrea Máthé-Fodor (nematodes) 
and Dr. Csaba Pintér (bacteria) 

The list of EPB strains used in our experiments is given in Table 9. Some strains were 
provided by the COST 619 Research Community. Each of them had been deposited at the 
Georgikon Stock Center of Entomopathogenic Nematodes and Bacteria in Keszthely, 
Hungary. As for geographic origin, the AZ strains are from St. Miguel Island, Portugal-
Azores, HP 88 from the USA, NC19 from North Caroline, USA, Brecon and Q614 from 
Australia. As for geographic origin, the AZ strains are from St. Miguel Island, Portugal-
Azores, HP 88 from the USA, NC19 from North Caroline, USA, Brecon and Q614 from 
Australia. For further details, see references: Szállás et al., 1997, 2001 Peat et al., 2010; Völgyi 
et al., 1998, 2000; Lengyel et al., 2005; Brachmann et al., 2006; Furgani et al., 2008; 
Böszörményi et al., 2009). 
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Genus, Species Subspecies Strain Reference 
Xenorhabdus budapestensis  DSM 

16342T* 
Lengyel et al.., (2005); Furgani et al..,  
(2008);;  
Böszörményi et al..,  (2009) 

Xenorhabdus .szentirmaii *  DSM 
16338T 

Lengyel et al.., (2005); Brachmann et al.; 
2006;  
 Fodor et al..,  (2007); Furgani et al..,  (2008);  
Böszörményi et al..,  (2009); Bode, (2009) 

Xenorhabdus nematophila   ATTC 
19061T* 

Völgyi et al..,  .(1998), Völgyi et al..,  2000) 

Xenorhabdus nematophila  N2-4 Szállás et al.., (1997); Völgyi et al.., (1998), 
Xenorhabdus innexi   DSM1 6337T* Lengyel et al.., (2005); Furgani et al..,  

(2008);; 
Xenorhabdus ehlersii   DSM 16336T* Lengyel et al.., (2005); Furgani et al..,  

(2008);; 
Xenorhabdus cabanillassi  RIO-HU Lengyel et al.., (2005); Furgani et al..,  

(2008);; 
Photorhabdus luminescens ssp. laumondii HP88  
Photorhabdus luminescens ssp. laumondii 

Brecon 
Szállás et al.., (1997),; Peat et al.., (2010); 
Marokházi et al; (2003); 

Photorhabdus luminescens ssp. laumondii Az35 Szállás et al.., (1997),; Peat et al.., (2010); 
Photorhabdus luminescens ssp. laumondii Az36 Szállás et al.., (1997),; Peat et al.., (2010); 
Photorhabdus luminescens ssp. laumondii Az37 Szállás et al.., (1997),; Peat et al.., (2010); 
Photorhabdus luminescens ssp. laumondii Az39 Szállás et al.., (1997),; Peat et al.., (2010); 
Photorhabdus luminescens ssp. laumondii Q614 Szállás et al.., (1997),; Peat et al.., (2010); 
Photorhabdus luminescens ssp. laumondii Az29 Szállás et al.., (1997),; Peat et al.., (2010); 
Photorhabdus luminescens ssp. laumondii NC19 Szállás et al.., (1997),; Peat et al.., (2010); 
Photorhabdus luminescens ssp. laumondii HP88 Szállás et al.., (1997),; Peat et al.., (2010); 

Table 9. The list of the EPB strains used in this study 

3.1.2 Plant Pathogenic Bacteria (PPB) 

Plant pathogenic (PP) bacterium strains used in this study as test organisms are listed in 
Table 10 and 11.  
 

SCIENTIFIC NAME NCAIM * CODE BIOASSAY Origin 
Erwinia amylovora  NCAIM B 01728  + + Hungary, apple; Hungary, M. Hevesi 

Ea 88 strR  + + USA,  
 Ea110 rif R  + + McGhee & Jones, 2000 
 Ea Ca 11 strR  + + McGhee & Jones, 2000 

Klebsiella pneumoniae  HIP32 chlR  - + Human isolate 
Kle. pneumoniae # 696 carbR + + Mastitis isolate  
Pantoea agglomerans NPHMOS    Human pathogenic,  

Table 10. List of antibiotics resistant bacteria used in overlay and /or agar diffusion bioassays 
of EPB antimicrobials. Abbreviation: * National Collection of Agricultural and Industrial 
Microorganisms, Hungary (NCAIM); http://ncaim.uni-corvinus.hu; Kle = Klebsiella 

Altogether twelve Erwinia amylovora isolates (isolated by Dr. M. Hevesi, Hungary) were 
studied, but only Ea 1 (NCAIM B 01728) is listed here, since all the others reacted very 
similarly to all EPB CFCM tested. There are three antibiotic resistant strains: CA11 (rif S, str 
R); Ea88 (rif S, str R); and Ea110 Ea 110 (rif R, strS), (McGhee and Jones, 2000) also involved. 
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Dr. A.L. Jones (Michigan State University) kindly provided them in the list. Plant pathogenic 
bacteria isolated from different host plants are deposited in National Collection of 
Agricultural and Industrial Microorganisms, (NCAIM); Hungary. Home page: 
http://ncaim.uni-corvinus.hu. Other additional bacteria used in the second set of 
experiments were as follows: P. agglomerans 83873, obtained from the National Public Health 
and Medical Officer Service, Hungary. 
 

SCIENTIFIC NAME NCAIM * 
CODE 

BIOASSAY Origin 

Overlay Agar 
diff.

Agar diff.

Erwinia amylovora  NCAIM B 
01728

+ + Apple; Hungary, M. Hevesi 

Clavibacter michiganense ssp. michiganense NCAIM B 
01531.

+ + Tomato; Hungary causing 
wilting and canker 

Curtobacterium flaccumfaciens pv. betae NCAIM B 
01612.

+ + Beans; UK causing leaf spot 

Agrobacterium tumefaciens NCAIM B 
01681

+ - Grapes; Hungary, crown 
gall disease

Bacillus subtilis  NCAIM B 
01623.

+ Soil; Hungary, 
seed decay

Xanthomonas campestris pv. vesicatoria NCAIM B 
01857.

+ - Pepper, Hungary, bacterial 
spot

X. campestris pv. carotae NCAIM B 
01699

+ - Carrot, Hungary, carrot; 
bacteriosis

X. arboricola pv. juglandis BK4 - + Hungary, walnut,  

X. arboricola pv. juglandis Szen 10 - + Romania, walnut,  

X. axonopodis pv. phaseoli B 01523  - + Hungary, beans 

Pseudomonas fluorescens NCAIM B 
01670.

+ - Hungary, soil, saprophytic 

Pseudomonas fluorescens NCAIM B 
01667.

+ - Hungary, soil, saprophytic 

Pseudomonas syringae pv. syringae NCAIM B 
01556.

+ + Hungary, rice, brown spot 

Pseudomonas syringae pv. phaseolicola NCAIM B 
01689.

+ - Hungary, beans, halo blight 

Pseudomonas syringae pv. phaseolicola NCAIM B 
01715.

+ - Hungary, beans, halo blight 

Pseudomonas syringae pv. phaseolicola NCAIM B 
01776.

+ - Hungary, beans, halo blight 

Pseudomonas syringae pv. savastanoi NCAIM B 
01823.

+ + Hungary, oleander, olive 
knot

Pseudomonas corrugata NCAIM B 
01637.

+ + Hungary, tomato, pith 
necrosis

Pseudomonas syringae pv. lachrymans NCAIM B 
01537

- + Hungary, Cucumber,  

Pseudomonas syringae pv. morsprunorum NCAIM B 
01684

- + Hungary, apricot,  

Dyckeya chrysanthemi NCAIM B 
01839

- + Hungary, tomato 

Burkholderia cepacia                                              
(syn. Pseudomonas cepacia

NCAIM B 
01621

- + Italy, onion

Ralstonia solanacearum 879 PD2762  - + The Netherlands, potato 

Ralstonia solanacearum 1070 - + Hungary, potato 

Ralstonia solanacearum 1226 - + Hungary, potato,  

Table 11. List of plant pathogenic bacteria used in overlay and / or agar diffusion bioassay 
tests. Abbreviation: * National Collection of Agricultural and Industrial Microorganisms, 
Hungary (NCAIM); http://ncaim.uni-corvinus.hu; X. = Xanthomonas 
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3.1.3 Eukaryotic plant pathogens: Phytophthora, Pythium, Botrytis, Alternaria and 
Fusarium species  

Eukaryotic plant pathogens used in this study were oomycetae, such as; Phytophthora 
nicotianae; P. infestans, P. ramorum, P. cinnamoni, P. citricola; P. citrophthora and P. 
pelgrandis; and fungi, namely: Botrytis cinerea; Alternaria alternata; Fusarium gramineae. 
The oomycetal strains used in this study are listed in Table 12. All but K-39 had been 
isolated by András Józsa from Hungary and identified by Józsa & Bakonyi (in 
preparation) with classical and molecular tools. The fungus isolates Botrytis cinerea; 
Alternaria alternata and Fusarium gramineae (they are not separately listed) were also 
isolated in Hungary and kindly provided by Dr. Sándor Kadlicskó (University of 
Pannonia, Keszthely, Hungary). 

 
SCIENTIFIC NAME #Strain Reference 

Pythium sp. JA 317 András Józsa – József Bakonyi 

Pythium sp. JA 319 András Józsa – József Bakonyi 

Pythium sp. JA 301 András Józsa – József Bakonyi 

P. citricola   JA 74 András Józsa – József Bakonyi 

P. citrophthora   JA 479 András Józsa – József Bakonyi 

P. nicotianae  JA 168 András Józsa – József Bakonyi 

P. nicotianae  JA H 1/100 András Józsa – József Bakonyi 

P. cactorum   JA 163 András Józsa – József Bakonyi 

P. pelgrandis   JA 337 András Józsa – József Bakonyi 

P. cinnamoni   JA 153 András Józsa – József Bakonyi 

P. megaspermium JA 209 András Józsa – József Bakonyi 

 P .infestans  K-39 József Bakonyi 

Table 12. List of plant pathogenic oomycetae used as test organisms in studying anti-
oomycetal activity of Xenorhabdus CFCM agar diffusion tests. #Strains are deposited at the 
Institute of Plant Protection, Hungarian Academy of Sciences by József Bakonyi. As for 
Botrytis cinerea, see Rosslenbroich & Stuebler (2000).   

3.2 Media and cultures 

3.2.1 Bacterium media and cultures 

Ingredients of bacterial media used in this study are summarized in Table 13. 

Basic components were autoclaved (20’, at 121 oC). Some ingredients should be added after 
autoclave, such as are BTB, TTC, antibiotics and (Leclerc and Boemare, 1991) CFCM. Both 
EPB and PPB strains grew on LB, and LBA. In overlay bioassay a 5 µl O/EPB culture s 
dropped to the center of a plate. After 5 days, it was overlaid with text bacteria suspended in 
a soft (0.6 w/v) agar. The size of the inhibition zone was measured around the colony. When 
LBA was used as “poisoned agar” 500 ml water was added before, and + 500 ml of diluted 
CFCM after autoclave. 
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Name of the 
media 

Final 
ml 

INGREDIENTS 
USED FOR 

Before autoclaving 
After 

autoclaving 

 Water Agar NaCl Trypton 
Yeast 

extract 
BTB+ TTC++  

LB 1000 - 5 g 10 g 5g - - Culturing EPB and PPB 

LBA 1000 15 g 5 g 10 g 5g - - 
Culturing EPB and PPB; 

For overlay bioassay 

LBTA 1000 15 g 5 g 10 g 5g 
1 ml 
Stock 

1 ml 
Stock Indicator plate 

Mc Conkey 1000 35 g of Commercially available powder 

Table 13. Bacterium media used in this study. Abbreviations: LB = Luria Broth; LBA = Luria 
Broth Agar; LBTA= Luria Broth Agar supplemented with indicators stains, bromothymol 
blue (BTC) and triphenyltetrazolium chloride; + and ++: Stock solutions of BTB and TTC, 25 
mg/ml and 40 mg/ml chloride (TTC) dissolved in ethanol (Leclerc & Boemare, 1991; 
Ausubel et al., 1999); EPB and PPB = entomopathogenic (antagonist producing) and plant 
pathogenic (test) bacteria. On indicator plates antibiotic producing 1o can be distinguish 
from 2o variants and from contaminants. 

3.2.2 Preparation of Cell-Free Conditioned Xenorhabdus Media (CFCM) 

Xenorhabdus szentirmaii and X. budapestensis had been isolated from their nematode 
symbiont, Steinernema rarum and S. bicornutum and identified by us (Lengyel et al., 2005). 
Xenorhabdus szentirmaii and X. budapestensis were maintained Luria Broth (LBA) medium 
and sub-cultured freshly. Because of the instability of the phase I under normal culture 
condition, glycerinated stocks of the bacteria frozen at -80ºC were used as starting material 
for culture. To ensure the presence of phase I, the glycerinated stocks were incubated in the 
dark at 28 on LBTA (see above). Phase I is distinguished from phase II by its adsorption of 
LBTA to produce a blue colony with a clear zone around bacteria culture for antibiotic 
production was prepared by inoculating a loopful of phase I of Xenorhabdus szentirmaii or X. 
budapestensis growing on an LBTA plate into a test tube 5 ml fresh LB medium. At the and of 
the log phase this volume of cell suspension was added into baker containing 100-300 ml of 
sterile LB and was cultivated at 280C on a laboratory shaker at 200 rev min-1 for 24-48 h, 
during which time the optical density respectively. A starter culture was produced first in 
5.0 ml of LB media. 5-ml test tubes cultured were used as inoculum for scaling up larger 
cultures. The liquid cultures were scaled up in to 250, 500 and 1000 ml volume by using the 
5 ml overnight cultures as inocula and grown in Erlenmeyer flasks, shaken for a couple of 
days. Finally, in the mid stationary phase, cultures were centrifuged at 13,000 g and filtered 
through a 0.22 µm pore size filter. After cooling down, the liquid medium was measured 
into 5 ml test tubes. A clean growing colony from a Petri-dish that had been grown with the 
bacterium, a loop-size colony was suspended into 5-ml volume of liquid medium in a test-
tube. For each bacterium grown in liquid a non-inoculated control (a test-tube with liquid 
medium) was left for comparison after the growing period. Aliquot samples were taken 
regularly to check the antibiotics activity. Not only the antibiotics producing but also the test 
bacteria were growing on LB or LBA as well. 
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3.2.3 Cultures for eukaryotic plant pathogens 

Ingredients of media used for studying Oomycetae and Fungi are summarized in Table 14. 
 

Name of the 
media 

Final 
ml 

INGREDIENTS 
USED FOR 

Before autoclaving 

 Water Agar Chopped 
carrot+ 

Chopped Potato++ 
or Potato infusion 

Ford hook 
242 

Dried lima 
bean seed 

 

CA (Carrot 
Agar) 1000 15g 200 g   Culturing 

Phytophthora, Pythium 
PDA (Potato 

Dextrose Agar)      

Culturing eukaryotic 
plant pathogens  1000 20 g  200 g  

LiBA (Lima 
Bean Agar) 1000 20g   5 g 

Table 14. Ingredients of media used for culturing of and assaying on plant pathogenic 
oomycetae and fungi in this study. For bioassay, the “poisoned agar” version is used: 
instead of 1000 ml DW only 500 ml DW is to be added to the media before autoclaving and 
500 ml cell free conditioned media (CFCM) of different dilution after autoclaving, before 
pouring the media into plates. 

As for CA, carrots were washed and using a knife peeled and cut into small pieces. 200g of 
the chopped carrots were put into a grinder. Some water was added in to the chopped 
carrots during the procedure. The carrots were ground into a fine mixture of water 
suspension and filtered through a cloth in funnel into a new beaker. 30g agar was added. 
The mixture was filled up with distilled water (DW) up to a 1000 ml before autoclaved (20’; 
at 1210C) and dispensed into Petri plates. A. Józsa established this technique in our lab. Lima 
Bean (LiBA) Agar Media was described) and used for growing stock cultures of Phytophthora 
megasperma var. sojae by Hilty & Schmitthenner (1962).  

As for PDA, 200 g sliced unpeeled potatoes are boiled in 1 liter DW for 30’ and filtered 
through cheesecloth, or commercially available potato infusion dehydrated form was used. 
Filtered (sterile) ingredients were added after autoclave (15’, 1210C) before dispensed 20-25 
ml portions into sterile Petri dishes. Final pH= 5.6 ± 0.2. Medium should not be re-melted 
more than once. Commercially available media require extra agar supplement with to a final 
concentration of 20 g/liter. These media could also be used as “poisoned agar” if only 500 
ml water is added before autoclave and it is it is supplemented with 500 ml of different 
dilutions of the CFCM after autoclave. 

3.3 Bioassays 

3.3.1 Bioassays of antibacterial activity 

3.3.1.1 Overlay bioassay 

When using overly tests in plates, we incubated plates with a 5 µl of overnight (O/N) liquid 
culture of the antibiotics producing bacteria for 5 days in a 25-oC incubator. The 
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antibacterial activities of the Xenorhabdus and Photorhabdus species have routinely been 
tested against laboratory standard E. coli strains. In these tests one colony were suspended 
in 5 ml of LB and incubated for 24 h (up to nearly stationary phase). The plates were then 
overlaid with 55 0C soft (0.8 % w/v) agar containing the suspension of the liquid culture of 
test bacteria) in 3%. The diameters (given in mm) of the inhibition circles were measured 
after five days. In later sets of experiment plant, pathogenic bacteria were used as test 
organisms (various Pseudomonas spp., Erwinia spp., Clavibacter spp., Agrobacterium tumefaciens, 
Xanthomonas spp., Curtobacterium flaccumfaciens spp.). The plates were then incubated at 37 0C 
for 24h. The diameter of the inactivation zone around the antibiotics producer Xenorhabdus 
colony was measured. 

3.3.1.2 Agar diffusion test  

A. Antimicrobial disc assay: In plastic Petri plates of 8.5 cm diameters 15 ml LBA media 
were poured producing a 7 mm thick solid media. 3 ml of Erwinia or other test bacterium 
cells suspended in soft (0.6 w/v) agar in 50 oC was poured onto the surface of the media. 
The density of the bacterial cells was 1:100 of an O/N (stationary phase) Erwinia cultures. 
BBL* blank paper discs had been submerged in the solutions to be tested and then placed on 
the surface of the agar. The plates were scored on the next day and the diameters of the 
inactivation zones were measured around each disc. There were three replicates made for 
each test. 

B. Antimicrobial hole test assay: Erwinia or other test bacterium cells (1:100 of an O/N 
(stationary phase cultures) were given to LBA media of 50 oC temperature (10 V/V %), 
mixed carefully and poured into plates (18 ml/plate). Right after the agar, solidified holes of 
1 cm diameter were made by using a cork borer. 100 µl volume of each solution to be tested 
was pipette into one hole. The plates were scored on the next day. The diameters of the 
inactivation zone were measured around each disc. There were at least two replicates made 
for each test. This technique was standardized in Dr. Hogan’s lab this summer (in 
preparation). The pictures of overlay and of an agar diffusion assays are shown in Fig 5 and 
Fig 6, respectively. 

 
 

 
 

Fig. 5. Antibacterial potential of 5-d old colonies of Xenorhabdus budapestensis (Left) and X. 
szentirmaii (Right) on Gram-negative target, Escherichia coli OP50. Overlay bioassay on LBA 
plates. Photo: Dr. Cs. Pintér 
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Fig. 6. Agar-diffusion plate diffusion plates Test bacteria: LEFT: Pseudomonas syringae pv. 
syringae CFCM of Xenorhabdus budapestensis (“West”) and X. szentirmaii (“East); 
MEDIUM: Curtobacterium flaccumfaciens CFCM of X. budapestensis (“North”) and X. 
szentirmaii (“South); RIGHT Xanthomonas axonopodis CFCM of X. budapestensis 
(“North”) and X. szentirmaii (“South). The dilutions of CFCM administered into the holes 
were 10, 20 and 40 V/V respectively. The sizes of the inhibition zones proved reproducibly 
dose dependent. Photo: M. Hevesi. 

3.3.1.3 Determination of MIC 95 (MID95) values 

When exact concentration of bacterial cells needed, it was determined using a 
spectrophotometer at 600 nm wavelength. Alternatively, for antibiotic production we found 
that the optimal length of the incubation in liquid is 3-5 days. Considering that the cell-free 
conditioned Xenorhabdus media (CFCM) is a mixture of biologically active compounds of 
unknown nature, we did not use the term of EC50 and EC95, (concentration of the 
antibiotics resulting it 0 or 50% growth of the test bacteria). We used the term of “Maximum 
Inhibiting Dilution” 95 given in V/V % (see Furgani et al., 2008) instead. (100 V/V% is the 
undiluted CFCM, and 0 V/V% is the LB media). To determine MID 95 we used LB media in 
200 µl volume containing 2 µl of test bacterium suspension. It contained of 2 µl test bacterial 
O/N culture of 1:10 dilution. We worked with 96-hole cell culture or microtiter plates. EMC 
and EMA cultures were tested in 0, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 V/V % dilutions. 
There were 4 replicates for each dilution. We considered the putative MID 95 (Maximum 
Inhibitory Dilution, if no bacterial growth was observed by using Sensititre Manual Viewer 
in 24 h (or by bare eye) at a given concentration. To make determine whether the 
bacteriostatic affect were complete 100 µl volume of each (visually clean) mixture were 
plated out. We plated a serial dilution of the culture from – 105 dilutions and counted the 
colonies grown on the plates. The largest dilution (the smallest concentration) of the media 
was considered as MID95 (practically MID100), if no colony grew in these plates. The 
untreated controls were diluted and plated similarly. The colonies could be counted only at 
10-7 dilutions in the control. The LC95 of the commercial antibiotic was determined very 
similarly using 96-hole cell culture or microtiter plates.  

3.3.1.4 In planta bioassays of antagonistic activity on fire blight inflammation  

This method was described before (Böszörményi et al., 2009). 
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3.3.2 Bioassay techniques for quantifying anti-oomycetal and anti-fungal activities 

3.3.2.1 Bioassay of Anti-Oomycetal Activities  

The antagonistic activities of the CFCM of two Xenorhabdus species (X. budapestensis, X. 
szentirmaii) have been tested on four Phytophthora and three Pythium isolates and evaluated 
qualitatively and quantitatively. In both experiments, we used “poisoned” carrot agar (PCA, 
see below) plates of 10 ml volume in 5.5-cm diameter sterile Petri plates or of 20 ml volume 
in 8.5-cm diameter sterile Petri plates. These media contained double carrot agar and 
different concentrations (dilutions) of cell-free conditioned media (CFCM) of Xenorhabdus 
szentirmaii (or X. budapestensis) in 1:1 ratio. We ran several sets of experiments. In the first 
run, we compared the dilutions of 0, 25, 50 and 75% v/v dilutions. In the second run, we 
compared 0, 10, 30 and 40% v/v dilutions of both antibiotics producing bacteria. For 
confirmation, we ran a third set by using 0, 25, 37.5 and 40% v/v volumes. Each assay 
carried out on a 1-cm diameter circular-shape carrot-agar disc with Phytophthora (or 
Pythium) obtained from culture plate by sterile cork borer, put into the center of each plate. 
Evaluation: The diameter of the growing mycelia of the Phytophthora on the carrot-agar was 
measured after different days following inoculation 

3.3.2.2 Bioassay of Anti-Fungal Activities 

The antagonistic activities of the CFCM of two Xenorhabdus species (X. budapestensis, X. 
szentirmaii) on one Botrytis cinerea, Alternaria alternata and Fusarium graminearum isolates 
were studied in a very similar manner as t Agar (LiBA) instead of CA. The fungi were 
cultured on PDA plates. The anti-oomycetal studies, with the only difference that media was 
Potato Dextrose Agar (PDA) or Lima Bean Agar (LiBA). 

3.4 Methods of genetic analysis 

3.4.1 Transposon tagging of genes of interest 

The principle of STM is that a mobile genetic element (Tn10) should be randomly inserted 
into the genome with the help of the transposon via conjugation. The gene in question is 
inactivated by insertional mutation. a transposon is used which inserts itself into the gene 
sequence. When that gene is transcribed and translated into a protein, the insertion of the 
transposon affects the protein structure and (in theory) prevents it from functioning. In 
STM, mutants are created by random transposon insertion and each transposon contains a 
different 'tag' sequence that uniquely identifies it. If an insertional mutant bacterium 
exhibits a phenotype of interest, such as loosing the ability to produce antibiotics then we 
will sequence its genome and run a search (on a computer) for the tag used in the 
experiment. When a tag is located, the gene that it disrupts is also thus located (It will 
reside somewhere between a start and stop codon which mark the boundaries of the 
gene). 

In our experiments the donor stain was E. coli S17 E. coli S17-pir pLOF (came from Dr. János 
Kiss (Agricultural Biotechnology Center, Gödöllő, Hungary), and the recipient was 
Xenorhabdus. The antibacterial activity of population was tested on E. coli OP 50 in LBA 
plates or LB liquid media. 
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Fig. 7. Flow chart overview depicts Signature Tagged Mutagenesis (STM) of the different 
modules and their interconnectivity (kindly provided by Prof. Heidi Goodrich-Blair, Univ. 
Wisconsin. Madison). By using this technique, the genetic background of several important 
functions related to colonization, pathomechanisms and symbiotic behavior of Xenorhabdus 
nematophila have been revealed (Heungens et al., 2002; Martens et al., 2003; Richards et al., 
2009) in her laboratory. 
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3.4.1.1 Isolation of spontaneous rifampicin resistant Xenorhabdus mutants 

Spontaneous rifampicin resistant (rifR) mutants of the target organisms are recipients. They 
were obtained from both X. budapestensis and X. szentirmaii by selection on LBA plates 
containing 50 g / ml (rif50). The individual colonies were picked up by using sterile loop 
and transferred to sterile test tube into 5 ml LB containing 50 g / ml rifampicin. The 
cultures were grown over night (O/N) on rotary shaker at 200 rpm (at ~ 25 oC for further 
experiment. Using the same protocol, E. coli S17- λpir pLOF (which carries the transposon 
gene) was grown in LB containing kanamycin 30g/ml (kan30). 

3.4.1.2 Conjugation 

The insert of plasmid was subjected to transposon mutagenesis by the use of a genetically 
engineered derivative of Tn10, which will be referred to as mini-Tn10pLOF/Km (Simon et 
al., 1983; Herrero et al., 1990). This construction behaves as a mobilizable plasmid could be 
replicated only in the in S17 λpir background. Consequently, if it could be transferred from a 
conjugative E. coli strain to Xenorhabdus, where it is be capable of being inserted into the 
chromosome but unable for further “jump”. The easiest and way is to transfer Tn10 via 
conjugation from E. coli to Xenorhabdus. There are several technical alternatives for 
promoting conjugation, either in a LBA plates or in a filter. One then could select for the 
respective mutant by double antibiotics selection. The technique what was establishes in our 
laboratory are given below (Table 15). This is a modification of the original protocol of 
Herrero et al. (1990) by A. Máthé-Fodor. 

3.4.1.3 Mutant hunt: Selecting for transconjugants 

Each survivor on the selective media was tested for the differential dye uptake on indicator 
plates. The spontaneous secondary (2o) variants (Völgyi et al., 2000) were discarded. We 
considered "transconjugants" those cells from the conjugation mixture, which survived and 
develop colony in the presence of 50g /ml rifampicin and 30 g /ml kanamycin. They 
were tested for antibiotic activity in overlay bioassay (see above) and E. coli OP50 was used 
as test organism. Putative pigment mutants of X. budapestensis were identified visually. The 
putative mutants have been stored in 20% glycerol / LB solution at -80OC as described by 
Miller (1972). Crystal mutants were screened based on colony color morphology. 
 

 BEFORE STARTING THE TRANSPOSON MUTAGENESIS EXPERIMENT NOTES 
 Choose a donor: Donor: S17-1 pLOF (Km®) or ChlR®)  
 Choose a recipient: EPB strain (Xenorhabdus szentirmaii, X. budapestensis)   
 PREPARATION 1  

 
 ISOLATION OF SPONTANEOUS RIFAMPICIN RESISTANT ( rif®) 
MUTANTS  

 Make an overnight (O/N) LB liquid culture of he chosen EPB bacterium  

 
Seed at least 30 LB plates containing Rif100 with 0.1 ml EPB bacterium 
suspension Keep the plates  

in dark,  
Use aluminum folia  

Isolate single colonies, which had been grown for 48-72 hrs.  
 (Not later, because the rifampicin can be decayed) 

 Prepare LB rif100 and LB Km30 LB plates  
 PREPARATION 2   
 Prepare 50 ml of LB rif100 LB liquid media  
 Prepare 50 ml Km 30 LB liquid media  
 Prepare 30 LB rif100 plates. Keep plates  

at 4 oC  Prepare 30 Km 30 LB plates 
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MUTAGENEZIS PROTOCOL  

Use fresh plates! In case, 
keep the plates at 4 oC. 

1st DAY 
Pick 2-3 day-old SINGLE colonies from your donor on LB-Km30. 
Pick 2-3 days old SINGLE colonies from your recipient on LB-Rif100 plates. 
Inoculate 5-ml liquid LB Km30 with 1 colony of the donor 
Inoculate 5-ml liquid LB rif100 with 1 colony of the recipient 
Make overnight cultures (O/N) from both. 
2nd DAY  
Inoculate 50 ml LB Km30 liquid culture with 1ml O/N Donor culture.  
Inoculate 50 ml LB rif100 liquid culture with 1 ml O/N Recipient culture  
Incubate the donor at 37 oC or 30 oC 

Do not shake or roll! 
Incubate the recipient at 30 oC 
Stop growing the recipient at OD (600nm) 
0.2-0.3. Calculation:  

[(OD of the donor) x 2] / (OD of the recipient) =  
(ml of recipient) to be added to each ml of donor 

Mixed the parents as follows: 
DONOR / RECIPIENT cells is 1:2 
Take a sterile glass Petri plate  
Pipette 1 ml of the donor onto the plate.  
Pipette 4 ml of LB liquid media to dilute it.  
Take a sterile syringe, to which bacterium filter could be adjusted  
Take out the 5 ml diluted donor cell suspension with the sterile syringe  
Adjust sterile 0.22 μm filter to it.  
Push through the filter and discard supernatant  
Disconnect the filter and the syringe  
Wash donor cells. Take 5 ml of sterile LB media into the syringe (use a new 
sterile one). Repeat this step twice or 3X 
Adjust the sterile 0.22 μm filter containing the donor cells to it. 
Do the same with the recipients:   
Put the calculated volume of recipient suspension onto another sterile plate.  
Dilute it up to 5 ml by adding sterile LB.  
Take up the 5 ml diluted recipient suspension with ANOTHER sterile syringe  
Adjust the SAME FILTER you had used with the donors to the syringe with the recipient cell suspension 
Push the suspension through the filter.  
Disconnect the filter and the syringe.  
Take 5 ml of sterile LB media into the syringe (you should use a new sterile one)  
Take out the 0.22 μm filter paper of which the donor and recipient cells are with 
a forceps onto the surface of a sterile LB agar plate for a couple of hours  

After a couple of hours transfer the filter paper onto the surface of an LB plate 
containing IPTG35 

 

Incubate overnight, let the cells make love (conjugate)  
3rd DAY  
Wash the cells off filter with 4 ml of LB liquid media  
Each of 100 µL aliquots should be spread on separate Km30 + Rif100 LB agar 
plates Only trans-conjugants will 

grow Incubate them O/N at 30 oC 
 
4th DAY  
Prepare about 60 fresh LB Km30 plates what you need to use on the fifth day  
5th DAY  
Transfer individual colonies grown up on the surface of the Km30Rif100 LB plates onto Km30 plates in a 
replicable order by using sterile toothpicks. We usually put 25 colonies onto one plate 

Table 15. Transposon tagging (mutagenesis) protocol used in our laboratory by A. Máthé-
Fodor.  
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4. Results and discussion 

4.1 Results on plant pathogen bacteria 

4.1.1.1 Effects on Xanthomonas strains 

The CFCM of both X. budapestensis and X. szentirmaii exerted strong growth-inhibiting 
effects against the Xanthomonas strains studied. Part of the results came from overlay 
bioassays others from Agar Diffusion tests. 

Data are presented in Table 16 

 

SCIENTIFIC NAME 
NCAIM * 

CODE 

Overlay bioassay, Diam. 
inactivation zone (mm) 

Agar diffusion assay – diam. the 
inactivation zones in mm 

EMA EMC EMA EMC 

Xanthomonas campestris pv. 
carotae 

NCAIM B 
01669. 

51.00±1.22 48.50±11.67 NT NT 

Xanthomonas campestris pv. 
vesicatoria 

NCAIM B 
01857. 

58.50±0.50 19.00±2.60 NT NT 

Xanthomonas arboricola pv. 
Juglandis (Szen 10) 

- NT NT 17.94±1.83 24.77±1.40 

Xanthomonas axonopodis pv. 
phaseoli 

- NT NT 20.52±3.18 22.04±2.76 

Xanthomonas axonopodis pv. 
phaseoli 

- NT NT 20.52±3.18 22.04±2.76 

Table 16. Growth inhibiting effects of Xenorhabdus antimicrobials on Xanthomonas strains in 
overlay bioassay and agar-diffusion tests. In different degree, but each strain proved 
sensitive. Abbreviations: EMA = X. budapestensis; EMC = X. szentirmaii.; NCAIM: National 
Collection of Agricultural and Industrial Microorganisms, Hungary.  

4.1.1.2 Effects on Erwinia, Pectobacteria and Pantoea strains 

Each E. amylovora strain was equally sensitive to antimicrobials of different EPB strains, 
especially to those of X. budapestensis and X. szentirmaii regardless their resistance to any 
other conventional antibiotics (Table 17). 

 

SCIENTIFIC 
NAME 

NCAIM * 
CODE 

Streptomycin, 200 
ug/ml 

X. 
nematophila 

Photorhabdus luminescens ssp. 

N2-4 
laumondii 

ARG 
akhurstii 

IS5 
akhurstii 

EG2 

Erwinia amylovora 

NCAIM B 
01728 

40±0.3 36±0.5 23±0.5 21±0-5 13±05 

Ea 88 strR 40±0.5 35±0.5 24±0.5 22±0.5 13±0.5 

Ea110 rif R 13±0.2 35±0.5 24±0.5 23±0.5 14±0.5 

Ea Ca 11 strR 26±02 36±0.5 30±0.5 22±0.5 13±5 

Table 17. Growth inhibiting effects of different EPB antimicrobials on E. amylovora strains 
resistant to different conventional antibiotics - results of overlay bioassays 
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EPB antimicrobials were active against chloramphenicol resistant human pathogenic 
Pantoea, Klebsiella pneumoniae and mastitis isolation Kle. pneumoniae #696 (see Table 18). This 
facts support the idea of considering Xenorhabdus, antimicrobials as potential tools against 
poly-resistant harmful plant pathogens, belonging to Agrobacterium tumefaciens, Clavibacter 
michiganense ssp michiganense, Curtobacterium flaccumfaciens pv. betae and Dyckeya chrysanthemi 
species (see Fig. 8, Table 18). 

 
 

 
Fig. 8. Sensitivity of antibiotics resistant Gram-negative bacteria to the antibacterial activity 
of Xenorhabdus budapestensis (“North”, "North” and “South-East”, respectively, and X. 
szentirmaii. Test organism from left to right: Human pathogen Klebsiella pneumoniae (HIP32) 
(chloramphenicol resistant); Erwinia amylovora Ca 11(rif S, str R); Pantoea agglomerans (human 
pathogen, closely related to Erwinia species). See data in Tables 17 and 18. 

 
 

SCIENTIFIC NAME NCAIM * 
CODE 

Overlay bioassay, 
Diam.  
inactivation zone (mm) 

Agar diffusion assay – diam. the 
inactivation zones in mm 

EMA EMC EMA EMC 
Erwinia amylovora Ea1  Ea1 44.00±0.50 43.33±1.44 20.79±0.69 24.82±1.13 
Erwinia carotavora ssp. 
atroseptica 

NCAIM B 
01611 

51.33±1.22 49.00±3.28 NT NT 

Pantoea agglomerans (related 
human pathogen) 

 NT NT 17.43±4.81 17.84±0.83 

Klebsiella pneumoniae 
(HIP32) chloramphenicol 
resistant 

 NT NT 18.59±2.96 20.05±0.43 

Dyckeya chrysanthemi  NT NT 19.24±0.84 24.64±0.83 
Agrobacterium tumefaciens NCAIM B 

01681 
36.67 
±1.15 

24.33 
±4.04 

NT NT 

Clavibacter michiganense ssp 
michiganense 

NCAIM B 
01531. 

47.33±2.33 NT NT NT 

Curtobacterium flaccumfaciens 
pv. betae 

NCAIM B 
01612 

34.16±0.76 47.67±2.08 19.18 ±0.88 23.10 ±0.09 

Table 18. Growth inhibiting effects of Xenorhabdus CFCM on sensitive plant pathogenic and 
related bacteria. Abbreviations: EMA = X. budapestensis; EMC = X. szentirmaii.; NCAIM: 
National Collection of Agricultural and Industrial Microorganisms, Hungary. Home page: 
http://ncaim.uni-corvinus.hu Number of replicates: 3 
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4.1.1.3 Effects on Pseudomonas strains  

The Pseudomonas strains reacted rather differently. Two independent strains P. fluorescens 
proved sensitive to X. budapestensis but hardly reacted to X. szentirmaii in overlay 
bioassay. Off the Pseudomonas syringae variants pv. glycineae proved far the most reactive 
and the reaction was similar toward the two CFCM. There were quantitative differences 
between the reaction of three P. syringae pv. phaseolicola isolates to the two CFCM.  
P. syringae pv. syringae double more sensitive to X. budapestensis than to X. szentirmaii in 
overlay bioassay but the results of agar diffusion assays did not differed significantly. 
Data are presented in Table 19. P. syringae pv. savastanoi proved completely inactive in 
repeated agar diffusion tests, but showed significant activity in overlay bioassays. 
Pseudomonas corrugata, Pc 12, Burkholderia cepacia (syn. Pseudomonas cepacia), as well as 
Ralstonia solanacearum 1070, Ralstonia solanacearum 1240P. corrugata Pc 12 proved 
completely resistant to the antibacterial potential of both X. szentirmaii and X. 
budapestensis in agar diffusion tests. 

4.2 Results on eukaryotic plant pathogens 

4.2.1 Results on Oomycetales: Phytophthora and Pythium strains  

In order to see the potential EPB antibiotics on eukaryotic plant pathogens, the anti-
microbial activities of X. szentirmaii DSM 16638 (EMC) were assayed on some different 
Phytophthora and Pythium isolates qualitatively. 
 
 
 
 

SCIENTIFIC NAME NCAIM * 
CODE 

Overlay bioassay, Diam.  
inactivation zone  
(mm) 

Agar diffusion assay –  
diam. the inactivation zones in 
mm 

EMA EMC EMA EMC 

Pseudomonas fluorescens NCAIM B 01670 38.33 ±4.00 26.00 ±5.29 NT NT 

Pseudomonas fluorescens NCAIM B 01667 41.00±2.00 19.33±3.05 NT NT 

Pseudomonas syringae pv. syringae NCAIM B 01556 45.50±0.50 23.83±2.02 16.88±0.88 20.13±4.3 

Pseudomonas syringae pv. 
phaseolicola 

NCAIM B 01689 49.00±4.00 42.33±3.21 NT NT 

Pseudomonas syringae pv. 
phaseolicola 

NCAIM B 01776 27.50±4.00 24.00±5.20 NT NT 

Pseudomonas syringae pv. 
phaseolicola 

NCAIM B 01715 NT 45.17±4.25 NT NT 

Pseudomonas syringae pv. glycineae NCAIM B 01574 48.75±10.04 45.33±3.05 NT NT 

Ps. syringae pv. lachrymans  NT NT 22.54±1.58 23.97±1.75 

Ps. syr. pv. morsprunorum  NT NT 14.60±0.78 14.88±1.27 

Table 19. Effects of Xenorhabdus CFCM on sensitive plant pathogenic Pseudomonas. 
Abbreviations: see Table 16. 



 
A Search for Antibacterial Agents 

 

176 

 
Fig. 9. Three different “Petri-plate phenotypes” showed of the extremely sensitive plant 
pathogen oomycetes treated with a low dose of X. szentirmaii CFCM on “poisoned carrot 
agar (PCA) plates. 

As demonstrated on Fig 9 each strain proved extremely sensitive to the presence of EPB 
antimicrobials in the “poisoned agar”, even at low doses as 25 V/V%. There were three 
“phenotypes” of the plates. A). There were no mycelial growth (shown by in two 
independent isolate of P. citricola; B) There were some vertical growth from the disc, but no 
horizontal growth, (P. cactorum) indicating, that the antimicrobial compound was so 
cytotoxic, that it killed each cell which got contact to the agar, but the active compounds 
could not penetrate through the disc; C). Some Pythium was able for a horizontal growth. 
These data may provide information about reversibility or irreversibility of the treatment 
concerning a given pathogen species. In these studies we used 25 V/V % of CFCM in Petri 
plates of 5.5cm and 8.5 mm diameter, respectively. A CA-disc of 1-cm diameter with 
Phytophthora (Pythium) mycelia was put in the center of the plates and the growth of the 
colonies was evaluated 5 days thereafter. The radial mycelial growth was completely 
inhibited. Once a mycelium got in contact with the agar containing the antibiotics it died. 
The vertical growth of the mycelia was not inhibited, indicating, that agar disc on which 
the colonies were grown acted as a barrier (Table 20). The different doses were also 
compared. 

We found that 75 V/V %- of the conditioned media resulted in complete inhibition.  

50 V/V %- of the conditioned media did not result in complete inhibition of isolates JA 320 
(P. citricola) and JA 301-es (Pythium sp.). The growth retardation were ~ 35% in comparison 
to the control (100 %). 25 V/V %- of the conditioned media did result in complete inhibition 
of three isolates: JA 320 (P. citricola) and JA 301-es (Pythium sp.) growth retardation were ~ 
54%, while that of JA 317 Pythium 34 % in comparison to the control (100 %). 
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 Treatment 

Phytophthora Pythium strains Control 25% EMC Carrot-Agar 

P. citricola 
JA 320 

+++ +++ +++ ++ + - 

P. citricola 
JA 319 

+++ +++ +++ - 
- - 

P. plurivorum  
JA 309 

+++ +++ +++ -* -* -* 

P. cactorum 
JA 302 

++++ ++++ +++ -** -** -** 

Pythium sp. 
JA 317 

++++ ++++ ++? -* +* -* 

Pythium sp. 
JA 329 

++++ +++ +++ -* +* -* 

Pythium sp. 
JA 301 

++++ ++++ +++ ++ + - 

Table 20. Qualitative analysis of the antimicrobial activity of EMC on the isolates on the 5th 
day 

The quantitative data (diameters of the growing colony) determined on the 5th day of the 
experiment concerning X. budapestensis are summarized in Table 21. The original diameter 
of the mycelia disc that had been initially placed at the centre of the Petri-dish was 10.0 mm 
on the start (0) day. We found that 75 V/V %- of the conditioned media resulted in complete 
inhibition. 50 V/V %- of the conditioned media did not result in complete inhibition of two 
isolates: In case of JA 320 (P. citricola) the retardation rate was ~39 %, while that of and JA 
301 (Pythium sp.) growth retardation were ~ 28% in comparison to the control (100 %). 

 

Isolate Scientific name 
EMA experiment: Diameter of the CA discs with mycelia 

0 (Control) 25 V/V% 50 V/V % 75 V/V% 

JA319 Phytophthora citricola 37.0 10.0 10.0 10.0 

JA320 Phytophthora citricola 44.5 21.0 18.0 10.0 

JA302 Phytophthora cactorum 52.0 10.0 10.0 10.0 

JA309 Phytophthora plurivora 49.5 16.0 10.0 10.0 

JA317 Pythium sp 52.5 10.0 10.0 10.0 

JA301 Pythium sp. 42.0 10.0 10.0 10.0 

JA301 Pythium sp. 51.0 24.0 14.0 10.0 

Table 21. Effects of CFCM of X. budapestensis on the growth of Phytophthora and Pythium 
isolates (on the size of colonies of the test organisms) on the 5th day. 

4.2.1.1 The kinetics of mycelial growth of Phytophthora and Pythium strains  

Altogether 8 Phytophthora species (see Tables 21 and 22) were involved in the experiments 
aimed at determining the time and dose dependence of the anti-oomycetal activities of the 
intact CFCM of X. szentirmaii and X. budapestensis.  
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As for Xenorhabdus szentirmaii (EMC), on the third day, its CFCM exhibited complete 
inhibition in all dilutions except for P. nicotianae JA 168, P. pelgrandis JA 337 and P. 
megasperma JA 209 which showed some growth at 10% v/v. P. pelgrandis JA 337 appeared to 
depict much growth when compared to the control. On the 6th day, there were some little 
growths with P. nicotianae JA 168 and P. megasperma JA 209 at 20% v/v but P. citrophthora JA 
479, P. nicotianae H-1/00, P. cactorum P163 and P. cinnamoni JA 153 could not show any 
growth even at 10 V/V %. On the 9th day, some growth could be seen with the P. nicotianae 
JA 168, P. nicotianae H-1/00, P. cinnamoni, and JA 153 and P. megasperma JA 209 at 20% v/v. 
P. citrophthora JA 479 and P. pelgrandis JA 337 could not show any growth even at 10% v/v. 
On the 14th day, only P. cinnamoni JA 153 and P. megasperma JA 209 could show some growth 
at 20% v/v and above but no strain exhibited any growth at 40% v/v. 

As for Xenorhabdus budapestensis (EMA), on the third day its CFCM allowed some growth 
for P. citrophthora JA 479, P. pelgrandis JA 337, P. cinnamoni JA 153 and P. megasperma JA 209 
could at 10 and 20 % v/v but no strain exhibited any growth at 30% v/v and above. On the 
6th day only P. citrophthora JA 479, P. cinnamoni JA 153 and P. megasperma JA 209 had showed 
some growth at 20% v/v with P. nicotianae JA 168 and P. cactorum P163 not depicting any 
growth at all even at 10% v/v. On the 9th day, only P. nicotianae JA 168 and P. nicotianae H-
1/00 did not show any growth at 20% v/v but there was no growth at all at 30 and 40% v/v. 
On the 14th day, only P. citrophthora JA 479, P. nicotianae JA 168 and P. megasperma JA 209 
showed growths at 30 and 40% v/v. 

4.2.1.2 Anti-oomycetal activity quantitatively be adsorbed by Amberlite XAD 1148R 

We found that autoclaved sample of Amberlite XAD 1148R could quantitatively adsorb the 
anti-oomycetal activities from the CFCM of X. szentirmaii when used according to the 
manufacturer’s suggestion (Fig 10).  

 
Fig. 10. Growth of Phytophthora citricola (JA74, JA 479), P. nicotianae (JA168 and H-1/100), P. 
pelgrandis (JA337) and P. megasperma (JA 209) on untreated CA plates (control, black) and CA 
media containing 50 V/V% CFCM from Xenorhabdus szentirmaii which had been incubated 
with sterile autoclaved Amberlite-XAD 1148R O/N. 
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 Treatments: X. budapestensis CFCM in 2X LB liquid media (V / V %) 

 
3rd day 

 

 0 10 20 30 40 

P. citricola  JA 74 48.0 10.0 10.0 10.0 10.0 

P. citrophthora JA 479 54.0 14.0* 15.0* 10.0 10.0 

P. nicotianae JA 168 37.0 10.0 10.0 10.0 10.0 

P. nicotianae H-1/00 52.0 10.0 10.0 10.0 10.0 

P. cactorum P163 48.0 10.0 10.0 10.0 10.0 

P. pelgrandis JA 337 46.0 14.0* 10.0 10.0 10.0 

P. cinnamoni JA 153 55.0 18.0* 14.0* 10.0 10.0 

P. megasperma JA 209 42.0 18.0* 10.0 10.0 10.0 

6th day  

P. citrophthora JA 479 48.0 10.0 10.0 10.0 10.0 

P. nicotianae JA 168 54.0 14.0* 15.0* 10.0 10.0 

P. nicotianae H-1/00 37.0 10.0 10.0 10.0 10.0 

P. cactorum P163 52.0 10.0 10.0 10.0 10.0 

P. pelgrandis JA 337 48.0 10.0 10.0 10.0 10.0 

P. cinnamoni JA 153 46.0 14.0* 10.0 10.0 10.0 

P. megasperma JA 209 55.0 18.0* 14.0* 10.0 10.0 

 
9thth day  

 

P. citricola  JA 74 80.0 29.0* 26.0* 10.0 10.0 

P. citrophthora JA 479 82.0 55.0* 35.0* 10.0 10.0 

P. nicotianae JA 168 88.0 18.0* 10.0 10.0 10.0 

P. nicotianae H-1/00 88.0 37.0* 10.0 10.0 10.0 

P. cactorum P163 78.0 23.0* 15.0* 10.0 10.0 

P. pelgrandis JA 337 82.0 43.0* 19.0* 10.0 10.0 

P. cinnamoni JA 153 88.0 48.0* 42.0* 10.0 10.0 

P. megasperma JA 209 88.0 32.0* 10.0 10.0 10.0 

 
14th day  

 
P. citricola  JA 74 84.0 38.0* 30.0* 10.0 10.0 

P. citrophthora JA 479 88.0 64.0* 44.0* 38.0* 29.0* 

P. nicotianae JA 168 88.0 25.0* 35.0* 15.0* 15.0* 

P. nicotianae H-1/00 88.0 49.0* 47.0* 10.0 10.0 

P. cactorum P163 80.0 35.0* 19.0* 10.0 10.0 

P. pelgrandis JA 337 88.0 55.0* 28.0* 10.0 10.0 

P. cinnamoni JA 153 88.0 62.0* 59.0* 10.0 10.0 

P. megasperma JA 209 88.0 54.0* 52.0* 49.0* 50.0* 

 
 

Table 22. Diameter of the Phytophthora colonies (mm) at different X. budapestensis CFCM 
doses at different days of the experiment 
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   Treatments: X. szentirmaii CFCM in 2X LB liquid media (V / V %) 

3rd da 

 0 10 20 30 40 

P. citricola  JA 74 48.0 10.0 10.0 10.0 10.0 

P. citrophthora JA 479 60.0 10.0 10.0 10.0 10.0 

P. nicotianae JA 168 36.0 19.0* 10.0 10.0 10.0 

P. nicotianae H-1/00 60.0 10.0 10.0 10.0 10.0 

P. cactorum P163 50.0 10.0 10.0 10.0 10.0 

P. pelgrandis JA 337 45.0 22.0* 10.0 10.0 10.0 

P. cinnamoni JA 153 50.0 10.0 10.0 10.0 10.0 

P. megasperma JA 209 40.0 15.0* 10.0 10.0 10.0 

6th day  

P. citrophthora JA 479 84.0 10.0 10.0 10.0 10.0 

P. nicotianae JA 168 58.0 28.0* 13.0* 10.0 10.0 

P. nicotianae H-1/00 88.0 10.0 10.0 10.0 10.0 

P. cactorum P163 82.0 10.0 10.0 10.0 10.0 

P. pelgrandis JA 337 70.0 22.0* 10.0 10.0 10.0 

P. cinnamoni JA 153 80.0 10.0 10.0 10.0 10.0 

P. megasperma JA 209 86.0 22.0* 16.0* 10.0 10.0 

 
9thth day 

 

P. citricola  JA 74 62.0 30.0* 10.0 10.0 10.0 

P. citrophthora JA 479 88.0 10.0 10.0 10.0 10.0 

P. nicotianae JA 168 62.0 36.0* 26.0* 10.0 10.0 

P. nicotianae H-1/00 88.0 24.0* 11.0* 10.0 10.0 

P. cactorum P163 88.0 10.0 10.0 10.0 10.0 

P. pelgrandis JA 337 76.0 35.0* 10.0 10.0 10.0 

P. cinnamoni JA 153 88.0 19.0* 14.0* 10.0 10.0 

P. megasperma JA 209 88.0 28.0* 21.0* 10.0 10.0 

 
14th day  

 
P. citricola  JA 74 72.0 45.0* 10.0 10.0 10.0 

P. citrophthora JA 479 88.0 21.0* 10.0 10.0 10.0 

P. nicotianae JA 168 66.0 43.0* 10.0 10.0 10.0 

P. nicotianae H-1/00 88.0 34.0* 10.0 10.0 10.0 

P. cactorum P163 82.0 13.0* 10.0 10.0 10.0 

P. pelgrandis JA 337 82.0 44.0* 10.0 10.0 10.0 

P. cinnamoni JA 153 88.0 33.0* 29.0* 20.0* 10.0 

P. megasperma JA 209 88.0 41.0* 36.0* 30.0* 10.0 

Table 23. Diameter of the Phytophthora colonies (mm) at different X. szentirmaii CFCM doses 
at different days of the experiment 
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4.2.2 Results on fungi: Botrytis, Alternaria and Fusarium strains  

The in vitro antifungal activities of the cell-free filtrates of X. szentirmaii and X. budapestensis 
were assayed against different species of phytopathogenic fungi that are common in plant 
fungal infections and are known as major causes of disease in agriculture crops.  

These include Botrytis cinerea, Alternaria alternata, and Fusarium graminearum. The three fungi 
reacted rather differently.  

Depending on the concentration, the mycelial growth ceased. Botrytis cinerea ceased growing 
at 25 V/V % of the media, while the controls grew over the plates (of 9.5 mm diameter).  

The reaction of A. altera to the antifungal compounds of X. budapestensis was different (Fig 
11). While the untreated controls, similarly to those of Fusarium overgrew the plates, the A. 
altera colonies on the “poisoned” agar plates were less then a third in size.  

 
Fig. 11. 3-day-old poisoned (left) and control PDA plates containing 40 V/V % of X. 
budaestensis (EMA) CFCM and an Alternaria aternata inoculum (Photo: Dr. Csaba Pintér). 

The mycelial growth was very poor, but the number of conidia was significantly higher in 
the treated plates than in the control plates in one week. Both the growth retardation and the 
conidial production was dose dependent. 

F. gramineae controls overgrew the Petri plates within 3 days. During this time there is only a 
retarded growth could be observed at higher CFCM concentrations (Fig 12)  

 
Fig. 12. 3-day-old poisoned (left) and control PDA plates containing 40 V/V % of X. 
budaestensis (EMA) CFCM and an Fusarium graminarum inoculum (Photo: Dr. Csaba Pintér).  
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Finally, the growth was complete at each concentration, but speed of the growth depended 
on the concentration, as demonstrated in Fig 13.  

  
Fig. 13. Demonstration the reversible antifungal potential of the CFCM of Xenorhabdus 
budaestensis (EMA) on Fusarium gramineae on “poisoned” Potato Dextrose Agar Plate. (Photo: 
Dr. Csaba Pintér). 

4.2.2.1 Reversible and irreversible antifungal activity  

Our data suggest that either the active compounds in the CFCM, which exert antibacterial, 
anti-oomycetal or anti-fungal activities are probably different. An argument for this 
hypothesis is that the antibacterial activity of X. budapestensis was stronger but the anti-
oomycetal effects were somewhat weaker then that of X. szentirmaii. Both compounds 
exerted an irreversible and strong fungicide effects on Botrytis while the effect on the growth 
of Fusarium proved temporary and reversible. In general, the antifungal effects of X. 
szentirmaii were more convincing. The effects concerning X. szentirmaii are shown on Figs 
14, 15, and 16. An the basis of data below, we concluded that Xenorhabdus szentirmaii 
produces compound(s) which might be useful in controlling both Botrytis and Alternaria in a 
proper concentration, in proper way. Alternaria, however, may have a potential of adapting 
a survival strategy through sporulation. 

 

 
Fig. 14. Intact CFCM of X. szentirmaii inhibited completely the growth of B. cinerea at least for 
two weeks up to 30 V/V%. The largest dose (40 V/V %) quantitatively destroyed the pathogen. 



 
Novel Anti-Microbial Peptides of Xenorhabdus Origin Against Multidrug Resistant Plant Pathogens 

 

183 

 
Fig. 15. Intact CFCM of X. szentirmaii significantly slowed down the growth of Alternaria 
alternata in Lima Bean agar media.   

  
Fig. 16. Intact CFCM of X. szentirmaii exerted only temporary slowing effects on the growth 
of F. gramineae in As for Alternaria alternata, the speed of the growth as well as the final size 
of the colony was more or less dose-dependent up to 30 V/V %. The largest dose (40 V/V 
%) quantitatively destroyed the pathogen. The results are slightly influenced by the media. 
The antifungal effects are unambiguously (significantly) stronger in PDA than in LiBA 
media (data not shown). 

As for Fusarium graminearum, only the speed but not the final size of the colonies proved 
dose-dependent. Even the largest dose (40 V/V %) could not destroy the pathogen. The 
results are slightly influenced by the media. The antifungal effects are unambiguously 
(significantly) stronger in PDA than in LiBA media (data not shown). 

4.4 Preliminary results of genetic analysis 

4.4.1 A search for antibiotics non-producer mutants in X. budapestensis  

As for our mutant hunting in X. budapestensis we altogether tested 38 of the 177 rifR kanR 
transconjugants for antibiotics their antibiotics hypo, - or hyper-production (Fig 17).There 
were 26, which could not show any antibiotics production in our experimental conditions. 
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We considered them as antibiotics non-producers with inactivate structural gene(s). There 
were also 13 (# 15, 69, 70, 73, 74, 75, 76, 88, 90, 91, 92, 93 and 135) overproducers. They 
should be carefully retested. Amongst them, we are searching for regulatory mutants. Those 
which antibiotics production was uncertain discarded.  

 
Fig. 17. Overlay bioassay mutant antbiotics non-producing mutant (left, A), and a low 
producing mutant (B) 

4.4.2 A search for exocrystal mutants in X. szentirmaii 

This unique natural product of X. szentirmaii (Fig 18 and 19) was made accessible from the 
recently described X. szentirmaii (Fodor et al., 2007). The surface of the colonies of X. 
szentirmaii has a striking phenotype by their purple metallic color. 

 
Fig. 18. Xenorhabdus szentirmaii colonies on LBA (Left)) and LBTA (Medium) plates; Crystals 
on the surface of a colony, 40X magnification in through Leica stereomicroscope (Right) 
Photo: A. Máthé-Fodor 

 
Fig. 19. Isolated antibiotic poly-iodinin crystal from the agar light microscopy, 125 X (D) and 
1,000X (E) and with SEM (S-4700 20.0 kV 11.1 mmX4.99 SE. Photo: A. Máthé-Fodor. The 
crystal was isolated by using a double layer of sterile cellophane covering an LB plate and 
over-layered with bacterium suspension. This pigment crystal was identified by Haynes and 
Zeller as iodinin, (Fodor et al., 2008. 
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We altogether isolated 22 crystal antimicrobial crystal mutants from X. szentirmaii (Fig 20). 

 
Fig. 20. Light mutant produce colorless (Left); WT produces colored (Medium) and dark 
mutant (Right) produce dark oligomer soluble in the oil of ENGM plate (Fodor et al., 2010b). 
The antibiotic pigment crystal was discovered and isolated by A. Máthé-Fodor in 2003). The 
structure was identified by Haynes and Zeller as iodinin, (see: Fodor et al., 2007).  

5. Conclusions and perspectives 

We have to think about new perspectives of antimicrobials produced by entomopathogenic 
bacteria. It should be a rational explanation why the intact cell-free media of some 
Xenorhabdus strains is so powerful against different microorganisms, while the isolated (and 
patented, Webster et al., 1996) compounds are useless from practical aspect (Fodor et al., 
2008). The cell-free conditioned media (CFCM) of both Xenorhabdus szentirmaii and X. 
budapestensis is a mixture of natural compounds, which are successfully used in soil 
condition against the most different pathogens. Interestingly, none of the single isolated, 
identified, patented and re-synthesized compound reached the market. The list of them is 
given by Dr. Bode (2009, Fig. 21). The authors admitted (Brachmann et al., 2006; Susa et al., 
2008) that the isolated “antibiotics” proved rather weak in different bioassays.  

On the other hand, the intact media, at least those of X. szentirmaii and X. budapestensis are 
quite effective against different bacteria, including multi-resistant plant, human pathogens 
(including MRSA, data are not given), mastitis pathogens (Furgani et al., 2008), plant 
parasitic oomycetae and fungi. They are effective against the plant pathogenic protozoon 
Leichmania donovani (McGwire et al., unpublished data). We also found that the different 
Xenorhabdus species uses different chemical “weapons” when competing with each other 
(Fodor et al., 2010a) indicating that the “toolkit” needed for survival in the nature is more 
complex and probably need synergistic interactions. The data presented here seen, that 
majority of the PPB was rather sensitive, they proved some resistant. All the tested 
Xanthomonas, Erwinia and Pectovora strains were extreme sensitive, while Ralstonia proved 
resistant and so some Pseudomonas strains. The availability of both sensitive and resistant 
Pseudomonas strains pride an option of genetic analysis of action mechanism of EPB 
antimicrobial in plant pathogen bacteria.  

Badosa et al (2007) developed and screened a 125-member library of synthetic linear 
undecapeptides based on a previously described peptide H-K(1)KLFKKILKF(10)L-NH(2) 
(BP76) that inhibited in vitro growth of the plant pathogenic bacteria Erwinia amylovora, 
Xanthomonas axonopodis pv. vesicatoria, and Pseudomonas syringae pv. syringae at low 
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micromolar concentrations. Peptides were designed using a combinatorial chemistry 
approach by incorporating amino acids possessing various degrees of hydrophobicity and 
hydrophilicity at positions 1 and 10 and by varying the N-terminus. Library screening for in 
vitro growth inhibition identified 27, 40 and 113 sequences with MIC values below 7.5 
microM against E. amylovora, P. syringae and X. axonopodis, respectively. Cytotoxicity, 
bactericidal activity and stability towards protease degradation of the most active peptides 
were also determined. Seven peptides with a good balance between antibacterial and 
hemolytic activities were identified. Several analogues displayed a bactericidal effect and 
low susceptibility to protease degradation. The most promising peptides were tested in vivo 
by evaluating their preventive effect of inhibition of E. amylovora infection in detached 
apple and pear flowers. The peptide H-KKLFKKILKYL-NH(2) (BP100) showed efficacies in 
flowers of 63-76% at 100 microM, being more potent than BP76 and only less effective than 
streptomycin, currently used for fire blight control. We suppose that our natural compounds 
are chemical relations with this peptide family. The only sequenced oligopeptide (bicornutin 
A, Böszörményi et al., 2009) what we found in X. budapestensis is a hexapeptide but quite 
different from those described by Badosa et al (2007). Linear and cyclic peptides have 
recently been discovered in Xenorhabdus species by Lang et al (2008).  

 

 
Fig. 21. EPB antibiotics, which had so far been identified (Bode, 2009) 

Oomycetes from the genus Phytophthora are fungus-like plant pathogens that are devastating 
for agriculture and natural ecosystems. Due to their particular physiological characteristics, 
no efficient treatments against diseases caused by these microorganisms are presently 
available. To develop such treatments, it appears essential to dissect the molecular 
mechanisms that determine the interaction between Phytophthora species and host plants. 
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Available data are scarce, and genomic approaches were mainly developed for the two 
species, Phytophthora infestans and Phytophthora sojae.  

However, these two species are exceptions from, rather than representative species for, the 
genus. P. infestans is a foliar pathogen, and P. sojae infects a narrow range of host plants, 
while the majority of Phytophthora species are quite unselective, root-infecting pathogens 
Attard et al., 2008). Phytophthora ramorum, causal agent of sudden oak death, is an emerging 
plant pathogen first observed in North America (Knight, 2002); associated with mortality of 
tanoak (Lithocarpus densiflorus) and coast live oak (Quercus agrifolia) in coastal forests of 
California during the mid-1990s. (Rizzo et al., 2005). The pathogen is now known to occur in 
North America and Europe and have a host range of over 40 plant genera. (The anti-
oomycetal of the CFCM of X. szentirmaii and X. budapestensis make these two bacteria as 
potential tools in fighting Phytophthora, especially in forests, in the rhizosphere of the trees. 

In the last half century, antibiotics revolutionized the human medicine, veterinary science, 
animal breeding and agricultural plant medicine. The use of antibiotics without any control, 
however, resulted in serious problems, mainly due to the massive selection for antibiotics 
resistant and multi-resistant pathogens. Gram-positive organisms are the most common 
bacterial pathogens that cause diseases in humans, with streptococci and staphylococci 
occurring most frequently. Immunization has been extremely successful in eradicating some 
Gram-positive infections, such as diphtheria and tetanus, and relatively successful for 
pneumococci. Staphylococcus aureus vaccines are under investigation. In terms of 
antimicrobial susceptibility, some Gram-positive organisms have remained sensitive to most 
antimicrobials, whereas others, including staphylococci, pneumococci and enterococci, have 
developed clinically relevant resistance. Extensive exposure to antimicrobials in the hospital 
setting has caused the spread of clones mainly in the hospital environment, yet 
multiresistance is now also found in community-acquired diseases. Community-acquired 
methicillin-resistant S. aureus (CA-MRSA) and resistant pneumococci are the most 
important examples, but even viridans streptococci are becoming resistant to some 
antibiotics. Moreover, MRSA and vancomycin-resistant enterococci (VRE) are found in pets 
and farm animals. Because of these concerns, new antimicrobials have been developed 
during the past decade, including quinupristin/dalfopristin, linezolid, trigecycline, 
daptomycin and dalbavancin. Also under investigation are beta-lactams, streptogramins 
and quinolones with activity against MRSA, penicillin-resistant pneumococci and VRE. 
Finally, infection-control measures, including the identification of carriers of multiresistant 
organisms and appropriate isolation, must continue to be implemented (Metzger et al., 
2009). Increasing incidence of infections caused by poly-resistant organisms is associated 
with prolonged hospital stays, increased health care costs, and increased morbidity and 
mortality (Dötsch et al., 2009). When using a molecule antibiotics, it is only the matter of 
time when the first resistant pathogen arises and then the use of the antibiotics will be as a 
selective factor. Biofilm formation of some pathogens also act against the efficacy of 
traditional antibiotics (Kustos et al., 2005).Furthermore, in the past antibiotics were also used 
in an uncontrolled manner in animal husbandry. For instance, antibiotics were used in 
poultry for many years for their growth promoting effects.  

Antibiotics growth promoters mostly have their effects by modifying the intestinal 
microbiota, targeting mainly Gram-positive bacteria, which are associated with poor health 
and performance of the animals (Bredford, 2000). Taking into account this typical spectrum 
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of activity of the antibiotics used as growth promoters, and taking into account that the 
concentrations used in feed are below the minimum inhibitory concentrations as tested in 
vitro, one may expect any beneficial effect of growth promoter against intestinal carriage of 
zoonotic agents. Most of zoonotic agents found, for instance, in the chicken gastro-intestinal 
track are Gram-negatives. 

Antibiotics have been used since the 1950s to control certain bacterial diseases of high-value 
fruit, vegetable, and ornamental plants. Today, the antibiotics most commonly used on 
plants are oxytetracycline and streptomycin. In the USA, antibiotics applied to plants 
account for less than 0.5% of total antibiotic use. Resistance of plant pathogens to 
oxytetracycline is rare, but the emergence of streptomycin-resistant strains of Erwinia 
amylovora, Pseudomonas spp., and Xanthomonas campestris has impeded the control of 
several important diseases. A fraction of streptomycin-resistance genes in plant-associated 
bacteria are similar to those found in bacteria isolated from humans, animals, and soil, and 
are associated with transfer-proficient elements. However, the most common vehicles of 
streptomycin-resistance genes in human and plant pathogens are genetically distinct. 
Nonetheless, the role of antibiotic use on plants in the antibiotic-resistance crisis in human 
medicine is the subject of debate (MacManus et al., 2002) 

The multi-resistance in Gram-negative bacteria is more frequently efflux-mediated (Poole, 
2004). The integral inner membrane resistance-nodulation-division (RND) components of 
three-component RND-membrane fusion protein-outer membrane factor multidrug efflux 
systems define the substrate selectivity of these efflux systems. To gain a better 
understanding of what regions of these proteins are important for substrate recognition, a 
plasmid-borne mexB gene encoding the RND component of the MexAB-OprM multidrug 
efflux system of Pseudomonas aeruginosa was mutagenized in vitro by using 
hydroxylamine and mutations compromising the MexB contribution to antibiotic resistance 
identified in a ΔmexB strain (Sobel et al., 2003). Of 100 mutants that expressed wild-type 
levels of MexB and showed increased susceptibility to one or more of carbenicillin, 
chloramphenicol, nalidixic acid, and novobiocin, the mexB genes of a representative 46 were 
sequenced, and 19 unique single mutations were identified. While the majority of mutations 
occurred within the large periplasmic loops between transmembrane segment 1 (TMS-1) 
and TMS-2 and between TMS-7 and TMS-8 of MexB, mutations were seen in the TMSs and 
in other periplasmic as well as cytoplasmic loops. By threading the MexB amino acid 
sequence through the crystal structure of the homologous RND transporter from Escherichia 
coli, AcrB, a three-dimensional model of a MexB trimer was obtained and the mutations 
were mapped to it.  

Unexpectedly, most mutations mapped to regions of MexB predicted to be involved in 
trimerization or interaction with MexA rather than to regions expected to contribute to 
substrate recognition. Intragenic second-site suppressor mutations that restored the activity 
of the G220S mutant version of MexB, which was compromised for resistance to all tested 
MexAB-OprM antimicrobial substrates, were recovered and mapped to the apparently 
distal portion of MexB that is implicated in OprM interaction. As the G220S mutation likely 
impacted trimerization, it appears that either proper assembly of the MexB trimer is 
necessary for OprM interaction or OprM association with an unstable MexB trimer might 
stabilize it, thereby restoring activity (Middlemiss & Poole (2004). 
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Due to the fatal consequences the prophylactic or curative use of antibiotics more and more 
prohibited by EU regulations, such as No 2160/2003, amended by EU No 1091/2005 
regulation in the agriculture since January, 2006. The use of “ionophore” class of antibiotics 
(stereo isomers of sacred water) is permitted, but their efficacy is rather questionable (Van 
Immerseel et al., 2002). The non-digestible feed ingredients, mainly saccharids, called 
prebiotics are used to make the host less vulnerable from some pathogens. Probably cannot 
replace antibiotics either. The tendency is to use complex materials with more than one 
mode of action. The permission of using probiotics, defined as living microbial feed 
supplements, which beneficially affect the host by improving its microbial balance (Van 
Immerseel et al., 2010) however, may provide an option to replace antibiotics by some 
natural factors with similar efficacy and reducing the risk of selecting for poly-resistant 
pathogens. Herein, we provided an example of a natural product of potential use against 
different plant, veterinary and even human pathogens. The perspective is to develop a 
“probiotic” microorganism, which carries (but cannot transmit) those genetic units of 
Xenorhabdus budapestensis and /or X. szentirmaii, which were a natural component, such as L. 
salivations (Pascual et al., 1999) of the niche where should be applied, and the genetic 
construction would be cloned downstream of an inducible bacteria promoter. As a first step 
toward this direction, we made the following: We have altogether isolated 22 antimicrobial 
crystal mutants from X. szentirmaii and a few antibiotics non-producers from X. 
budapestensis. The antibiotics mutants should be retested. As for the crystal mutants, we 
followed the protocol of Prof. Heidi Goodrich-Blair (University of Wisconsin-Madison). We 
have started the following experiment:  

We have isolated genomic DNA from each and digested with restriction enzymes XbaI, 
KnpI, SpeI, and SalI respectively. We also digested pBluescript SK vector with the same 
enzyme. We ligated the fragments into pBluescript SK vector, which is AmpR. The 
fragments digested with different enzyme from a given mutants were united. The salts were 
removed by dialysis. The DNA was electroporated into E. coli DH5 alpha. We were selecting 
on ampicillin (150) kanamycin (50) LB plates. The-double resistant clones were grown in 3 
ml LB + Km and plasmids were isolated, digested with EcoRI. The lengths of the fragments 
were determined and then sequenced. 
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1. Introduction 

Ninety elements occur naturally on earth. Out of these, nine are radioactive and among the 
remaining eighty one that could support life, sixty one are metals. Our bodies are 3% metal. 
Thus, it is surprising that some of the most serious challenges to human life, externally, the 
pollutants cadmium, mercury and lead are attracting more attention, whereas internally, 
there is a constant battle against sodium and calcium that are rejected by cells and 
accumulated elsewhere in the body during the ageing process. Furthermore, some diseases 
release metals into the blood stream. Their use in the fight against diseases was first 
described by Schubert in 1965. Man just like other vertebrates requires cations of the metals 
to facilitate a great many essential life processes. Moreover, many of the metals are essential 
for all other forms of life process. Around 5000 years ago the Egyptians used copper metal to 
sterilize water and gold was used in a variety of medicines in Arabian and China, but the 
practice emanated from the value of pure metal rather than from therapeutic effects.  

Metals have played an important role in medicine for years, ever since human being started 
to walk on the planet. Many are essential to our diets in varying quantities, although people 
have only recently realized their significance.  

This could probably be attributed to our increased awareness of personal and family health. 
Most of the major classes of pharmaceutical agents contain examples of metal compounds 
which are in current clinical use. Inorganic compounds (metal complexes) have been used to 
treat various diseases and ailments for many centuries. 

Introducing metal ions into a biological system may be carried out for therapeutic or 
diagnostic purposes, although these purposes overlap in many cases. Yet despite the 
obvious success of metal complexes as diagnostic and chemotherapeutic agents, few 
pharmaceutical or chemical companies have serious in-house research programs that 
address these important bioinorganic aspects of medicine. Metals not only provide 
templates for synthesis, but they also introduce functionalities that enhance drug delivery 
vectors. It should be recognized that traditional studies of inorganic drugs at a fundamental 
level are not complete without a program on metal pharmacology. Many organic drugs 
require interaction with metals for activity. They interact with metals at their target site or 
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during their metabolism or disturb the balance of metal ion uptake and distribution in cells 
and tissue. The unique properties of metal complexes tend to offer advantages in the 
discovery and development of new drugs. The metal complexes are amenable to 
combinatorial synthetic methods, and an immense diversity of structural scaffolds can be 
achieved. Metal centers are capable of organizing surrounding atoms to achieve 
pharmacophore geometries that are not readily achieved by other means. Additionally, the 
effects of metals can be highly specific and can be modulated by recruiting cellular processes 
that recognize specific types of metal-macromolecules interactions.  

Understanding these interactions can lead the way towards rational design of metallo-
pharmaceuticals and implementation of new co-therapies. Metal complexes appear to 
provide a rich platform for the design of novel chemotherapeutic drugs. We can choose the 
metal itself and its oxidation state, the numbers and types of coordinated ligands and the 
coordination geometry of the complexes. The ligands can not only control the reactivity of 
the metal, but also play critical role in determining the nature of secondary coordination-
sphere interactions involves in the recognition of biological target sites such as DNA, 
enzymes and protein receptors. Also the ligands themselves can sometimes undergo 
biologically-important redox reactions or other modifications(e.g hydrolysis) in vivo 
mediated by the metal. These variables provide enormous potential diversity for the design 
of metallodrugs. Metal-ligand (coordination) bonds are usually much-weaker than covalent 
bonds and so ligand substitution reactions will be common in biological media. Most 
metallodrugs are therefore, pro-drugs. They can undergo ligand substitution and redox 
reactions before reaching the target site. A displaced ligand may itself attack a target site 
and controlled ligand release can play a role in the mechanism of action. The ongoing battle 
against resistance of organism towards drugs is far over. The importance of developing new 
drug chemotherapeutic drugs cannot be over emphasized. This trend was in the past 
intiated by the successes of metal-containing antitumor drugs such as cisplatin. Over the last 
four decades thousand of Inorganic drugs have been screened for their medicinal activity in 
a wide range of diseases, but only a handful have made it into the clinic. 

Huge success was achieved in the area of anticancer drugs and antimicrobial drugs. Some of 
the metal-based drugs already in market are cisplatin (anticancer drug), cardolite 
(myocardial imaging agent drug), silverderma (skin burn drugs marketed in spain by Aldo 
Union), flammazine (Skin diseases drug marketed by Durpha) and Matrix metalloproteinase 
inhibitors (cancer and inflammatory disease marketed by British Biotech). The main 
objective of this paper is to review some of the previous work done by researchers with the 
hope of shielding light on the need to develop new drugs. We shall also draw together some 
of the work carried out by our group within our laboratories in the field of metal-containing 
Antibacterial agents. 

2. Resistance of drugs 

One way of restoring the activity of organic drugs for which resistance has emerged is to 
modify the structure to contain a metal, and some of these compounds are metal complexes. 
As early as 1975, it was reported by Edwards et al, (1975) that substituting the aromatic groups 
in the antibiotics penicillin and Cephalosporine with ferrocenyl moieties produced 
compounds with altered antibacterial activity compared to the starting materials Against 
various strains of Staphyloccus aureus, ferrocenyl penicillin showed comparable activity to 
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benzyl-penicillin and also β- lactamase, which is one of the enzymes responsible for bacterial 
resistance to penicillin-type antibiotics. Many synthetic drugs have been discovered over the 
years for the treatment of malarial disease like chloroquine, sulphadoxine and pyrimethamine 
being among the most effective. However, malarial parasites resistant to these drugs are now 
widespread in America, Asia and Africa. Resistance to antimalarial drugs first to chloroquine 
and then to others was first noticed in the 1950s and since then, it has spread all over the 
world. Resistance of Plasmodium falciparum to chloroquine has become a major health concern 
of developing world. Therefore, it becomes highly necessary to come up with alternative 
antimalarial drugs with different structures and mode of action to deal with the development 
of resistance to the drugs in current use. Many researchers worked extensively on discovery of 
new therapeutic drugs to combat this problem of resistance. A number of papers on 
modification of the structure of the existing antimalarial drugs by incorporation of metals into 
their molecular structure appeared in literature. Notable among them are those of (Spacu et 
al,1968; Wasi et al,1987 ; Hubel et al, 2000; Biot et al,1999; Navarro et al, 2001; Sanchez-Delgado 
et al, 1993 and Tsangaris et al, 1974, Biot et al.2000) 

Majority of these complexes were found to possess higher antimalarial activities than their 
parent drugs. The most recent and remarkable is the work carried out by Biot and co-workers. 
They inserted ferrocene(organometallic compound) into molecular structure of some 
antimalarial drugs.There is strong evidence that significant structural change to the side chain 
either through altering its length or through the introduction of more structural motifs such as 
ferrocene circumvents chloroquine resistance. Since the parasite needs iron for its development 
inside the red blood cells. Attempt was made by Biot et al, (1999) to insert a ferrocenyl group 
into the side chain of chloroquine, thus, producing a hybrid compound called Ferroquine 
(Figure 1). They combined poison (chloroquine) and bait (ferrocene) in the same molecule.  

 
Fig. 1. Ferroquine 
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Ferroquine synthesized by them was found to be much more potent in mice than chloroquine. 
Tests have shown that ferroquine is active against both chloroquine sensitive and chloroquine 
resistant strains of Plasmodium and that it is safe and effective in mice, as well as being non-
mutagenic. It was discovered that even when resistance to the drug builds up in mice, it can be 
reversed. The complex is a good candidate for further development. It is a promising 
organometallic analog of chloroquine.. 

They also used the same strategy to incorporate ferrocene into mefloquine. The pathway 
used for the synthesis of the ferrocenic mefloquine(Figure 2) includes coupling of an 
aminomethyl substituted ferrocene carboxaldehyde with a lithioquinoline compound. 
Mefloquine is covalently linked to a substituted ferrocenyl unit. The complexes exhibited a 
broad strong hydroxyl absorption band (3000cm-1) characteristic of a hydroxyl group 
coordinated to an iron atom.(Biot et al. 2000). 

The 1H-NMR and mass spectra of the two diastereoisomers of the complex were similar 
except for the resonance of the Fe-CH-OH proton. The resonance of diastereomer (A) 
appeared at 8-6.5ppm (singlet, 1H) and resonance of diastereomer (B), appeared at 8 – 6.2 
ppm due to a different aniosotropic zone of ferrocenic skeleton. 
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Fig. 2. Ferrocenic mefloquine 

Artemisinin ferrocenic complexes were synthesized by Delhaes et al (2000). Novel ferrocenic 
artemisinin derivatives were found potent as artemisinin (QHS). Their antimalaria activity 
and affinity to bind with Ferritoporphyrin (IX) were studied. All the compounds showed 
capacity to bind with ferritoporphyrin (IX) resulting from the addition of different drugs 
concentrations. The association stoichiometry of compounds to Ferritoporphyrin (IX) was 
found to be 1:2. 

Our research group also contributed to efforts being made to search for novel 
chemotherapeutic drugs against the resistant strains of Plasmodium falciparum. The synthetic 
strategy involves enhancing the activity of antimalarial drugs through the incorporation of 
transition metals into their molecular structures. In 1997, Obaleye and Nde-aga reported the 
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preparation and characterization of amodiaquine hydrochloride and chloroquine complexes. 
They reported that Amodiaquine HCI coordinated through O-H and N-H to the metal ion and 
chloroquine coordinated to the metal ion through (N-H), (C-N) and (C=N) functional groups 
acting as either a bidentate or tridentate ligand. All the complexes possessed antimalarial 
activity as confirmed by studies on mice infected with Plasmodium yoelli. Obaleye et al (2009) 
carried out in vivo antimalarial activities and toxicological studies of some quinoline methanol 
metal complexes. Antimalarial activities of these complexes were investigated using mice 
infected with Plasmodium berghei. The results showed that four of the metal complexes 
[(MefH+)2Fe(SO4)2]2-, (MeFH+)CuCl4.4H2O, [Fe(QUIN)Cl2.H2O]SO4.3H2O (Figure 3) and 
[Zn(QUIN)ClSO4 ]∞ exhibited significant higher antimalarial activity (P<0.05) than 
chloroquine and their parent ligands respectively.  
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Fig. 3. Structure of [Fe(QUIN)Cl2.H2O]SO4.3H2O  

The effects of these complexes on alkaline phosphatase (ALP) activity of kidney, liver and 
serum of Albino rats were investigated. Based on the results obtained, the complexes were 
found to be non-toxic and possess better antimalarial activity than the conventional 
antimalarial chloroquine. Tella and Obaleye (2010) synthesized two metal complexes of 
Co(II) and Cd(II) Trimethoprim. A distorted tetrahedral geometry is suggested for their 
structures (figure 4) and Trimethoprim behaves as a monodentate ligand. 

The metal binds through the pyrimidine N(1) of the ligand. The complexes have been 
screened for antiplasmodial activity against plasmodium berghei and the results show that 
they are less active than the parent ligand. Toxicological study was carried out by 
investigating the effect of administration of the complexes on Alkaline phosphatase activity 
of kidney, liver and serum of Albino rats and they were found to be nontoxic. It can be seen 
from these studies by our group that incorporation of metal into molecular structure can 
either enhance the antimalarial activity or less or even make it the same.  
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M= Co(II) or Cd(II) 

Fig. 4. Structure of Trimethoprim metal complexes 

Similarly, many organic drugs used to treat the parasitic diseases leismaniasis and chagas 
disease, as well as those used to treat helminth worm infections are becoming increasingly 
ineffective due to drug resistance. Leishmania donovani, which causes Leismaniasis, 
transferred via bite of a sandfly, infects approximately 10-15 million people worldwide. The 
disease may be fatal if not treated and effectivity of traditional organic drugs such as 
Pentamidine, Amphotericin B, Aminosidine and Antimonials is declining due to drug 
resistance (Ashford et al,1992; Quellette et al,1993). Pentamidine one of the organic 
antiparasitic drugs, has been complexed to several different metal centres and its activity 
has been evaluated against different parasite species. Of these an Organo-osmium derivative 
was found to have a 7.5 fold higher therapeutic index than pentamidine alone in treating 
leishmaniasis curing infected mice in a single dose(Loiseau et al,1992; Zinsstag et al,1991; 
Mesavalle et al,1993). 

3. Anticancer metal complexes 

Metal-based drugs are the most widely used drug in chemotherapy. The gallium, titanium 
salts have been shown to have anti-cancer activity. In the mid-1960s, Bernett Rosenberg and 
his co-workers(1965) serendipitously discovered that cis-dichlorodiammineplatium(II) (cis-
[Pt(NH3)2Cl2], cisDDP, cisplatin) exhibited antitumor activity but trans isomer, trans-
[Pt(NH3)2Cl2], did not. Cisplatin, (cis-[PtCl2[(NH3)2] also known as cis-DDP (Figure 5) is 
perhaps the best known example of a small molecule metal-containing drug. The history of 
the discovery and development of Cisplatin remains a remarkable scientific story. Its use 
and effectiveness in cancer chemotherapy since entry into the clinic in the late 1970s has 
been thoroughly documented (Lipport, 1999; Kelland et al, 2000; Wong and 
Giandomenico,1999). Cisplatin is cited for treatment of germ-cell cancers, gestational 
trophoblastic tumors, epithelial ovarian cancer and small cell lung cancer as well as for 
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palliation of bladder, cervical, nasopharyngeal, esophageal, head and neck cancers. 
Cisplatin is a truly remarkable drug, in that for the last 30 years, it has been used to treat 
more than 70% of all cancer patients. 

Pt
H2N

H2N

Cl

Cl
 

Fig. 5. Structure of cisplatin 

Despite this success, there is still a limited range of tumors sensitive to cisplatin 
intervention. Some cancers are inherently resistant (O’ Dwyer et al, 1999; Highley et al,2000). 
Due to this shortcomings, the second- generation compounds based on the cisplatin 
structure were developed in an attempt to improve toxicity and/or expand the range of 
useful anticancer activity. Carboplatin entered the clinic in 1998, principally in response to 
the necessity to reduce the toxic side effects of the parent drug(Christian, 1992). Despite the 
lower toxicity,carboplatin is essentially active in the same set of tumors as cisplatin and a 
broader spectrum of activity is not indicated. The problem associated with the use of 
cisplatin have driven the development of new inorganic anticancer therapies such as 
medaplatin and oxaliplatin(Van Rijt and Sadler, 2009). Progress to develop many 
chemotherapeutic transition metals drugs has been quite slow. Metallocenes and 
metallocene dichloride are potential candidates e.g. Titanocene compound (TiCl2Cp2). 
Titanocene dichloride was first recognized as an anticancer agent by Koepf and Koepf-
Maier, (1979) and until recently being evaluated for activity against cisplatin resistant 
ovarian and metastatic renal-cell carcinomas (Clarke et al, 1999).The drug seems to bind to 
the protein in a similar way to iron, resulting in the cylopentadienyl ligands being released 
(Guo et al, 2000) and allowing the titanium metal to be delivered to the cancer cells. 
Titanocene dichloride demonstrates general anti-proliferation activity and has been shown 
to be effective against five types of cancer cells(Koepf-Maier and Koepf, 1987). Other 
metallocenes have more specific activity for example ferrocifens. Ferrocifens (Figure 6) was 
synthesized by Jaouen and Co-workers in 1994. They inserted ferrocene into molecular 
structure of Tamoxifen. Tamoxifen in form of its active metabolite hydroxyltamoxifen, is 
widely used in cancer hormone therapy and belongs to a class known as the Selective 
oestrogen receptor modulators (SERMS). It was discovered 20 years ago. It is used at all 
stages of the disease and recently, it has been shown to have a role in the prevention of 
cancer. It is however, only effective in 60% of cases and can cause problem of resistance 
when used for long time. Tamoxifen also increases the risks of endometrial (uterine) cancer 
and blood clotting in the lungs. Due to these shortcomings, Jaouen and co-workers in 1994 
developed new SERMS that are as active as tamoxifen against as many types of breast 
cancer as possible. In order to find alternative SERMS, they decided to attach metallocenes 
to tamoxifens with the hope of improving its effect(Jaouen et al, 2000) 

One series of Ferrocifens was made by replacing the aromatic phenyl in the β position of 
tamoxifen with an aromatic ferrocenyl of slightly greater bulk and lipophilicity, ferrocifen 
was synthesized via Mc-Murry coupling reaction. Ferrocifens has higher antiproliferative 
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effect against (ERα - and ERβ +) breast cancers than tamoxifen. The process of conversion is 
shown below(figure 6). 
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Fig. 6. Structure of Ferrocifens 

It has been widely reported in the literature that the cytoxic effect of ferrocene complexes 
(Fe2+) is associated with their oxidation to ferricinium type (Fe.3+) radical and O2.– radical. 
Thus, 

Fe2+ + O2 → Fe.3+ + O2.– 

Fe2+ + O2.– + 2H+ → Fe.3+ + H2O2 

Fe2+ + H2O2 → Fe..3+ + OH– + OH. 

O2.– radicals are only slightly reactive towards DNA, but OH. radicals are very reactive and 
provoke various types of lesions, making these radicals highly genotoxic. 

By introducing an organometallic function that liberates OH radicals within the cell via an 
oxidant/antioxidant cascade, we have the SERMS (and possibly for other systems) a 
potential solution to a difficult and essentially paradoxical problem. Combining 
metallocenes with other organometallic centres such as Gold provides another means of 
modifying drug activity and specificity. In this case the complex shows promising activity 
against bladder and colon cancers(Violette et al, 1995). Complexes of group VIIIB metals 
especially Rhodium, Indium and Platinum have been reported to have considerable 
antibacterial activity and induce lysis in Iysogenic bacteria. Platinum II and IV amino halide 
complexes were found to have antitumor activity (Adrien, 1985). Dinuclear Platinum(II) 
complex[Pt2—N,N1—bis(2-dimethylamino oxamide) Cl4] was prepared by reaction of 
K2PtCl4 with the ligand N, N1-bis(2-dimethylamino oxamide) in aqueous solution 
(Messori, et al,2003). X-ray diffraction analysis revealed that the platinum ions 
simultaneously bound to the ligand, on opposite sides. The coordination environment of 
both platinum centers is square planar with identical NOCl2 donor sets. Preliminary  

Tamoxifen     Ferrocifens 
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in vitro studies point out that the dinuclear Platinum complex exhibits significant growth 
–inhibiting properties on a panel of cultured human tumor cell lines, although less 
pronounced than those of cisplatin. 

Several recent studies(Adrien,1985; David, 1972; Messori, et al 2003) investigated twenty 
six inorganic compounds for antiviral and anticancer activity. These included metal 
complexes of already established anticancer drugs such as six mercaptopurine. It was 
suggested that the transfer of metal ion from the ligand to the viruses associated with 
cancer was a mechanism for releasing the anticancer drug in the locality of the tumor. 
Metal chelates of dl- methonine and ethionine were prepared, antibacterial activity were 
attributed to the ligands that render the metal ion fat soluble and thus made it capable of 
acting within the cell(Adrien, 1985).  

Komeda et al (2000) reported another four azole bridged dinuclear platinum(II) 
complexes. All the four complexes were found to show much higher cytotoxicity than 
those of cisplatin.  

4. Anti-inflammatory agents 

Metal complexes of organic drugs have also been used as anti-inflammatory and anti-
arthritic agents. Extensive research is being conducted into Au, Cu and Zn anti-
inflammatory drugs that have fewer side effects with similar or higher efficacy than the 
parent organic drugs commonly in use. Gold compounds were first used in 1929 by 
French doctors to treat rheumatold arthritis(Shaw, 1999; Snyder et al,1987) and remain 
important in the treatment of rheumatic diseases. Several injectable transition gold 
complexes like sodium aurothiomalate, aurothioglucose and sodium aurothiopropanol 
are used clinically in the treatment of severe cases of rheumatold arthritis. (Rafique et al, 
2010) The developments of orally Auranofin(also known as Ridaura was a major 
improvement over the early ‘’injectable gold” preparation which were polymeric). Zhuo et 
al, (2000) and Sorenson,(1976) reported the synthesis and characterization of anti 
inflammatory Zn(II) and Cu(II) complexes of indomethacin. The studies were undertaken 
in order to reduce the side effects associated with the clinical use of indomethacin and 
related carboxylate–containing nonsteroidal anti-inflammatory drug (NSAID). NSAID 
drug exhibits favorable anti-inflammatory, analgesic and antipyretic properties, but it has 
undesirable side effects of inducing gastro-intestinal ulceration and haemorrhages. The 
complexes of indomethacin are superior to uncomplexed indomethacin for treatment of a 
range of conditions and most importantly reduce considerably lower incidences of gastro-
intestinal damage. 

Investigation of anti-inflammatory activity of complexes of diclofenac was carried out by 
Kovala-Demertzi et al,2000, 2001). Diclofenac is one of the widely used non-steroidal anti-
inflammatory drugs (NSAIDs.) The Binuclear copper(II) complex of diclofenac 
[Cu(L)2(H2O)]2. 2H2O was found to have an anti-inflammatory profile superior to diclofenac 
when inhibiting inflammations due mainly to the activation of lipooxygenase and or to the 
complement systems. Other metal complexes of diclofenac synthesized by this group are 
Co(II), Ni(II) and Pd(II). These complexes exhibit a superior anti –inflammatory profile, 
inhibiting inflammations and phagocytosis and act as antioxidant compounds, properties 
that are absent in diclofenac. 
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The group also synthesized and characterized organotin complexes of Diclofenac 
(Kourkoumelis et al., 2003).The complexes were found to be dimeric. The anti-inflammatory 
activity of complexes were not investigated. Extensive work was also carried out on the 
complexation of piroxicam with organometallic compound. Di Leo et al, 1998 synthesized 
Platinum(II)-piroxicam (Figure 7) complex by reaction of ziese salt K(PtCl2)(η2-C2H4).H2O 
with piroxicam in ethanol. The complex PtCl2)(η2-C2H4).(Hpir)].0.5C2H5OH- was 
synthesized. Platinum was linked to two chloride ions trans to each other, N(1) atom from 
the pyridyl ring of piroxicam and to an η2-C2H4 molecule. 
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Fig. 7. Structure of Platinum(II)-Piroxicam 

5. Antifungal agents 

Many metal complexes have powerful antifungal activities and and are already in common 
day to day use such as silverderma (Silver complex of sulfadiazine) and Flammazine (Zinc 
complex of silverdiazine.) 

Navarro et al, (2001) synthesized and characterized complexes of Copper (II) and Gold (I) 
with Clotrimazole and ketoconazole. It was found out that the ligands coordinated to Gold 
through imidazole N(1) atom of each ligand with linear structure. The clotrimazole and 
ketonazole coordinated to copper (II) through N (3) of the ligand atom with square planar 
structure. The new compounds were tested for in vitro activity against cultures of 
epimastigotes of trypanosoma cruzi. At concentration equivalent to 10.6M of total clotrimazole 
and ketonazole in dimethylsulfoxide, all the complexes exhibited higher inhibitory activity 
than their respective parental compound. Sanchez-Delgado et al(1993) reported 
enhancement of efficacy of complex of Ruthenium clotrimazole against trypanosome Cruzi as 
compared to clotrimazole ligand. Bankole et al(1979) reported the synthesis of organosilicon 
derivatives of p-aminosalicylic, salicylic and benzoic acids. It was discovered that the 
presence of silicon in the p-aminosalicyclic acid- silicon complex- prolonged and increased 
the antitubercular activity of p-amino salicyclic acid in the body. The reaction scheme for the 
synthesis of p-aminosalicyclic acid silicon complex is shown below (Figure 8). 
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Fig. 8. Structure of Para-aminosalicyclic acid silicon complex 

6. Antihypertensive agents 

Hypertension can be a long term illness and it is becoming increasingly common, severely 
limiting the quality of life of the sufferer. Because of the long term nature of the condition 
and therefore the long term nature of the medication, there is a strong incentive to develop 
drugs that can regulate blood pressure without causing side effects or becoming resistant 
over the course of the treatment. Many of the current leading therapies are based on organic 
drugs, although some inorganic compounds also exhibit excellent activity. 

Anion of Sodium nitroprusside anion can be used to release NO in biological system and 
has been investigated as a potential hypotensive (Tuzel,1974). Sodium nitroprusside can be 
administered by infusion and reduces blood pressure within two months, the effect 
depending on the rate of NO release. Other similar compounds have been studied for 
potential application as vasodilators including vanadium, cobalt and molybdenium 
analogues(Hayton,2002). 

Essien and Coker, (1987) reported the complexation of antihypertensive drug with calcium. 
Calcium nifedipine(Figure 9) was synthesized by reaction of calcium salt with nifedipine. 
The infrared spectrum revealed a strong evidence of possible complexation occurring at the 
carbonyl group (C=O) of the nifedipine. Two atoms of calcium complexed each to one pair 
of C=O groups of 2 molecules of nifedipine.  

Recently, Golcu et al,(2005) carried out the synthesis of binuclear copper (II) complex of 
Antihypertensive drug Pindolol. The biological activity of the parent drug pindolol was 
compared with the complex. The binuclear Cu(II) complex of pindolol was found to be 
highly active against Bacillus megaterium, Aeromonas hydrophilia, Escherichia Coli, Candida 
albicans bacteries and Saccoramyces cerevisia, Rodotorula rubra, Kluyveromyces fragilis yeasts. 
However, the free ligand was found not to be against these bacteria and yeasts. 
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Fig. 9. Structure of Nifedipine – Ca. 

7. Antibiotics agents 

Many metal complexes have powerful antimicrobial activities and some of them are already 
in market.Silver bandages for treatment of burns. 

A lot of antimicrobial metal complexes synthesized by researchers appeared in literature. 
We shall review some of these work. Emphasis will also be laid on the work carried out. 
Behrens et al. (1986) synthesized the transition metal complexes of Nalidixic acid. 

Nalidixic acid is used in the clinical treatment of urinary tract infections caused by gram-
negative bacteria. The mode of coordination of the drug was investigated by spectroscopic 
studies. From the spectra data, nalidixic acid anion binds through the carboxylate group either 
as a chelate or as bridge to give polymeric structure. Zupanicic et al.(2001) synthesized 
[CfH2]2[ZnCl4].2H2O from Ciprofloxacin and ZnCl2 in dilute HCl. The compound was shown 
to be ionic consisting of tetrachlorozincate(II)dianion and two protonated monoatomic 
ciprofloxacin molecules. The second one which is a complex [Cu(Cf)(H2O)3]SO4. 2H2O was 
synthesized by Turel et al.(1999). The complex was prepared by direct reaction of copper 
sulphate pentahydrate with ciprofloxacin in distilled water. X-ray crystallographic studies 
showed that the ciprofloxacin atom is bonded to the metal through carbonyl oxygen and 
carboxylic oxygen atom. Water molecules also coordinated to the copper. 

Obaleye et al. (2001) synthesized and characterized metal (II) complexes of tetracycline HCl 
(Figure 10). For Mn, Fe, Zn, Co and Cd metals, the coordination of the metal to tetracycline 
is through one of the hydroxyl bands of tetracycline and oxygen of the carboxamide group, 
the proposed structures of the complexes were tetrahedral. 

For Ni and Cu, the proposed structure of the complexes (Figure 11) were still tetrahedral, but 
the coordination is via oxygen of the ν(C=O) and hydroxyl band of the drug. By using well –
known antibiotics. Ogunniran et al (2007) complexed Ampicillin Trihydrate,Chloramphenicol 
and Oxytetracycline with Ni(II), Fe(III) and Co(II) chloride salts. Thus, the three ligands acted 
as terdentate. The values of Zone of inhibition for E.Coli, S. Aureus and K.Pneumonas revealed 
enhanced antimicrobial activities upon complexation with metal salts. 
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Fig. 10. Metal complexes Tetracycline [M = Mn, Fe, Co, Zn or Cd (II)]. 
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Fig. 11. Metal complexes of Tetracycline [Cu(II) or Ni(II)]. 

In 2007, Obaleye and co- workers synthesized two iron(II) complexes of ciprofloxacin by 
reaction of the ligand with iron(III) Chloride hexahydrate in different solutions. [Fe(Cip) 
2Cl2]Cl. 6H2O and (H3Cip)FeCl4]Cl. H2O were prepared. The antibacterial activities of the 
products against microorganisms were tested and it was established that their activities 
were comparable with those of their parent drug. Toxicological studies were carried out in 
which therapeutic dose of the ciprofloxacin drug and the metal complexes were 
administered to albino rats and the results showed that the metal complexes are not toxic.  

Attempt was also made to incorporate metal salts into mixed ligands. Cu and Co complexes 
of mixed sulphadiazine-cloxacillin were synthesized and characterized(Tella et al, 2010). 
Infra-red spectra revealed that coordination of the metal to the sulphadiazine is through 
nitrogen of the pyrimidine and sulphonyl groups while in cloxacillin, coordination with the 
metal occurred through the oxygen of the carbonyl group of β- lactam ring. Octahedral 
structure was proposed for the complexes. Antimicrobial screening was also evaluated 
which showed that the complexes exhibit higher activities than their corresponding ligands. 
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Recently, Tella et al,(2011) investigated the possibility of transition metals coupling of 
antibiotics into cellulose. Chelates of Co(II), Zn(II) and Mn(II) cellulose- Antibiotics(Figure 
12) were synthesized to form insoluble immobilized matrix with antibiotics. It can be 
established from this study that it is possible to form active immobilized antibiotics by 
simple chelation with metal salts.  

M = Cu,Zn,Mn

O O

OO

H

M

Cl

N

H
S

O
H

H

N
O

ONa

H

H

O
O

OHHO

H HH
H

H OH

O

H
H

O

O
N

ClCl

OH

CH2OH

H3C
H3C

H3C

CH2OH

OH

CH2OH

M = Cu,Zn,Mn

O O

OO

H

M

Cl

N

H
S

O
H

H

N
O

ONa

H

H

O
O

OHHO

H HH
H

H OH

O

H
H

O

O
N

ClCl

OH

CH2OH

H3C
H3C

H3C

CH2OH

OH

CH2OH

 
Fig. 12. Metal cellulose-Antibiotics Chelates. 

From the antibacterial studies carried out, the products  might be of greater applicability as 
food packaging material, antibacterial surface(water storage tanks, industrial membranes 
and chromatographic columns).. 

8. Antibacterial agents 

Casanova et al. (1993) synthesized single-crystal complex of [Zn (sulfathiazole)2] H2O. The 
sulfathiazole was found to act as a bidentate ligand, chelates to two Zn ion as a bridge 
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through the N thiazole and N amino atoms. Rudzinski et al (1982) prepared several 
Sulfonamide –schiff base complexes of selenium(IV)(Figure 13) and tellurium(IV) 
(Figure14). Selenium coordinated through azomethine nitrogen, hydroxyl oxygen of the 
sulphonamide schiff base with chloride ion of the selenium salt to complete octahedral 
structure, while tellurium coordination site is only azomethine nitrogen, with chloride ion of 
the tellurium salt to complete the octahedral structure. 

CH = N 

O
H

Se

Cl

Cl

SO2NH2 SO2NH2

N = NC R2

R2

Cl
 

Fig. 13. Selenium (IV) sulphonamide Schiff base complex 

The complexes were found to be active against bacterial even better than the parent ligand.  
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Fig. 14. Tellurium (IV) sulphonamide Schiff base complex 

These two complexes proved to be biologically active as evidenced by pharmacological 
tests. Garcia–Raso et al (2000) synthesized single crystal of zinc-sulfamethoxazole complex 
[Zn(sulfamethoxazolato)2 (pyridine)2 (H2O)2](Figure15).  
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Fig. 15. Zinc sulfamethoxazole complex 

The geometry around Zn(II) ion can be described as a slightly distorted compressed 
octahedron. Two pyridine and two isoxazole N atoms are located in the equatorial plane 
and two oxygen atoms of two water molecules are placed in the apical positions. 

Ajibade and Kolawole, (2008) reported trivalent complexes of sulphadiazine. The complexes 
were tested for in-vitro activity against cultures of the resistant strains of Plasmodium 
falciparium, Tripamastigotes T.B. rhodesiense and Amastigotes L. donovani to determine their 
antiprotozoa activities. The Fe(III) complex is more active than the other complexes against 
the parasitic protozoa. 

Recently, our group studied mode of coordination and Antimicrobial activities of complexes 
of some sulphonamides. Tella and Obaleye(2009) synthesized five complexes of copper (II) 
4,4-diaminodiphenylsulphone (Dapsone) using copper salts of counter ion(sulphate, nitrate 
and chloride) in different reaction media(Solvents). The structure of the compounds were 
elucidated by spectroscopic techniques. Dapsone coordinated to the metal in monodentate 
and bidentate manner. with all the complexes having tetrahedral structures (Figures 16 and 
17) 

The biological activities data showed that the complexes are more active against Escherichia 
coli, Klebbsiella pneumonia and staphylococcus aureus than the free ligand. 

Antimalarial activities of the complexes and the ligand were investigated using mice 
infected with Plasmodium berghei. All the complexes exhibited lower activity than the ligand 
and chloroquine. Toxicological studies carried out showed that the complexes are not toxic, 
as indicated from the effect of administration of the complexes on alkaline phosphatase 
activities of kidney, liver and serum of Albino rats. The serum ALP activity showed no 
significant change(P>0.05), suggesting non-damaging effect on the plasma membrane of 
liver and kidney cells. 
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Fig. 16. Structure of [Cu(DAP)2Cl2 ](CH3OH)2 
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Fig. 17. Structure of [Cu(DAP)(NO3)(H2O)]NO3 

Metal complexes of sulphadimidine synthesized by Tella and Obaleye (2009) were 
established to possess higher antibacterial activities than the ligand. The complexes showed 
greater activities against the Escherichia coli, Klebbsiella pneumonia and staphylococcus aureus. 
This is in agreement with the findings of other researchers.  

9. Vitamin metal complexes 

Vitamins are essential for the normal growth and developments of a muticellular organisms. 
Once growth and development are completed, vitamins remain essential nutrients for the 
healthy maintenance of cells, tissues and organ that make up a multicelluar organisms. It 
has been established that complexation of metal with vitamins enhances the activity of the 
vitamins. Many workers made attempt to synthesis metal complexes of thiamine. From 
early complexation studies, it was evident that thiamine and its derivatives do not readily 
form true complexes with direct metal-thiamine bonds but instead, they give ionic salts 
mainly of the type (HT)2+(MX 4)2- due to the net positive charge on the thiazolium ring and 
the easy protonation of pyrimidine N(1) atom. Such ionic salts synthesized by them  
are [ThH]2+ [HgCl3]2-, [ThH]2+[CdCl4]2- and [ThH]2+ [HgCl4]2-. (Garcia-Raso et al, 2000, 
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Richardson,1975). However, the successful preparation and structure determination  
of Cd(Th)Cl3.O.6H2O,Cd(Th) Cl3]2.2H2O, Cu(Th) Cl2, Zn(Th) Cl3. O.4H2O (Hadjilias, 1983; 
Gramer,1984; Bencini,1987) proved that metal-thiamine complexes exist. Another study on 
vitamin is the work carried out by Mosset et al(1978). They synthesized Cd(Py)Cl2 from 
reaction of aqueous solution (pH=6.5) of equimolar amount of pyridoxine and cadmium 
chloride. From NMR and X-ray structural studies, the structure consists of infinite chains of 
Cd-bridge-Cd. The Cd atom, in an octahedral environment is bound to three chlorine atoms 
and three oxygen atoms of the ligand. Two chloride ions make a double bridge between two 
equivalent cadmium atoms. The pyridoxine molecule acts as a bidentate ligand through two 
oxygen and as a bridge between two equivalent atoms. Zinc complex of pyridoxine was also 
reported by Thompson et al(1980). [Zn(Py)2(H2O)2](NO3)2 was synthesized from reaction of 
zinc nitrate and pyridoxine. The X- ray crystallographic studies revealed that Zinc atom lie 
on centers of symmetry and are chelated to the 4-amino methyl and phenolate groups of 
pyridoxine zwitterions. Octahedral coordination is completed by water molecules. Dakovic 
et al (2008) reported the synthesis of nicotinamide metal complexes of Zn(II) and Hg(II). The 
nicotinamide with carboxamide group in the meta-position to the pyridine nitrogen atom 
acts as a monodentate –N ligand for the zinc(II) and mercury (II) ion coordinating to metal 
ions through the pyridine nitrogen atom and leaving both carboxamide moieties available. 
The biological activities of all these complexes were not investigated. It can be seen from 
literature review that there is little or no work carried out on investigation of biological 
activities by many researchers. Attempt was made by our research group to investigate 
antimicrobial activities of vitamin-metal complexes. Investigation of antimicrobial activities 
of transition metal complexes of vitamin C was carried out. Obaleye et al. (1994) ; Obaleye 
and Ojiekwe, (1983) synthesized and screening Co(II), Zn(II), Mn(II),Fe(III),Hg(II),Cu(II) and 
Cd(II) complexes of vitamin C against four strains of bacterial species- Escherichia coli, 
Klebbsiella pneumonia, staphylococcus aureus and Bacillus substilis and two fungal species- 
Aspergillus flavus and Aspergillus niger. The complexes have little or no activity on the 
bacterial species studied. Generally, percentage inhibition of Ascorbic acid on fungal species 
was the greatest among all compounds tested.  

10. Antidote 

Metal complexes have been used as antidote since 1945, for chronic intoxication arising from 
therapy or household contamination or hasten excretion of radioactive element. These 
antidotes circulate in the blood stream without causing much depletion of the body ’s 
essential metals. A lot of ligands have been used as antidote to combat metal poisoining. 
Dimercaptol is used to counter poisoning by compound of gold and mercury. The use of 
ascorbic acid as a possible antidote was demonstrated by Key pour et al. (1986). 

In an attempt to discover possible antidote for drug or metal poisoning. We investigated the 
interaction of pyrimidine and sulphonamide drugs with some transition metals by determining 
their stability constants in order to assess their potentiality as antidote for metal-overload 
poisoning(Tella and Obaleye, 2010). The stability constant(β) were found to be log 10.68, 5.5 and 
4.8 for Trimethoprim, sulphadiazine and sulphadimidine with respect to metal salts. The order 
of stability constants(β) was found to be Cu(II) > Fe(III).>Ni(II) >Co(II) > Zn(II) in accordance 
with Irvin-williams series. The stability constant data revealed that this ligand may be used as 
antidote or chelating agent for medical treatment of metals overload or poisoning. 
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11. Conclusion 

The structure of known biologically active molecules is modified to result in new molecules 
known as metal coordinated complexes. The goal of such modification is to get a molecule 
that is improved in some way, such as potency, stability, reduced side effect or targeted 
delivery. The improvement is achieved without sacrificing the molecules’ desirable 
properties. In this paper, we have been able to shield light on effort made so far by our 
group and other researchers in discovery of new antibacterial agents by modification of 
existing known biological agents through the incorporation of metal into their molecular 
structure. We have been able to establish that some of these complexes are biologically 
active than their parent ligands, making them promising candidates to join league of metal-
based drugs already in market. It should be known that traditional studies of organic drugs 
at a fundamental level are not complete without a parallel program on metal pharmacology. 
ln general, because metal can undergo ligand exchanges, metal complexes are pro-drugs, 
ligand substitution can activate the metal complex toward binding to target molecules.  

It should be recognized that a metal is not just a metal : it is a metal ion plus its ligand. The 
metal ion plus the ligand determine the biological activity. 

We should know that despite the obvious success of metal complexes (Cisplatin, 
Silverderma, Flammazine and others) as chemotherapeutic agents, few pharmaceutical 
companies have serious in-house research programs that address these important 
bioinorganic aspects of medicine. Research programs in organic and metallo-drugs should 
not be seen as mutually exclusive. They overlap extensively and the combination is likely to 
be a powerful force for the future. 
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1. Introduction 

In this chapter we begin to study the effect of the antibacterial agents used for control of 
microbial growth  

There are some essential related terms for studying the antibacterial agents that are 
mentioned as in following: 

a. Biocide: A widespread chemical or physical agent which inactivates microorganisms.  
b. Bacteriostatic: property of  a specific biocide agent which is able to bacterial 

multiplication. 
c. Bactericidal: A specific term referring to the property by which a biocide is able to kill 

bacteria.  
d. Disinfectants: Products or biocides used to reduce only the number of viable 

microorganisms on the inanimate objects 
e. Septic: Characterized by the presence of pathogenic microbes in living tissue. 
f. Antiseptic: A biocide or product that inhibits the growth of microorganisms in or on 

living tissue. 
g. Aseptic: Free of or using methods to keep free of, microorganisms. 
h. Antibiotics: Naturally occurring or synthetic organic compounds which inhibit or 

destroy selective bacteria, generally at low concentrations. 
i. Sterilization: is defined as the process where all the living microorganisms, including 

bacterial spores are killed. Sterilization can be achieved by physical, chemical and 
physiochemical means.  

j. Asepsis is the employment of techniques (such as usage of gloves, air filters, uv rays 
etc) to achieve microbe-free environment. 

Large numbers of antibacterial agents are of clinical interest. The mechanisms by which 
compounds with antibacterial activity inhibit growth or cause bacterial death are varied and 
depend on the affected targets. Some strategies of antibacterial agents are introduced as 
following: 

Damage to DNA 

Ultraviolet light, ionizing radiations and DNA-reactive chemicals are example of physical 
and chemical agents that act by damaging DNA. Among the DNA-reactive chemicals, 
alkylating agents react covalently with purine and pyrimidine bases to form DNA 
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interstrand cross-links. Ultraviolet light, for example, induces cross-linking between 
adjacent pyrimidines on one or the other of the two polynucleotide strands, forming 
pyrimidine dimers; ionizing radiations produce breaks in single and double strands.  

Protein denaturation 

The tertiary structure of the protein is readily disrupted by a number of physical or chemical 
agents, causing the protein to become nonfunctional. The disruption of the tertiary structure 
of a protein is called protein denaturation. A range of antibacterial agents inhibit the 
translation of the messenger RNA (mRNA) chain into its corresponding peptide chain.  

Disruption of cell membrane  

The cell membrane is known as a selective barrier, allowing some solutes to pass through 
and excluding others. Some bactericidal agents may alter the physical and chemical 
properties of the membrane, preventing its normal functions and therefore killing or 
inhibiting the cell. The structure of the cytoplasmic membranes in bacterial cells can be 
readily disrupted by certain agents. Polymyxins are the most important antibiotics which act 
on the membranes of Gram-negative bacteria. Amphotericin B and Nystatin are other toxic 
molecules named as polyene antifungal agents which have inhibitory action on membrane 
function  

Disruption of cell wall 

Destroying or preventing the synthesis of cell wall occurred after exposure to agents such as 
Lysozyme and Penecillin, respectively. The disruption of the cell wall may cause the cell 
lysis. 

Synthesis of peptidoglycan precursors starts in the cytoplasm; wall subunits are then 
transported across the cytoplasmic membrane and finally inserted into the growing 
peptidoglycan molecule. Several different stages are therefore potential targets for 
inhibition. β-lactams , Bacitracin and Cycloserines  are inhibitors of synthesis of 
peptidoglycan . β-lactams are the most important and the glycopeptides which are active 
only against Gram-positive bacteria. Cycloserines mainly used as a 'second-line' medication 
for treatment of tuberculosis, discussed later in this chapter have many fewer clinical 
applications. 

Removal of free sulfhydryl groups 

A large number of the antibiotics have demonstrated chemical reactivity toward compounds 
containing sulfhydryl groups. There have also been observed marked differences in 
reactivity of individual antibiotics toward various types of sulfhydryl-containing 
compounds.  

Enzyme proteins containing cysteine have side chains terminating in sulfhydryl groups. In 
addition to these, coenzymes such as coenzyme A and dihydrolipoate contain free 
sulfhydryl groups. Such enzymes and coenzymes cannot function unless the sulfhydryl 
groups remain free and reduced. Oxidizing agents thus interfere with metabolism by 
forming disulfide linkages between neighboring sulfhydryl groups. 
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The most widespread methods used for controlling microorganism are the application of 
chemical and physical agents. 

The most widely used physical methods include heat, radiation, and filtration which can 
destroy or remove undesirable microorganisms. Here we discuss how these methods work 
and discuss some practical examples. 

Heat 

One of the simplest means of sterilization is heat.  Heat acts by oxidative effects as well as 
denaturation and coagulation of proteins. Those articles that cannot withstand high 
temperatures can still be sterilized at lower temperature by prolonging the duration of 
exposure. Dry heat acts by protein denaturation, oxidative damage and toxic effects of 
elevated levels of electrolytes. The moist heat acts by coagulation and denaturation of 
proteins. Moist heat is superior to dry heat in action. Temperature required to kill microbe 
by dry heat is more than the moist heat. The minimum time required to kill a suspension of 
organisms at a predetermined temperature in a specified environment is known as Thermal 
death time. 

A temperature of 100°C will kill all bacteria, but in laboratory-scale cultures, within 2–3 
minutes; a temperature of 121°C for 15 minutes whit 15 pound per inch is utilized to kill 
spores.  

Radiation 

Two types of radiation are used, ionizing and non-ionizing. Non-ionizing rays are low 
energy rays with poor penetrative power while ionizing rays are high-energy rays with 
good penetrative power. 

Non-ionizing rays: Rays of wavelength longer than the visible light are non-ionizing. 
Microbicidal wavelength of UV rays lie in the range of 200-280 nm, with 260 nm being the 
most effective. UV rays are generated using a high-pressure mercury vapor lamp. It is at this 
wavelength that the absorption by the microorganisms is at its maximum, which results in 
the germicidal effect. UV rays induce formation of thymine-thymine dimers, which 
ultimately inhibit DNA replication. UV readily induces mutations in cells irradiated with a 
non-lethal dose. Microorganisms such as bacteria, viruses, yeast that are exposed to the 
effective UV radiation are inactivated within seconds. Since UV rays don’t kill spores, they 
are considered to be of use in surface disinfection. UV rays are employed to disinfect 
hospital wards, operation theatres, virus laboratories, corridors, etc.  

Ionizing rays: Ionizing rays are of two types, particulate and electromagnetic rays. 

Electron beams are particulate in nature while gamma rays are electromagnetic in nature. 
High speed electrons are produced by a linear accelerator from a heated cathode. Electron 
beams are employed to sterilize articles like syringes, gloves, dressing packs, foods and 
pharmaceuticals. 

Sterilization is accomplished in few seconds. Unlike electromagnetic rays, the instruments 
can be switched off. 
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Filtration 

In the filtration method microbes do not kill, it just separates them out. Membrane filters 
with pore sizes between 0.2-0.45 μm are commonly used to remove particles from solutions 
that can't be autoclaved.  

Various applications of filtration include removing bacteria from ingredients of culture 
media, preparing suspensions of viruses and phages free of bacteria, measuring sizes of 
viruses, separating toxins from culture filtrates, counting bacteria, clarifying fluids and 
purifying hydrated fluid. Different types of filters are Earthenware filters, Asbestos filters, 
Sintered glass filters, Membrane filters and Air Filters. 

The other antimicrobial agents are those chemicals which destroy pathogenic bacteria from 
inanimate surfaces. They are listed in the table (1). 

 

Chemical Mode of action Uses 

Alcohols 
Denaturing  proteins and 
 Solublizing  lipids 

Antiseptic used on skin 

Formaldehyde (8%) 
Reacting  with NH2, SH and 
COOH groups 

Disinfectant, kills endospores 

Tincture of Iodine Inactivating the proteins 
Antiseptic used on skin 
Disinfection of drinking water 

Chlorine (Cl2) gas 
Formation of  hypochlorous 
acid (HClO), a strong 
oxidizing agent 

Disinfect drinking water; 
general disinfectant 

Heavy metals Inactivating the proteins 
Disinfection of skin and 
laboratories  

Mercuric chloride 
Inactivation of  proteins by 
reacting with sulfide groups 

Disinfectant, although 
occasionally used as an 
antiseptic on skin 

Detergents Disruption of cell membranes  
Skin antiseptics and 
disinfectants 

Ethylene oxide gas Alkylating agent 
Disinfectant used to sterilize 
heat-sensitive objects such as 
rubber and plastics 

Ozone 
Produces lethal oxygen 
radicals 

Purification of water, sewage 

Phenols decreasing the surface tension 
Disinfection of  laboratory 
devices, toilet and recycle bin 

Table 1. Chemical antibacterial agents  

Antibiotics fight against bacteria by inhibiting certain vital processes of bacterial cells or 
metabolism. Based on these processes, we can divide antibiotics into five major classes: 

1. Cell wall inhibitors, such as Penicillin and Vancomycin. 
2. Inhibitors of cell membrane function, such as Polymyxin B and Daptomycin. 
3. Protein synthesis inhibitors, such as Aminoglycoside.  
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4. Inhibitors of nucleic acid synthesis, such as Fluoroquinolones, which inhibits DNA 
synthesis, and Rifampin, which inhibits RNA synthesis. 

Inhibition of cell wall synthesis 

The cell wall contains chemically distinct polysaccharides. The polysaccharides contain the 
amino sugars N-acetyl glucosamine (GlcNAc) and acetylmuramic acid (MurNAc). All β-
lactam drugs are selective inhibitors of bacterial cell wall synthesis and therefore active 
against growing bacteria.   

The bacterial cell wall-a unique structure in most bacteria can be affected in several ways: at 
different stages of synthesis (Fosfomycin, Cycloserine) or transport (Bacitracin, 
Mureidomycins) of its metabolic precursors, or by a direct action on its structural 
organization (β-lactams, Glycopeptides). The initial step in drug action is binding of the 
drug to cell receptors (Penicillin-binding proteins; PBPs). β-lactam drugs act as a false 
substrate for D-alanyl-D-alanyl transpeptidases , so they inhibit the transpeptidation 
reaction and peptidoglycan synthesis. In the next step, inhibitor of autolytic enzymes in the 
cell wall is inactivated. This activates the lytic enzyme and results in lysis if the environment 
is isotonic. So, β-lactam drugs are only active against rapidly dividing bacteria and growth 
lag phase ones are more stable to cell wall synthesis inhibitors.  

Penicillins, Cephalosporins, Vancomycin, and Cycloserine inhibit the cell wall synthesis. 
Several other drugs, including Bacitracin, Teicoplanin, Vancomycin, Ristocetin, and 
Novobiocin, inhibit early steps in the biosynthesis of the peptidoglycan. In an effective 
inhibitory mechanism these drugs must be penetrated in the early stages of the cell wall 
synthesis took place inside the cytoplasmic membrane. In the case of Glycopeptides such as 
Vancomycin and Teicoplanin, attachments to D-ALA-D-ALA terminal end of peptidoglycan 
precursors occur. This inhibits the action of transglycosidase and transpeptidases, resulting 
in cell wall impairment. 

The difference in susceptibility of gram-positive and gram-negative bacteria to various 
Penicillins or Cephalosporins would be attributed to the structural differences in their cell 
walls. Transpeptidases are located in periplasmic space that is directly accessible in gram-
positive bacteria but not in Gram-negatives; so, theses drugs need to cross the outer bacterial 
cell membrane of Gram-negatives (passive diffusion) or pass through porin channels.  

Some factors (eg, amount of peptidoglycan, presence of receptors and lipids, nature of cross-
linking, activity of autolytic enzymes) affect the penetration, binding and activity of the 
drugs 

Inhibition of cell membrane function 

The cytoplasmic membrane is a selective permeability barrier, carries out active transport 
functions, and thus controls the internal composition of the cell. Macromolecules and ions 
can escape from the membrane as a result of cytoplasmic membrane disruption or cell 
damage. The cytoplasmic membrane of bacteria and fungi is more rigid than animal or plant 
cells and can be disrupted by certain agents. Consequently, selective chemotherapy is 
suggested. 
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Amphotericin B, Colistin, Ionospheres, Daptomycin , the Imidazoles and Triazoles are other 
examples of agents which inhibit the function of cell membrane. The detail mechanisms of 
action of other cell membrane inhibitors are shown in the table (2). 

Inhibition of protein synthesis 

Protein synthesis can be blocked by a large variety of compounds that affect any of the 
phases of this process, including activation (Mupirocin), initiation (Oxazolidinones, 
Aminoglycosides), binding of the tRNA amino acid complex to ribosomes (Tetracyclines, 
Glycylcyclines) and elongation (Amphenicols, Lincosamides, Macrolides, Ketolides, 
Streptogramins, Fusidic acid). In  details, Tetracycline, Minocycline and Doxycycline, 
reversibly bind to the 30S subunit of ribosome and inhibit binding of aminoacyl-t-RNA to 
the acceptor site (A-site) on the 70S ribosome. Aminoglycosides also, bind to the A-site of 
the 30S subunit (the equivalent of mammalian 40S subunit) in an energy dependent process. 
In contrast to Tetracycline, the binding  of Aminoglycosides to the A-site of the 30S subunit 
is irreversible. This mode of action means that Aminoglycosides act as bactericidal agents 
while Tetracycline belong to bacteriostatic agent group. This frustrating binding, freeze the 
30S initiation complex (30S-mRNA-tRNA), disturbs elongation of the peptide chain. At the 
second step, aminoglycosides impair translational accuracy that finally lead to misreading 
of the mRNA sequence and/or premature termination of protein synthesis.  

On the other hand, the large subunit of bacterial ribosomes (the equivalent of mammalian 
60S subunit) occupied by Macrolides and some non-macrolides such as Chloramphenicol 
and Lincosamides. Premature dissociation of peptidyl tRNA from ribosome during 
elongation process occurred base on the attachment to 23S rRNA of the 50S ribosomal 
subunit. Consequently, peptidyl tRNA translocation from A to P site inhibited and peptide 
bond formation would be blocked; so, truncated peptide would be released after that. 
Similar mechanism is used by Lincosamides (Lincomycin and Clindamycin) that bind 50S 
subunit of ribosomes to inhibit protein synthesis.  

Protein synthesis is also inhibited by another Macrolide (erythromycin) with a completely 
different way. Erythromycin prevents assembly of 50S subunit and as a result, no functional 
ribosome emerged that could trigger protein synthesis. This mechanism is also used by a 
new class of synthetic antibacterials (Linezolid) that inhibit the formation of the initiation 
complex. 

Fusidic acid binds to elongation factor G (EF-G) and inhibits release of EF-G from the EF-
G/GDP complex. 

Rifampin, Rifamycin, Rifampicin bind to DNA-dependent RNA polymerase and inhibit 
initiation of RNA synthesis. 

Inhibition of nucleic acid synthesis 

Examples of drugs acting by inhibition of nucleic acid synthesis are the Quinolones, 
Pyrimethamine, Rifampin, Sulfonamides, Trimethoprim, and Trimetrexate. 

Nitroimidazoles, Nitrofurans affect DNA directly. Trimethoprim and Sulfamides block 
bacterial metabolic pathways. Some compounds are unable to kill bacteria but can block 
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bacterial mechanisms of resistance, enhancing the activity of other antimicrobials 
administered in combination. Among this group of agents, only certain β-lactamase 
inhibitors are currently in clinical use. 

All Quinolones and Fluoroquinolones inhibit microbial DNA synthesis by blocking DNA 
gyrase. 

In the following table are grouped characteristics of each class of antibiotics and mode of 
action. 

 
Class Example Mode of action 

Aminoglycoside Gentamicin,Tobramycin,Amikacin 
Bactericidal; inhibit 
protein synthesis 

β-lactam/β-
lactamase 
inhibitors 

Ampcillin-sulbacam, Ticaracillin-
clvulnate, Piperaciin-Tazobactam 

Bactericidal; inhibit cell 
wall synthesis 

Cephalosporin 
Cefotaxime,Ceftriaxone, Ceftazidime, 
Cefepime 

Bactericidal; inhibit cell 
wall synthesis  

Fluoroquinolone 
Levofloxacin, Ciprofloxacin, 
Moxifloxacin 

Bactericidal; block DNA 
replication 

Glycopeptide Vancomycin 
Bactericidal; inhibition of 
cell wall synthesis 

Glycylcycline Tigecycline 
Bacteriostatic; inhibit 
protein synthesis 

Macrolide 
Erythromycin,Clarithromucin, 
Azithromycin 

Bacteriostatic; inhibit 
protein synthesis 

Oxazolidinone Linezolid 
Bacteriostatic; inhibit 
protein synthesis 

Polymyxins Polymyxin B, Colistin 
Bactericidal; disrupt cell 
membrane 

Tetracycline 
Doxycycline, Tetracycline, 
Minocycline 

Bacteriostatic; inhibit 
protein synthesis 

Table 2. Antimicrobial agent classification and mode of action 

Resistance to antimicrobial drugs 

Infectious microorganisms can develop ways to exhibit resistance to drugs. This antibiotic 
resistance is due to the increasing use of antibiotics. There are many different mechanisms 
by which microorganisms can survive. Acquired resistance is often caused by mutations in 
chromosomal genes, or by the acquisition of mobile genetic elements, such as plasmids or 
transposons, which carry the antibiotic resistance genes. 

1. Production of destroying enzyme 

Organism may acquire genes encoding enzymes, such as β-lactamases, that destroy the 
antibacterial agent before it can have an effect. This enzyme destroys and inactivates the 
penicillin G drug. An important strategy of organisms for resistance to penicillins is due to 
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penicillin-destroying enzymes (β -lactamases).β -Lactamases disrupts the antimicrobial 
activity of penicillins and cephalosporins by opening the β -lactam ring. Some inhibitors that 
have a high affinity for β -lactamase are Clavulanic acid, sulbactam, and tazobactam. Gram-
negative bacteria produce some adenylylating, phosphorylating, or acetylating enzymes for 
resistant to aminoglycosides 

2. Altering the permeability of the drugs 

Bacteria may acquire efflux pumps that extrude the antibacterial agent from the cell before it 
can reach its target site and exert its effect. For example, changing the permeability of the 
drug (e.g Polymyxins) is one of the strategies of organism to exhibit resistance.  

3. Altering the structural target for the drug 

Bacteria may acquire several genes for a metabolic pathway which ultimately produces 
altered bacterial cell walls that no longer contain the binding site of the antimicrobial agent. 
Organisms which are resistant to erythromycin alter the receptor on the 50S subunit of the 
ribosome through methylation of a 23S ribosomal RNA. The loss or alteration of PBPs is 
another resistance mechanism of some drugs (e.g. Penicillins and Cephalosporins).  

4. Altering the metabolic pathway  

Some Sulfonamide-resistant bacteria do not require extracellular PABA but can utilize 
preformed folic acid. 

5. Altering the function of enzyme  

that can still perform its metabolic function but is much less affected by the drug. In 
Trimethoprim-resistant bacteria, the dihydrofolic acid reductase is inhibited far less 
efficiently than in trimethoprim-susceptible bacteria. 

Factors affecting antimicrobial activity 

Some antimicrobial agents are microbicidal under one set of conditions and microbistatic 
under others. Factors that influence the activity of antimicrobial agents are (1) the 
susceptibility of the microorganism, (2) the concentration or dose of the agent, (3) the length 
of exposure, (4) the number of microorganisms, and (5) environmental conditions. 

Microbial susceptibility 

Microbes vary in their response to different disinfectants. For example, vegetative cells of 
the Mycobacteria that cause tuberculosis and leprosy, however, are covered by a waxy 
coating that protects them from many antimicrobial chemicals. In addition, the hepatitis B 
virus and some fungal spores are resistant to most disinfectants and are persistent problems 
in hospitals. Bacillus and Clostridium are especially difficult to eliminate. 

Concentration or dose of the agent  

Diluting microbicidal chemicals usually weakens their antimicrobial activity. At lower 
concentrations they become microbistatic or lose antimicrobial activity altogether. The 
antimicrobial effects of temperature or radiation also depend on intensity of the exposure. 
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Low dose may inhibit growth, whereas high doses may result in sterilization. With a few 
important exceptions, the more concentrated, the more target organisms will be destroyed. 

Length of exposure 

Microorganisms die when physical or chemical conditions irreversibly damage essential cell 
components. All organisms present, however, do not die rapidly and simultaneously when 
a critical exposure is achieved, because microbial death is a function of time-the longer 
microbes are exposed to potentially lethal conditions, the more microbes will be killed. For 
many germicides, if exposure time is long enough, the probability of even a single cell 
surviving becomes so low that sterilization is practically assured. In contrast, microbistatic 
agents are effective only as long as they are present and must be used during the entire time 
that inhibition is to be maintained. 

Number of microorganisms 

Antimicrobial effectiveness also depends on the initial concentration of the microbial 
population. As the number of microbial contaminants increases, either the exposure period 
to or concentration of the agent must increase to achieve acceptable levels of 
decontamination. 

Environmental conditions  

Temperature, pH, and moisture affect the efficiency of most antimicrobial agents. In 
addition, some chemical agents are absorbed by organic materials (blood, mucus, feces, and 
tissue) that severely reduce antimicrobial effectiveness. These agents therefore cannot be 
used on the skin. Some antimicrobial agents are impeded by soaps and detergents that 
remain as thin films on skin or object surfaces. This difficulty can be avoided by through 
rinsing prior to disinfection or antisepsis. 

Enzybiotics 

The heavy use of antibiotics during the last century has resulted in widespread bacterial 
resistance. Overcoming resistance requires the development of antibiotics aimed at new 
targets in microorganisms. Preferably, such targets should be highly conserved in bacteria 
and required for pathogenesis, but not found in humans. 

One of the most recently delivered classes of antibiotics are enzybiotics, the lytic enzymes 
named because of their enzymatic mode of action in degrading bacteria. Originally, 
enzybiotics named bacteriophage lytic enzymes that destroy the cell wall of the host 
bacterium quickly. According to the nature of bacteriophages that select their host 
specifically, the bacteriophage lytic enzymes were so specific. As the first attempt, Nelson 
and co-workers designate an enzybiotics for fighting with group A Sreptococcus pyogenes (S. 
pyogenes), the primary etiologic agent of bacterial pharyngitis (an inflammation of the throat 
or pharynx). But we must mention that, enzybiotics refer to all kind of enzymes with any 
kind of sources that have the ability to overcome bacterial infection. 

The nick name of enzybiotics is peptidoglycan hydrolyses which induced the enzymatic 
cleavage of peptidoglycan covalent bonds of bacterial cells. As we know, the backbone of 
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peptidoglycan consists of alternating residues of GlcNAc and MurNAc. The tetrapeptide 
side chains branching off from MurNAc are cross-linked by the pentaglycine bridges. This is 
the major mode of enzybiotics action that leads to the hypotonic lysis of poor bacteria by 
degrading different parts of their protective cell wall. Here, we would discuss the well-
known enzybiotics according to, their site of invasion to the peptidoglycan backbone of 
bacteria. 

1. Amidase enzybiotics 

Lysins are the major class of Amidase enzybiotics that work on covalent bonds of bacterial 
peptidoglycan. They are the products of bacteriophages double-stranded DNA and named 
endolysin as a result of their non-bacterial sources. Another class of Amidase enzybiotics is 
autolysins that emerge from host bacterium. Both classes could fall in to three sub-classes 
according to their location of bond cleavage in bacterial peptidoglycan backbone. i) N - 
acetylmuramoyl- L- alanine amidases that break up the covalent bond between MurNAc 
and the first amino acid (L- alanine) of tetrapeptide side chain. ii) endopeptidase that break 
up the covalent bond between internal amino acids of tetrapeptide side chain especially 
between the first L- alaninen and the second D- Glu. Another endopeptidase act on 
pentaglycine bridges and dissociate the internal links of the backbone. iii) the third brother 
enjoy cleavage of covalent bond between N - acetylglucosamine  and N - acetylmuramic acid 
by muramidases, transglycosylases and glucosaminidases activities (Figure1). 

 
Fig. 1. The sites of cleavage by main classes of enzybiotics are shown by the numbered 
arrows  (1) muramidases and transglycosylases; (2) amidases; (3 and 4) endopeptidases; (5) 
glucosaminidases 

One surprise point in applying lysins as new antibiotic is its strain specific function. For 
example Pal only lyses pneumococcal strains while Ply3626 of kills Clostridium  perfringens 
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(C.  perfringens) strains. The most potent lysine discovered in group C streptococci C1 phage 
named PlyC Amidase first reported in 1957. PlyC Amidase is the only known multimeric 
lysine that did not act on streptococci groups B, D, F, G, L, and N so, it is limited to 
pathogenic streptococci groups A and C. Pal1, encoded by pneumococcal bacteriophage Dp-
1, lyses Penicillin-resistant Streptococcus pneumoniae strains as well as penicillin- sensitive 
ones. Cpl-1 muramidase ia another anti-pneumococcal enzyme that came from Cp–1 phage. 
A broad range lysin (PlyGBS lysin) was also reported in Streptococcus agalactiae 
bacteriophage NCTC 1126. PlyGBS lysin contain two endopeptidase and muramidase 
domains that enable it efficient against groups A, C, G, and L streptococci. The other broad 
range lysin that kills groups A, B, C, E, G streptococci and also Enterococcus faecalis is B30 
lysin. B30 lysin also includes two previous domains and extracted from S. agalactiae B30 
phage. Other antibacterial lysins are found in Staphylococcus aureus, coagulase-negative 
staphylococci, Bacillus anthracis, Bacillus cereus, Listeria monocytogenes, C.  perfringens phages 
and one of them (PlyG lysine) is used for the identifi cation of B. anthracis by the U.S. 
Centers for Disease Control and Prevention. 

2. Endopeptidase enzybiotics 

Endopeptidase or endoproteinase are proteolytic peptidases that in contrast to 
exopeptidases, break peptide bonds of nonterminal amino acids. Lysostaphin and zoocin A 
are two endopeptidase encoded by Staphylococcus simulans biovar staphylolyticus and 
Streptococcus  equi ssp. 

3. N-acetylmuramidases enzybiotics 

Lysozymes, or N - acetylmuramidases, are produced by cells of many different animal 
species, plants, insects, bacteria, and viruses. Lysozymes are unique antibiotics, so that they 
contain enzematic and also non-enzematic mechanisms for fighting with foreign bacterias. 
There are some facts about lysosymes take make them so different from other enzybiotics. 
First of all, Lysozymes are the only peptidoglycan hydrolases that have been used on a 
larger scale in humans for the past several decades. Second, antibacterial action of lysozyme 
is based on the enzymatic cleavage of peptidoglycan, and nonenzymatic mechanisms based 
on activation of autolysins and also cytoplasmic membrane destabilization resulting from 
the removal of divalent ions from the membrane surface. 

Plants antibiotics 

Traditionally, people get used to herbal treatment as a natural way to fight diseases almost 
in all continents. Some of them take it easier to go to herbalist than a doctor, and also prefer 
natural drugs than chemically synthesized ones. Especially, in ancient civilizations such as 
Iran, Iraq, India and China it has been so common to use plants as an effective tool for 
diseases therapy. Hippocrates (in the late fifth century B.C.) mentioned 300 to 400 medicinal 
plants. Avicenna (Ibn Sīnā) in his famous book "The Canon of Medicine" lists 800 tested drugs, 
including plant and mineral substances, and describe their specific properties according to 
the known diseases of that time. 

Plants antibiotics come in to view after the arrival of antibiotics in the 1950s, when scientists 
realize that new antibiotics might be obligatory because of the antibiotic resistance. Major 
classes of plants antimicrobial components are phenolics, terpenoids, essential oils, 
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alkaloids, lectins and polypeptide and polyacetylenes. For example, the roots of Glycyrrhiza 
glabra  contain glabridin and hispaglabridin B. The former is active element against both 
Mycobacterium tuberculosis H37Ra and H37Rv strains at 29.16 g/mL concentration. It was 
also clear that, glabridin was more active against Gram-positive strains than Gram-negative. 
Antimycobacterial activity of glabridin like component (hispaglabridin B) did not find 
because of their structural differences. Glabridin have two free phenolic hydroxyls which 
might be crucial in antibacterial activity while hispaglabridin might be inactivated after the 
corporation of one hydroxyl group in protected benzopyrene ring. Methicillin resistant 
Staphylococcus aureus (MRSA), and, Helicobacter pylori (H. pylori) are also sensitive to 
Glabridin. Anti-H. pylori activities are also shown in rachyspermum copticum and Xanthium 
brasilicum with minimum inhibitory concentrations within the range of 31.25-250 micro 
g/ml. 

Grabidin strongly inhibits adenosine 3', 5'-cyclic monophosphate (cAMP) 
phosphodiesterase. Glabridin is associated with reduction in protein kinase C (PKC) activity 
and since PKC is required for low density lipoprotein (LDL) oxidation; so, grabidin induces 
reduction of LDL oxidation. This phenomenon is considered to be of major importance in 
atherosclerosis attenuation because LDL is associated in early atherogenesis. Glabridin can 
inhibit both mono- and diphenolase tyrosinase activities and because of the involvement of 
tyrosinase in melanin biosynthesis, glabridin may serve as candidates for skin-lightening 
agents. On the other hands, grabidin could serve as whitening agents for treatment of 
various dermatological disorders (melasama, age spots, and sites of actinic damage) that 
arise from the excessive accumulation of epidermal pigments. Cytochrome P450 3A4 
enzymes is the major human drug metabolizing enzyme, that inactivated by glabridin 
antioxidant irreversible. The effect on P450 enzymes inactivation may play a role in the 
reported antiatherosclerotic activity of glabridin. 

One of the most exciting plants with antibiotic activity is genus Allium with common garlic 
(Allium sativum L.) that known as Russian penicillin. In a study, two Allioideae alkaloids, 
canthin-6-one and 8-hydroxy-canthin-6-one, are extracted from Allium neapolitanum. They 
displayed minimum inhibitory concentrations (MICs) in the range 8-32 microg/mL against 
a panel of fast-growing Mycobacterium species and 8-64 microg/mL against multidrug-
resistant (MDR) and MRSA. Antibacterial activities of Eucomis autumnalis and Cyathula 
uncinulata against ampicillin-resistant and kanamycin-resistant strains of E.coli revealed a low 
MIC range of 0.27 mg/ml and 0.39 mg/ml respectively. 

New candidate antibiotics for MRSA are from Leguminosae family and the most active ones 
are the flowers of A. auriculiformis and B. kockiana. Some of these medicinal plants, such as B. 
kockiana, B. purpurea, C. pulcherrima, and C. surattensis have been used traditionally to treat 
various diseases in Malaysia. In the case of A. auriculiformis two acylated bisglycoside 
saponins, acaciaside A and B isolated, were found to exhibit antibacterial and antifungal 
activity. 

In a study of resistant and standard strains of Escherichia coli (E. coli), it has been reported 
that Anagyris foetida (Leguminosae) and Lepidium sativum (Umbelliferae) enhanced the 
activity of amoxicillin against resistant E. coli strain. Clarithromycin in combinations with 
Gundelia tournefortii L. (Compositae), Eruca sativa Mill. (Cruciferae), and Origanum syriacum 
L. (Labiateae), shows enhanced activity against the resistant E. coli strain. This strategy, the 
use of herbals and drugs in a multi targeted approach, named "herbal shotgun" or 
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"Synergistic multi-target effects". As a result, herbal-drug combinations affect not one but 
several targets, cooperating in an agonistic-synergistic way. 

Umbelliferae family is known as an herbal antibiotic family after its comparison with 
standard antibiotics. The results show that cefixime and chloramphenicol resistant 
Enterococcus faecalis and Pseudomonas aeruginosa are sensitive to Anethum graveolens, 
Foeniculum vulgare and Trachyspermum ammi. 

In a study of folk medicine, the effects of traditional therapeutic plants used by 
Haudenosaunee peoples of New York State have been administered. Four predicted plants 
(Achillea millefolium, Ipomoea pandurata, Hieracium pilosella, and Solidago canadensis), showed 
antimicrobial properties strongly against Salmonella typhimurium.  

Strong attempts have been performed for treatment of brucellosis, a high morbidity 
zoonosis caused by brucella, with natural antibiotics in Iran. Among four effective herbs 
tasted as antibacterial agents against Brucella melitensis (B. melitensis), Oliveria decumbens was 
chosen as the most effective plant for further studies. A B. melitensis strain that show 
resistance to tetracycline, nafcillin, oxacillin, methicillin, and colistin, inhibited by 
methanolic extract of Oliveria decumbens after 7 hours. Synergistic effect between Oliveria 
decumbens extracts and two other anticiotics (doxycycline and tetracycline) indicated as well.  

Cuminum cyminum L. from Apiaceae family has been used since many years in Iranian 
traditional medicine. This aromatic herb is an astringent that has been used in the treatment 
of mild digestive and bronchopulmonary disorders as well as a cough remedy or analgesic. 
It has been shown that cumin seed essential oil significantly enhance antibacterial efficacy of 
ciprofloxacin against Klebsiella pneumoniae ( K. pneumoniae). The authors theorize that 
essential oil damage cell wall or it modify the outer membrane proteins which lead to 
enhancement of ciprofloxacin activity against K. pneumoniae. As a result, they believe that 
herbal shotgun approach may be used in the case of cumin seed essential oil in future as a 
semi-natural way for fighting with K. pneumoniae related disorders. 

Another medicinal plant that used extremely among Iranian population is Zataria multiflora 
(Z. multiflora) that belongs to the Lamiaceae family. Iranian traditional folk remedies, mainly 
used Z. multiflora as an antiseptic, analgesic, and carminative. In a wide local study of both 
gram-positive and gram-negative bacteria with important clinical impacts, some exciting 
results have been emerged. In the case of gram-positive cocci, and in presence of Z. 
multiflora essential oil (0.44 to 1.41 μL/mL) growth inhibition of both MRSA and MSSA has 
been observed. Same results with higher essential oil MICs have been reported for 
vancomycin-resistant E. faecalis (VREf) and vancomycin-sensitive E. faecalis (VSEf).    

The growth of E. coli O157:H7, the cause of many food-borne outbreaks in different 
countries, inhibited at essential oil concentrations of 0.12 μL/mL for one ecotype of Z. 
multiflora. Two other gram-negative bacteria, Salmonella entrica and Shigella flexneri, inhibited 
and also killed at concentrations ranging from >0.12 to 2 μL/mL. 

A phosphorylated structure, similar to the adenine, was isolated from the berries of Solanum 
incanum (S. incanum) Linnaeus (Thorn Apple or Bitter Apple). It was astonishing that 
crystals of this compound inhibit the growth of gram-positive and gram-negative bacteria, 
yeasts, dermatophytes, and some agricultural pathogens effectively. The zone of inhibition 
for 6.5mm diffusion disks was between 15-26mm with the highest inhibition for S. pyogenes 
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(26mm), C.  perfringens (25mm) and Clostridium septicum (25mm) in bacterial group. It has 
been shown that, S. incanum crystals contain steroidal glycoalkaloids, solanine, which may 
act as a saprogenic surface active agent at high concentration. It must mensioned that 
solanine is found mainly in any part of solanum family plants (solanacea), including the 
leaves, fruit, and tubers and is rather high in the green peel and the sprouts. 

Phage therapy, a candidate for antibiotic replacement 

Phage therapy means the use of lytic bacteriophages as an alternative to antibiotics 
especially against the infection of resistant bacteria. Bacteriophages are bacterial viruses that 
invade bacterial cells and abberated as “phages”. Phages have a developmental cycle within 
the host bacteria which can be lytic or lysogenic. The former involves a series of events that 
lead to the lysis of bacterial cell, but the lysogenic cycle comprises replication of phage 
nucleic acid together with the host genes for several generations. 

There are some important benefits for phage therapy such as host-specific that did not 
observed in the case of routine antibiotics. Bacteriophages specificity could show important 
impacts in clinical use. Another advantages for phage therapy is its lower side effects and 
lesser therapeutic dose according to phages self-replicating in its target bacterial cell. 
Therefore, phage therapy is harmless to the eukaryotic host undergoing therapy 
theoretically.  

Some bacteriophages synthesize degrading enzymes that breakdown the biofilms of bacteria 
that facilitate the bacterial cell lysis. Bacterial resistance to phages, if emerged, could be 
overcome according to the fact that mutation of phages occur with the same rate as bacteria. 
Cheap production of fighting bacteriophages is another advantage of  

It must be mentioned that, phage therapy suffer from serious problems that make it 
unrealable. 

Selection of appropriate mixture of high virulence phages against the target bacteria, poor 
understanding of heterogeneity and ecology of both the phages and the bacteria, are the 
most important problems. Resistance of bacteria to lysis by phages was another important 
challenge especially in the case of Pseudomonas plecoglossicida. 
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1. Introduction 

There had been a tremendous advancement in the quality and quantity of worldwide research 
production in the field of microbiology. Among various biomedical fields, microbiology has 
been the subject of extensive study due to the problems imposed on human health by 
countless infectious diseases known so far. Identification of infectious agents and to adapt 
measures for its eradication is considered a major tool for alleviating human from the burden 
of infections. Progressively it is important to modulate the structure of earlier marketed 
antibacterial agents to produce newer agents with superior antimicrobial profile.  

Fluoroquinolones, useful in the treatment of many bacterial infections, attacks DNA gyrase 
and topoisomerase IV on bacterial chromosomal DNA (Ball et al., 1998, Blandeau, 1999). 
However, widespread use of fluoroquinolones has caused the resistant rates of various 
Gram-negative bacilli (e.g., Pseudomonas aeruginosa, Escherichia coli, and Salmonella), to 
approach the critical points. 

To solve the problem of increasing antimicrobial resistance, it is crucial to design and 
produce new quinolones that could provide effective therapy for infections caused by 
organisms resistant to older agents. Most of the quinolones currently on the market or those 
which are under development, displays only moderate activity against many Gram-positive 
cocci, including Staphylococci and Streptococci. This insufficient activity has not only 
limited their use in infections caused by these organisms, such as respiratory tract infections, 
but has also been believed to be one of the reasons for the rapidly developing quinolone 
resistance. Therefore, recent efforts have been directed toward the synthesis of new 
quinolone antibacterials that can provide improved Gram-positive antibacterial activity, 
while retaining good Gram-negative activity 

The extensive research efforts have enabled a better definition of the structural moieties  
or elements around the basic pharmacophore of quinolones that offer the best combination  
of clinical efficacy and reduced resistance selection in Gram-positive and Gram negative 
bacteria.  

The general structure of quinolone antibacterial agents consist of a 1-substituteted-1,4 dihydro-
4-oxopyridine-3-carboxylic moiety A combined with an aromatic or hetero-aromatic ring B.  
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Most of the current agents have a carboxyl group at position 3, a keto group at position 4, a 
fluorine atom at position 6, and a nitrogen heterocycle moiety at the C-7 position (Sarro & 
Sarro, 2001). In addition at the C-7 position, substitution of bulky functional groups is 
permitted (Emami et al., 2006). The substituent at N-1 and C-8 positions of the quinolones 
should be relatively small and lipophilic to enhance self-association and also control potency 
and pharmacokinetics. Groups at C-5 and C-6 position controls potency for Gram-positive 
activity. SAR studies on quinolones explain that C-3 and C-7 positions are vital for 
antibacterial activities.   

Most of the quinolone antibacterial research has been focused on the functionality at C-7 
position as it is the most adaptable site for chemical change (Anderson & Osheroff, 2001, 
Foroumadi et al., 2005) 416. The 3-carboxylic group is considered important for DNA gyrase 
binding (Chu et al., 1985, Domagala et al., 1988, Sarro & Sarro, 2001). Modifications on this 
position of quinolone are normally not accepted (Mitscher, 2005). However, there are some 
exceptions to this rule; of which, one was ester pro-drug analogues that were converted in-
vivo back to the acid (Kondo et al., 1988). In one case, replacement of 3-carboxylic acid group 
of ciprofloxacin with bioisostere- fused isothiazolo ring was found more potent (4 to 10 
times) than ciprofloxacin and possessed enhanced activity against DNA gyrase (Chu & 
Fernandes, 1989). A series of the C3/C3 bis-fluoroquinolones tethered with an 1, 3, 4-
oxadiazole ring were reported showing antitumor activity (Hu et al., 2012) while 1,8 
Imidazo fused quinolones exhibited moderate antibacterial activity (Venkat Reddy et al., 
2009). Recently two naphthyl ester quinolone derivatives have been reported to demonstrate 
photo-oxidant properties (Vargas et al., 2008).   

Advances in quinolone field are likely to provide better compounds capable of dealing with 
the resistant strains. These research efforts have been rewarded by very significant 
improvements in antibacterial potency as well as in vivo efficacy. It is evident from literature 
that most of the research on quinolone is directed towards group modification of the C-7 
basic group of the quinolone and the effect of substitution at C-3 position of quinolones has 
not been studied to a large extent to produce new agents with better antimicrobial profile. 
Accordingly to explore the potential of 3-carboxylic quinolone derivatives as anti Gram 
positive and Gram negative agents, we have recently reported some novel enoxacin (Saeed 
Arayne et al., 2009) , levofloxacin (Sultana et al., 2011) and ofloxacin (Arayne et al., 2012) 
carboxamide analogues by introducing new functionality at C-3 position. In continuation of 
our research program to establish the structure-activity relationships of 3-carboxylic 
quinolone derivatives, we here in report some novel enoxacin analogues which have been 
prepared by introducing new functionality at C-3. These compounds were prepared by two 
series of reactions. In reaction 1, the carboxylic group at C-3 position of enoxacin was 
esterified in methanol followed by reaction 2, whereby the ester group was subjected to 
nucleophilic attack at the carbonyl carbon by various aliphatic (urea, thiourea, acetamide, 
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thioacetamide) and aromatic amines (phthalimide, benzamide) yielding amides and 
regenerating alcohols. 

2. Experimantal 

2.1 Physical measurements 

Melting points were obtained manually by capillary method. Infrared spectra were recorded 
on FT-IR spectrophotometer (shimadzu prestige-21 200 VCE coupled to a P IV- PC and 
loaded with IR solution version 1.2 software). The potassium bromide disks were placed in 
the holder directly in the IR laser beam. Spectra were recorded at a resolution of 2 cm-1 and 
50 scans were accumulated. NMR spectra were recorded on Bruker FT - NMR 500 MHz with 
the compounds dissolved in DMSO. Chemical shifts are reported in parts per million (δ) 
relative to tetra methyl silane as an internal standard. Significant 1H NMR data are tabulated 
in the following order: number of proton(s) and multiplicity (s, singlet; d, doublet; t, triplet; 
q, quartet; and m, multiplet). The mass spectra were recorded on Finnign-MAT212 under 
electron impact (EI) ionization condition. Thin layer chromatography (TLC) was performed 
on HSF-254 TLC plate and compounds visualized under UV lamp. 

2.2 Antibacterial studies 

Disk Diffusion technique developed by Bauer et al (Baur et al., 1966) was adopted to 
determine the antibacterial activity of enoxacin and its derivatives against 10 different 
clinical isolates of Gram positive (Staphylococcus aureus, Bacillus subtilis, Streptococcus 
pneumoniae) and Gram negative organisms (Klebsiella Pneumoniae, Proteus mirabilis, Shigella 
flexneri, Escherichia coli, Pseudomonas areuginosa, Citrobacter species, and Salmonella typhi). 

50 µg mL-1 stock solutions of the drug and their derivatives were prepared in hot methanol. 
The stock solution was diluted to 3 different concentrations i.e. 5, 10 and 20 µg mL-1. 
Commercially available filter paper discs were impregnated with the prepared solutions of 
the drug and the derivatives, dried and applied on the surface of the agar plate over which a 
culture of micro organism was already streaked. After 24 hours of incubation the clear zone 
of inhibition around the disc was determined, this is proportional to the bacterial 
susceptibility for the antimicrobial agent present in the disk. Three replicas were made for 
each treatment to minimize error. 

2.3 Antifungal studies 

Enoxacin and its derivatives were tested for antifungal activity against the fungi; Aspergillus 
purasiticus, Saccharomyces cervics, Candida albicans and Fusraium solani. 

100 µg mL-1 stock solutions of the compounds were prepared in hot methanol. The stock 
solutions were diluted to 3 different concentrations i.e. 30, 40 and 50 µg mL-1. Commercially 
available filter paper discs were impregnated with the prepared solutions of the drugs and 
the compounds under study, dried and applied on the surface of the agar plate over which a 
culture of micro organism was already streaked. After 24 hours of incubation the clear zone 
of inhibition around the disc was determined, this is proportional to the fungal 
susceptibility for the antimicrobial agent present in the disk. Three replicas were made for 
each treatment to minimize error. 
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2.4 Phagocyte chemiluminescence assay 

The assay was performed as described by Helfand et al. protocol (Helfand et al., 1982). 
Briefly enoxacin and its derivatives were diluted in three concentrations, (0.5, 5 and 25 µg 
mL-1) in Hanks Balanced Salt Solution containing calcium and magnesium (HBSS++). 25 µL 
diluted blood (1:50 dilution in sterile PBS, pH 7.4) or polymorphoneutrophils or mouse 
peritoneal macrophages (1x 106 mL-1) were added to the culture reaction. After 15 minutes of 
incubation for whole blood and 30 minutes for isolated cells, 25 µL (7 x 105 M)  luminol (G-
9382 Sigma Chemical Co. USA) or 25 µL (0.5 mM) lucigenin were added, followed by 25 µL 
(20 mg mL-1) SOZ (Sigma Chemical Co. USA) or 25 µL (40 nM) PMA. 

HBSS++ alone was run as a control. The level of ROS for the compounds was monitored for 
50 minutes by the Luminometer (Luminoskan RS, Labsystems, Finland).  The total ROS level 
was recorded as total light produced and recorded during 50 minutes scan. 

2.5 T-Cell proliferation assay 

Cell proliferation was evaluated by standard thymidine incorporation assay following a 
method reported by Nielsen et al. (Nielsen et al., 2000). 10 mL blood was collected by vein 
puncture in heparin containing tube from a healthy volunteer. 50 mL sterile falcon tube was 
placed in safety cabinet (at sterile conditions) to this was added blood, ficoll paque and 
RPMI incomplete media (without fetal bovine serum) in equal volume. 5 mL ficoll paque 
was added in three 15 mL sterile empty centrifuge tubes and centrifuged at 400xg for 20 
minutes at room temperature with no break. Peripheral blood mononuclear cells (PBMCs) 
appeared at the junction of two layers, the upper layer was discarded and the lower 
containing the PBMCs was transferred in another sterile tube, washed with RPMI 
incomplete media and centrifuged again at 300xg for 10 minutes at 4ºC. The supernatant 
was discarded and re-suspended pellet in 1mL RPMI incomplete media and stored on ice. 
The viability of the cells was checked by trypan blue and cells were counted by 
hemocytometer. 50 µL of 5% complete RPMI was added into each well of a sterile 96 well  
plate in sterile environment using safety cabinet followed by samples (drug and its 
derivatives) having the concentration  between 6.25 and 100 µg mL-1 and adjusting the final 
volume to 0.3 mL. While well ‘A’ contained only 5% complete RPMI to be used as control. 
50 µL PBMC cells (1x106/mL) were added in suspension of 5% complete RPMI to each well 
except blank followed by the addition of 50 µL PHA except negative control and blank and 
volume of well was made up to 0.2 mL by 5% complete RPMI .The mixture was incubated 
for 72 hours in CO2 incubator at 37ºC. After incubation 25 µL of thymidine was added in 
each well except blank and the plate again incubated in CO2 incubator at 37ºC for 18 hours. 
After incubation cells were harvested using glass fiber filter and the cell harvester. In cell 
harvesting the plates were washed with 70% ethanol 5 times, filtered and left until they 
were completely dry, then dissolved in separate vials using the scintillation solution and 
scanned by scintillation counter. 

2.6 Cytokinne production from mononuclear cells 

The monocytes were grown in 75 mm2 flask in RPMI–1640 supplemented with 10% FBS 
until they attained 70% confluency and passaged twice a week. On reaching confluency 
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the cells were plated in 24-well tissue culture plates at a concentration of 2.5×10-5 

cells/mL. The cells were differentiated into macrophage like cells by using phorbol 
myristate acetate (PMA) at a final concentration of 20 ng mL-1 and incubated at 37ºC in 5% 
CO2 for 24 hours. 

After 24 hr incubation with PMA, cells were stimulated with bacterial lipopolysaccharide 
(LPS) 50 ng mL-1 and treated with compounds (drug and its derivatives) at a 
concentration of 25 µg mL-1 and incubated for 4 hours at 37ºC in 5% CO2. The 
supernatants were collected after 4 hrs which was then analyzed for the level of TNF-α. 
The plate was incubated for further 18 hrs and then supernatants were collected for the 
analysis of IL-1β level. Human TNF-α and IL-1β Duo set Kits (R&D systems, Minneapolis, 
USA) were used for cytokine quantification according to manufacturer’s instructions 
(Singh et al., 2005). 

2.7 General procedure for preparation of derivatives (A6-A12) 

Enoxacin and all the chemicals used were of analytical grade. Amines used for the synthesis 
were urea, thiourea, acetamide, thioacetamide, hydroxylamine, benzamide and 
phthalimide). The compounds were prepared as summarized in figure 2 and 3.  
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Fig. 2. Synthesis of ester intermediate 

0.01 mole of enoxacin (3.21 g) was dissolved in hot methanol (80 mL) to which 1.2 mL 
sulphuric acid was added and the solution was refluxed for about 7-8 hours till the 
consumption of drug in ester formation (monitered by TLC). The solution was cooled 
down to room temperature and the precipitate obtained was washed with chloroform and 
dried for 1 hour at 80°C to give methyl ester of the drugs. The corresponding esters were 
subjected to nucleophilic attack by adding 0.01 molar methanol solutions of amines 
respectively with continuous stirring to generate carboxamides. While for compound A11 
and A12, NaOH was added in the methanolic mixture of benzamide and phthalimide and 
warmed for 30 mins prior to their addition in the reaction flask containing enoxacin ester 
intermediate. The reaction was refluxed for about 2-3 hours till completion, indicated by 
TLC. The volume of the reaction mixture was then reduced by rotary-evaporation. The 
precipitates were filtrated off, washed with chloroform and re-crystallized from 
methanol-chloroform (2:8) mixture till pure compounds were achieved (checked on TLC 
and constant melting point). 
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Fig. 3. Synthesis of compound A6-A12 

3. Result and disscussion 

3.1 Spectral analysis 

3.1.1 IR studies 

In the IR spectrum of enoxacin, the OH stretching vibration of carboxylic acid appeared as a 
broad band in the range 3500–3100 cm–1 and interfered with the NH stretching vibration of 
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the secondary amino group of the piperyzinyl ring which absorbed in the same region at 
3100 cm–1. Two strong carbonyl absorptions at 1690 and 1640 cm–1 were observed due to the 
presence of keto carboxylic acid. 

The spectra of all the compounds showed absence of acidic OH peak of enoxacin and a 
distinct, strong and un-obscured NH stretch was observed near 3200-3100 cm–1 indicating that 
carboxylic site reacted with the selected amines forming amides. However compound A10 
showed a sharp band at 3300 cm–1 due to the presence of hydroxyl group in their structure. 
While compounds A7 and A9 showed a medium intensity band near 2100 cm–1 due to the 
presence of C=S group, additionally, IR spectra of the compounds revealed that carbonyl 
absorption of carboxylic group shifted towards right near 1665-1640 cm–1 in the spectra of all 
the compounds which suggests the utilization of carboxylic moiety in amide formation. 

3.1.2 1HNMR studies 

Important 1H NMR signals of enoxacin were observed at chemical shifts of  1.40 (t, 3H, J = 
7.0 Hz, -CH3 methyl), 2.0 (s, 1H, amine), 2.62 (s, 4H, piperazine), 3.85 (s, 4H, piperazine), 4.48 
(q, 2H, J = 7.0 Hz, -CH2- ethyl), 8.10, 8.95 (s, 2H, naphthyridine) and 11.0 (s, 1H, COOH). On 
comparing main peaks of enoxacin with its derivatives, all the signals of enoxacin were 
present in the 1HNMR spectra of the compounds except the acidic proton resonance at 9.8 
ppm. Moreover, all these derivatives displayed resonance of naphthyridine protons down-
field by (0.4-0.7ppm). Unlike enoxacin all the derivatives showed a singlet in the region 7.9-
8.0 ppm which corresponds to the absorption of sec-amide. Further, the spectra of the 
compounds also exhibited other signals corresponding to their respective chemical structure 
(mentioned in the spectral data). The signals for the aliphatic and piperazine protons were 
practically unchanged since they lie far from the reaction site of the drug.  

3.1.3 Mass spectrometric studies 

1. The electron impact mass spectrum (EIMS) of enoxacin showed molecular ion (M+) 
peak at (m/z, %): (320, 35). However compounds (A6-A12) showed a very low 
percentage of M+ peaks with respect to their proposed structures. 

3.1.4 Spectral data of compounds A6-A12 

A6 1-(1-ethyl-6-fluoro-4-oxo-7-(piperazin-1-yl)-1,4-dihydro-1,8-naphthyridine-3-
carbonyl)urea 

M.p. 257°C IR (KBr) νmax: 1655, 1625 (C=O) and 3150 (N-H) cm-1, 1H NMR (DMSO, 500 
MHz) 1.41 (t, 3H, J = 7.2 Hz, -CH3 ethyl), 2.59 (s, 4H, piperazine), 3.84 (s, 4H, 
piperazine), 5.6 (s, 4H, amine), 4.45 (q, 2H, J = 7.0 Hz, -CH2- ethyl), 7.98 (s, 1H, sec. 
amide), 8.20 (d, 1H, H5-naphthyridine, JH,F = 12.49 Hz), 9.18 (s, 1H, H2-naphthyridine), 
MS (m/z, %): (362, 10.5) M+. 

A7 1-(1-ethyl-6-fluoro-4-oxo-7-(piperazin-1-yl)-1,4-dihydro-1,8-naphthyridine-3-
carbonyl)thiourea 

M.p. 287°C IR (KBr) νmax: 1655, 1630 (C=O), 2100 (C=S), 3300 (OH), 3200 (N-H) and 2100 
(C=S) cm-1, 1H NMR (DMSO, 500 MHz) 1.43 (t, 3H, J = 7.1 Hz, -CH3 ethyl), 2.62 (s, 4H, 
piperazine), 3.83 (s, 4H, piperazine), 4.2 (s, 4H, amine), 4.45 (q, 2H, J = 7.2 Hz, -CH2- 
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ethyl), 7.95 (s, 1H, sec. amide), 8.21 (d, 1H, H5-naphthyridine, JH,F = 12.51 Hz), 9.19 (s, 
1H, H2-naphthyridine), MS (m/z, %): (378, 9.5) M+. 

A8 N-acetyl-1-ethyl-6-fluoro-4-oxo-7-(piperazin-1-yl)-1,4-dihydro-1,8-naphthyridine-3-
carboxamide 

M.p. 295°C IR (KBr) νmax: 1655, 1630 (C=O) and 3140 (N-H) cm-1, 1H NMR (DMSO, 500 
MHz) 1.42 (t, 3H, J = 7.0 Hz, -CH3 ethyl), 2.02 (s, 3H, methyl), 2.61 (s, 4H, piperazine), 
3.84 (s, 4H, piperazine), 4.46 (q, 2H, J = 7.1 Hz, -CH2- ethyl), 7.85 (s, 1H, sec. amide), 8.21 
(d, 1H, H5-naphthyridine, JH,F = 12.56 Hz), 9.19 (s, 1H, H2-naphthyridine), MS (m/z, %): 
(361, 89.5) M+. 

A9 N-ethanethioyl-1-ethyl-6-fluoro-4-oxo-7-(piperazin-1-yl)-1,4-dihydro-1,8-
naphthyridine-3-carboxamide 

M.p. 237°C IR (KBr) νmax: 1645, 1628 (C=O), 2100 (C=S), 3300 (OH), 3150 (N-H) and 2120 
(C=S) cm-1, 1H NMR (DMSO, 500 MHz) 1.41 (t, 3H, J = 7.1 Hz, -CH3 ethyl), 2.529 (s, 3H, 
methyl), 2.62 (s, 4H, piperazine), 3.81 (s, 4H, piperazine), 4.44 (q, 2H, J = 6.9 Hz, -CH2- 
ethyl), 7.98 (s, 1H, sec. amide), 8.21 (d, 1H, H5-naphthyridine, JH,F = 12.54 Hz), 9.19 (s, 
1H, H2-naphthyridine), MS (m/z, %): (377, 5.5) M+. 

A10 1-ethyl-6-fluoro-N-hydroxy-4-oxo-7-(piperazin-1-yl)-1,4-dihydro-1,8-naphthyridine-3-
carboxamide 

M.p. 267°C IR (KBr) νmax: 1655, 1634 (C=O), 3300 (OH) and 3180 (N-H) cm-1, 1H NMR 
(DMSO, 500 MHz) 1.43 (t, 3H, J = 7.0 Hz, -CH3 ethyl), 2.62 (s, 4H, piperazine), 3.84 (s, 
4H, piperazine), 4.45 (q, 2H, J = 7.0 Hz, -CH2- ethyl), 6.58 (s, 1H, OH), 7.97 (s, 1H, sec. 
amide), 8.18 (d, 1H, H5-naphthyridine, JH,F = 12.56 Hz), 9.09 (s, 1H, H2-naphthyridine), 
MS (m/z, %): (335, 11) M+. 

A11 N-benzoyl-1-ethyl-6-fluoro-4-oxo-7-(piperazin-1-yl)-1,4-dihydro-1,8-naphthyridine-3-
carboxamide 

M.p. 255°C IR (KBr) νmax: 1645, 1635 (C=O) and 3155 (N-H) cm-1, 1H NMR (DMSO, 500 
MHz) 1.42 (t, 3H, J = 7.0 Hz, -CH3 ethyl), 2.62 (s, 4H, piperazine), 3.86 (s, 4H, 
piperazine), 4.43 (q, 2H, J = 7.0 Hz, -CH2- ethyl), 7.21 (m, 5H, phenylic H),  7.99 (s, 1H, 
sec. amide), 8.18 (d, 1H, H5-naphthyridine, JH,F = 12.56 Hz), 9.1 (s, 1H, H2-
naphthyridine), MS (m/z, %): (423, 7) M+. 

A12 2-(1-ethyl-6-fluoro-4-oxo-7-(piperazin-1-yl)-1,4-dihydro-1,8-naphthyridine-3-
carbonyl)isoindoline-1,3-dione 

M.p. 278°C IR (KBr) νmax: 1655, 1630 (C=O) and 3150 (N-H) cm-1, 1H NMR (DMSO, 500 
MHz) 1.43 (t, 3H, J = 7.0 Hz, -CH3 ethyl), 2.60 (s, 4H, piperazine), 3.85 (s, 4H, 
piperazine), 4.45 (q, 2H, J = 7.0 Hz, -CH2- ethyl), 7.69 (s, 2H, phenylic H), 8.3 (s, 2H, 
phenylic H), 7.94 (s, 1H, sec. amide), 8.15 (d, 1H, H5-naphthyridine, JH,F = 12.56 Hz), 9.09 
(s, 1H, H2-naphthyridine), MS (m/z, %): (449, 10) M+. 

3.2 Antimicrobial studies 

3.2.1 Antibacterial activity 
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All compounds showed activities nearly similar to enoxacin against all the Gram-positive test 
strains. Generally, the 7-piperazinyl enoxacin have better Gram-negative than Gram-positive 
antimicrobial potency (Chin & Neu, 1983, Paton & Reeves, 1988, Wood, 1989). Studies 
revealed that the mode of action of quinolones involves inhibition of essential type II 
bacterial topoisomerases such as DNA gyrase and topoisomerase IV (Sissi & Palumbo, 
2003). Commonly DNA gyrase is more sensitive to Gram-negative bacteria and 
topoisomerase IV more sensitive to Gram-positive bacteria. As topoisomerase IV is the 
primary target of the quinolones with bulky functional group at N-4 position of piperazine 
ring, therefore the activities of all the compounds were found to be similar to enoxacin. 

However, against all the Gram-negative organisms, strong improvement in the 
antibacterial activity of the derivatives A11, A12 and A6 was observed in comparision to 
enoxacin (Tables 1 and 2). The increase in activity was greatest against Salmonella typhi, 
Pseudomonas aeruginosa and Escherichia coli. The enhancement in the antibacterial activity 
of these compounds might be a result of better interaction with DNA gyrase. It was 
observed that the activity of compounds A7-A10 decreased against all the Gram-negative 
strains.  It is proposed that in terms of structure–activity relationship, the antibacterial 
activity profile of enoxacin derivatives against Gram-negative bacteria was enhanced by 
the phenyl attachment via amide linkage at the 3-position of the enoxacin molecule. While 
reaction with aliphatic amines caused a diminution in antibacterial activity of enoxacin, 
exception was compound A6. 

 

 

 
 

Fig. 4. Base pairing between adenine/thymine & cytosine/guanine 

Previous studies showed that carboxylic group of quinolones was necessary to bind to 
bacterial DNA gyrase through hydrogen bonding. Looking at the structure of DNA, it is 
apparent that the hydrogen bonding between the two DNA strands is also through the 
amide group of heterocyclic bases. 

Since the inhibitory action of quinolones is not simply accomplished by inhibiting the 
bacterial enzyme function but they also actively poison cells by trapping the two 
topoisomerases on DNA as drug/enzyme/DNA complexes in which double-strand DNA 
breaks are held together by protein. It is proposed that converting carboxylic group into 
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amide group would help quinolone to better undergo binding with bacterial DNA due to 
structural complementarities.  

 
Table 1. 

 
Table 2. 

3.2.1 Antifungal activity 

Quinolone antibiotics have been shown to be potent inhibitors of DNA gyrase and have 
been useful antibacterial drugs in clinical practice (Marklein, 1996). Laboratory work has 
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indicated that inhibition of DNA gyrase is not specific and activity against nonbacterial 
targets has been shown (Dykstra et al., 1994, Fostel et al., 1996). Nakajima et al., (Nakajima et 
al., 1995) have reported that quinolone augmented the activity of amphotericin B and 
fluconazole against a variety of fungi in both in vitro and in vivo assays of combined 
antifungal activity. Based on theses studies, we aimed to evaluate the antifungal activities of 
enoxacin and its derivatives against common fungal pathogens; Aspergillus purasiticus, 
Saccharomyces cervics, Candida albicans and Fusraium solani. Results show that except 
compound A6, none of the tested compounds possessed clinically useful antifungal activity. 
Compound A6 showed moderate inhibitory activity against Candida albicans (zone of 
inhibition = 17mm). The increased activity is probably due to some intracellular interaction 
of the derivative within the fungal cell; however the mechanism of the observed antifungal 
effect is still warranted (Sugar et al., 1997). 

3.3 Immunomodulatory activities 

Fluoroquinolones have been studied for their modulatory activity on the immune response. 
The best investigated agent seems to be moxifloxacin which showed immunomodulatory 
actions both in vitro and in vivo. However, the molecular mechanism causing the 
immunomodulatory effects of fluoroquinolones are still under investigation (Tauber & Nau, 
2008). Recently we have reported few carboxamide analogues of enoxacin showing 
potentials to mediate immune response. 

In order to test the immunomodulatory effect of enoxacin and its derivatives, we 
investigated their effect on phagocytosis, T-cell proliferation and cytokine release 
(particularly IL-1β and TNF-α) by macrophages. 

3.3.1 Effect on phagocytes oxidative burst 

Phagocytic cells on activation induce release of reactive oxygen species (oxidative burst) 
which is then quantified by a luminol- lucigenin enhanced chemiluminescence assay. With 
the luminol probe which detects the intracellular ROS using serum opsonize zymosan as 
activator, compounds A11 and A12 showed moderate inhibition on whole blood (IC50 10.5 
and 14.4µgmL-1 respectively). Similar inhibitory effects were observed on the isolated 
neutrophils (IC50 = 11.2 and 13.6µgmL-1 respectively) and on macrophages (IC50, 13.2 and 
11.4µgmL-1). In another set of experiment lucigenin probe and PMA as activator were used 
as a replacement for luminol and SOZ, only compounds A12 again demonstrated a 
moderate inhibition on the isolated neutrophils (12.6 µgmL-1 ) respectively). Enoxacin and 
other compounds did not exert any significant inhibition up to the highest concentration 
(25µgmL-1) in the system tested. 

3.3.2 Effect on T-cell proliferation 

The anti-proliferation of the test compounds was determined by measuring the inhibition of 
(PHA)-induced T-cell proliferation by determining radioactive thymidine incorporation. 
Results show (Figure 7) that compound A11 significantly suppressed T-cell proliferation in 
dose dependent manner. A dose as low as 3.15µgmL-1 of compound A11 caused 
approximately 50% reduction in T cell proliferation compared to control. While enoxacin 
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and other compounds did not have any effect on T-cell proliferation up to the highest 
concentration (50µgmL-1) in the system tested.  

Figure 5 shows the immunomodulatory effects of compound A11 exhibiting prominent 
effect on PHA-induced T-cell proliferation. Cells were incubated with different 
concentrations of the test compound in RMPI along with PHA for 72 hrs at 37ºC in CO2 
environment. Cells were further incubated for 18 hrs after the addition of thymidine [H]3 
and the radioactivity count as CPM reading was recorded using scintillation counter. The 
effect of compound on the T-cell proliferation is compared with the control. Each plot and 
error bar represents readings ± SD of three repeats. 

 
Fig. 5. Immunomodulatory effects of compound A-11 

3.3.3 Effect on cytokine release by macrophages 

The immuno-suppressive effect of enoxacin and its derivatives were tested on the release of 
selected cytokines including IL-1β and TNF-α by PHA-induced macrophages. Only 
compound A11 at concentration of 25µgmL-1 fairly suppressed the production of TNF-α 
showing 70% inhibition. Enoxacin and other compounds demonstrated no effect on any of 
the tested cytokines released form activated macrophages. 

4. Conclusion 

In conclusion we have synthesized some novel enoxacin derivatives bearing various 
aliphatic and aromatic substituents at C3 position via amide linkage. It was found that 
introduction of amide linkge with phenyl substituent at C3 position, produced noticeable 
enhancement in the in vitro activity of enoxacin particularly against Gram negative 
organism. In addition, unlike enoxacin, Compound A6 also exhibited effective anti-fungal 
activity against Candida albicans. Moreover, the phagocytic function, T-cell proliferation and 
cytokine release was moderately affected in presence of compounds A11 and A12, thus 
showing potentials to be anti-inflammatory. Conclusively, the test compounds showing 
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diverse beneficial biological activities could serve as new lead molecular entities for treating 
various conditions such as infections, organ transplantation, cancer and for the treatment of 
rheumatoid arthritis and related autoimmune disorders. However, appropriate clinical trials 
are necessary before using the antimicrobial and immunomodulatory property of the test 
compounds in clinical practice. 
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1. Introduction  

In recent decades, considerable attention has been devoted to the investigation of new 
applications of polysulfones, which are mainly because of their specific properties. The 
literature shows that polysulfones and their derivatives are widely used as new functional 
materials in biochemical, industrial, and medical fields because of their structure and 
physical properties, such as their good optical properties, high thermal and chemical 
stability, mechanical strength, resistance to extreme pH values, and low creep (Barikani & 
Mehdipour–Ataei, 2000; Higuchi et al., 1988; Johnson, 1969; Mann & West, 2001). The chain 
rigidity is derived from the relatively inflexible and immobile phenyl and SO2 groups, 
whereas their toughness is derived from the connecting ether oxygen. Although these 
materials have excellent overall properties, their intrinsic hydrophobic nature precludes 
their use in membrane applications, which require a hydrophilic character. Therefore, such 
polymers should be modified to improve their performance for specific applications 
(Johnson, 1969; Khang et al., 1995). The chemical modification of polysulfones, especially the 
chloromethylation reaction, is a subject of considerable interest from both theoretical and 
practical points of view; there is interest in obtaining the precursors for functional 
membranes, coatings, ion exchange resins, ion exchange fibers, and selectively permeable 
membranes (Higuchi et al., 2002; Tomaszewska et al., 2002). Functionalized polymers, 
chloromethylated and quaternized polysulfones, have evidenced several interesting 
properties, which recommend them for a wide range of industrial and environmental 
applications. Quaternization with ammonium groups is an efficient method for increasing 
their hydrophilicity. Accordingly, these polymers can be used for multiple applications, e.g. 
as biomaterials and semipermeable membranes. Also, the different components of a block or 
graft copolymer may segregate in bulk to yield nanometer-sized patterns or mesophasic 
structures. Numerous applications involve nanodomained solids. By matching the 
periodicity of the patterns with the wavelength of visible light, literature studies have 
demonstrated that block copolymers, including polysulfones, act as photonic crystals. 
Segregated block copolymers, polysulfones included, have been also used as precursors for 
the preparation of various nanostructures, including nanospheres, nanofibers, annotates, 
and thin membranes-containing nanochannels. Thin membranes containing nanochannels 
have been used as membranes, pH sensors, or templates for the preparation of metallic 
nanorods. Furthermore, in the last decades, blends of polysulfone or modified polysulfones 
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and other synthetic polymers have continued to be a subject of intense both academic and 
industrial investigation, because of their simplicity and effectiveness in the mixture of two 
different polymers for producing new materials. 

In such applications, the addition of functional groups to the polysulfone enhance some 
properties of the material, such as hydrophilicity (which is of special interest for biomedical 
applications) (Guan et al., 2005), antimicrobial action (Filimon et al., 2009; Yu et al., 2007), 
and solubility characteristics (Filimon et al., 2007; Ioan et al., 2006), to allow higher water 
permeability and better separation (Idris et al, 2007; Kochkodan et al., 2008). In addition, 
functional groups are an intrinsic requirement for affinity, ion exchange, and other specialty 
membranes (Guiver et al, 1993). 

In this context, the paper presents the synthesis and some properties of new polysulfones 
for biomedical applications. Studies are carried out on the quaternization reaction of 
chloromethylated polysulfones with N,N-dimethylethanolamine (Filimon et al., 2010; Ioan 
et al., 2006a, 2006b, 2007), N,N-dimethylethylamine and N,N-dimethyloctylamine (Ioan et 
al., 2011a), for obtaining water soluble polymers with various amounts of ionic chlorine, 
or on the new polysulfones with bulky phosphorus pendant groups, obtained by chemical 
modification of the chloromethylated polysulfones by reacting the chloromethyl group 
with the P-H bond of 9,10-dihydro-oxa-10-phosphophenanthrene-10-oxide (Ioan et. al., 
2011b). 

The different properties, such as morphological aspect (by atomic force microscopy), where 
the type of nonsolvents in casting solutions of polymer (identified by viscometry and 
rheology investigations (Ioan et al., 2006b; Filimon et al., 2010)) significantly influenced 
membrane morphology and where ordered domains depend on the charge density of 
polyelectrolytes, the hydrophilic/hydrophobic characteristics (by contact angle method), as 
well as the history of the formed films, correlated with a good adhesion of the red blood 
cells and with a good cohesions of the platelets on the surface of the quaternized 
polysulfone films (determined from surface properties), are investigate for specific 
biomedical applications. Furthermore, bacterial adhesions to the surfaces (by analyzing the 
inhibition zones) are studied for applications of modified polysulfones as semipermeable 
membranes. Thus, the analysis of antibacterial activity, using Escherichia coli ATCC 10536 
and Staphylococcus aureus ATCCC 6538 microorganisms, contribute to extending the possible 
applications of quaternized polysulfones membranes in biomedical domains. 

2. Synthesis of some new functionalized polysulfones 

The quaternized polysulfones tested for biomedical applications, such as PSFQ, PSF-DMEA 
and PSF-DMOA, are obtained by quaternized reaction (Luca et al., 1988) of 
chloromethylated polysulfones (CMPSF) with N,N-dimethylethanolamine (Filimon et al., 
2010; Ioan et al., 2006a, 2006b, 2007;), N,N-dimethylethylamine, and N,N-
dimethyloctylamine (Ioan et al., 2011a), respectively. Also, polysulfones with bulky 
phosphorus pendant groups (PSF-DOPO) are obtained by chemical modification of the 
chloromethylated polysulfone, performed by reacting the chloromethyl group with the P-H 
bond of 9,10-dihydro-oxa-10-phosphophenanthrene-10-oxide (DOPO) (Petreus et al., 2010). 
The general chemical structures of the studied polysulfones, PSF, CMPSF and quaternized 
polysulfones PSFQ, PSF-DMEA, PSF-DMOA and PSF-DOPO are presented in Scheme 1. 



 
Biocompatibility and Antimicrobial Activity of Some Quaternized Polysulfones 

 

251 

 

O[ C

CH3

CH3

O SO2 ]n PSF 

n]SO2O

CH3

CH3

C[ O

CH2Cl

CH2Cl

1*

2*
CMPSF 

n]SO2O

CH3

CH3

C[ O

CH2 N
(CH3)2
C2 H4 OH

+
Cl   -

PSFQ 

3CH2
+

Cl-

2CH 
N CH 

CH 

n]2SOO

3

3CH

CH 

CO[

CH
3

3

PSF-DMEA 

3CH2
+

Cl-

2CH 
N CH 

CH 

n]2SOO

3

3CH

CH 

CO[

CH
3

3

PSF-DMOA 

[ O C

CH3

3CH

O SO2 ]n

CH2 P

O

O PSF-DOPO 

 

Scheme 1. Chemical structures of polysulfone (PSF), chloromethylated polysulfone 
(CMPSF), quaternized polysulfones (PSFQ, PSF-DMEA, PSF-DMOA) and polysulfone with 
bulky phosphorus pendant groups (PSF-DOPO)  

Table 1 lists the chlorine content, substitution degree, molecular weights of the structural 
units, 0m , number-average molecular weights, nM , and intrinsic viscosities determined in 
N,N-dimethylformamide (DMF) at 25°C of polysulfone and chloromethylated polysulfones 
(Ioan et al., 2006a). The characteristics of quaternized polysulfones PSFQ1 and PSFQ2 (Ioan 
et al., 2006b), and also PSF-DMEA and PSF-DMOA (Filimon et al., 2010) are presented in 
Table 2.  
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Samples Cl , % DS 0m  nM  [ ]η , dL/g 

PSF 0 0 442.51 39000 0.3627 
CMPSF1 3.34 0.437 463.68 41000 0.3929 
CMPSF2 10.53 1.541 517.17 46000 0.4703 
CMPSF3 12.13 1.828 530.83 47000 0.6970 

Table 1. Chlorine content, substitution degree, DS, molecular weights of the structural units, 
0m , number-average molecular weights, nM , and intrinsic viscosities in DMF at 25°C, [ ]η , 

of polysulfone and chloromethylated polysulfones  

 

Samples Obtained from: Cli, % 0m  nM  
PSFQ1 CMPSF1 2.15 479.47 42000 
PSFQ2 CMPSF2 5.71 647.31 57000 
PSFQ3 CMPSF3 6.21 691.29 61000 

PSF-DMEA CMPSF2 2.89 551.70 49000 
PSF-DMOA CMPSF2 3.23 627.30 56000 

Table 2. Ionic chlorine content, iCl , molecular weights of the structural units, 0m , and 
number-average molecular weights, nM , of quaternized polysulfones 

On the other hand, the substitution of chlorine with the bulky cyclic phosphorus compound 
is carried out at elevated temperature, using a large excess of phosphorus reactant. The 
reactive P-H group interacts with CH2Cl group of chloromethylated polysulfone. The 
occurrence of HCl evolved from the reaction proved the substitution.  
 

Samples Elemental composition, % DS *
0m  nM  

C H S O Cl 
PSF 73.07 5.12 7.47 14.16 0.18 - 443 39000 

CMPSF1 68.81 4.81 6.96 15.22 4.20 0.56 470 41000 
CMPSF2 66.58 4.68 6.72 15.44 6.58 0.90 486 43000 
CMPSF3 61.27 4.25 6.12 17.86 10.50 1.53 528 47000 

Table 3. Carbon, hydrogen, sulfur, oxygen and chlorine content, substitution degree, DS, 
molecular weight of the structural units, 0m , and number-average molecular weights, nM , 
of polysulfone and chloromethylated polysulfone 

Also, the chloromethylation reaction of polysulfone may occur in position 1* for CMPSF1 
and CMPSF2, when DS < 1. Thus, according to Table 1, the difference between these two 
samples lies in the different values of the chlorine content. For sample CMPSF3 with DS > 1, 
the chloromethylation reaction occurs in positions 1* and 2*. Table 3 lists the carbon, 
hydrogen, sulfur, oxygen and chlorine content, degree of substitution, molecular weights of 
the structural units, 0m , and number-average molecular weight, nM , of the 
chloromethylated polysulfones, determined from the polymerization degree of the 
polysulfone (DP ≅  88) and molecular weights of the structural units of chloromethylated 
polysulfones (Petreus et al. 2010). 
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The characteristics of phosphorus-modified polysulfones are presented in Table 4 (Ioan et 
al., 2011b).  

 

Samples Obtained 
from: 

Elemental composition, % DS 0m  nM  

C H S O Cl P 

PS-DOPO-1 CMPSF1 
(4.2 Cl %) 72.5 4.9 5.7 13.6 0.4 2.9 0.59 491.5 43000 

PS-DOPO-2 CMPSF2 
(6.6 Cl %) 71.3 4.7 5.2 14.4 0.45 3.4 0.72 569.4 50000 

PS-DOPO-3 CMPSF3 
(10.5 Cl %) 71.1 4.3 4.5 13.7 0.35 6.0 1.85 975.0 90000 

Table 4. Elemental composition, substitution degree, DS, molecular weight of the structural 
units, 0m , and number-average molecular weights, nM , of phosphorus modified 
polysulfones 

3. Role of casting solutions on the functionalized polysulfones surface 
morphology 

Some studies have reported that the chain shape of a polymer in solution could affect the 
morphology of the polymer in bulk (Hopkins et al., 2006; Huang et al., 2000; Qian et al., 
2005). The PSFQ membranes used in atomic force microscopy (AFM) are prepared with 
different solvent mixtures, including DMF/MeOH, DMF/water, MeOH/DMF and 
MeOH/water. The solvent systems are selected as a function of the ionic chlorine content of 
PSFQ. Thus, DMF solvates PSFQ1 with an ionic chlorine content of 2.15% more intensely 
than the mixed DMF/MeOH and DMF/water solvents with high contents of MeOH and 
water, respectively. On the other hand, MeOH solvates PSFQ2 with an ionic chlorine 
content of 5.71%, more strongly than the mixed MeOH/DMF and MeOH/water solvents 
with high contents of DMF and water, respectively (Filimon et al., 2007); Ioan et al., 2006b). 
AFM is used to examine film surface and to measure their surface topography. All of the 
images presented in Figures 1-3 are recorded under ambient conditions, at different size 
scales to provide morphological details. Each micrograph shows that the membrane surface 
is not smooth, existing in ordered domains, in which are distributed pores and nodules of 
different size and intensities. Increasing the nonsolvent content in the casting solutions 
favores modification of the ordered domains, more visibly in images with a 
500 nm x 500 nm  or 3 m x 3 mμ μ scanning area. Thus, the average surface roughness in 
the 3 m x 3 mμ μ  scanning area decreases from 0.354 nm for the PSFQ1 membranes obtained 
in 60 DMF/40 MeOH (Figure 1 (1b, b’), in two- dimensional (2D) and three-dimensional 
(3D) AFM images, respectively), to 0.193 nm for the PSFQ1 membranes realized in 20 
DMF/80 MeOH (Figure 1 (2b, b’), in 2D and 3D AFM images, respectively). Also, the AFM 
images from Figure 1, for a more extended scanning area, show that increasing the 
nonsolvent content favores the increase of the pores number and of their characteristics, 
such as area, volume, diameter, and also root-mean-square roughness of the surface (rms), 
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whereas their depth decreases. This changing trend in morphology is probably due to the 
modification of the chain conformation of quaternized polysulfones, which is influenced by 
the quality of the mixed solvents (Qian et al., 2005; Kesting, 1990). 

 
Fig. 1. AFM images of PSFQ1 membranes obtained from different DMF/MeOH solvent 
mixtures. (1) 60/40 DMF/MeOH: (a, a’) 2D and 3D images - scanned area 500 nm x 500 nm , 
(b, b’) 2D and 3D images - scanned area 3 m x 3 mμ μ , (c, c’) 2D and 3D images - scanned area 
5 m x 5 mμ μ , (d, d’) 2D and 3D images - scanned area 60 m x 60 mμ μ ; (2) 20/80 
DMF/MeOH: (a, a’) 2D and 3D images - scanned area 500 nm x 500 nm , (b, b’) 2D and 3D 
images - scanned area 3 m x 3 mμ μ , (c, c’) 2D and 3D images - scanned area 5 m x 5 mμ μ ,  
(d, d’) 2D and 3D images - scanned area 60 m x 60 mμ μ  

 

 
Fig. 2. AFM images of PSFQ1 membranes obtained from: (a, a’) 60/40 DMF/water, 2D and 
3D images - scanned area 500 nm x 500 nm ; (b, b’) 60/40 DMF/water, 2D and 3D images - 
scanned area 3 m x 3 mμ μ ; (c, c’) 60/40 DMF/water, 2D and 3D images - scanned area 
60 m x 60 mμ μ ; (d, d’) 40/60 DMF/water, 2D and 3D images - scanned area 60 m x 60 mμ μ  

A higher charge density in PSFQ2 determines the appearance of nodules, as illustrated in 
Figure 3 (a, a’ and b,b’) . The presence of water as a nonsolvent in solutions used for casting 
membranes influences the AFM images; increasing the water content leads to lower area 
pores for both polymer membranes under study (Figure 2 (c, c’ and d,d’) for PSFQ1 
membranes, and Figure 3 (c, c’ and d,d’) for PSFQ2 membranes) and to a lower number of 
nodules in the PSFQ2 membranes (Figure 3 (c, c’ and d, d’)). In addition, it may be assumed 
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that the association phenomena of MeOH and water over different composition domains of 
their mixtures might be one of the factors affecting the morphology of the PSFQ2 membrane 
surface. Thus, mixed solvents are formed from water and MeOH associated with water, at 
high water contents; in contrast, at high MeOH compositions, the mixtures consist largely of 
MeOH and water associate with MeOH. These phenomena change the PSFQ2 solubility, 
and determine the modification of the solution properties (Filimon et al., 2007), as well as 
morphology - Figure 3 (c, c’ and d, d’). 
 

 
Fig. 3. AFM images of PSFQ2 membranes at scanned area 60 m x 60 mμ μ , obtained from:  
(a, a’) 2D and 3D images, 60/40 MeOH/DMF; (b, b’) 2D and 3D images,  
20/80 MeOH/DMF; (c, c’) 2D and 3D images, 60/40 MeOH/water;  
(d, d’) 2D and 3D images, 20/80 MeOH/water  

Table 5 gives the average values of the pore characteristics and surface roughness 
parameters of membranes prepared from different solvent/nonsolvent mixtures. On the 
other hand, obviously, the number of nodules from the AFM images of the PSFQ2 
membranes increases as the nonsolvent content increases.  

 

Samples Cast solvents Pore characteristics Surface roughness 
Area Vol. Depth Diameter rms nhp nhh 

PSFQ1 

60/40 DMF/MeOH 0.499 74.72 237.62 0.793 12.36 279 253 
20/80 DMF/MeOH 1.441 83.47 88.54 1.350 18.36 205 180 
60/40 DMF/water 0.342 8.85 46.21 0.665 8.83 170 135 
40/60 DMF/water 0.165 4.60 45.74 0.460 6.53 200 190 

PSFQ2 

60/40 MeOH/DMF 0.186 1.00 6.82 0.489 5.45 66 50 
20/80 MeOH/DMF 0.216 0.88 6.99 0.528 5.62 64 42 
60/40 MeOH/water 0.485 5.84 20.07 0.783 9.72 104 50 
20/80 MeOH/water 0.145 0.25 3.01 0.431 2.72 45 30 

Table 5. Pore characteristics including the area ( m x mμ μ ), volume ( m x m x nmμ μ ), depth 
(nm), and diameter ( mμ ), and surface roughness parameters including the root-mean-
square roughness (rms, nm), nodule height from the height profile (nhp, nm), and nodule 
average height from the histogram (nhh, nm) of membranes prepared from the PSFQs with 
different solvent mixtures 

On the other hand, Figures 4 and 5 exemplify the bi- and three-dimensional structures 
evidence by AFM investigations of PSF-DMEA films prepared with 100/0, 75/25, 50/50 and 
25/75, and also with 75/25, 50/50 and 40/60 of DMF/MeOH and DMF/water compositions 
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solvent mixtures, respectively. According to the AFM images, increasing the nonsolvent 
content in the casting solutions favores modification of surface morphology.  

 

Fig. 4. 2D and 3D AFM images with 220x20 mμ  scanned areas of the PSF-DMEA films 
obtained from DMF/MeOH solutions: (a, a’) - 100/0; (b, b’) - 75/25; (c, c’) – 50/50; (d, d’) – 
25/75 

Thus, Figure 4 and Table 6 show that average surface roughness attains a maximum value at 
50/50 DMF/MeOH, and favores the appearance of the smallest number of pores with 
highest depth values. Also, the area, diameter, length and mean width increase with 
increasing the nonsolvent content. It should be noted that the thermodynamic quality of the 
solvent mixtures over the studied domain increases with the addition of nonsolvent, at 
approximately 50/50 DMF/MeOH becoming constant, while the preferential adsorption of 
nonsolvent takes a maximum value, according to literature data (Filimon et al., 2010). In 
addition, the presence of water as a nonsolvent in the solutions used for casting films 
influenced the AFM images presented in Figure 5; a higher water content decreases the 
thermodynamic quality of the DMF/water solvent mixtures so that, at 50/50 DMF/water, a 
minimum value of surface roughness and a maximum number of pores with minimum 
values of area, depth, diameter, length and mean width, are observed.  

 

Fig. 5. 2D and 3D AFM images with 220x20 mμ  scanned areas of the PSF-DMEA films 
obtained from DMF/water solutions: (a, a’) - 75/25; (b, b’) – 50/50; (c, c’) – 40/60 

Figure 6 plot also two- and three-dimensional structures of PSF–DMOA films prepared with 
DMF/MeOH solvent mixtures of various compositions (100/0, 75/25, 50/50, and 45/55). 
According to these images, increasing the nonsolvent content in the casting solutions 
favores modification of the surface morphology. Thus, the average surface roughness 
decreased with increasing MeOH content and favores increases in the pore number and 
pore characteristics (area, depth, diameter, and mean width) according to Table 6. The 
thermodynamic quality of solvent mixtures over the studied domain increases with the 
addition of the nonsolvent (Filimon et al. 2010; Ioan et al., 2011a). 
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Solvent 
mixtures 

Pore characteristics Surface roughness 
Number 
of pores Area Depth Diameter Length Mean 

width Sa rms nhh 

PSF-DMEA, DMF/MeOH 
100/0 234 0.24 272.78 0.57 0.86 0.31 33.97 42.87 231.14 
75/25 268 0.27 259.59 0.62 0.94 0.32 31.89 41.47 217.26 
50/50 52 0.47 348.25 0.78 1.09 0.47 74.09 95.12 402.61 
25/75 37 1.10 242.07 1.18 1.73 0.62 48.36 59.80 193.33 

PSF-DMEA, DMF/water 
75/25 147 0.51 245.19 0.86 1.25 0.48 37.41 47.76 227.79 
50/50 1080 0.06 89.57 0.23 0.47 0.15 6.87 9.27 77.43 
40/60 42 2.19 230.10 1.64 2.43 0.86 44.98 57.61 281.80 

PSF-DMOA, DMF/MeOH 

100/0 9 10.43 25.64 3.33 6.24 1.45 14.11 16.82 58 
75/25 - - - - - - 14.43 19.90 82 
50/50 34 0.70 11.37 0.89 1.56 0.42 3.09 4.41 17 
45/55 44 0.80 16.02 0.98 1.53 0.49 2.77 4.24 28 

PSF-DMOA, DMF/water 
75/25 5 3.12 13.65 1.97 3.26 0.96 1.59 2.34 15 
60/40 27 0.04 19.54 0.22 0.35 0.11 9.19 11.83 70 
50/50 18 2.09 5.55 1.46 2.63 0.64 1.52 2.17 8 

Table 6. Pore characteristics, including number of pores, area ( 2mμ ), depth (nm), diameter 
( mμ ), length ( mμ ), and mean width ( mμ ), and surface roughness paramaters, including 
average roughness (Sa, nm), root mean square roughness (rms, nm), and nodule average 
height from the histogram (nhh, nm) of PSF-DMEA and PSF-DMOA films prepared from 
solutions in DMF/MeOH and DMF/water, with 220 x 20 mμ  scanned areas, corresponding 
to the 2D AFM images (Ioan et al., 2011) 

On the other hand, the presence of water as a nonsolvent in the solutions used for casting 
films influenced the AFM images presented in Figure 7; a higher water content decreased 
the thermodynamic quality of the DMF/water solvent mixtures.  

 

 

Fig. 6. 2D and 3D AFM images with 260 x 60 mμ  scanned areas of the PSF-DMOA films 
obtained from DMF/MeOH solution: (a, a’) 100/0; (b, b’) 75/25; (c, c’) 50/50; (d, d’) 45/55 
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Therefore, for a 60/40 DMF/water mixture, the average surface roughness, number of 
pores, and pore depth are maximum with a minimum area (Table 6). It can be assumed that 
the specific interactions with the mixed solvents employed in this study modify the PSF–
DMOA solubility and determine the modification of the solution properties. 
 

 

Fig. 7. 2D and 3D AFM images with 220 x 20 mμ  scanned areas of the PSF-DMOA films 
obtained from DMF/water solution: (a, a’) 75/25; (b, b’) 60/40; (c, c’) 50/50  

In the same context, from AFM images (Figure 8) one can see that the bulky phosphorus 
pendant groups in PSF-DOPO determine the formation of domains with pores in an 
approximately continuous matrix (Ioan et al., 2011b).  
 

 
Fig. 8. 2D and 3D-AFM images for PS-DOPO-1 (a, a’) and PS-DOPO-2 (b, b’) 

 

Samples 
Pore characteristics Surface roughness 

Area Volume Depth Diameter rms nhp nhh 
PS-DOPO-1 23.25 14.39 1.51 5.02 363.16 0.45 1.40 

PS-DOPO-2 28.96 15.19 0.95 7.61 
6.00* 343.11 0.70 1.30 

PS-DOPO-3    25.00*    
* From scanning electron microscopy, according to previous data (Petreus et al., 2010) 

Table 7. Pore characteristics including area ( m x mμ μ ), volume ( m x m x nmμ μ ), depth 
( mμ ), and diameter ( mμ ), and surface roughness parameters including root-mean-square 
roughness (rms, nm), and nodules height from the height profile (nhp, mμ ) and nodules 
average height from the histogram (nhh, mμ ) of polysulfone with bulky phosphorus 
pendant groups membranes obtained from AFM investigations 
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Pore characteristics (including area, volume, depth, and diameter) and surface roughness 
parameters (including root-mean-square roughness (rms), and nodules height from the 
height profile (nhp) from profile analysis, and nodules average height, from the histogram 
(nhh)), are presented in Table 7. The dimensions of pores increase and their depth decreases 
with increasing the substitution degrees, so that, for the PS-DOPO-3 sample, the dimensions 
exceed the limit of the AFM apparatus.  

On the other hand, AFM studies support the conclusion that the increasing density of bulky 
phosphorus pendant groups from the side chain and decreases roughness and, implicitly, 
confirm poor adhesion of the modified polysulfone films. Also, the bulky phosphorus 
pendant groups, found in position 1* for samples PS-DOPO-1 and PS-DOPO-2, and in 
positions 1* and 2* for sample PS-DOPO-3, modify the rigidity and hydrophobicity, and 
determine different forms of entanglement in polymer solutions, influencing membrane 
morphology and AFM images.  

4. Surface tension parameters 

Surface tension parameters of quaternized polysulfones are calculated by the geometric 
mean method (GM) (equation (1)) (Kälble et al., 1969; Owens et al., 1969) and the acid/base 
method (LW/AB) (equation (2)) (van Oss et al, 1988a; van Oss et al, 1988b). In this context, 
the surface tension data of the doubly-distilled water (W), ethylene glycol (EG), glycerol (G) 
and formamide (FA) used in the calculations of the surface tension parameters of PSFQ are 
presented in Table 8.  

 
p

p dlv lv
sv svdd lvlv

1 cos
2

γ+ θ γ⋅ = γ ⋅ + γ
γγ

; pd
sv sv svγ = γ + γ  (1) 

where θ  is the contact angle determined for test liquids, subscripts “lv” and “sv” denote the 
interfacial tension between liquid-vapor and surface-vapor, respectively, while superscripts 
“p” and “d” denote the polar and disperse components, respectively, of total surface 
tension, svγ . 

 ( )LW LW
sv lv sv lv sv lv

lv

21 cos + − − ++ θ = ⋅ γ ⋅ γ + γ ⋅ γ + γ ⋅ γ
γ

; LW/AB LW AB
sv sv svγ = γ + γ  (2) 

where AB
sv sv sv2 + −γ = ⋅ γ ⋅ γ , superscript “LW/AB” indicates the total surface tension, and also, 

superscript “AB” and “LW” represent the polar component obtained from the electron-
donor, sv

−γ , and the electron-acceptor, sv
+γ , interactions, and the disperse component, 

respectively. 

Literature (Della Volpe et al., 2004) shows that an improper utilization of three liquids 
without dispersive liquids, or with liquids prevalently basic or prevalently acidic, strongly 
increases the ill-conditioning of the system. In addition, the contact angles should be 
measured with a liquid whose surface tension is higher than the anticipated solid surface 
tension (Kwok et al., 2000). 
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Table 9 shows the contact angle values between water, ethylene glycol, glycerol or formamide 
and PSF, CMPSF and PSFQ membranes. The surface tension of PSF evidences the lowest 
hydrophilicity, induced by the aromatic rings connected by one carbon and two methyl groups, 
oxygen elements, and sulfonic groups, while chloromethylation of PSF with the functional 
group -CH2Cl increases hydrophilicity (see the values of surface tension for PSF and CMPSF in 
Table 10). Moreover, the results indicate that the PSFQ membranes are the most hydrophilic 
ones from the studied samples (lowest water contact angle), due to the N,N-
dimethylethanolamine hydrophilic side groups. Hence, it is observed that total surface tension, 

svγ  or LW/AB
svγ , and the polar component, p

svγ  or AB
svγ , increase with the degree of substitution 

of CMPSF and with the quaternization degree of the ammonium groups for PSFQ samples. 

 
Test liquids lvγ  d

lvγ  p
lvγ  lv

−γ  lv
+γ  

Water (W) (Ström et al., 1987; (Rankl et al., 2003)) 72.8 21.8 51.0 25.50 25.50 
Ethylene glycol (EG) (Yildirim et al., 1997) 48.0 29.0 19.0 47.00 1.92 
Glycerol (G) (van Oss et al., 1989) 64.0 34.0 30.0 57.40 3.92 
Formamide (FA) (van Oss et al., 1989) 58.0 39.0 19.0 39.60 2.28 
Methylene iodide (MI) (Rankl et al., 2003) 50.80 50.80 0 0.72 0 
1-Brom-naphtalin (1-Bn) (Rankl et al., 2003) 44.40 44.40 0 0 0 
Red blood cell (Vijayanand et al., 2005) 36.56 35.20 1.36 0.01 46.2 
Platelet (Vijayanand et al., 2005) 118.24 99.14 19.10 12.26 7.44 

Table 8. Surface tension parameters (mN/m) of the liquids used for contact angle 
measurements: total surface tension, lvγ , disperse component of surface tension, d

lvγ , polar 
component of surface tension, p

lvγ , electron-donor contribution on polar component, lv
−γ , 

and electron-acceptor contribution on polar component, lv
+γ  

 

 Solvents
Polymers W G FA EG 

PSF 79 70 65 60 
CMPSF1 78 72 66 57 
CMPSF2 73 69 65 54 
CMPSF3 71 68 64 52 
PSFQ1 64 63 64 51 
PSFQ2 64 56 69 48 
PSFQ3 32 28 32 29 

Table 9. Contact angle of different probe liquids (in °) 

Therewith, the relative ratio of the polar component to the total surface tension ranges from 
approx. 39% for PSF and 43% for CMPSF1, with the substitution degree DS<1, to 57-61% for 
CMPSF, with the substitution degree DS>1, and to 79% for PSFQ. The apolar component, 

d
svγ , decreases from PSF to CMPSF and PSFQ. The total surface tensions of PSF and 

CMPSF1, where the substitution degree DS<1, are dominated by the apolar component, 
while the total surface tension of CMPSF2, CMPSF3, (DS>1) and PSFQ are dominated by the 
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polar term, with the electron donor interactions, sv
−γ , smaller than the electron acceptor ones, 

sv
+γ . Thus, the functional groups -CH2Cl attached by chloromethylation process increase the 

polarity for chloromethylated polysulfones with a substitution degree DS>1; also, the N, N-
dimethylethanolamine side groups introduced by the quaternization process increase the 
polarity. The change is moderate for chloromethylated polysulfone with DS>1, with 
different chloride content.  
 

Samples 
GM method LW/AB method

d
svγ  p

svγ  svγ  LW
svγ  AB

svγ  sv
−γ  sv

+γ  LW/AB
svγ  

PSF 17.81 11.21 28.49 18.77 9.34 8.74 28.10 33.23 
CMPSF1 16.13 12.32 28.45 21.27 7.46 11.43 28.73 25.97 
CMPSF2 13.23 17.56 30.79 16.85 12.38 17.02 29.23 42.35 
CMPSF3 12.66 19.43 32.09 15.79 14.14 17.56 29.93 47.23 
PSFQ1 8.12 29.88 38.00 12.70 19.29 27.24 31.98 60.31 
PSFQ2 8.04 31.11 39.15 8.15 42.56 29.98 43.71 97.38 
PSFQ3 8.08 31.20 39.18 7.82 56.82 49.34 64.74 82.70 

Table 10. Surface tension parameters (mN/m) for polysulfone (PSF) film , chloromethylated 
polysulfone films, (CMPSF1, CMPSF2 and CMPSF3) prepared from solutions in chloroform, 
and quaternized polysulfone films (PSFQ1, PSFQ2 and PSFQ3) prepared from solutions in 
methanol  

Moreower, the surface tension parameters of quaternized polysulfones PSF-DMEA, and 
PSF-DMOA, with surface properties of water, methylene iodide, 1-brom-naphtalin test 
liquids from Table 8, and the contact angles measured between these solvents and 
quaternized polysulfone films from Table 11, are presented in Table 12.  
 

Solvent mixtures Contact angle
W MI 1-Bn

PSF-DMEA
100/0 DMF/MeOH 71 28 17
75/25 DMF/MeOH 70 31 22
50/50 DMF/MeOH 61 30 20
25/75 DMF/MeOH 63 31 24
75/25 DMF/water 59 35 21
50/50 DMF/water 60 33 18
40/60 DMF/water 56 33 16

PSF-DMOA
100/0 DMF/MeOH 72 32 15
75/25 DMF/MeOH 78 32 16
50/50 DMF/MeOH 58 28 16
45/55 DMF/MeOH 77 35 20
75/25 DMF/water 66 34 21
60/40 DMF/water 65 36 25

Table 11. Contact angle (°) of different liquids on films prepared from solutions of PSF-
DMEA and PSF-DMOA in DMF/MeOH and DMF/water  
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These parameters are influenced by the solvent/nonsolvent composition from which the 
films are prepared (Albu et al., 2011; Ioan et al. 2011a). Some studies have reported that the 
chain shape of a polymer in solution could affect the morphology of the polymer in bulk. In 
this context, the conformations of both PSF-DMEA and PSF-DMOA are affected by the 
charged groups from different alkyl radicals of the studied quaternized samples, and also by 
the compositition of the solvent mixtures. For the PSF-DMEA in the DMF/MeOH system, 
one may observe that the polymer coil dimension decreases with increasing the DMF 
content in the 0.25–1 volume fraction domain; below a 0.25 volume fraction of DMF, the 
polymer precipitates. For the same polymer, but in a DMF/water solvent mixture, the 
dimensions increase with increasing the DMF content, starting from approximately the same 
volume fraction of DMF. The PSF-DMOA coil dimensions possess maximum values in 
DMF/MeOH and DMF/water, around 0.6 and 0.8 DMF volume fractions, respectively. For 
volume fractions of DMF below 0.25 in DMF/MeOH and 0.5 in DMF/water, the PSF-
DMOA precipitates due to the nature of the alkyl radicals and content of nonsolvent in the 
system. Also, the values of intrinsic viscosity are higher for PSF-DMOA - with bulky carbon 
atoms in the alkyl side chain, compared with PSF-DMEA, where the alkyl side chain 
possesses two carbon atoms. Therefore, for a given composition of the DMF/MeOH and 
DMF/water solvent mixtures, one of the components is preferentially adsorbed by the 
quaternized polysulfone molecules in the direction of a thermodynamically most effective 
mixture (Filimon et al., 2010). These aspects influence the surface properties of the polymer. 
PSF-DMEA films possess low polar surface tension parameters, but slightly higher than 
those for PSF-DMOA. The hydrophobic character is given by the ethyl radical from the N-
dimethylethylammonium chloride pendant group and by the octyl radical from the N-
dimethyloctylammonium chloride pendant group, respectively.  
 

Solvent 
mixtures 

GM method LW/AB method
d
svγ  p

svγ  svγ  LW
svγ  sv

+γ  sv
−γ  AB

svγ  LW/AB
svγ  

PSF-DMEA, DMF/MeOH
100/0 43.7 5.9 49.7 42.5 3.6 2.6 6.2 48.7 
75/25 42.5 6.6 49.2 41.3 4.3 2.8 6.9 48.1 
50/50 42.9 10.7 53.7 41.8 9.9 2.5 9.9 51.7 
25/75 42.1 10.0 52.1 40.6 6.5 4.1 10.4 51.0 

PSF-DMEA, DMF/water
75/25 41.8 12.2 54.0 41.5 21.4 0.1 3.18 44.68 
50/50 42.6 11.4 54.0 42.3 19.0 0.2 3.83 46.08 
40/60 42.8 13.4 56.3 42.7 25.4 0.2 4.15 46.85 

PSF-DMOA, DMF/MeOH 

100/0 40.9 5.1 46.0 42.4 0.4 1.4 1.5 43.9 
75/25 39.6 3.0 42.6 42.7 0.2 0.8 0.8 43.5 
50/50 43.6 1.9 45.2 43.1 1.5 2.0 1.8 44.9 
45/55 39.1 3.6 42.7 41.3 1.0 0.5 1.4 42.7 

PSF-DMOA, DMF/water 

75/25 38.4 7.5 46.0 41.4 0.5 1.2 1.5 42.9 
60.40 38.5 8.6 47.1 40.2 0.8 3.5 3.3 43.6 
50/50 41.4 5.9 47.4 42.8 0.5 1.3 1.6 44.4 

Table 12. Surface tension parameters (mN/m) for quaternized polysulfone films PSF-DMEA 
and PSF-DMOA prepared from solutions in DMF/MeOH and DMF/water 
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Furthermore, the electron donor interactions, sv
−γ , are smaller than the electron acceptor 

ones, sv
+γ , for PSF-DMEA, and electron donor interactions, sv

−γ , exceed the electron acceptor 
interactions, sv

+γ , for PSF-DMOA, caused by the inductive phenomena from alkyl radical. 
The results reflect the capacity of the N-dimethylethylammonium chloride or N-
dimethyloctylammonium chloride pendant groups to determine the acceptor or donor 
character of the polar terms, generated by these inductive phenomena.  

In the same context, the substitution degrees of polysulfones with bulky phosphorus 
pendant groups enface the specific properties. Presence of substituted groups in position 1* 
for samples PS-DOPO-1 and PS-DOPO-2 and in positions 1* and 2* for sample PS-DOPO-3 
influence e.g. the rheological properties, leading to modification of slopes as a function of 
viscosity vs. substitution degrees, concentration and temperature (Ioan et al., 2011b). This 
behavior is assigned to the modification of cohesive energy and molar volume for the 
studied samples. The Arrhenius equation evidenced an increased of activation energy and 
flow activation entropy, in the following order: PS-DOPO-1 < PS-DOPO-2 < PS-DOPO-3. 
This implies a higher energy barrier for the movement of an element of the fluid and a more 
rigid structure for the PS-DOPO3 polymer chain and, as well as, a strong variation with 
concentration of the activation energy and flow activation entropy. Thus, different forms of 
the entanglement in polymer solutions are generated by the specific molecular 
rearrangement of the polysulfone with bulky phosphorus pendant groups with different 
substitution degrees, at different concentrations and temperatures. Moreover, the 
viscoelastic characteristics showed that all samples exhibit the behavior characteristic of an 
elastic gel at high frequencies, when G’ > G’’ and where both moduli are dependent on 
frequency. These features are characteristic for a physical gel network, in which the gelation 
process of phosphorus-modified polysulfones is influenced by intramolecular interactions, 
depending on the substitution degrees and by intermolecular attractions that depend on 
solution concentration.  
 

Samples W F EG MI 
PS-DOPO-1 77 56 59 43 
PS-DOPO-2 78 52 49 21 
PS-DOPO-3 82 46 31 ≈ 0 

Table 13. Contact angle of different probe liquids (water (W), formamide (F),  
ethylene glycol (EG) and methylene iodide (MI)) in (°) with polysulfones with bulky 
phosphorus pendant groups 

 

Samples 

Surface tension parameters 
GM method LW/AB method 

d
svγ  p

svγ  svγ  LW
svγ  AB

svγ  sv
+γ  sv

−γ  LW/AB
svγ  

PS-DOPO-1 33.18 4.80 37.98 34.23 3.99 0.557 7.15 37.22 
PS-DOPO-2 44.62 2.34 46.96 39.20 1.508 0.112 5.063 40.710 
PS-DOPO-3 52.85 1.14 53.99 48.85 1.378 0.358 1.327 50.228 

Table 14. Surface tension parameters (mN/m) for membranes of PS-DOPO with different 
substitution degrees, prepared from solutions in DMF 
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On the other hand, according to Table 13 and, finally, Table 14, all phosphorus-modified 
polysulfones show low polar surface tension parameters, p

svγ  or AB
svγ , which decrease with 

increasing the phosphorus pendant groups, and which manifest bring lower contributions 
to the total surface tension parameters. Furthermore, the electron donor interactions, sv

−γ  
exceed the electro n acceptor interactions, sv

+γ , considering electron-donor capacity of P=O 
group. These results show that the studied samples evidence high hydrophobicity, which 
increases by increasing the substitution degrees. The maximum hydrophobicity of the 
polysulfones with bulky phosphorus pendant groups would be advantageous, e.g., for 
dielectric performance, since a low water absorption causes a significant decrease in the 
dielectric constant and, implicitly, low adhesion to different interfaces. 

5. Surface and interfacial free energy of functionalized polysulfones 

The effect of different radicals of functionalized polysulfones and of the history of the films 
formed from solutions on surface properties are analyzed by surface free energy, wGΔ  - 
expressing the balance between surface hydrophobicity and hydrophilicity (equation (3)) 
(Faibish et al., 2002; Rankl et al., 2003), by interfacial free energy between two particles of 
functionalized polysulfones in water phase, GM

swsGΔ  (equations (4) and (5) or (6)), and by the 
work of spreading of water, sW  (equation (7)). 

 w lv waterG (1 cos )Δ = −γ ⋅ + θ  (3) 

where lvγ  is given in Tables 8 and waterθ  is give in Table 9, 11 and 13 for functionalized 
polysulfones with N,N-dimethylethanolamine (PSFQ), N,N-dimethylethylamine and N,N-
dimethyloctylamine (PSF-DMEA and PSF-DMOA), and polysulfones with bulky 
phosphorus pendant groups (DOPO), respectively. 

 GM LW/BAB LW/AB
sws sws sl slG  (or G ) 2   (or  )Δ Δ = − ⋅ γ γ  (4) 

 ( )2 2
p p d d

sl sv lv svlv
 γ = γ − γ + γ − γ 
 

 (5) 

 ( ) ( )2
LW/AB d d

sv lv sv sv lv lv sv lv sv lvsl 2 + − + − + − − +γ = γ − γ + ⋅ γ ⋅ γ + γ ⋅ γ − γ ⋅ γ − γ ⋅ γ  (6) 

 LW d 1/2 1/2 1/2
s a c sv lv sv lv sv lv lvW W W 2 [( ) ( ) ( ) ] 2+ − − += − = ⋅ γ ⋅ γ + γ ⋅ γ + γ ⋅ γ − ⋅ γ  (7) 

Generally, the literature (Faibish et al., 2002; van Oss, 1994) mentions that for 
2

wG 113  mJ/mΔ < − , the polymer can be considered more hydrophilic while, when 
2

wG 113  mJ/mΔ > − , it should be considered more hydrophobic. It is observed from Figure 
9 that the surface free energy for PSF and CMPSF samples possesses low wettability . 
Moreover, Figures 9, 10 and Table 15 show that all functionalized polysulfones are 
characterized by small wettability, except for PSFQ3, where the hydrophylicity is higher. On 
the other hand, N,N-dimethyloctylamine groups determine a higher wettability as N,N-
dimethylethylamine group (coresponding to PSF-DMOA and PSF-DMEA, respectively) and 
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these wettability depends on the surphace morphology of samples prepared from different 
composition of DMF/MeOH and DMF/water solvent mixtures (see Table 6). Also, a small 
difference appears between PS-DOPO samples with different substitution degrees. Thus, 
one can say that increasing the substitution degrees lead to a slight increase in 
hydrophobicity. 

 
Fig. 9. Surface free energy vs. water contact angle for quaternized polysulfones with  
N,N-dimethylethanolamine  

 
Fig. 10. Surface free energy vs. water contact angle for polysulfones with bulky  
phosphorus pendant groups 

The interfacial free energy, GM
swsGΔ  evaluated from solid-liquid interfacial tension, slγ , has 

negative values (see Figure 11 - for PSFQ, Table 15 - for PSF-DMEA and PSF-DMOA, and 
Table 16 – for PSF-DOPO), indicating an attraction between the two polymer surfaces, s, 
immersed in water, w; hence, these materials are considered rather hydrophobic (Dourado 
et al., 1998; van Oss & Giese, 1995).  

In addition, the hydrophobicity of these polymers is described by the work of spreading of 
water, sW , over the surface, which represents the difference between the work of water 
adhesion, aW , and the work of water cohesion, cW  (equation (7)). 
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Solvent 
mixtures 

slγ  wGΔ  GM
swsGΔ  

DMF/MeOH 
PSF- 

DMEA 
PSF- 

DMOA 
PSF- 

DMEA 
PSF- 

DMOA 
PSF-

DMEA 
PSF- 

DMOA 
100/0 25.95 26.92 -67 -95.30 -51.90 -53.84 
75/25 24.26 32.06 -68 -87.94 -48.52 -64.12 
50/50 18.47 37.15 -75 -111.38 -36.94 -74.30 
45/55 - 29.91 - -89.18 - -59.82 
25/75 19.15 - -74 - -38.30 - 

 DMF/water 
75/25 16.50 21.66 -77 -102.41 -32.30 -43.32 
60/40 - 20.08 - -103.57 - -40.16 
50/50 17.60 25.30 -76 -97.70 -35.20 -50.60 
40/60 15.57 - -79 - -31.14 - 

Table 15. Water interfacial tensions and surface free energy for PSF-DMEA and PSF-DMOA 
films prepared in different DMF/MeOH and DMF/water, and interfacial free energy 
between two particles of quaternized polysulfones in water phase 

 
Fig. 11. Water interfacial tensions and surface free energy for polysulfone, chloromethylated 
polysulfones, and quaternized polysulfones films prepared in DMF/MeOH and 
DMF/water  

 

Samples slγ  LW/AB
slγ  GM

swsGΔ  LW/AB
swsGΔ  sW  

PS-DOPO-1 25.69 21.84 -51.38 -43.69 -56.42 
PS-DOPO-2 35.54 28.93 -71.08 -57.86 -61.03 
PS-DOPO-3 43.65 40.09 -87.30 -80.17 -62.66 

Table 16. Solid-water interfacial tensions, slγ , and interfacial free energy, GM
swsGΔ , from the 

geometrical mean method (GM) and solid-water interfacial tensions, LW/AB
slγ  and 

interfacial free energy, LW/AB
swsGΔ , from the acid/base method (LW/AB), and the work of 

spreading of water, sW , over the polymer surface 
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Fig. 12. Work of spreading of water, red blood cells and platelets over the surface of PSFQ1, 
PSFQ2 and PSFQ3 films  

 
Fig. 13. Work of spreading of water, red blood cells and platelets over the surface of PSF-
DMEA and PSF-DMOA films prepared in DMF/MeOH and DMF/water  

 
Fig. 14. Work of spreading of water, of red blood cells and of platelets over the surface of 
PSF-DOPO1, PSF-DOPO2 and PSF-DOPO3 films 
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According to the negative values of the interfacial free energy of all polysulfone samples, the 
work of spreading of water, s,wW , takes negative values, caused by the hydrophobic 
surfaces, where the work of water adhesion is low, comparatively with the work of 
cohesion; at the same time, be noticed that adhesion and implicitly work of spreading of 
water, sW , increases with increasing substitution degree for PSFQ samples ( s,w,PSFQ1W < 

s,w,PSFQ2W < s,w,PSFQ3W ), is lower for PSF-DMOA than for PSF-DMEA, and decreases with 
increasing of substitution degrees for PSF-DOPO ( s,w,PS DOPO1W −  < s,w,PS DOPO2W −  < 

s,w,PS DOPO3W − ). 

6. Blood - functionalized polysulfone interactions 

Blood compatibility is dictated by the manner in which their surfaces interact with blood 
constituents, like red blood cells and platelets. To analyze the possibilities of using the 
functionalized polysulfones in biomedical applications, and for establishing its compatibility 
with blood, equation (7) is used, where s,rbcW  and s,pW  describe the work of spreading of 
red blood cells and platelets (Vijayanand et al., 2005); when blood is exposed to a 
biomaterial surface, adhesion of cells occurs and the extent of adhesion decides the life of 
the implanted biomaterials; thus, cellular adhesion to biomaterial surfaces could activate 
coagulation and the immunological cascades. Therefore, cellular adhesion has a direct 
bearing on the thrombogenicity and immunogenicity of a biomaterial, and thus dictates its 
blood compatibility. The work of adhesion of the red blood cells can be considered as a 
parameter for characterizing biomaterials versus cell adhesion. The materials which exhibit a 
lower work of adhesion would lead to a lower extent of cell adhesion than those with a 
higher work of adhesion. Considering the surface energy parameters ( lvγ , d

lvγ , lv
+γ , lv

−γ ) 
given in Table 8 for red blood cells and platelets, the work of spreading of blood cells and 
platelets is estimated by equation (7), with surface tension parameters listed in Table 10 for 
PSFQ, Table 12 for PSF-DMEA and PSF-DMOA, and in Table 14 for PSF-DOPO. 

Figures 12, 13 and 14 show positive values for the work of spreading of red blood 
cells, s,rbcW , and negative values for the work of spreading of platelets, s,pW , suggesting a 
higher work of adhesion comparatively with that of cohesion for the red blood cells, but a 
smaller work of adhesion comparatively with the one of cohesion for platelets. Among these 
polysulfones, the work of spreading of red blood cells, s,rbcW  exhibits a negative value for 
the PSFQ1, generated by lower hydrophobicity, and a highest value for the PSF-DMEA, 
characterized by high disperse parameter of surface tension.  

These results suggest that the exposure of platelets to functionalized polysulfone films 
determines an increase of platelets cohesion, and that a good hydrophobicity can be 
correlated with a good adhesion of the red blood cells on the surface of the polysulfone 
films.  

In summary, both red blood cells and platelets are extremely important in deciding the 
blood compatibility of a material. Moreover, it is known that adhesion of the red blood cells 
onto a surface, e.g. modified polysulfones, requires knowledge of the interactions with the 
vascular components. Thus, endothelial glycocalyx along with the mucopolysaccharides 
adsorbed to the endothelial surface of the vascular endothelium reject clotting factors and 
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platelets - which have a significant role in thrombus formation (Reitsma et al., 2007). In this 
context, adhesion of the red blood cells and cohesion of platelets to surface films must be 
discussed in correlation with future specific biomedical applications. These results seem to 
be applicable for evaluating bacterial adhesion to the surfaces, and could be subsequently 
employed for studying possible implanted induced infections, or for obtaining 
semipermeable membranes. 

7. Antimicrobial activity assessments 

The literature shows that quaternary ammonium salts represent one of the most popular 
types of antimicrobial agents (Hazziza-Laskar et al., 2005; Xu et al., 2006; Yu et al., 2007; 
Merianos, 1991). Their biological activity, depending on their structure and physico-
chemical properties, affects the interaction with the cytoplasmic membrane of bacteria and 
influences cell metabolism.  

The antimicrobial activity of quaternized polysulfones with various ionic chlorine contents, 
in DMSO, at different concentrations, is investigated against Escherichia coli (E. coli) and 
Staphylococcus aureus (S. aureus). As shown in Figure 15 and Table 17, these polymers inhibit 
the growth of microorganisms, the inhibition becoming stronger with increasing the 
polycationic nature of the modified polysulfone and with the polymer solution 
concentration. Also, for all solutions, the inhibition is intense compared to DMSO, which is 
used as a control sample.  

 
Fig. 15. Antimicrobial screening tests: (a) PSFQ1 in DMSO, c = 1.08 g/L, against Escherichia 
coli; (b) PSFQ2 in DMSO, c = 1.10 g/L, against Escherichia coli; (c) PSFQ1 in DMSO, c = 1.08 
g/L, against Staphylococcus aureus; (d) PSFQ2 in DMSO, c = 1.10 g/L, against Staphylococcus 
aureus. In each figure, the inhibition area on the right side is recorded for DMSO as a control 
sample 
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Microorganism PSFQ1 PSFQ2 Control 
(DMSO) 0.52 g/L 1.08 g/L 0.52 g/L 1.1 g/L 

E. coli 13 19 22 23 12 
S. aureus 11 13 15 18 10 

Table 17. Antimicrobial activity expressed by the diameter of the inhibition zone (mm) of 
PSFQ1 and PSFQ2 in DMSO at two concentrations and of DMSO used as a control sample 
against Escherichia coli and Staphylococcus aureus 

The cationic modified polysulfones with quaternary ammonium group interfere with the 
bacterial metabolism by electrostatic stacking at the cell surface of the bacteria (Xu et al., 
2006). This conclusion is evaluated in terms of the diameter of the inhibition zone presented 
in Table 17. The results show that the bacterial activity of the tested compounds is 
dependent on the microorganism nature. Thus, the E. coli is found be much more sensitive 
to the investigated polymers than the S. aureus.  

On the other hand, the differences in the composition of the cell wall of Gram-negative (E. 
coli) and Gram-positive (S. aureus) bacteria cause different resistance to killing by 
antimicrobial agents. It is known that the component of Gram-positive bacteria cell walls is 
peptidoglycan, whereas the major constituents of Gram-negative bacteria cell walls are 
peptidoglycan, together with other membranes, such as lipopolysaccharides and proteins. 
These components of the cell walls generate the hydrophilic character of E. coli bacteria and 
the hydrophobic character of S. aureus. Thus, the different inhibiting effects of PSFQ1 and 
PSFQ2 on the growth of the tested E. coli and S. aureus bacteria may be due to different 
antimicrobial activities.  

Therefore, all these aspects indicate that the antimicrobial activity depends not only on the 
substituent groups of the quaternized polysulfones but also on the hydrophilic or 
hydrophobic character of the bacteria, which generated different interactions of the 
quaternary ammonium salt groups with the bacterial cell membrane. In particular, the 
adhesion of the relatively hydrophilic E. coli to the hydrophilic quaternized polysulfones is 
higher than the adhesion of hydrophobic S. aureus cells.  

8. Conclusion  

New quaternized polysulfones, prepared by quaternization of chloromethylated 
polysulfone with N,N-dimethylethanolamine, N,N-dimethylethylamine, N,N-
dimethyloctylamine and also polysulfones with bulky phosphorus pendant groups, 
obtained by chemical modification of the chloromethylated polysulfones by reacting the 
chloromethyl group with the P-H bond of 9,10-dihydro-oxa-10- phosphophenanthrene-10-
oxide are investigated to obtain information on their hydrophilic/hydrophobic properties 
and blood compatibility. The history of the formed films, prepared by a dry-cast process in 
pure solvents or in different solvent/nonsolvent mixtures, influenced the surface tension 
parameters, surface and interfacial free energy and the work of spreading of water, 
maintaining the surfaces hydrophobic characteristics of polysulfones. On the other hand, the 
results reflect the capacity of N-dimethylethanolammonium chloride pendant group to 
determine the acceptor character of the polar terms, capacity of N-dimethylethylammonium 
or N-dimethyloctylammonium chloride pendant groups to determine the acceptor or donor 
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character of the polar terms, and capacity of P-H bond of 9,10-dihydro-oxa-10- 
phosphophenanthrene-10-oxide to determine the donor character of the polar terms, caused 
by the inductive phenomena of different pendant groups.  

The AFM images show that surface morphology is characterized by roughness and nodules 
formations, depending on the composition of solvent/nonsolvent mixtures, including the 
characteristics of polysulfones and the thermodynamic quality of the solvents. Moreover, 
the results suggest that: 

- surface hydrophobicity and surface roughness are the parameters controlling the 
compatibility with the red blood cells and platelets: a good hydrophobicity can be 
correlated with a good adhesion of the red blood cells and with a good cohesions of the 
platelets on the surface of the polysulfone films; 

- high work of adhesion comparatively with work of cohesion for the red blood cells, but 
a smaller work of adhesion comparatively with the one of cohesion for platelets is 
obtained. Among these polysulfones, the work of spreading of red blood cells, s,rbcW  
exhibits a negative value for the quaternized polysulfone with N,N-
dimethylethanolamine pendant group and 2.15 ionic chlorine content (PSFQ1), 
generated by lower hydrophobicity, and a highest value for the quaternized 
polysulfone with N,N-dimethylethylamine pendant group (PSF-DMEA), characterized 
by high disperse parameter of surface tension. 

On the other hand, the antimicrobial activity of polysulfones with quaternary ammonium 
groups is considered to be one of the important properties that are directly related to new 
possible applications. In this study, adhesion of Escherichia coli and Staphylococcus aureus 
cells to PSFQ is investigated. These polymers inhibit the growth of microorganisms, with 
inhibition becoming stronger with the increasing polycationic nature of the modified 
polysulfone and the concentration of the polymer solution. Moreover, the adhesion of the 
relatively hydrophilic E. coli to hydrophilic quaternized polysulfone is higher than the 
adhesion of the hydrophobic S. aureus cells.  

These results are useful in investigations on specific biomedical applications, including 
evaluation of bacterial adhesion to the surfaces, and utilization of modified polysulfones as 
semipermeable membranes. 
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1. Introduction 

An intensive international research effort is currently underway to develop new classes of 
compounds that exhibit novel mechanisms of antibacterial activity (Bush, 2004) (Klevens et 
al., 2007) due to the dramatic and continued evolution of drug resistant strains of bacteria 
(Hartl, 2000) (Shlaes, Projan, & Edwards, 2004) (Y. Huang, Huang, & Chen, 2010) (Godballe, 
Nilsson, Petersen, & Jenssen, 2011) (J. Song, 2008) (Findlay, Zhanel, & Schweizer, 2010).  
Both natural and synthetic antimicrobial peptides (AMPs) because of their novel 
mechanisms of antibiotic activity, coupled with the inherent difficulty for bacteria to 
develop resistance to them (Hartl, 2000) (Shlaes et al., 2004) (Y. Huang et al., 2010) (Godballe 
et al., 2011) (J. Song, 2008) (Findlay et al., 2010)  exhibit a very high potential as new 
therapeutic agents.  Several AMPs are currently in development as topical antibiotics 
(Zhang & Falla, 2009).  

AMPs have evolved as a host defense mechanism against invading micro-organisms in most 
organisms (Hartl, 2000) (Shlaes et al., 2004) (Y. Huang et al., 2010) (Godballe et al., 2011) (J. 
Song, 2008) (Findlay et al., 2010) . In addition to antibacterial properties AMPs are believed 
to be key players in innate immunity (Devine & Hancock, 2002; Y. M. Song et al., 2005). 
AMPs are normally highly positively charged (+3 to +9) small peptides consisting of 5-50 
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amino acid residues (Hancock, 1998). These peptides are amphipathic molecules with well-
defined hydrophobic and hydrophilic regions (Toke, 2005; Zasloff, 2002). As of January 
2009, more than 1330 (Wang, Li, & Wang, 2009) natural and synthetic antimicrobial peptides 
have been characterized. These peptides have exhibited, a diversity of biological activity 
(Khandelia, 2008).  

The inherent selectivity of AMP’s for prokaryotic vs eukaryotic cells is believed to be 
derived from the difference in the chemical compositions of their respective membranes 
(Dennison, Wallace, Harris, & Phoenix, 2005). Hancock and co-workers (Powers & Hancock, 
2003) have extended this hypothesis to propose that the differences in membrane 
composition between different strains of bacteria are responsible for the diversity in the 
potency and selectivity exhibited by a particular AMP against different strains of bacteria. 
Bacterial cells contain a high percentage of negatively charged phospholipids while 
mammalian cells contain a much higher concentration of zwitterionic phospholipids (Papo 
& Shai, 2003) (Zhang & Falla, 2009) (Findlay et al., 2010) (Godballe et al., 2011) (Y. Huang et 
al., 2010) (Yeaman & Yount, 2003) (Leontiadou, Mark, & Marrink, 2006) (Y. Huang et al., 
2010) (Hancock & Lehrer, 1998). Other differences also exist including membrane 
composition (sterols, lipopolysaccharide, peptidoglycan etc) (Yeaman & Yount, 2003), 
structure, and transmembrane potential and polarizability. These differences are in part 
responsible for the observed selectivity of some AMPs for bacterial vs. mammalian 
cells.(Hancock & Lehrer, 1998; Yeaman & Yount, 2003) Melo and co-workers have 
characterized the physical properties of bacterial membranes that are conducive for AMP 
interactions (Melo, Ferre, & Castanho, 2009).  

The membranes surrounding different types of bacteria are also different. The lipid bilayer 
of Gram positive bacteria is covered by a porous layer of peptidoglycan, while the structure 
of Gram negative bacteria is more complex with two lipid membranes containing 
lipopolysaccharides and porins (Dennison et al., 2005; Giangaspero, Sandri, & Tossi, 2001). 
There is a developing preponderance of evidence in the literature supporting the concept 
that the selectivity and potency of a specific AMP is determined in a large measure by the 
chemical composition of the target membrane.(Powers & Hancock, 2003; Yeaman & Yount, 
2003) 

In our laboratory we have focused on developing antimicrobial peptides that contain 
unnatural amino acids to control the conformational and physicochemical properties (Hicks, 
Bhonsle, Venugopal, Koser, & Magill, 2007) of the resulting peptide.  Our original skeletal 
design of an unnatural AMP incorporated placement of three L-Tic-L-Oic dipeptide units 
into the polypeptide backbone to induce an ordered structure onto the peptide (Hicks et al., 
2007).  The use of the conformationally restrained amino acids (Tic an Oic) reduces the local 
flexibility of the peptide backbone and thus reduces the total conformational space that may 
be sampled by the peptide during lipid binding. The AMPs developed in our laboratory, the 
Tic-Oic units are connected via an amino acid spacer with defined properties of charge and 
hydrophobicity resulting in peptides with well-defined physiochemical properties while 
maintaining sufficient conformational flexibility to allow the peptide to adopt different 
conformations on interacting with membranes of different chemical composition (Hicks et 
al., 2007; Russell et al., 2010; Venugopal et al., 2010).  The basic skeleton of the AMPs under 
investigation is given in Fig. 1.  The amino acid sequences for the AMPs used in this 
investigation are given in Table 1. 
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Fig. 1. The basic skeleton of the new analogs containing six Tic-Oic dipeptide units and the 
five SPACER residues. 

In this report the in vitro antibacterial activity of a new series of AMPs incorporating six Tic-
Oic dipeptide units as well as four additional Spacers, A, B, C and D on either side of the 
intervening hydrophobic and charged residues. These spacers define the overall 
conformational flexibility of the peptide backbone.  A fifth Spacer, E, which defines the 
distance between the polypeptide backbone and the positively charged side chain amine 
group. Spacer E is involved in determining the overall surface charge density of the peptide 
as well as defining the distance between the membrane surface and the polypeptide 
backbone (Hicks et al., 2007). By varying the number of -CH2- groups in Spacer E from 1 to 4 
in the side chain of the basic residues, the distance between the positive charge and the 
peptide backbone will decrease resulting in a) less side chain flexibility during binding –this 
flexibility is more important in the binding with zwitterionic lipids than with anionic lipids; 
and b) the positive charge density will reside closer to the peptide backbone. The additional 
Tic-Oic dipeptide units and spacers were incorporated in hopes of improving the organism 
selectivity of these AMPs.  
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Compound Number/ Amino Acid Sequence 
 

22 H2N-KL-Tic-Oic-K-Tic-Oic-F-Tic-Oic-K-Tic-Oic-F-Tic-Oic-K-Tic-Oic-KR-CONH2 

70 H2N-KL-Tic-Oic-K-Tic-Oic-F-Tic-Oic-K-Tic-Oic-F-Tic-Oic-K-Tic-Oic-KKKK-CONH2 

71 H2N-Orn-L-Tic-Oic-Orn-Tic-Oic-F-Tic-Oic-Orn-Tic-Oic-F-Tic-Oic-Orn-Tic-Oic-Orn-Orn-Orn-Orn-
CONH2 

72 H2N-Dpr-L-Tic-Oic-Dpr-Tic-Oic-F-Tic-Oic-Dpr-Tic-Oic-F-Tic-Oic-Dpr-Tic-Oic-Dpr-Dpr-Dpr-
Dpr-CONH2 

73 H2N-Dab-L-Tic-Oic-Dab-Tic-Oic-F-Tic-Oic-Dab-Tic-Oic-F-Tic-Oic-Dab-Tic-Oic-Dab-Dab-Dab-
Dab-CONH2 

74 H2N-KL-Tic-Oic-GK-Tic-Oic-F-Tic-Oic-GK-Tic-Oic-F-Tic-Oic-GK-Tic-Oic-KKKK-CONH2 

75 H2N-KL-Tic-Oic-K-Tic-Oic-GF-Tic-Oic-K-Tic-Oic-GF-Tic-Oic-K-Tic-Oic-KKKK-CONH2 

76 H2N-KL-Tic-Oic-GK-Tic-Oic-GF-Tic-Oic-GK-Tic-Oic-GF-Tic-Oic-GK-Tic-Oic-KKKK-CONH2 

77 H2N-KL-Tic-Oic-K-Tic-Oic-FG-Tic-Oic-K-Tic-Oic-FG-Tic-Oic-K-Tic-Oic-KKKK-CONH2 

78 H2N-KL-Tic-Oic-KG-Tic-Oic-F-Tic-Oic-KG-Tic-Oic-F-Tic-Oic-KG-Tic-Oic-KKKK-CONH2 

79 H2N-KL-Tic-Oic-KG-Tic-Oic-FG-Tic-Oic-KG-Tic-Oic-FG-Tic-Oic-KG-Tic-Oic-KKKK-CONH2 

Table 1. Amino acid sequences of the compounds understudy 

2. Biological activity 

Antimicrobial peptides (AMP) have evolved in almost every class of living organism as a 
defense mechanism against invading micro-organisms (Yeaman & Yount, 2003) (Dennison 
et al., 2005). The exact mechanism of lipid-induced cytotoxicity of these peptides is currently 
debated in the literature (Powers & Hancock, 2003) with AMPs divided into two 
mechanistic classes, membrane-disruptors and non-membrane-disruptors (Powers & 
Hancock, 2003) (Brogden, 2005). However, there is a general agreement that the first target 
for either membrane-disruptor or non-membrane-disruptor AMPs is the negatively charged 
membranes of bacterial cells (Powers & Hancock, 2003). There are several different 
structural classes of membrane-disruptor AMPs but, for the purpose of this investigation we 
focused on linear amphipathic helical peptides. In many cases these peptides exhibit 
characteristics of a random coil conformation in aqueous or in organic solvents, however on 
binding to micelles or membranes they adopt an ordered amphipathic secondary structure 
(Hicks et al., 2003). This structural class of membrane-disruptors can be divided into two 
sub-classifications based on biological activity: 1) cell selective and 2) non-selective (Y. M. 
Song et al., 2005).  As the name implies cell selective AMPs exhibit potent activity against 
bacterial cells while remaining inactive against mammalian cells, non-selective AMPs 
exhibit activity against bacterial as well as mammalian cells. We have previously reported 
the synthesis and biological evaluation of a series of potent (low μM to nm in vitro activity, 
and low acute toxicity 125 mg/kg in mice) bacteria selective membrane disruptors based on 
the incorporation of three Tic-Oic dipeptide units (Hicks et al., 2007) (Venugopal et al., 2010) 
(Bhonsle, Venugopal, Huddler, Magill, & Hicks, 2007). The in vitro antibacterial activity 
exhibited by the analogs containing six dipeptide units against seven strains of bacteria is 
given in Table 2.  The in vitro antibacterial activity will be discussed as a function of the 
Spacers. The activity of Spacers A and C will be discussed together as will Spacers B and D. 
Spacer E will be discussed separately.  
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Bacteria 
Strain 

Compound  
Number        

 22 70 71 72 73 74 75 76 77 78 79 

Acinetobacter 
baumanii 
ATCC 19606 40.5 9.30 9.77 186 162 4.50 146.00 139 146 144 139 

Acinetobacter 
baumanii 
WRAIR 162 150 156 186 162 144 146.00 139 146 144 139 

Staphylococcus 
aureus ATCC 
33591(MRSA) 162 150 156 186 162 17.90 146.00 139 146 144 139 

Brucella 
melitensis 
16M  162 150 156 186 162 144 73 139 146 144 139 

Bacillus 
anthracis 
AMES  40.5 150 156 186 162 8.97 0.50 139 146 2.20 139 

Francisella 
tularensis 
SCHUS4 81 150 156 186 162 144 146.00 139 146 144 139 

Burkholderia 
mallei  162 150 156 84 81 144 146 139 146 144 139 

Table 2. In Vitro MIC values (μM) for the compounds understudy against drug resistant 
strains and Gram Negative Select Agents. 

2.1 Spacers A and C 

In this series of analogs, Spacer A is the residue preceding each internal Lys residues (N-
terminal side of the Lys) and Spacer C is the residue preceding each internal Phe residue (N-
terminal side of the Phe) as listed in Table 3.  

Compound 22 exhibited good in vitro activity against Acinetobacter baumanii ATCC 19606, 
and Bacillus anthracis AMES and moderate activity against Francisella tularensis SCHUS4 
and poor activity against the other bacteria strains. Replacement of the Lys-Arg residues at 
the C-terminus with four Lys residues in compound 74 changes in vitro activity 
dramatically.  
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Compound number  Spacer A  Spacer C 
  22   Gly   none 
  70   none   none 
  74   Gly   none 
  75   none   Gly 
  76   Gly   Gly  

Table 3. Spacers A and C 

The activity against Acinetobacter baumanii ATCC 19606 and Staphylococcus aureus ATCC 
33591(MRSA) are increased by a factor of 9, and the activity against Bacillus anthracis 
AMES, is increased by a factor of 5, compared to compound 22. Deleting Spacer A (Gly 
residue) of compound 74 and introducing Spacer C (Gly residue) in Compound 75 again 
dramatically changes the activity compared to both compounds 22 and 74.  The activity 
against Acinetobacter baumanii ATCC 19606 is now very poor. However compound 75 
exhibited the highest activity against Bacillus anthracis AMES (80 fold increase over 
compound 74) and Brucella melitensis 16M. Activity against the other bacteria strains was 
very poor. Incorporating both Spacers B and C (both Gly residues) in compound 76 reduced 
the activity to a level that this compound is no longer therapeutically useful. Removing both 
Spacers in compound 70 resulted in a compound selective for Acinetobacter baumanii 
ATCC 19606 and inactive against the remaining bacteria strains. This data indicates that 
combined use of Spacer A and C coupled with increasing the density of the positive charge 
at the C-terminus of the peptide produces organism selectivity.  

2.2 Spacers B and D 

In this series of analogs Spacers B is the residue following each internal Lys residues (C-
terminal side of the Lys) and Spacer D is the residue following each internal Phe residues 
(C-terminal side of the Phe) as listed in Table 4.  

 
Compound Number  Spacer B   Spacer D 

  77   none   Gly 
  78   Gly   none 
  79   Gly   Gly  

Table 4. Spacers D and E 

Incorporation of Spacers D (Gly residues in both cases) in compounds 77 and 79 reduced to 
the activity of these two compounds against all seven strains of bacteria to poor making 
these compounds no longer therapeutically useful. Incorporation of Spacer B (Gly residue) 
only in compound 78 exhibited selective and very good activity against Bacillus anthracis 
AMES. 

2.3 Spacer E 

In this series of analogs, Spacer E replaces the charged Lys residues with charged residues 
with progressively shorter side chains as shown in Table 5. Replacement of the Lys residues 
with Orn residues (one less carbon atom in the side chain) in compound 71 dramatically  
reduces the activity against Staphylococcus aureus ATCC 33591(MRSA) and Bacillus 
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anthracis AMES, while maintaining the activity against Acinetobacter baumanii ATCC 
19606 as compared to compound 74.  

 
 Compound Number  Spacer E 

71   Orn 
   72   Dpr  
   73   Dab 
  74   Lys  

Table 5. Spacer E 

Replacement of the Lys residues with either Dpr residues (three carbon less) or Dab (two 
carbons less) residues in compounds 72 and 73 respectively dramatically reduces the activity 
against all of the bacteria strains except Burkholderia mallei. Clearly, the length of the side 
chain of Spacer E, and the resulting charge density, plays a major role in determining 
organism potency and selectivity against these seven strains of bacteria. 

3. Characterization of peptide lipid interactions 

The observed differences in bacteria strain selectivity for these compounds are believed to 
be derived directly from the conformational and physicochemical properties presented by 
these AMPs to the surface of the bacteria membrane. Circular Dichroism (CD), isothermal 
calorimetry (ITC) and calcein fluorescence leakage experiments were conducted to provide 
insight into the mechanisms of binding of a series of antimicrobial peptides to simple 
membrane models for bacterial and mammalian cells. LUVs and SUVs consisting of 1-
Palmitoyl-2-Oleoyl-sn-Glycero-3-Phosphocholine (POPC) were selected as a simple model 
for the zwitterionic membranes of mammalian cells and membrane models consisting of 
(4:1) 1-Palmitoyl-2-Oleoyl-sn-Glycero-3-Phosphocholine (POPC) / 1-Palmitoyl-2-Oleoyl-sn-
Glycero-3-[Phospho-rac-(1-glycerol)] (Sodium Salt)) (POPG) were selected as a simple model 
for the anionic membranes of bacteria cells (Bringezu et al., 2007) Hicks, 2007 #19}.   

3.1 Calcein leakage studies 

It is well documented that AMPs containing three Tic-Oic dipeptide units exhibited potent 
and selective antibacterial activity (Hicks et al., 2007; Venugopal et al., 2010) and these 
AMPs were designed to be members of the general class of AMPs known as membrane 
disruptors (Shlaes et al., 2004) (Kamysz, 2005) (Zhang, Harris, & Falla, 2005) (Toke, 2005) 
(Godballe et al., 2011) (Ryge, Frimodt-Moller, & Hansen, 2008). Calcein leakage studies 
clearly indicated that the analogs containing three Tic-Oic dipeptides units are in fact 
membrane disruptors (Russell et al., 2010).  The first step in this investigation was to confirm 
that the analogs containing six Tic-Oic dipeptide units are also membrane disruptors. 
Peptide induced calcein leakage from LUVs monitored through fluorescence, is a well 
documented technique for probing AMP activity to confirm membrane disruption 
(Andrushchenko, Aarabi, Nquyen, Prenner, & Vogel, 2008) (Medina, Chapman, Bolender, & 
Plesniak, 2002). Peptides at a concentration of 4μM were introduced to solutions of either 
POPC or 4:1 POPC/POPG LUVs containing encapsulated 70 mM calcein (Figure 2) and the 
resulting induced fluorescence due to leakage of calcein was monitored over a 90 minute 
time period. 
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Fig. 2. Induced leakage of calcein from TOP) POPC LUVs and BOTTOM) 4:1 POPC/POPG. 

The induced calcein leakage data indicates that all AMPs in this investigation interact in a 
very similar fashion with both zwitterionic (POPC) and anionic (4:1 POPC/POPG) LUVs. 
This data also strongly suggests that the mechanism of action of these AMP involves some 
type of membrane disruption. However, this data doesn’t explain the observed organism 
selectivity. The observed induced calcein induce leakage behavior of the analogs containing 
six Tic-Oic dipeptide units is very different from that observed for the corresponding three 
Tic-Oic dipeptide containing analogs. The analog containing three Tic-Oic dipeptide units 
corresponding to compound 74 has the amino acid sequence: Ac-GF-Tic-Oic-GK-Tic-Oic-
GF-Tic-Oic-GK-Tic-KKKK-CONH2 (compound 23) (Russell et al., 2010). For compound 23 
different concentrations of peptide (4 – 20 μM) were introduced to solutions of either POPC 
or 4:1 POPC/POPG LUVs and their induced fluorescence, due to leakage of calcein was 
monitored over a 90 minute time period. It can be seen in Fig. 3, compound 23 interacts with 
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POPC LUVs, inducing calcein leakage, in a non linear concentration dependent manner 
(Russell et al., 2010). However, compound 23 induces calcein leakage from 4:1 POPC/POPG 
LUVs in a concentration dependent manner. This data indicates the analogs containing three 
Tic-Oic dipeptide units interact with zwitterionic POPC LUV and anionic 4:1 POPC/POPG 
LUVs via different mechanisms (Russell et al., 2010). This data also indicates that the 
incorporation of three additional Tic-Oic dipeptide units, and thus increasing the overall 
length of the peptide, changes the mechanism of binding with both types of LUVs. 

     
Fig. 3. The calcein leakage induced by compound 23 as a function of peptide concentration 
from LEFT) POPC LUVs and RIGHT) 4:1 POPC/POPG LUVs 

The corresponding experiment using compound 74 were conducted. Compound 74 at 
various concentrations (4 – 20 μM) was introduced to solutions of either POPC or 4:1 
POPC/POPG LUVs and their induced fluorescence, due to leakage of calcein was 
monitored over a 90 minute time period. It can be seen in Fig. 4, that compound 74 interacts 
with POPC LUVs, and 4:1 POPC/POPG LUVs in a totally concentration independent 
manner. In fact almost 100% calcien leakage was observed at all concentrations. This 
suggests that the analogs containing six Tic-Oic dipeptide units bind to the surface of the 
LUV and cause the LUV to lysis or break down in some fashion. After causing this 
disruption of the surface of the LUVs these peptides most likely then separate from the 
“disrupted” LUV and bind to another LUV and repeat the process. 

3.2 Circular dichroism studies 

Circular dichroism (CD) spectroscopy is very sensitive and its use to monitor 
conformational changes in peptides and proteins is well documented (Glattli, Daura, 
Seebach, & van Gunsteren, 2002), (Ladokhin, Selsted, & White, 1999) (Ladokhin, Vidal, & 
White, 2010). Traditionally, SUVs have been employed almost exclusively to investigate the 
binding of peptides and proteins with lipids in CD studies in order to minimize the 
contribution of light scattering on the spectra (Ladokhin et al., 2010) (C. H. Huang, 1969).  

In the analysis of CD data, it must be noted that the spectrum of a peptide represents the  
linear combination of a number of different conformers (Glattli et al., 2002)-(Berova, Nakanishi, 
& Woody, 2000). This is particularly true when liposomes are used as there are several 
different peptide-liposome interactions possible depending on the lipid to peptide ratio.  
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Fig. 4. The calcein leakage induced by compound 74 as a function of peptide concentration 
from LEFT) POPC LUVs and RIGHT) 4:1 POPC/POPG LUVs 

Changes in the intensity or shape of the CD spectrum of a peptide in the presence of a 
liposome indicate that the peptide is adopting different conformations on interacting with 
that particular liposome as compared to another environment such as a buffer. (Berova et 
al., 2000; Glattli et al., 2002).  Due to the high percentage of unnatural amino acids 
incorporated into the peptide under investigation here, no quantitative estimation of 
secondary structural features are possible. Therefore, analysis of CD spectra will be limited, 
at best, to qualitative comparisons highlighting differences in the spectra of these 
compounds with references to possible secondary structural features. 

3.2.1 CD spectra in buffer 

The CD spectra of 100 μM solutions of compounds 22, 70, 71, 72, 73, 74, 75, 76, 77, 78 and 79 
in 40 mM phosphate buffer, pH = 6.8 are given in Fig. 5. As can be seen in Fig. 5, these 
peptide adopt a variety of different conformations varying from random coil to possible  
β-sheet like. However, overall these peptides are unordered in buffer only. 

 
Fig. 5. Far-UV Circular Dichroism spectra of 100 μM solutions of compounds 22, 70, 71, 72, 
73, 74, 75, 76, 77, 78 and 79 in 40 mM phosphate buffer, pH = 6.8. 
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3.2.2 CD spectra in the presence of POPC SUVs 

The CD spectra of compounds 70, 71, 72, 73, 74, 75, 76, 77, 78 and 79 in the presence of 1.75 
mM POPC SUVs are shown in Fig. 6.  This figure illustrates the diversity of conformations 
adopted by these compounds on binding to POPC SUVs. The CD spectra of these 
compounds in the presence of POPC SUVs are different in most cases from the 
corresponding spectra in buffer.  This indicates that these compounds are interacting with 
the POPC SUVs via some mechanism. This is consistent with the very strong interactions 
observed with POPC LUVs in the induced calcein leakage studies. From this figure it is 
difficult to characterize the conformational difference associated with the variations in the 
five Spacers. To accomplish analysis, these CD spectra will be divided into smaller sub sets 
of spectra. 

The first sub set of CD spectra to be discussed will be those of compounds 70, 74, 75, and 76 
which contain Spacers A or C, or both. The CD spectra of these four compounds, given in 
Fig. 7, are different indicating that these compounds adopt different conformations on 
binding to POPC SUVs. This observation is critical in explaining possible organism 
selectivity. Since this POPC SUVs are a model for mammalian cells, this data suggests that 
these compounds would adopt different conformations on binding to red blood cells. From 
a therapeutic perspective this information may allow for the development of analogs with 
reduced toxicity. The CD spectrum of compound 75 exhibits a maxima at approximately 195 
nm and double minima at approximately 220 and 205 nm which would suggest the presence 
of α-helical conformers (Ladokhin et al., 1999) (Fuchs et al., 2006).  While the CD spectra of 
compounds 74 and 76 exhibit double minima at approximately 220 and 205 nm without the 
maxima at 195 nm suggesting these compound adopt a mixture of β-turn and β-sheet like 
conformers on binding to POPC SUVs (Ladokhin et al., 1999) (Fuchs et al., 2006). The CD 
spectrum of compound 70 exhibits a maxima at approximately 195 nm, however no negative 
minima is observed. It is very difficult to qualitatively characterize the possible secondary 
structures adopted by compound 70.   

 
Fig. 6. Far-UV Circular Dichroism spectra of 100 μM solutions of compounds 70, 71, 72, 73, 
74, 75, 76, 77, 78 and 79 in the presence of 1.75 mM POPC SUV in 40 mM phosphate buffer, 
pH = 6.8. 
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Fig. 7. Far-UV Circular Dichroism spectra of 100 μM solutions of compounds 70, 74, 75 and 
76 in the presence of 1.75 mM POPC SUV in 40 mM phosphate buffer, pH = 6.8 

The next sub set of CD spectra to be discussed in the presence of 1.75 mM POPC SUVs are of 
compounds 77, 78 and 79 (Fig. 8) which contain Spacers B and D.  The CD spectrum of 
compound 77 is similar in shape and intensity to the CD spectrum of compound 70, and 
therefore it is very difficult to qualitatively characterize the possible secondary structures 
adopted by compound 77. While compounds 78 and 79 exhibited similar CD spectra to each 
other, both with minim at approximately 202 to 205 nm, it is very difficult to qualitatively 
characterize the possible secondary structures adopted by compounds 78 and 79, however, 
this suggests these compound adopt a mixture of β-turn and β-sheet like conformers on 
binding to POPC SUVs (Ladokhin et al., 1999) (Fuchs et al., 2006) . What is clear from these 
three CD spectra is Spacer D (compound 77) doesn’t play a major role in stabilizing a 
particular secondary structure on binding to POPC SUVs. Spacer B (contained in 
compounds 78 and 79) seems to play a more significant role in stabilizing a β-turn/sheet 
conformation on binding to POPC SUVs.  

 
Fig. 8. Far-UV Circular Dichroism spectra of 100 μM solutions of compounds 77, 78 and 79 
in the presence of 1.75 mM POPC SUV in 40 mM phosphate buffer, pH = 6.8. 
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The last sub set of CD spectra to be discussed in the presence of 1.75 mM POPC SUVs are 
those of compounds 71, 72, 73, and 74 (Fig. 9) which contain Spacer E. Compounds 71, and 
74 exhibit double minima at approximately 220 and 205 nm without the maxima at 195 nm 
suggesting these compound adopt a mixture of β-turn and β-sheet like conformers on 
binding to POPC SUVs (Ladokhin et al., 1999) (Fuchs et al., 2006).  While the CD spectrum of 
compound 72 exhibits characteristics of a random coil conformation. The CD spectrum of 
compound 73 exhibited a maxima at approximately 195 nm and a double minima at 
approximately 220 and 205 nm which would suggest the presence of α-helical conformers 
(Ladokhin et al., 1999) (Fuchs et al., 2006).  This data clearly indicates that the length of 
Spacer E and the resulting location of the positive charge density relative to the peptide’s 
backbone plays a major role in determining the conformations adopted by these peptides on 
binding to POPC SUVs. 

 
Fig. 9. Far-UV Circular Dichroism spectra of 100 μM solutions of compounds 71, 72, 73, and 
74 in the presence of 1.75 mM POPC SUV in 40 mM phosphate buffer, pH = 6.8. 

3.2.3 CD spectra in the presence of 4:1 POPC/POPG SUVs 

The CD spectra of compounds 22, 70, 71, 72, 73, 74, 75, 76, 77, 78 and 79 in the presence of 
1.75 mM 4:1 POPC/POPG SUVs are shown in Fig. 10.  This figure illustrates the diversity of 
conformations adopted by these compounds binding to 4:1 POPC/POPG SUVs. The CD 
spectra of these compounds in the presence of 4:1 POPC/POPG SUVs are different in most 
cases from the corresponding spectra in buffer.  This indicates that these compounds are 
interacting with the 4:1 POPC/POPG SUVs. From this figure it is difficult to characterize the 
conformational difference associated with the variations in the five Spacers. To accomplish 
this analysis, these CD spectra will be divided into smaller sub sets of spectra. As will 
become evident from the analysis of the sub sets of spectra, many of these compounds adopt 
different conformation on binding to POPC and 4:1 POPC/POPG SUVs.  

The first sub set of spectra to be discussed will be focused on Spacers A and C, consisting of 
compounds 70, 74, 75, and 76. The CD spectra (Fig. 11) of these four compounds are 
different indicating that these compounds adopt different conformations on binding to 4:1 
POPC/POPG SUVs. The differences in the CD spectra for these compounds binding to 4:1 
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POPC/POPG SUVs is critical in that it helps to explain the observed organism selectivity 
between the different bacteria strains. The CD spectrum of compound 75 exhibits a maxima 
at approximately 195 nm and double minima at approximately 220 and 205 nm which 
would suggest the presence of α-helical conformers just as it did in the presence of POPC 
SUVs (Ladokhin et al., 1999) (Fuchs et al., 2006).   

 
Fig. 10. Far-UV Circular Dichroism spectra of 100 μM solutions of compounds 22, 70, 71, 72, 
73, 74, 75, 76, 77, 78 and 79 in the presence of 1.75 mM 4:1 POPC/POPG SUV in 40 mM 
phosphate buffer, pH = 6.8. 

The CD spectra of compounds 76 exhibited a double minima at approximately 220 and 205 
nm without the maxima at 195 nm suggesting these compound adopt a mixture of β-turn 
and β-sheet like conformers on binding to 4:1 POPC/POPG SUVs just as it did with POPC 
SUVs (Ladokhin et al., 1999) (Fuchs et al., 2006). The CD spectrum of compound 70 exhibits 
a weak maxima at approximately 195 nm and a weak double minima at approximately 220 
and 205 nm is also observed which would suggest the presence of α-helical conformers just 
as it did in the presence of POPC SUVs (Ladokhin et al., 1999) (Fuchs et al., 2006). This CD 
spectrum is different from the one observed in the presence of POPC SUVs.  The CD 
spectrum of compound 74 was very interesting as it exhibits only a single minima at 
approximately 205 nm. Also the overall spectra intensity is less than that observed in the 
presence of POPC SUVs.  

The second set of CD spectra to be discussed are of compounds 77, 78 and 79 (Fig. 12) 
(Spacers B and D) in the presence of 4:1 POPC/POPG SUVs. The CD spectrum of compound 
77, unlike in the presence of POPC SUVs, is very different in shape and intensity from the 
CD spectrum of compound 70. Compound 77 in the presence of 4:1 POPC/POPG SUVs 
exhibits a strong and a weak minima at approximately 207 nm. Again compounds 78 and 79 
exhibited similar CD spectra to each other both with minima at approximately 202 to 205 
nm. These spectra are similar to those observed in the presence of POPC SUVs. These CD 
spectra are different in shape, thus implying a different conformation of binding to the 
SUVs, from the CD spectra of the active analogs, which from a therapeutic respective is a 
critical observation. 
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Fig. 11. Far-UV Circular Dichroism spectra of 100 μM solutions of compounds 22, 70, 74, 75, 
and 76 in the presence of 1.75 mM 4:1 POPC/POPG SUV in 40 mM phosphate buffer, pH = 
6.8. 

 
Fig. 12. Far-UV Circular Dichroism spectra of 100 μM solutions of compounds 77, 78 and 79 
in the presence of 1.75 mM 4:1 POPC/POPG SUV in 40 mM phosphate buffer, pH = 6.8. 

The fact that the CD spectra of the inactive compounds 77, 78 and 79 in the presence of 4:1 
POPC/POPG SUVs are very different from the CD spectra of the active compounds 
supports our hypothesis that the incorporation of multiple Tic-Oic dipeptide units that are 
connected via an amino acid spacer with defined properties of charge and hydrophobicity 
will result in peptides with well-defined physiochemical properties while maintaining 
sufficient conformational flexibility to allow the peptide to adopt different conformations on 
interacting with membranes of different chemical compositions, and thus exhibit organism 
selectivity. 

The last sub set of CD spectra to be discussed in the presence of 1.75 mM 4:1 POPC/POPG 
SUVs are those of compounds 71, 72, 73, and 74 (Fig. 13) which contain Spacer E. The CD 
spectra of compounds 71, and 73 exhibited a maxima at approximately 195 nm and a double 
minima at approximately 220 and 205 nm which would suggest the presence of α-helical 
conformers (Ladokhin et al., 1999) (Fuchs et al., 2006). In the presence of POPC SUVs the CD 
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spectrum of compound 71 exhibit double minima at approximately 220 and 205 nm without 
the maxima at 195 nm suggesting that this compound adopts a mixture of β-turn and β-
sheet like (Ladokhin et al., 1999) (Fuchs et al., 2006).  While the CD spectrum of compound 
72 exhibits a minima at approximately 195 nm. This spectrum was very different from the 
CD spectrum observed in the presence of POPC SUVs. The CD spectrum of compound 74 
exhibited a double minima at approximately 220 and 205 nm which would suggest the 
presence of β−turn or β- sheet conformers (Ladokhin et al., 1999) (Fuchs et al., 2006). Again 
the observed difference in the CD spectra in the presence of 4:1 POPC/POPG SUVs are 
consistent with the observed differences in bacteria strain selectivity and potency. 

 
Fig. 13. Far-UV Circular Dichroism spectra of 100 μM solutions of compounds 71, 72, 73, and 
74 in the presence of 1.75 mM 4:1 POPC/POPG SUV in 40 mM phosphate buffer, pH = 6.8. 

3.3 Isothermal titration calorimetry studies 

The isothermal titration calorimetry (ITC) binding enthalpies for peptides with SUVs, 
generally, are more exothermic than those in the presence of LUVs. Therefore, SUVs are not 
ideal membrane models for thermodynamic measurements. (Beschiaschvili & Seelig, 1992; 
Seelig & Ganz, 1991; Wieprecht, Apostolov, & Seelig, 2000). LUVs formed by extrusion 
methods are equilibrium structures and are more appropriate to use as a membrane model 
in thermodynamic studies (Enoch & Strittmatter, 1979). ITC studies were conducted on the 
most active analogs in hopes of gaining insight into the possible explanations for the 
observed organism selectivity.  

3.3.1 ITC studies of POPC LUVs 

The application of isothermal titration calorimetry (ITC) to the study of peptide-membrane 
interactions is well documented in the literature (Hunter et al., 2005) (Wieprecht, 
Beyermann, & Seelig, 2002) (Meier & Seelig, 2007).  The binding interactions between these 
AMPs and 35 mM POPC LUVs was investigated using ITC. In an ideal case, ITC would 
allow for the complete analysis of the thermodynamic parameters (free energy, enthalpy, 
entropy, binding constants and heat capacity changes) associated with the binding 
interactions between peptides and LUVs (Wieprecht et al., 2002) (Thomas, Surolia, & 



The Design of Bacteria Strain  
Selective Antimicrobial Peptides Based on the Incorporation of Unnatural Amino Acids 291 

Surolia, 2001). The interaction of peptides with lipid vesicles are driven by three forces: the 
hydrophobic effect, the coil-helix transition and non-classical hydrophobic effect (Wieprecht, 
Apostolov, Beyermann, & Seelig, 2000) (Wieprecht, Beyermann, & Seelig, 1999). Further, 
Wieprecht and co-workers (Wieprecht, Apostolov, Beyermann, et al., 2000) proposed that 
the binding of a peptide to a LUV is dependent on the global structural physicochemical 
properties including the overall charge, hydrophobicity, and amphipathicity of the AMP.  

As seen in Fig. 14 the titration of 35 mM POPC LUVs into compounds 22, 70, 71, 72, 74, 75, 
resulted in different thermograms, suggesting that the process that contributes to the 
binding interactions vary in magnitude with each peptide.  All six peptides begin their 
thermograms with an endothermic phase (Wieprecht, Apostolov, Beyermann, et al., 2000). 
Previous studies reported in the literature (Abraham, Lewis, Hodges, & McElhaney, 2005) of 
the interaction between peptides and lipids using ITC have noted that an endothermic 
phase can be attributed to a combination of several events. These events may include 
electrostatic interactions between the peptide and the membrane surface, disruption of polar 
head groups accompanied by reorganization of lipids on the surface of the membrane, 
disruption of the solvation spheres on both the peptide and the membrane surfaces, and 
other less understood phenomena (Abraham et al., 2005).  

Compounds 22, 74 and 75 all produced single endothermic phases. With these compounds, 
titration with POPC resulted in the continuous decrease of heat as the experiment 
progressed until only the heat of dilution was observed. This behavior is similar to that 
previously observed for compound 23. While compounds 70, 71 and 72 all produced two 
phased thermograms. These thermograms begin with an endothermic phase of varying 
intensity and then transition into a second exothermic phase of varying intensity. 

This behavior is rare, but not unknown. Jelokhani-Niaraki et. al. reported a similar 
observation for the interaction of aromatic amino acid analogues of gramicidin S with 
phospholipid membranes (Jelokhani-Niaraki, Hodges, Meissner, Hassenstein, & Wheaton, 
2008). Andrushchenko and co-workers reported similar thermograms for the binding of 
the tryptophan-rich cathelicidin antimicrobial peptides tritrpo4 and tritrpo6 with 7:3 
POPE/POPG LUVs (Andrushchenko et al., 2008). This type of two phased thermogram 
was not observed for the titration of the corresponding three Tic-Oic didpeptide 
containing analogs into POPC LUVs, only single phased endothermic thermograms were 
observed. 

Several factors may contribute to the observed enthalpies of binding to LUVs such as 
attractive and repulsive electrostatic interactions, conformational changes of the peptide, 
changes in Van der Waals contacts due to the dehydration of both the peptide and 
membrane surfaces and disruption of polar head groups on the surface of the LUV (Seelig, 
1997) (Andrushchenko et al., 2008) (Seelig, 2004) (Abraham et al., 2005).The endothermic 
heat event occurring at low lipid to peptide ratios has been interpreted as the summation of 
several simultaneous processes. These processes include, but are not limited to, pore 
formation (Wieprecht, Apostolov, Beyermann, et al., 2000), peptide aggregation 
(Andrushchenko et al., 2008), as well as changes in the phase properties of the lipids at 
different points during the titration (Epand, Segrest, & Anantharamaiah, 1990) (Seelig, 2004). 
The exothermic heat event at high lipid-to-peptide ratios has been attributed to the binding 
of the peptide to lipid surfaces (Seelig, 1997).  
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Fig. 14. The ITC thermograms of POPC LUVs titrated into compounds 22, 70, 71, 72, 74, and 
75. 
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3.3.2 ITC studies of 4:1 POPC/POPG LUVs 

Titration of 35 mM 4:1 POPC/POPG LUVs into compounds 22, 70, 71, 74 and 75 all resulted 
in two phased thermograms beginning (Fig. 15) with an endothermic phase of varying 
intensity transitioning into an exothermic phase of varying intensity. This behavior is similar 
to that previously observed for compound 23 (Russell et al., 2010). This behavior is very 
similar to the thermograms observed for the three Tic-Oic dipeptide containing analogs. Not 
only does the magnitude of the endothermic and exothermic components vary, also the 
transition point between the endothermic and exothermic phase vary at different lipid to 
peptide molar ratios. These ratios are given in Table 6. Replacement of the Lys residues in 
compound 74 with Orn residues in compound 71 reduce the lipid to peptide ratio for the 
transition from the endothermic to the exothermic phase from 30 to 12. This reduction in the 
lipid to peptide ratio for the transition from the endothermic to the exothermic phase may 
possibly help explain the reduction in the overall antibacterial activity of compound 71 
compared to compound 74. Also compound 22 exhibits the most intense exothermic phase 
of the five compounds investigated, at a lipid to peptide ratio for the transition from the 
endothermic to the exothermic phase of 18. This observation suggests that a combination of 
factors such as the lipid to peptide ratio for the transition from the endothermic to the 
exothermic phase, and the magnitude of the exothermic and endothermic phase all play 
major roles in defining antibacterial  activity, with no single factor correlating directly with 
the observed antibacterial activity.  

 
 

Compound   Lipid to Peptide Ratio for transition 
22    18 
70    18 
71    12 
74    30 

  75    10    

Table 6. Lipid to Peptide molar ratios for the transition from the endothermic to the 
exothermic phase of the thermogram for the titration of 4:1 POPC/POPG LUVs into the 
following peptides 

As previously stated there is a growing preponderance of evidence in the literature, 
indicating that the selectivity and potency of a specific AMP for bacterial cells is 
determined in a large measure by the chemical composition of the target cell’s membrane 
(Powers & Hancock, 2003; Yeaman & Yount, 2003). Thus we and other researchers have 
postulated that the bacteria cell membrane’s physicochemical surface interactions with the 
physicochemical surface of the AMP defines organism selectivity.(Dennison et al., 2005; 
Giangaspero et al., 2001; Glukhov, Stark, Burrows, & Deber, 2005; Powers & Hancock, 
2003)  In addition, it is our hypothesis that the physicochemical properties of the target 
cell’s membrane interact with the physicochemical properties of the approaching AMP 
defining its selectivity and potency against that particular cell. During this process 
conformational changes are induced onto the AMP that will maximize the attractive 
interactions between the two to facilitate AMP-membrane binding. The observation of 
different thermograms for these compounds on interacting with POPC and 4:1 
POPC/POPG LUVs supports our hypothesis.  
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Fig. 15. ITC thermogram of the titration of 4:1 POPC/POPG into compounds 22, 70, 71, 74, 
75.  
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4. Material and methods 

Sodium dodecyl sulfate (SDS) and Bis-Tris buffer were purchased from Sigma-Aldrich. 
Monobasic and dibasic sodium phosphate, EDTA and NaCl were purchased from Fischer 
Scientific. POPC (1-Palmitoyl-2-Oleoyl-sn-Glycero-3-Phosphocholine), POPG (1-Palmitoyl-2-
Oleoyl-sn-Glycero-3-[Phospho-rac-(1-glycerol)] (Sodium Salt)) and Dodecylphosphocholine 
(DPC) were purchased from Avanti Polar Lipids. High purity calcein was purchased from 
Invitrogen. All chemicals were used without further purification. 

4.1 Peptide synthesis 

Peptide synthesis was performed either manually using tBOC chemistry or with an 
automated peptide synthesizer using FMOC chemistry (Grant, 2002) as previously reported 
(Hicks et al., 2007) (Venugopal et al., 2010) (Russell et al., 2010). All peptides were purified 
by Reverse Phase HPLC using an Agilent 1100 Series Preparative Instrument and a Vydac 
C18 Reverse Phase Preparative HPLC Column as previously reported (Venugopal et al., 
2010) (Russell et al., 2010). All purified peptides were analyzed again by HPLC and Mass-
Spec. Mass Spectral analyses were carried out using a Finnigan LTQ ESI-MS instrument 
running Xcalibur 1.4SR-1 or a Kratos PC Axima CFR Plus instrument (MALDI) running 
Kompact V2.4.1. ESI-MS showed multiply charged ions and the accurate mass was 
calculated. MALDI analyses were performed in reflectron mode (Venugopal et al., 2010) 
(Russell et al., 2010).  

4.2 Preparation of POPC and 4:1 POPC/POPG SUVs 

The appropriate amount of dried POPC or 4:1 POPC/POPG (mol to mol) lipid was weighed 
out to yield a final lipid concentration of 35 mM. The lipid was dissolved in chloroform and 
vortexed for 3 minutes.  The sample was dried under a stream of nitrogen gas for four hours 
and under high vacuum overnight. The lipid was then hydrated with 2 mL of buffer (40 mM 
sodium phosphate, pH = 6.8) and vortexed extensively. SUVs were prepared by sonification 
of the milky lipid suspension using a titanium tip ultrasonicator (Qsonica Sonicators model 
Q55) for approximately 40 minutes in an ice bath until the solution became transparent. The 
titanium debris was removed by centrifugation at 14,000 rev/min for 10 minutes using an 
Eppendorf table top centrifuge (Wieprecht, Apostolov, & Seelig, 2000). It has been reported 
that the mean diameter for SUVs formed by sonication is approximately 30 nm (C. H. 
Huang, 1969; Ladokhin et al., 2010). Final concentration used for CD was 1.75 mM or as 
otherwise stated in the text.  

4.3 Preparation of POPC and 4:1 POPC/POPG LUVs 

A defined amount of dried POPC or 4:1 POPC/POPG (mol to mol) was weighed, 
suspended in buffer (40 mM sodium phosphate, pH = 6.8) and spun for 30 minutes, 
resulting in a total lipid stock solution concentration of 35 mM. Other concentrations of 
LUVs used are noted in the text and resulted from the dilution of the stock solution. Large 
unilamellar vesicles (LUVs) were prepared by extrusion using a Mini-Extruder (Avanti 
Polar Lipid Inc) (Wei, 2006) (Hunter et al., 2005). The solution was extruded through a 100 
nm pore size polycarbonate membrane 21 times. After extrusion the LUVs were allowed to 
“rest” for at least two hours before use to allow for equilibration to occur. The final lipid 
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concentration was calculated based on the weight of the dried lipid (Wieprecht, Apostolov, 
& Seelig, 2000) (Wieprecht, Apostolov, Beyermann, et al., 2000) (Russell et al., 2010) 
(Wieprecht et al., 2002) (Wieprecht & Seelig, 2002) (Wen, 2007). Kennedy and co-workers 
previously reported the preparation of LUVs using this procedure resulting in a 
homogeneous population of LUVs with >95% of the particles falling into the particle size 
range of 70-100 nm (Kennedy et al., 2002). We have also previously shown by 31P NMR that 
these LUVs are unilamellar (Kennedy et al., 2002). 

4.4 LUVs for calcein release experiments 

A defined amount of dried POPC or 4:1 POPC/POPG LUVs (mol to mol) was weighed and 
suspended in a calcein-containing buffer (70mM calcein, 10mM Bis-Tris, 150mM NaCl, 1mM 
EDTA, pH=7.1, the pH was corrected using 3mM NaOH and the final calcein concentration 
was calculated based on dilution). The resulting solution was vortexed for one minute (5 
times). The calcein-encapsulated LUVs were extruded using the same technique as described 
above. Following extrusion the unencapsulated calcein was removed by gel filtration on a 
Sephadex G50 column (eluent: buffer containing 10 mM Bis-Tris, 150 mM NaCl, 1 mM EDTA, 
pH =7.1) The fraction containing calcein-encapsulated liposomes was collected and retained 
for fluorescence studies (Wieprecht, Apostolov, & Seelig, 2000) (Wieprecht, Apostolov, 
Beyermann, et al., 2000) (Russell et al., 2010) (Wieprecht et al., 2002) (Wieprecht & Seelig, 
2002) (Wen, 2007) (Wieprecht et al., 1996) (Dathe, 1996) (Tamba & Yamazaki, 2005). Prior to 
use each batch of calcein encapsulated LUVs was subjected to a self-quenching efficiency test. 
The self-quenching efficiency (Q) for each lipid suspension was set at a minimum value of 
80% before it could be used in these investigations. The Q value was calculated using the 
following equation: Q = (1 – (F0/FT)) X 100% where F0 and FT are the background 
fluorescence of the lipid suspension and the total fluorescence after the addition of a solution 
of 10% Triton X, respectively (Jing, Hunter, Hagel, & Vogel, 2003) (Benachir & Lafleur, 1995) 
(Tachi T, Epand RF, Epand RM, & K., 2002 ) (Mason, Marquette, & Bechinger, 2007). 

4.5 Circular dichroism studies 

Peptide stock solutions were dissolved in 40mM phosphate buffer (pH = 6.8). Binding studies 
were conducted using SUV preparations consisting of 1.75 mM POPC or 4:1 POPC/POPG in 
40 mM phosphate buffer (pH = 6.8) with peptide concentrations of 100 μM. All CD spectra 
were obtained by acquiring 8 scans on a Jasco J-815 CD Spectrometer using a 0.1 mm 
cylindrical quartz cell (Starna Cells, Atascadero, CA) from 260 to 178 nm at 20 nm/min, with 
a 1 nm bandwidth, a data pitch of 0.2 nm, a response time of 2.0 sec and a sensitivity of 5 
mdeg at room temperature (~25°C). Contributions due SUVs were eliminated by subtracting 
the lipid spectra of the corresponding peptide-free solutions. All analysis of CD spectra was 
conducted after smoothing (with a means-movement function) and conversion to molar 
ellipticity using the JASCO Spectra Analysis program (Russell et al., 2010) (Wei, 2006) 
(Bringezu et al., 2007). CD spectra that exhibited HT values greater than 400 were not used 
due to excessive light scattering and / or absorption.  

4.6 Isothermal titration calorimetry studies 

Data was acquired using a Microcal VP-ITC calorimeter (Microcal, Northampton, MA). All 
experiments were run in 40 mM sodium phosphate buffer, pH = 6.8, at 25ºC. All solutions 
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were degassed for approximately 10 minutes under vacuum before loading the reaction cell 
and syringe. For full titration experiments, 15 μL aliquots of 35 mM lipid solutions in buffer 
were titrated into peptide (100 – 200 μM).  For binding single injection experiments, 15 μL of 
dilute samples of peptide (100-200 μM) were titrated into excess lipid (15-20 mM). A stirring 
speed of 220 rpm and injection duration of 30 sec were chosen to ensure sufficient mixing 
while keeping the baseline noise to a minimum. To ensure complete equilibration between 
injections, a delay of 700 sec between injections was used. The background heat of dilution 
was obtained by titrating LUVs into the reaction cell containing only buffer and was 
subtracted prior to analysis. Data was analyzed with Origin® software (version 7.0). ITC 
data collection was obtained in duplicate in an effort to ensure reproducibility (Wieprecht, 
Apostolov, & Seelig, 2000) (Wieprecht, Apostolov, Beyermann, et al., 2000) (Russell et al., 
2010) (Wei, 2006) (Wieprecht et al., 2002) (Wieprecht & Seelig, 2002) (Wen, 2007).  

4.7 Calcein leakage assays 

Peptide induced calcein leakage studies were conducted using an ISS PC1 photon counting 
spectrofluorometer (ILC Technology) at an excitation wavelength of 494 nm and an emission 
wavelength of 518 nm. An aliquot of peptide (4 – 20 μM) in buffer (10 mM Bis-Tris, 150 mM 
NaCl, 1 mM EDTA, pH = 7.1) was added to the cell containing calcein-encapsulated 
liposomes (36.6 μM lipid concentration). Measurements were taken every minute for the first 
20 minutes of the experiment and every 10 minutes after until no further changes in the 
emission intensity occurred (approximately 90 minutes). To determine the maximum 
fluorescence intensity that corresponded to hundred percent leakage, an aliquot of 10 μL of a 
10% Triton X solution was added to the sample at the end of each experiment. The apparent 
percent leakage was calculated using the following equation: % leakage = [(FI-F0)/FT)] x 100 
%, where F0 and FT are the initial fluorescence before introduction of peptide and after the 
addition of Triton X, respectively (Dathe, 1996; Russell et al., 2010) (Wieprecht, Apostolov, 
Beyermann, et al., 2000) (Tamba & Yamazaki, 2005) (Wieprecht et al., 1996) (Wei, 2006). 

4.8 Preparation of bacteria samples 

A small amount of the organism was streaked onto the appropriate agar plates and the 
plates incubated at either 30° or 37° C (depending on organism to be tested – Plague and 
Anthrax were incubated at 30°, Brucella, Francisella, and Burkholderia were incubated at 
37°C ) overnight.  At the end of the incubation period the organisms were harvested using a 
sterile loop and suspended into a 15 mL centrifuge tube containing 5 mL Mueller Hinton 
Broth + IsoVitaleX (Bekton Dikinson, Inc.) and thoroughly mixed. A standardized 
suspension of 1.0 OD600 was prepared from a suspension using sterile saline as the diluent 
and the absorbance was read against a tube containing saline only as a blank using either a 
spectrophotometer (Spectronix 20, Bausch & Lomb, Inc.) or by a microplate reader 
(Spectramax Plus384, Molecular Devices, Inc.) at a wavelength of 600nm. The suspension 
was adjusted to obtain a volume of 5 mL containing a 1.0 OD solution. One 50 mL 
disposable Erlenmeyer flask containing 20mL of broth with 1 mL of the organism dilution 
was then inoculated for 24-48 hours (dependent on growth characteristics of the organism in 
question) in a shaking incubator rotating at 200 rpm (Standards, 2000) (Standard, 2002) 
(Venugopal et al., 2010) . After 24-48 hours, the suspension was thoroughly mixed, the tubes 
centrifuged at high speed (2,000 x g) for 15 minutes, the supernatant removed, and the 
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pelleted organisms resuspended to yield a total volume of 45 mL. This was repeated for a 
total of 3 washes. After the final wash the pelleted organisms were resuspended in 15 mL of 
broth and a 0.1 OD600 standardized suspension was then prepared by making dilutions in 
sterile cuvettes using broth as the diluent and the absorbance read blanked against a tube 
containing broth. The suspensions were then diluted to a final concentration of 1x105 cfu/ml 
with sufficient volume for the number of plates being used for the MIC determination 
(Standards, 2000) (Standard, 2002; Venugopal et al., 2010) .  

4.9 Minimum Inhibitory Concentration 

Minimum Inhibitory Concentration (MIC) was determined for the following organisms; 
Plague (Yersinia pestis), (Pohanka & Skladal, 2009; Revazishvili et al., 2008) Brucella, 
(Brucella melitensis, suis, or abortus),[64, 65] Anthrax (Bacillus anthracis), (Hicks et al., 2005; 
Koehler, 2009; Pohanka & Skladal, 2009) Glanders (Burkholderia mallei),(Harley, Dance, 
Drasar, & Tovey, 1998; Lehavi, Aizenstien, Katz, & Hourvitz, 2002; Manzeniuk et al., 1999) 
Melioidosis (Burkholderia pseudomallei), [71, 72] Staphylococcus aureus –MRSA [73, 74] 
and Tularemia (Francisella tularensis) (Pohanka & Skladal, 2009; Santic, Al-Khodor, & Abu 
Kwaik, 2009) Acinetobacter baumanii and a drug resistant clinical isolate strain of 
Acinetobacter baumanii (Walter Reed Army Institute of Research) using the following 
protocol.  All protocols used were approved by the appropriate review committee at the 
Walter Reed Army Institute of Research and are summarized below. Modifications of the 
NCCLS methods were employed for these analyses. [76, 77] A solution of Mueller Hinton 
Broth + IsoVitaleX (Bekton Dikinson, Inc.) was prepared containing1% Dimethylsulfoxide 
(DMSO Sigma Scientific) and referred to herein as HIBCD broth. Frozen antibiotic solutions 
were thawed and diluted to a final concentration of 500 μg/mL in HIBCD broth (Standards, 
2000) (Standard, 2002). Using a robotic sample processor (Precision XS, Biotek Instruments, 
Inc.), 15μL of HIBCD broth was transferred into all wells of a 384 well plate and the plate 
was then inoculated using 15μL of the organism suspension into all 384 wells using one 
organism per plate. The plates were incubated overnight and the optical density was read 
using the microplate reader (Spectromax Plus384) at a wavelength of 600nm and repeated at 
24 hour intervals until the control wells reached an optical density of 1.0OD. The MIC 
values correspond to the highest compound dilution with no measurable growth as 
determined from OD readings compared to both negative and control measurements 
(Standards, 2000) (Standard, 2002) (Venugopal et al., 2010).  

5. Conclusion 

Our laboratory has previously reported the development of a series of novel antimicrobial 
peptides (AMPs) that incorporate unnatural amino acids into their primary sequence to 
impart specific three-dimensional physicochemical properties onto the peptide (Hicks et al., 
2007,) (Bhonsle et al., 2007) (Venugopal et al., 2010) (Russell et al., 2010). Those AMPs 
exhibited low μM to nM in-vitro MIC antibacterial activity against several strains of Gram 
positive, Gram negative and mycobacterium. Many also exhibited very low hemolytic 
activity and low acute in vivo toxicity (125 mg/kg) in mice; these AMPs have also exhibited 
excellent metabolic stability in pooled human liver microsomes for up to 60 minutes 
(unpublished results).  (Hicks et al., 2007)(Venugopal et al., 2010). The first generation AMPs 
focused on the incorporation of three Tic-Oic dipeptide units separated by an amino acid 
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spacer (Spacer #1) and either a charged residue (Spacer 2) or a hydrophobic residue to 
control the conformational physicochemical properties of the AMP. Unnatural amino acids 
were selected for incorporation into the primary sequence of the AMP to provide peptide 
chemists with a “toolbox” of new functionality. This “toolbox” would allow for the 
development of novel peptides with specific physicochemical properties that will interact 
with cell membranes in novel ways thus providing entry to the synthesis of organism 
specific AMPs. The incorporation of unnatural amino acids into the peptide sequence of an 
AMP offers several advantages over an AMP consisting exclusively of naturally occurring 
amino acids. 1) Unnatural amino acids inherently exhibit greater metabolic stability. 
Therefore, incorporation of unnatural amino acids into the primary sequence generally 
results in an increase in metabolic stability compared to peptides consisting of only natural 
amino acids (Toke, 2005, Hancock and Lehrer, 1998). 2) The use of the conformationally 
restrained amino acids (Tic an Oic) reduces the local flexibility of the peptide backbone and 
thus reduces the total conformational space that may be sampled by the peptide during 
lipid binding. 

Here in the in vitro antibacterial activity and physical characterization of a new series of 
AMPs incorporating six Tic-Oic dipeptide units as well as four spacers, A, B, C and D on 
either side of the intervening hydrophobic and charged residues as well as a fifth spacer, E, 
which defines the distance between the polypeptide backbone and the positively charged 
side chain amine group is reported. This new series of AMPs is overall less active than the 
series containing only three Tic-Oic dipeptide units and two spacers. However, the new 
analogs exhibit far greater bacteria strain selectivity than the previously reported analogs. 
Induced calcein leakage studies, CD and ITC investigations indicate that the analogs 
containing six Tic-Oic dipeptide units and the additional spacers interact with POPC and 4:1 
POPC/POPG LUVs and SUVs somewhat differently than the previous analogs. These 
differences could account for the observed differences in bacteria strain selectivity. Induced 
calcein leakage studies, CD and ITC studies also indicate that the five spacers, A, B, C, D, 
and E contribute differently to organism selectivity and potency. For example Spacer D 
completely eliminates any activity, while Spacer A and E seem to play more important roles 
in defining organism selectivity and potency. 

What is clear from this study is that correct positioning of amino acids that influence the 
conformational and physicochemical properties that are favorable to interactions with a 
membrane with a specific chemical composition is critical to obtain organism selectivity and 
potency.  
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1. Introduction 

The Phthalocyanine (or tetraazatetrabenzporphyrin) ligand has a heteroaromatic π-system 
and readily forms complexes with many transition metals. The aza-nitrogen and peripheral 
fused benzene ring imparts chemical and thermal stability to the phthalocyanine 
macromolecule. The optical properties of metal phthalocyanine complexes have been 
studied extensively for several decades [1-3]. The low solubility of these complexes 
combined with the intense π−π* bands associated with phthalocyanine ligand led to the 
industrial applications as pigments in paints and dyestuffs [4]. In recent decades, there has 
been renewed interest in the use of metal phthalocyanine complexes in number of high 
technological applications, including those based upon the close structural relationships of 
the phthalocyanine to porphyrin complexes. Mimicking the natural energy cycle of 
chlorophyll, the oxygen binding capacity and activation properties of the heme proteins has 
been a key role in phthalocyanine research [5-9]. New applications include as 
photosensitizers in PDT and in anti-scrapie treatments [10-11], as power leads and as 
molecular switches in nanotechnology [12] and as potential industrial catalysts [13]. 

Eventhough the information on synthesis and structural investigations of metal (II) 2, 9, 16, 
23-tetraamino phthalocyanines were documented [14] in the literature, no evidences are 
available on synthesis and structural studies on metal (II) 2, 9, 16, 23-tetraimino 
phthalocyanines starting from the respective amino phthalocyanine complexes. 

In the present chapter we report the synthesis, characterization and antimicrobial studies of 
2, 9, 16, 23-tetra-phenyliminophthalocyanine complexes of copper (II), cobalt (II), nickel (II) 
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and zinc (II). The procedure available from the literature [14-16] was suitably modified and 
used for the synthesis of title complexes. 

2. Materials and methods 

4-nitrophthalic acid was synthesized by using phthalic anhydride adopting the procedure 
reported elsewhere [14]. All other chemicals were of analytical grade and were used as such. 
Metal (II) 2, 9, 16, 23-tetra-phenyliminophthalocyanines (M-PhImPc) were prepared as per 
the scheme 1. 

2.1 Preparation of cobalt (II) 2, 9, 16, 23-tetra-phenyliminophthalocyanine complex 

The procedure adopted for the synthesis of cobalt (II) 2, 9, 16, 23-tetra-nitro phthalocyanine 
(M-PcTN) was reported elsewhere [15]. The nitro derivative of the aforesaid complex was  
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Scheme 1. Synthesis of Metal (II) 2, 9, 16, 23-tetra-phenyliminophthalocyanines, 
a) 4-nitrophthalic acid, b).M-PcTN, c) M-PcTA and d) M-PhImPc. 
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converted into amino derivative quantitatively by reduction using sodium sulfide 
nonahydrate in aqueous medium [14]. The finely powdered cobalt (II) 2, 9, 16, 23-tetra-
amino phthalocyanine (M-PcTA) (6.30 g 0.01 mole) was dissolved in 4.2 mL of DMSO and 
stirred with benzaldehyde. Above mixture was refluxed for 5 hours in the presence of 
catalytic quantity of concentrated sulphuric acid and contents were poured into ice cold 
water. The settled bluish green coloured condensed phenylimino phthalocyanine complex 
was washed with alcohol several times till free from aldehyde.  

The pigment form of the above complex was obtained by the acid pasting process, in which 1 
part of powdered sample was dissolved in 6-10 parts of concentrated sulphuric acid. The 
mixture was allowed to stand for 1-2 hour and then poured on to 45-50 parts of crushed ice and 
stirred thoroughly. The pigment thus obtained was filtered off and washed with hot water. 
Finally it was washed with distilled water and dried in vacuum over phosphorous pentoxide. 

Metal (II) 2, 9, 16, 23-tetra-phenyliminophthalocyanines of Cu (II), Ni (II) and Zn (II) were 
prepared by the above procedure using the respective metal amino phthalocyanines C, H 
and N elemental analyses were done at STIC, Kerala, India. Magnetic susceptibility studies 
were made at room temperature (29o C) using Gouy magnetic balance consisting of NP-53 
type electromagnets with a DC power supply unit and a semi microbalance. Pascal’s 
constants were used to calculate the diamagnetic corrections. A Hg[Co(SCN)4] complex was 
used as calibrant [17]. Varian Cary 5000 with 1 cm width silica cell was used for electronic 
absorption spectral studies. IR spectra were recorded using Nicolet MX-FT IR spectrometer. 
Philips analytical PW-1710 X-ray diffractrometer was used to study the diffraction pattern of 
the complexes. The spectra were recorded using Cu Kα at a voltage of 40 kv, a current of 20 
mA, a time constant of 4, a channel width of 7mm and a chart speed of 10 mm/min. TGA 
studies were carried out by using a Perkin Elmer, Diamond TG/DTA thermal analyzer at a 
heating rate of 10o/min both in the air and nitrogen atmosphere. 

3. Results and discussion 

The procedure adopted for the synthesis of M-PhImPcs yield pure complexes. The title 
complexes are dark bluish green in color. These complexes give clear solution in 
concentrated sulfuric acid, dimethyl sulphoxide (DMSO), dimethyl formamide (DMF) and 
pyridine and are sparingly soluble in alcohol. The results of elemental analysis for carbon, 
hydrogen and nitrogen and gravimetric methods for metals (Table II) are in good agreement 
with the calculated values and are consistent with the proposed structure. 

3.1 Electronic spectra 

The electronic spectra of M-PhImPcs were recorded in DMSO in the concentration range of 
1.0-1.5 x 10-4 M and the results were summarized in Table 1 and the graphs in Fig. 2. The 
observed deep bluish green color of the complexes may be due to a2u → eg and b2u → eg 
transitions [17]. For all the complexes absorption bands were observed in the wavelength 
range 732-770 nm, which are considerably higher than the corresponding parent metal 
phthalocyanines [17]. This observed red shift was attributed to the increase in conjugation of 
π-electrons of the phthalocyanine molecule with that of peripheral substituted aromatic 
imino groups. The splitting of the Q-band was observed in all the complexes in the 
wavelength range 531-572 nm. The origin of the Q-band was attributed to the a1u → eg 
transition of the phthalocyanine molecule. A sharp and intense B-band was observed in all 
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the complexes in the range of 331-355 nm. A weak L-band was observed for all metal-imino 
phthalocyanines at 252-266 nm. 

N N
N

N
MN

N

N

N

NH
N

H

N H

N

H

  
Fig. 1. Suggested structure of symmetrically tetra substituted phenyliminophthalocyanine, 
where M = Co, Cu, Ni and Zn. 
 

Name of the 
Complex 

UV-Visible
wavelength 
λ nm (log ε)

IR Spectral
Data (cm–1) 

Powder XRD
Data 

2θ angle (d Αo)

Relative 
Intensity % 

Co-PhImPc 256 (4.13)
336 (3.98) 
572 (3.53) 
769 (4.19)

607,752,1103,
1316,1491,1626 

 

25.96 (3.42)
25.52 (3.48) 
43.71 (2.10) 

100.00 
64.12 
24.25 

Cu-PhImPc 266 (3.62)
335 (3.99) 
569 (3.00) 
770 (4.09)

690,747,1098,
1310,1497,1615 

28.95 (3.08)
42.96 (2.10) 
25.51 (3.48) 

100.00 
59.59 
24.00 

Ni-PhImPc 260 (4.61)
331 (4.60) 
531 (4.10) 
765 (4.53)

648,752,1098,
1316,1491,1624 

26.54 (3.35)
29.39 (4.27) 
40.31 (2.10) 

100.00 
29.39 
25.45 

Zn-PhImPc 252 (4.02)
355 (4.89) 
578 (4.45) 
732 (4.82)

700,742,1093,
1341,1486,1634 

26.87 (3.56)
28.58 (3.21) 
32.75 (2.54) 

100.00 
86.26 
85.98 

Table 1. Spectral data of metal (II) 2, 9, 16, 23-tetra-phenylimino phthalocyanines. 
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Fig. 2. Electronic spectra of (a) Co–PhImPc, (b) Cu–PhImPc, (c) Ni–PhImPc and (d) Zn–
PhImPc. 

3.2 IR spectra 

IR spectral data were recorded in KBr pellets and the results were presented in Table 1 and 
the graphs in Fig. 3. The sharp peaks at the range of 1615-1634 cm-1 were attributed to C=N 
of imine group and peaks at the range of 1468-1497 cm-1 were due to C-N aromatic 
stretching. The peaks observed in the range of 1310-1341 cm-1 were due to C-H symmetric 
bending. All the remaining bands observed in the range 742-752 and 607-700 cm-1 may be 
assigned to various skeletal vibrations of the phthalocyanine ring. 
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Fig. 3. IR absorption spectra of (a) Co–PhImPc, (b) Cu–PhImPc, (c) Ni–PhImPc and (d) Zn–
PhImPc. 

3.3 Powder XRD 

Powder X-ray diffraction patterns of M-PhImPcs were taken in the range of 2θ angles 6-700 
showed identical peaks with relatively poor crystallinity (Table 1, Fig. 4). The observed 
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patterns were very much similar to that of unsubstituted parent phthalocyanines except for 
the broadening of the peaks with diffused intensity. The broadening may be due to the 
presence of substitutents at the periphery of the molecule, which seems to provide 
hindrance for the effective stacking of the molecule and thus the poor crystallinity of the 
complexes. 

 
Fig. 4. Powder X-ray diffraction patterns of (a) Co–PhImPc, (b) Cu–PhImPc, (c) Ni–PhImPc 
and (d) Zn–PhImPc. 

3.4 Magnetic susceptibility 

Magnetic susceptibility studies were carried out at ambient temperature and summary of 
the results were in Table 2 and the magnetic moment values reported in the table were the 
average of three independent determinations. The measured magnetic moment of 
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complexes was higher than the spin only values due to orbital contributions, and these 
values were higher than those for the corresponding parent phthalocyanines. The magnetic 
susceptibility studies revealed that Co-PhImPc and Cu-PhImPc are paramagnetic, whereas 
Ni-PhImPc and Zn-PhImPc are diamagnetic. The measured magnetic moments for Co-
PhImPc and Cu-PhImPc are higher than the spin only value corresponding to the one 
unpaired electron (1.73 BM), due to the mixing of ground state orbitals with higher energy 
degenerate states and intermolecular co-operative effect [18]. This effect decreases with the 
increase in field strength and μeff value approaches spin only value at higher field strength. 
The observed higher μeff value at lower field strength is attributed to intermolecular 
magnetic interaction coupled with magnetic anisotropy of phthalocyanine π-current [19].  

N N

N N

M

N N

N N

M

N N

N N

M

 
Fig. 5. Probable molecular stacking of metal phthalocyanines. M = Cu, Co, Ni and Zn, N = 
azamethine atom of phthalocyanine. 

The crystallographic studies revealed that the metal phthalocyanines of Co, Cu, Ni and Zn 
have square planar structure with D4h symmetry and are isomorphous [20]. The molecular 
plane is approximately normal to a-b plane and molecules are stacked along the short b-axis. 
The molecular planes are inclined to the a-c axis at an angle of 45o. Thus the complexes 
stacked in columns with N-atom above and below on every metal atom (Fig. 4) and hence 
the nearest neighboring molecule along the b-axis contributes a nitrogen atom at the 
interplanar distance 3.4 Å [21]. 
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Complex 
(Colour) 
(Yield) 

Empirical   
Formulae 

(Molecular 
weight) 

Field 
strength 
K Guass 

Magnetic 
susceptibility

(χm X 10-6 

cgs unit) 

Magneti
c 

moments
μeff 

(B.M) 

Elemental 
analysis 

Found  (Calc.) 

Co-PhImPc 
(Dark green) 

(45%) 

C60H36N12Co
(982.93) 

1.02 
1.30 
1.50 
1.82 
2.09 

+3754.20 
+3439.03 
+3127.39 
+2983.82 
+2778.52 

3.02 
2.91 
2.75 
2.68 
2.59 

C: 72.68; (73.25) 
H: 3.48;   (3.66) 

N:16.96;  (17.09) 
Co: 5.82; (5.99) 

Cu-PhImPc 
(Dark green) 

(43%) 

C60H36N12Cu
(987.53) 

 

1.02 
1.30 
1.50 
1.82 
2.09 

+3574.75 
+3390.05 
+3135.61 
+2975.12 
+2582.05 

2.94 
2.88 
2.76 
2.69 
2.51 

C: 72.59; (72.91) 
H: 3.65;   (3.64) 

N: 16.98; (17.01) 
Cu: 6.38;  (6.43) 

 
Ni-PhImPc 

(Dark green) 
(40%) 

C60H36N12Ni 
(982.69) 

 

 
1.50 

 

 
-580.15 

 

 
--- 

C: 72.98; (73.24) 
H: 3.67;   (3.66) 

N: 16.69; (16.09) 
Ni: 5.90;  (5.97) 

Zn-PhImPc 
(Dark green) 

(32%) 

C60H36N12Zn
(989.39) 

 
 

1.50 -675.23  
--- 

C: 72.22; (72.77) 
H: 3.63;    (3.63) 
N: 16.76; (16.98) 
Zn: 6.66;  (6.60) 

Table 2. Elemental analysis and magnetic susceptibility data of metal (II) 2, 9, 16, 23-tetra-
phenyliminophthalocyanine. 

3.5 Thermogravimetric and kinetic studies 

Thermogravimetric analytical data of M-PhImPc pigments were summarized in the Table 3. 
It was observed that the decomposition of the title complexes occur generally in two steps. 
The first step of degradation in air, which takes place in the temperature region of 100-360oC 
may be accounted for the loss of four substituted imino groups. The major weight loss was 
observed for all the complexes in the last step in the temperature range of 360-580oC 
correspond to the oxidative degradation of phthalocyanine moiety. The residues remained 
after the thermal decompositions were found to be the corresponding metal oxides [22]. The 
thermal decomposition of these imino substituted complexes in the nitrogen atmosphere 
appears to be very slow. For Co-PhImPc, 54% of the complex was found to be decomposed 
at 700oC. For Cu-PhImPc, Ni-PhImPc and   Zn-PhImPc about 48%, 58% and 55% loss of the 
mass was observed even at 700oC. Above trend confirms the relatively higher stability of 
these complexes in nitrogen atmosphere than in air. Eventhough, all the four functional 
groups seem to be lost in first step, a dimer or a polymer was suspected to be formed via the 
nitrogen atoms of the peripheral end groups before the second step of decomposition starts 
[23]. DTA results revealed that all degradation steps were exothermic in nature. Kinetic and 
thermodynamic parameters of the title complexes have been evaluated by Broido’s method 
[24]. Plots of ln (ln1/y) versus 1/T (where y is the fraction of the complex undecomposed) 
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were developed for the decomposition segment where loss of functional groups occur. From 
the plots, energy of activation (Ea), frequency factor (ln A), enthalpy (ΔH), entropy (ΔS) and 
free energy (ΔG) of the title complexes have been computed by using standard equations 
(Table 3). 
    

Name of the 
Compound 

Activation 
energy 

Ea  KJ mole-1 

Frequency 
factor 
Ln A, 

H 
KJ mole-1 

S 
J k-1 

G 
KJ mole-1 

Co-PhImPc 1.059  (0.733) 
3.038  (59.86) 

4.314  (3.557) 
5.118  (22.48) 

0.021  
(0.513) 
3.030  

(55.708) 

-159.87 (-
173.6) 

-162.19 
(322.09) 

20.80    
(25.53) 
115.37  
(105.3) 

Cu-PhImPc 0.943  (0.333) 
3.829  (71.77) 

4.096  (2.446) 
5.462  (26.59) 

0.136  
(0.914) 
2.156  

(67.86) 

-156.11 (-
184.9) 

-157.61 
(457.92) 

20.43    
(26.82) 
111.32  
(147.2) 

Ni-PhImPc 0.857  (0.542) 
3.168  (65.40) 

3.913  (3.544) 
5.137  (22.58) 

0.223  
(0.516) 
2.983  

(56.20) 

-153.38 (-
174.4) 

-161.82 
(326.56) 

20.163  
(24.94) 
116.76  
(107.3) 

Zn-PhImPc 0.426  (0.435) 
4.352 (48.687) 

2.841  (2.734) 
5.545  (18.04) 

0.575   
(1.060) 
2.631  

(43.865) 

-141.35 (-
182.5) 

-157.14 
(174.37) 

17.53    
(31.79) 
129.36  
(57.27) 

The values in the bracket corresponds to the nitrogen atmosphere 

Table 3. TGA and Kinetic parameters of metal (II) 2, 9, 16, 23-tetra 
phenyliminophthalocyanine. 

3.6 Antimicrobial studies 

The ligand and all complexes synthesized in the present investigation and the respective 
metal salts were evaluated for their antimicrobial studies like antibacterial and antifungal. 

3.7 Antibacterial activity 

Bacterial strains: Bacterial strains of Xanthomonas were procured from department of 
Biotechnology, Sahyadri Science College, Kuvempu University, Shimoga. 

Method: The above said imino phthalocyanine complexes were tested against pathogenic 
bacteria Xanthomonas citri and Xanthomonas Compstris.  

The agar diffusion cup plate method was followed for antibacterial assay as described in 
Indian pharmacopoeia [25]. Inoculum was prepared from 24 hr old culture in nutrient broth. 
The M-PhImPc complexes of 500 ppm were prepared by dissolving the required quantity of 
complexes in DMSO. It was further diluted with DMSO for the preparations of 200 ppm, 100 
ppm and 50 ppm solution of M-PhImPc. With the help of stainless steel well cutter (6mm) 
cups were cut out and into each of these cups 100 μl of each of the complexes of different 
concentrations were placed separately under aseptic conditions with the help of a sterile 
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micropipette. Ciprofloxacin was used as standard drug. The plates were then maintained at 
room temperature (26o) for 1 hr to allow the diffusion of the solutions into medium and 
incubated at 37o C for Xanthomonas citri and Xanthomonas Compstris. Inhibition was recorded 
by measuring the diameter of the inhibition zone at the end of 24 hr and compared with 
standard drug [26-27]. As per the observations made, the maximum inhibition effect was 
observed in Zn-PhImPc with tested organism and the least inhibition effect was observed in 
Co-PhImPc. The datas for zone of inhibition was presented in Table 4. 
 

Name of the 
Compound 

Conc.         
(in ppm) 

Xanthomonas compstris
Zone of inhibition 

(in mm) 

Xanthomonas citri Zone 
of inhibition 

(in mm) 
Ciprofloxacin 

(Standard drug) 
50 04 05 
100 06 07 
200 09 10 
500 14 15 

Co-PhImPc 50 06(03) 07(03) 
100 09(05) 11(05) 
200 13(06) 15(08) 
500 16(08) 17(10) 

Cu-PhImPc 50 06(04) 08(02) 
100 11(07) 13(05) 
200 16(09) 16(07) 
500 19(10) 19(11) 

Ni-PhImPc 50 07(04) 06(03) 
100 11(06) 09(05) 
200 14(08) 13(07) 
500 18(11) 18(10) 

Zn-PhImPc 50 06(04) 08(04) 
100 11(05) 13(07) 
200 16(08) 16(09) 
500 19(11) 19(11) 

The values in the bracket correspond to the parent metal (II) amino phthalocyanines. 

Table 4. Zone of inhibition of metal (II) 2, 9, 16, 23-tetra-phenylimino phthalocyanines. 

3.8 Antifungal activity 

The Aspergilus Niger and Aspergilus Flavous were studied for its growth, color and 
sporulation characteristics in the presence of the selected metal phthalocyanine complexes. 
The M-PhImPc complexes of 500 ppm were prepared by dissolving the required quantity of 
complexes in DMSO. It was further diluted with DMSO for the preparations of 200 ppm, 100 
ppm and 50 ppm solution of M-PhImPc. Ketaconazole was used as a standard drug. Potato 
Dextrose Agar (PDA) media with the above preparations were sealed with aluminum foils 
and sterilized in an autoclave at a temperature of 120o C and 15 psi. The hot sterilized media 
was poured into petriplates in an aseptic chamber and then to room temperature (26o). The 
Aspergilus Niger and Aspergilus Flavous were inoculated as a point at the center of the plate 
and are incubated at 23±1o C for one week and the observations were made everyday [28]. 
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The summary of the observations were presented in Table 5. It was found that all the 
complexes inhibit the radial growth of the fungi. After 2 days of inoculation, the fungi 
exhibited minimal growth. It was observed that the inhibiting effects of M-PhImPcs were more 
for Aspergilus Niger compared to Aspergilus Flavous. After 5 days, all the complexes show 
distinct inhibiting effect. However, Zn-PhImPc induced maximum effect. The inhibition of 
growth effect is in the order of Zn-PhImPc > Co-PhImPc > Cu-PhImPc > Ni-PhImPc.               
 

Name of the 
Compound 

Conc.       
(in ppm) 

Aspergilus Niger
Radial growth in cm 
2 days            5 days 

Aspergilus Flavous 
Radial growth in cm 
2 days             5 days 

Ketaconazole 
(Standard drug) 

50 1.50                4.15 1.45                 3.80 
100 1.35                3.90 1.35                 3.65 
200 1.25                3.60 1.20                 3.45 
500 1.00                3.35 1.05                 3.10 

Co-PhImPc 50 1.20 (1.45)    3.60 (3.85) 1.25 (1.35)   3.35 (3.40) 
100 1.00 (1.35)    3.30 (3.75) 1.15 (1.30)   3.15 (3.30) 
200 0.95 (1.20)    3.15 (3.55) 1.00 (1.20)   3.00 (3.25) 
500 0.75 (1.05)    3.00 (3.40) 0.90 (1.10)   2.85 (3.15) 

Cu-PhImPc 50 1.35 (1.40)    3.50 (3.75) 1.20 (1.35)   3.30 (3.50) 
100 1.00 (1.35)    3.10 (3.70) 1.00 (1.30)   3.15 (3.40) 
200 0.80 (1.20)    2.70 (3.45) 0.90 (1.15)   3.05 (3.25) 
500 0.50 (1.05)    2.20 (3.25) 0.80 (1.05)   1.95 (3.10) 

Ni-PhImPc 50 1.30 (1.50)    3.60 (3.80) 1.25 (1.30)   3.30 (3.45) 
100 1.20 (1.45)    3.10 (3.65) 0.90 (1.25)   2.95 (3.20) 
200 1.00 (1.35)    2.85 (3.55) 0.80 (1.15)   2.65 (3.05) 
500 0.85 (1.05)    2.35 (3.15) 0.70 (1.05)   2.00 (2.85) 

Zn-PhImPc 50 1.45 (1.45)    3.75 (3.60) 1.20 (1.25)   3.45 (3.45) 
100 1.10 (1.40)    1.80 (3.45) 0.95 (1.40)   1.93 (3.05) 
200 0.85 (1.25)    1.50 (3.20) 0.70 (1.15)   1.65 (2.85) 
500 0.50 (1.00)    1.30 (2.85) 0.55 (1.05)   1.45 (2.55) 

The values in the bracket correspond to the parent metal (II) amino phthalocyanines. 

Table 5. Antifungal data of metal (II) 2, 9, 16, 23-tetra-phenylimino phthalocyanines. 

The interesting observation made during the investigation was the change in the colour of 
the fungus. Aspergilus Niger was known for its black colour and Aspergilus Flavous for its 
green colour. However, in the presence of metal complexes the matured colonies of the 
fungus were pale brown and the new colonies were pale green [29]. It was confirmed by the 
parallel experiment with and with out the addition of 2 ml DMSO in the media that the 
change in colour of the fungi was not due to the presence of DMSO in the medium. The 
change of colour of the fungi may be due to the effect of complexes as the pigmentation 
properties of the growing fungi. 

4. Conclusions 

The synthetic route adopted was very simple and give good yield. The measured magnetic 
moment of complexes was higher than the spin only values due to orbital contributions, and 
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these values were higher than those for the corresponding parent phthalocyanines. The 
variations of magnetic moment as a function of field strength indicated the presence of inter 
molecular co-operative interactions. The magnetic susceptibility studies clearly revealed the 
structural information of the complexes. The red shift of the complexes compared to the 
parent phthalocyanine is due to increase in conjugation of π-electron with the π-electron 
cloud of peripheral substituted imino groups. Metal phthalocyanines are biologically active 
and the complexes show enhanced antimicrobial activity against one or more strains 
compared to conventional standard drugs. Imino substituents tend to make the complexes 
act as more powerful and potent bactericidal agent. 
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1. Introduction 

Recent years have witnessed several gram-negative bacteria (GNB) species and a few gram-
positive bacteria (especially the Staphylococcus aureus) posing overwhelming threats to the 
healthcare-associated infections as a series of frightening superbugs (Engel, 2010; Peleg & 
Hooper, 2010). It is primarily due to the fact that incidence of multidrug resistance (MDR) or 
pan-drug resistance (PDR) bacteria have been escalating in a manner of global dimension, 
frequent prevalence and alarming magnitude. The predominate resistance issues are those 
related to GNB species, including Enterobacteriaceae (Deshpande & et al, 2010), Klebsiella 
pneumonia, Pseudomonas aeruginosa and Acinetobacter baumannii. Theses circulating isolates 
have created big problems for treatment of  nosocomial infection because they carry highly 
transmissible elements encoding multiple resistance genes, e.g. extended-spectrum beta-
lactamases (ESBLs) that inactivates different classes of first-line antibiotics (Bush, 2010; 
Engel, 2010), metallo-beta lactamase that hydrolyzes penicillins, cephalosporins and 
carbapenems, efflux pumps that decrease bacterial transporting ability to almost all 
antibiotics and natural antimicrobial products (Pages & et al, 2010), and promoters that 
ensure the transcription of these genes.   

Traditional antimicrobial drugs target only a few cellular processes and are derived from a 
few distinct chemical classes. Despite that genetic screens to identify new drug targets and 
classic searching for new chemical leads with diverse structures (Moellering, Jr., 2011), the 
constant need of new broad-spectrum antimicrobial agents has rarely been met (Cattoir & 
Daurel, 2010). Meanwhile, antibacterial strategies that favor in offering timely therapeutic 
countermeasures are urgently required for possible outbreaks of new super bug infections. 
One promising strategy is antisense antibacterial, which can contribute to both aspects of the 
problem. It is generally described as RNA silencing in bacteria using synthetic nucleic acid 
oligomer mimetics to specifically inhibit essential gene expression and achieve gene-specific 
antibacterial effects. First proposed in 1991, RNA targeting in bacterial has been made more 
flexible by 20 years of technology refinement, circumventing major problems of target 
selection/validation and efficient delivery (Bai & et al, 2010). Antisense antibacterials have 
been developed by constructing sequence-designed synthetic RNA silencers using new 
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chemical classes, e.g. nucleic acid mimics peptide nucleic acid (PNA) and 
phosphorodiamidate morpholino (PMO), that conjugated with cell penetrating peptide 
(CPP) in multiple functional ways (Geller, 2005; Hatamoto & et al, 2010). And their potent 
bactericidal effects have been displayed in a variety of pathogens by targeting several 
growth essential genes in vitro and in vivo (Bai & et al, 2010). Advantage of RNA silencing is 
unique in having the potential to selectively kill target pathogens with species and even 
strain specificity. Of particular interest are possibilities to tailor the antibacterial spectrum, 
aid the use of conventional antibiotics by potentiating their activity, and reverse resistance. 
Further, antisense antibacteirals may present an unusual opportunity for developing broad-
spectrum therapeutics against upgrading infections caused by multi-drug or pan-drug 
resistant pathogenic  species, where many successful compounds have failed.  This review 
will describe the characteristics of the antisense antibacteiral strategy (including antisense 
mechanism, basic chemistry involved in nucleic acid analogs, their anti-infection 
applications in vitro and in vivo, and preliminary studies on pharmacokinetics and toxicity), 
and focus on the major determinants of target accessibility and CPP-mediated delivery in 
the general context of antisense antibacterials. We will also highlight the promising targets 
and delivery strategies that favor the possible development of broad-spectrum nucleic acid-
based therapeutic molecules and provide overall information of their potentials as 
functional component of systemic broad-spectrum antisense antibacterial agents. 

2. Antisense antibacterials: 20 years of technology refinement 

Antisense antibacterial strategy is revolutionary for silencing essential genes at mRNA level 
by antisense oligodeoxyribonucleotides (AS-ODNs) for realization of bacterial cell death or 
restoration of susceptibility. Significant technology advances in aspects of microbial 
genomics (Monaghan & Barrett, 2006), structural modification of oligonucleotides and 
efficient delivery systems have fundamentally promoted the transformation of antisense 
antibacterials from concept to future therapeutic “antisense antibiotics”. 

2.1 Mechanism of action and chemistry 

AS-ODNs are designed to bind the target mRNA to prevent translation or bind DNA to 
prevent gene transcription respectively. And once bound to the target, AS-ODNs modulate 
its function through a variety of post binding events. Meanwhile, AS-ODNs based on the 
three generations of modified structures, have overcome the biological disadvantages of 
RNA and DNA, and shown great potency in gene expression inhibition with apparently 
high degree of fidelity and exquisite specificity both in vitro and in vivo. 

2.1.1 Antisense mechanism 

Most of the reported work on antisense drugs has been accomplished in eukaryotic systems 
and their mechanisms have been well explored (Houseley & Tollervey, 2009). AS-ODNs 
bind to the target RNA by well-characterized Watson-Crick base pairing mechanism. The 
effect of gene silencing or “knock down” that happens after the binding can be broadly 
categorized as cleavage-dependent or occupancy-only mechanism (Figure 1). Cleavage-
dependent mechanism includes degradation of RNA:mRNA duplexes by double-strand 
RNA (dsRNA)-specific RNAases (a natural means of transcriptional regulation),  
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degradation of stable DNA:RNA heterodimers through the activity of RNAse H, and 
degradation via the action of RNase P (only if external guide sequences are coupled to the 
oligonucleotide). Occupancy-only mechanism, also known as translation arrest, features as 
that AS-ODN:RNA heteroduplexes inhibit translation by steric blocking the ribosomal 
maturation and polypeptide elongation process. Antisense antibacterials function on the 
base of above antisense mechanisms, whereas the specific mechanism is dependent on the 
structural chemistry and design of the modified oligonucleotides (Bennett & Swayze, 2010). 

DNA
(gene)

Messenger RNA
(mRNA)

oligonucleotide

Transcription
Translation

Proteins

Traditional Drug

Diseases

1. Cleavage-dependent mechanism

modified
oligonucleotide

RNase H

Cleavage

Steric Block

30S 

50S 

30S 

50S 

2. Occupy-only  mechanism

RNase P

Cleavage

External guide sequence
oligonucleotide

 
Fig. 1. Different antisense mechanisms: antisense oligodeoxyribonucleotides (AS-ODNs) are 
known to interact and block the function of the mRNA. Different antisense mechanisms 
shown include the nondegradative mechanisms (e.g., inhibition of translation) and 
mechanisms that promote degradation of the RNA (e.g., RNase H mediated cleavage and 
external guided sequence mediated RNase P cleavage). 

2.1.2 Nucleic acid chemistry: structure and binding  

Unmodified DNA/RNA is susceptible to nucleases attack and degradation. Furthermore, 
their poor pharmacokinetics properties (including weak binding to plasma proteins, rapid 
filter by kidney and excretion into urine, and et al) make them undesirable and unacceptable 
therapeutic agents for systemic administration. In order to increase their nuclease stability 
and intrinsic affinity to complementary target RNAs, many efforts have been made to the 
structural modification of DNA or RNA (Kurreck, 2003). Key modifications concentrate on 
the backbone, phosphodiester bond, and sugar ring, giving births to three generations of 
nucleic acid anologs. Representative oligonucleotide derivatives include phosphorothioate 
oligodeoxyribonucleotides (PS-ODNs), 2’-O-methyloligoribonucleotides (2’-OMes), 2’-O-
methoxyethyl oligonucleotides (2’-MOE), locked nucleic acids (LNAs), phosphorodiamidate 
morpholino oligonucleotides (PMOs), thiophosphoroamidate oligonucleotides and peptide 
nucleic acids (PNAs) (Figure 2).  
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Fig. 2. Representative modified antisense oligodeoxyribonuleotides. Replacement in 
structure compared with DNA/RNA is highlighted by dashed rectangle. First generation of 
modified form shown includes only PS-ODNs. Second generation mainly includes 2’-OMes 
and 2’-MOE. Third generation includes a series of DNA/RNA analogs, e.g., LNA, PNA, 
BNA, PMO and thiophosphoroamidate oligonucleotides. 
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Like DNA or RNA, PS-ODNs, LNA and thiophosphoroamidate oligonucleotides are 
negatively charged. Other modified oligonucleotides like PNA and PMO are electric neutral, 
showing little repulsion during hybridization to target DNA or RNA. 2’-OMes, 2’-MOE, 
LNAs, PMOs and PNAs all bind to RNA more tightly than unmodified oligonucleotides or 
PS-ODNs. Therefore, they can be used at shorter lengths and lower concentrations for 
exerting specific and potent RNA silencing effect. Meanwhile, PNA and PMO have 
provided substantially better specificity to the same target sequence than DNA, 
phosphorothioate DNA, and 2’-O-methyl RNA, either at low concentration of 50 nM or at 
high concentration of 3.5 μM (Deere & et al, 2005). Furthermore, it is acknowledged that 
only PS-ODNs activate RNase H to degrade mRNA in eukaryotic cells, whereas the other 
modified oligonucleotides show direct translation arrest effect. The same results have also 
been confirmed for gene manipulation by antisense strategy in bacteria. 

2.2 Antisense antibacterial strategy 

The hypothesis that any gene can be antisense inhibited is quite tantalizing. Therefore, 
antisense oligomers have been studied as bacterial growth inhibitors for developing new 
types of antibiotics. In 1991, Rahman et al firstly observed the inhibited protein synthesis 
and colony formation in normal E. coli by using PEG 1000 attached methylcarbamate DNAs 
targeting the start codon sequence of prokaryotic 16S rRNA (Rahman & et al, 1991). Ever 
since, the potential of gene specific modified AS-ODNs as biomedically useful antibiotics 
has been well accepted and further explored. The present-day antisense antibacterial 
strategy has overcome major obstacles that hampered this innovative approach developing 
into clinically applicable therapeutics: (i) target validation and (ii) efficient delivery system. 
Meanwhile, modified AS-ODNs, e.g. PNA and PMO, have accepted thorough preclinical 
and clinical evaluation on the aspects pharmaceutical properties as promising antisense 
antibiotics. 

2.2.1 Inherent advantages 

Compared to human genome, bacterial genome is much less complicated and homogenous. 
Unlike eukaryotic cells, the double-strand DNA (dsDNA) of bacterial cells locates in 
nucleoid. And in this low electron density zone, there is no nucleic membrane to strictly 
separate biochemical reactions into different time and space level. DNA replication, RNA 
transcription and protein synthesis in bacteria are processed in cytoplasm, which allows 
exogenous AS-ODNs to interfere with genes and/or RNAs more readily. Meanwhile, RNA 
interfering (RNAi) mechanism found in eukaryotic cells has not been reported so far in 
bacteria. Bacteria themselves use antisense as a natural mechanism to inhibit specific gene 
expression, therefore, antisense technology suits better as an effective gene modulating tool 
in bacteria.  

2.2.2 Target identification and validation 

A key objective for discovery of new antisene antimicrobial agents is to determine the genes 
essential for survival of the pathogenic organisms. In paticular, the main critireas for 
measuring the quality of a candidate gene as a good target include vitality of the gene and 
its targeting accessability for antisense oligomers. Compared to gene knockout technique, 
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antisense approach itself has been proved to be an effective tool for target validation in 
bacteria, with controllable sensitivity, larger breadth of applicability and more realistically 
mimic effect of a therapeutic inhibitor (Wright, 2009). 

2.2.2.1 Target site selection and design of AS-ODNs 

Theoretically, antisense antibacterials as modulators of bacterial essential genes can be used 
to alter biological state or behavior in potentially any pathogenic species. Their growth 
inhibitory activity relies on sequence-specific inhibition of gene expression, which offers the 
potential for high specificity in immediate bacteriocidal or bacteriostatic therapeutic 
consequences (Rasmussen & et al, 2007). However, the fundamental requirements for potent 
antisense activity include sufficient concentration of antisense agent at the most sensitive 
targeting site, an ability to hybridize to the target mRNA sequence, the capacity of the 
ODN/mRNA duplex to interfere with gene expression, and sufficient biological stability of 
the antisense agent.  

Antisense inhibitors must bind accessible regions of the target mRNA so that stable 
ODN:RNA(DNA) heteroduplexes or triplex (as for PNA) can be formed to elicit antisense 
effect. In order to obtain the antisense sequence with best potency and efficacy, researchers 
normally follow a comparatively fixed procedure in design (Shao & et al, 2006). Generally, 
possible targeting regions are those nucleotide sequences free of any double strand (e.g. 
hairpin) in secondary structure, which are determined by RNA secondary structure 
softwares (Ding & Lawrence, 2003) within full sequences. Notably, most previous studies 
have demonstrated that the start codon region of the mRNA (see Table 1&2) is the most 
effective region for RNase H independent antisense inhibition, because this region initiates 
the translation and includes the Shine-Dalgarno (SD) sequence (Dryselius & et al, 2003). 
However, a few studies also have confirmed that specific AS-ODNs complementary to sites 
beyond the start codon region receive equal positive results in in vitro efficacy test (e.g. 
antisense targeting of rpoD by PNA in methicillin resistant Staphloccous aureus, Bai & et al, 
2012a). Then, bioinformatic algorithms are used to calculate the DNA: ODN binding 
parameters (e.g. minimal free energy and melting temperature, et al) with setted lengths for 
AS-ODN. According to the combind data, rational analysis was performed to confirm 3-10 
different targeting sites/sequences with highest binding affinity and stability for sequence-
specific antisense inactivation of target genes. AS-ODNs complementary to the chosen target 
sites are synthesized. The length of AS-ODN is predominantly determined by their chemical 
properties. In principle, nucleic acid analogs with stronger affinity to target RNA require 
shorter lengths. Customarily, policy that 14-30 monomers for PS-ODNs and 8-16 monomers 
for PNA, LNA and PMO have been adopted for potent inhibition and achieving better hits. 
In order to improve the uptake of AS-ODNs by the cell, AS-ODNs with attached membrane 
permeabilizing peptides have been developed (elaborated in 2.2.3).  

Presently, in vitro modified minimal inhibitory concentration (MIC) and minimal 
bactericidal inhibitory concentration (MBC) tests of peptide-ODN conjugates are well-
acknowledged methods to preliminarily confirm the antibacterial effect of AS-ODNs. 
Targeted gene vitality and accessability are determined by comparing MIC and MBC 
values. AS-ODN that shows the lowest MIC value indicates the most sensitive targeting 
site for antisense inhibition, whereas the MBC value suggests if the antisense antibacteial 
effect is  bacteriocidal. Target specificity is generally evlauated at the same time by testing 
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the antibacterial activity of designed control AS-ODNs (e.g. AS-ODN with mismacted or 
scrambled nucleotide sequences) and pepides. Further, RT-PCR and western blotting can 
be used to observe the reduction of mRNA and protein product of the particularly 
targeted gene. Collectively, with regard to target selection, researcher are dedicated to 
identify an ideal essential gene that is with small nucleotide content and upmost 
stringency but effective region of coding sequences for potent antisense ihibition (Goh & 
et al, 2009). Meanwhile, the antisene property of AS-ODN itself should also be taken into 
consideration. 

2.2.2.2 Validated targets in bacteria 

2.2.2.2.1 Targeting essential genes 

Essential genes that regulate or control bacterial growth, proliferation, virulence and 
synthesis of important living-dependent substances are candidates attracting the majority of 
research enthusiasms. Validated essential genes among different bacterial species include 
fbpA/ fbpB/fbpC (Harth & et al, 2002, 2007) and glnA1 (Harth & et al, 2000) in Mycobacterium 
tuberculosis, gyrA/ompA in Klebsiella pneumonia (Kurupati & et al, 2007), inhA in 
Mycobacterium smegmatis (Kulyte & et al, 2005), oxyR/ahpC in Mycobacterium avium (Shimizu 
& et al, 2003), NPT/EhErd2 in Entamoeba histolytica (Stock & et al, 2000, 2001), gtfB in 
Streptococcus mutans (Guo & et al, 2006), fmhB/ gyrA/hmrB (Nekhotiaeva & et al, 2004a) and 
fabI (Ji & et al, 2004) in Staphylococcus aureus, 23S rRNA (Xue-Wen & et al, 2007), 16S rRNA 
plus lacZ/bla (Good & Nielsen, 1998), and RNAse P (Gruegelsiepe & et al, 2006) in Escherichia 
coli, and acpP in Burkholderia cepacia (Greenberg & et al, 2010), Escherichia coli (Deere & et al, 
2005b; Geller & et al, 2003a, 2003b, 2005; Mellbye & et al, 2009, 2010; Tan & et al, 2005; Tilley 
& et al, 2007) as well as Salmonella enterica serovar Typhimurium (Mitev & et al, 2009; Tilley & 
et al, 2006). 

 
 

 
Table 1. Continued 

Targeta AS-
ODNb

Test 
organismc Efficacy identifiedd Delivery

Methode Reference 

23S 
rRNA 

P.T. center 

PNA 

 E. coli AS19 
(permeable 
membrane) 

in vitro/
IC50 > 20 μM (duplex) 

— Good & Nielsen, 1998  
in vitro/

IC50 = 5 μM (triplex) 
domain II  E. coli Dh5α in vitro/MIC = 10 μM CPP=(KFF)3K Xue-Wen et al,2007  

α-sarcin 
loop 

E. coli AS19 in vitro/IC50 = 2 μM — Good & Nielsen, 1998 

E. coli K12 
(wild-type) 

in vitro/MIC* = 5 μM — 
Good et al, 2001 in vitro/MIC* = 0.7 μM 

CPP=(KFF)3K 
in vitro/MIC = 3 μM 

16S 
rRNA 

preceding 
the start 
codon 
region 

MDNA

 E. coli lacking 
outer cell wall in vitro / inhibit protein 

synthesis and colony 
formation 

—  
Rahman MA et al, 1991 

 normal E. coli PEG attached 

mRNA 
binding site

PNA 
 E. coli AS19 in vitro / IC50 > 20 μM — Good & Nielsen, 1998 
E. coli K12 in vitro/MIC=10 μM CPP=(KFF)3K Hatamoto et al, 2009 

References 

Hatamoto et al, 2010 



 
A Search for Antibacterial Agents 

 

326 

 
Table 1. Continued 

Targeta AS-ODNb 
Test 

organismc Efficacy identifiedd 
Delivery
Methode Reference 

acpP  
(start 
codon 
region) 

SD site 
-24 to -13 

nt 

PNA 

  E. coli K12 in vitro / MIC= 1.5 μM  

CPP=(KFF)3K 

Dryselius  et al, 
2003 

-9 to 3 nt 

-5 to 5 nt  

E. coli in vitro / MIC=0.2* or 1 μM Good et al, 2001 
E. coli SM101

(defective 
membrane) 

in vivo/100% rescued mice at a single 
i.p. dose of > 5 nmol 

Tan et al, 2005 

E. coli K12 
in vivo/60% rescued mice at a single 

i.v. dose of 100 nmol 

E. coli K12 
in vivo/ MIC=0.8μM, post antibiotic 

effect duration 11.7h 
Nikravesh  et al , 
2007  

6 to16 nt  

PMO 

E. coli AS19 
in vitro  luciferase system/ 

most potent inhibition 
— Deere  et al , 2005  

 E. coli SM105
(normal 

membrane) 

in vitro / EC = 20μM 
in vivo/sustanied post-infectin 

reduction in cfu at single i.p. dose of 
76 nmol 

— Geller et al, 2005  

E. coli W3110 
(ATCC27325)

in vitro / IC50 CPP1 = 9.5μM 
IC50 CPP2 = 10.8μM 
IC50 CPP3 = 3.6μM 

CPP1=(KFF)3KXB
CPP2=RTRTRFLR

RTXB 
CPP3=(RFF)3XB 
CPP4=(RXX)3B 

Tilley  et al,  2006  EPEC 
(E. coli 

E2348.69)

Ex vivo cocultured Caco-2 culture / 
IC50 CPP2= 5.3μM IC50 CPP3= 0.5μM 

S. enterica 
(ATCC29629)

Ex vivo cocultured Caco-2 culture / 
IC50 CPP2= IC50 CPP3= 0.5μM 

E. coli W3110 
(ATCC27325)

in vivo /100% 48h-after survival in 
mice at i.p. injection of 2 treatments 

with 30μg or 300μg conjugate 
CPP3=(RFF)3XB Tilley et al, 2007  

 
E. coli W3110 
(ATCC27325)

in vitro /MIC from 0.625 to > 80μM 19 synthetic CPPs

Mellbye, 2009 in vivo /100% 48h-after survival in 
mice at i.p. injection of 2 treatments 

with 30μg CPP2-PMO 

CPP1= (RX)6B 
CPP2= (RXR)4XB 
CPP3= (RFR)4XB 

PMO 

S. enterica LT1

in vivo /MIC = 1.25μM 

CPP= (RXR)4XB 

Mitev  et al,, 2009 
3+Pip-PMO

in vivo /MIC = 0.625μM intracellular 
infected macrophage/99% decrease 

in intracellular bacteria at 3μM 

 
Pip-PMO E. coli W3110 

(ATCC27325)

in vivo /MIC3+ = 0.3 μM  
in vivo /100% 48h-after survival in 
mice at i.p. injection of 2 treatments 

with 5 or 15 mg/Kg CPP-PMO 

Mellbye  et al,, 
2010 

Gux-PMO in vivo /MIC5+ = 0.6 μM  
4 to 14 nt 

PMO 

14 B. cepacia 
strains 

 (5 clinical 
isolates+9 

from ATCC) 

in vitro/lowest MIC = 2.5 μM 

CPP= (RFF)4XB 
Greenberg et al, 
2010 -5 to 6 nt 

in vitro/lowest MIC = 2.5 μM in vivo 
/55% 30d-after survival in mice at 

i.p. injection of single dose of  
200 μg CPP-PMO 

References 

Mitev et al, 2009 

Mellbye et al,  

CPP1=(RX)6B 
CPP2=(RXR)4XB 
CPP3=(RFR)4XB 

CPP=(RXR)4XB
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Targeta AS-
ODNb 

Test 
organismc 

Efficacy identifiedd Delivery 
Methode 

Reference 

P15 loop of 
RNase P 

LNA 
 E. coli 

in vitro / bingding affinity value 
only 

— Gruegelsiepe  et al, 
2006 

PNA in vitro/MIC = 5 μM CPP=(KFF)3K

floA 
PNA E. coli AS19 

in vitro/MIC = 2.5 μM 
CPP=(KFF)3K Hatamoto  et al, 2010 

floP in vitro/MIC = 6.5 μM 

glnA1 

PS-ODN
M. tuberculosis

 

in vitro / combination of 3 PS-
ODNs for transcript mRNA, EC 

= 10 μM 

ethambutol or 
polymyxin B 
nonapeptide 

Harth et al, 2000 

fbpA,fbpB, 
fbpC 

in vitro / combination of 4 PS-
ODNs for each transcript 

mRNA, EC = 10 μM 
— Harth et al, 2002  

5'-, 3'-HP 
PS-ODN

in vitro / combination of 3 PS-
ODNs for each transcript 

mRNA, EC = 10 μM 
— Harth et al, 2007 

inhA PNA M. smegmatis in vitro / MIC < 6.5 μM CPP=(KFF)3K Kulyté A  et al, 2005 

adk PNA 
S. aureus
RN4220 

in vitro / MIC = 15 μM CPP=(KFF)3K Hatamoto  et al, 2010 

fmhB 

PNA 
S. aureus 
RN4220 

in vitro / MIC = 10 μM 
CPP=(KFF)3K Nekhotiaeva et al. 

2004 gyrA in vitro / MIC = 20 μM 
hmrB in vitro / MIC = 12 μM 

fabI 
UM S. aureus in vitro / MIC = 15 μM — Ji  et al, 2004 
PNA E. coli K12 in vitro/ MIC = 3 μM CPP=(KFF)3K

Hatamoto  et al, 2010 fabD PNA E. coli K12 in vitro / MIC = 2.5 μM CPP=(KFF)3K
gyrA 

PNA K. pneumoniae
in vitro / MIC = 20 μM 

CPP=(KFF)3K Kurupati et al, 2007 
ompA in vitro / MIC = 40 μM
gtfB PS-ODN S. mutans in vitro / reduce biomass — Guo  et al, 2006  

oxyR/ahpC UM 
M. avium 
complex 

in vitro / ineffective — Shimizu T 2003 

NPT/ 
EhErd2 

UM E. histolytica in vitro / inhibited cell growth — 
Stock  et al, 2001, 
2000   

a The essential genes that were targeted encode the following proteins: acpP, acyl carrier protein; fabI, 
enoyl-acyl carrier protein reductase; fabD, malonyl coenzyme A acyl carrier protein transacylase; folP, 
dihydropteroate synthase; fmhB, protein involved in the attachment of the first glycine to the 
pentaglycine interpeptide; gyrA, DNA gyrase subunit A; hmrB, ortholog of the E. coli acpP gene; adk, 
adenylate kinase; inhA, enoyl-acyl carrier protein reductase; ompA, outer membrane protein A; gtfB, 
synthesis of water-insoluble glucans; inhA, enoyl-(acyl carrier protein) reductase; RNase P, P15 loop of 
RNase P; gyrA, DNA gyrase subunit A; oxyR, oxidative stress regulatory protein; ahpC, alkyl 
hydroperoxide reductase subunit C; glnA1, glutamine synthetase; fbpA,fbpB, fbpC, 30/32-kDa mycolyl 
transferase protein complex; NPT, Neomycin phosphorotransferase; EhErd2, marker of the Golgi 
system; LacZ/bla, beta-galactosidase/beta-lactamase; P.T. indicates peptidyl transferase; SD, Shine-
Dalgarno; nt, nucleotide. 
b UM, unmodfied; MDNA, ethylcarbamate DNA; Pip-PMO and n+Gux-PMO, cations (piperazine or N-(6-
guanidinohexanoyl)piperazine) attached to the phosphorodiamidate linkages; 
c EPEC, enteropathogenic E. coli. 
d Minimal inhibitory concentrations (MIC) were tested in Mueller–Hinton broth, except in case marked 
with an asterisk(*), in which the MIC values were determined in LB broth at 10% of the normal strength; 
IC50 values are the concentrations that caused a 50% inhibition of cell growth relative to control cultures 
that lacked AS-ODN; EC values are the concentrations that caused significant decrease in cell grwoth 
relative to control cultures that lacked AS-ODN; PAE, post antibiotic effect; i.p. indicates intraperitoneal 
and i.v. indicates intravenous. 
e CPP, cell penetrating peptide; PEG, Polyethylene glycol; “—”, no delivery method used. For synthetic 
peptides, X is 6-aminohexanoic acid and B is beta-alanine. 

Table 1. Examples of AS-ODNs targeting essential genes in antibacterial therapy. 

References 

Shimizu T, 2003 
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2.2.2.2.2 Targeting resistance mechanism 

Developing resistance inhibitors in traditional antibiotic industry is a sound, well-validated 
strategy for tackling resistance problems, because they postpone the “expire date” of on-
market antibiotcs and expand their application. The economic and clinical value of this 
rationale is well recognized and demonstrated by offering new combinations to clincal 
practice. Thus, a few studies focused on interrupting the expression of genes involved in 
resistant mechanism by antisense approach, aiming to restore bacterial susceptibility to key 
antibiotics in clinical practice.  

 
 

Target Encoding Proteins 
AS-

ODNa 
Test 

organism 
Efficacy 

identified 
Delivery
Methodb Reference 

oprM 
outer membrane efflux 
protein 

PS-ODN P. aeruginosa in vitro liposome Wang et al, 2010 

mecA 
penicillin-binding 
protein 2 prime 

PS-ODN S. aureus in vitro & in vivo liposome
Meng J et al, 2006, 
2009 

cmeA 
CmeABC multidrug 
efflux transporter 

PNA C. jejun in vitro CPP Jeon B et al, 2009 

aac(6’)-
Ib 

aminoglycoside 6'-N-
acetyltransferase type 
Ib, mediate amikacin 
resistance 

UM  E. coli 

EGS mediated 
RNaseP leavage

/ in vitro 
— 

Soler Bistué AJ et al, 
2007 

in vitro EP Sarno R et al, 2003 

metS/ 
murB 

methionyl-tRNA 
synthetase /UDP-N-
acetylenolpyruvoylgluc
osamine reductase 

UM B. anthracis in vitro — Kedar GC et al, 2007 

act 
chloromycetin acetyl 
transferase 

UM  E. coli 

EGS mediated 
RNaseP leavage

/ in vitro 
— Gao MY et al, 2005 

in vitro — Chen H et al, 1997 

vanA 
class A (VanA) 
glycopeptide- 
resistant related protein

UM E. faecalis  in vitro — Torres VC et al, 2001 

marOR
AB 

multiple antibiotic 
resistance operon 

PS-ODN  E. coli in vitro HS/EP White DG et al, 1997 

LacZ/bla 
β-galactosidaze/  
β- l actamase 

PNA 
E. coli AS19
(permeable 
membrane) 

in vitro — Good & Nielsen, 1997 

 

a  UM, unmodfied. 
b CPP, cell penetrating peptide; EP, electroporation; HS, heat shock; EGS, external guide sequences; “—
”, no delivery method used. 

Table 2. Examples of AS-ODNs targeting resistance mechanism in antibacterial therapy. 

First proof-of-principle evidence was given by White et al in 1997 for successful increasing 
the bactericidal activity of norfloxacin by antisense inhibiting the marRAB operon  
in Escherichia coli (White & et al, 1997). Hitherto, limited but successful trials have 
extended to dominating resistant genes and bacterial species with highest incidence of 
resistance (Table 2), e.g., antisense targeting aac(6')-Ib (Sarno & et al, 2003; Soler Bistue & 
et al, 2007), act (Chen & et al, 1997; Gao & et al, 2005) in Escherichia coli, vanA in 
Enterococcus faecalis (Torres & et al, 2001), cmeA in Campylobacter jejun (Jeon & Zhang, 
2009), mecA in Staphylococcus aureus (Meng & et al, 2006; Meng & et al, 2009), metS/murB in 
Bacillus anthracis (Kedar & et al, 2007) and oprM in Pseudomonas aeruginossa (Wang & et al, 
2010).  

References 
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2.2.3 Efficient delivery systems 

Virtually, any microbial gene could be targeted and highly organism-specific drugs could be 
envisioned in the development of antisense therapeutic agents. The obvious obstacle is 
stringent bacterial cell membrane for penetration or poor cellular uptake of AS-ODNs. An 
unmodified 10-mer oligonucleotide is 2-3 kDa, and various chemical modifications outlined 
above add further to this size. In short, AS-ODNs are likely to be considerably larger than 
vancomycin, therefore require efficient delivery systems. A variety of strategies exist to 
deliver compounds to bacterial cells in the laboratory, including electroporation, 
permeablilizing solvents, cationic lipid formulations (e.g. liposome), and pore-forming 
peptides (see Table 1&2). Although what exactly will work for AS-ODNs remains to be 
determined, the cell penetrating peptide (CPP) mediated delivery of AS-ODNs (especially 
peptide-PNA and peptide-PMO conjugates) outperformed other delivery systems in way of 
reaching future therapeutic applications. 

2.2.3.1 Limitation in cellular uptake 

Many barriers exist for the efficient transfer of genes/oligonucleotide anologs into cells, 
including the extracellular matrix, the endosomal/lysosomal environment, the endosomal 
membrane, and the nuclear envelope. Many delivery systems have been proved to serve 
suitably for antisense approach in eukaryotic cells regardless of their types (non-viral or 
viral) vs cell types. However, like most oligonucleotide-based strategies, the major limitation 
of antisense antibacterials is their poor cellular uptake due to low permeability of bacterial 
cell membrane to modified nucleic acids (Nekhotiaeva & et al, 2004). In particular, 
lipopolysaccharide outer membrane of gram-negative bacteria is a major barrier to molecule 
uptake (Good & et al, 2000). Meanwhile, decreased membrane permeability has been 
permanently observed for originally antibiotic-susceptible bacterial species after frequent 
exposure to multiple antibiotics present in commensal environments. Alternatively, 
membrane-associated energy-driven efflux in bacteria is of extremely broad substrate 
specificity, preventing intracellular drugs to release sustained effects. 

2.2.3.2 Cell penetrating peptide (CPP) mediated delivery 

Further, antisense antibacteirals may require development of delivery conditions for each 
bacterial species. Several strategies have been developed to improve delivery of 
oligonucleotides both in cultured cells and in vivo. So far, there is no universally applicable 
method for their delivery into different gram-positive and gram-negative specie, as they all 
present several limitations. Peptide-based strategies, representing a new and innovative 
concept to bypass the problem of bioavailability, have been demonstrated to improve the 
cellular uptake of nucleic acids both in cultured cells and in vivo.  

Cell-penetrating peptides (CPPs) are short peptides of less than 30 amino acids that are able 
to penetrate cell membranes and translocate different cargoes into cells. The only common 
feature of these peptides appears to be that they are amphipathic and net positively charged. 
CPPs constitute very promising tools and have been successfully applied in vivo (Crombez 
& et al, 2008; Morris & et al, 2008). Two CPP strategies have been described to date; the first 
one requires chemical linkage between the drug and the carrier peptide for cellular drug 
internalization, and the second is based on the formation of stable complexes with drugs, 
depending on their chemical nature. Recently, the second strategy has the tendency to 
replace the first strategy for convenient delivery of DNA or AS-ODNs into eukaryotic cells, 
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especially considering the synthesis and cost issues. However, CPP-conjugated method is 
now extensively applied for antisense antimicrobial ODNs. 

In order to improve cellular uptake of PNA into bacterial cells, Good L and Nielsen PE, who 
first established CPP conjugating to the end of PNA in chemical synthesis, have realized 
efficient delivery of PNA through bacterial out membrane by observing its potent 
bacteriocidal antisense effects at micromolar ratio (Eriksson & et al, 2002). Further evidence 
demonstrates that introducing spacers or linkers between PNA and CPP in the direct 
covalent conjugate may increase its antisense efficacy and antibacterial potency. It also has 
been demonstrated that the release property of the chemical bond between PNA and CPP 
(e.g. the more stable amide bond or the less stable disulfide bond) has no influence on the 
antisense efficacy of PNAs. Later chemistry inventions make possible the conjugation CPP 
to other oligonucleotide analogs (e.g., PS-ODNs, LNAs, PMOs) for imparting them into 
bacterial cells and specific intracellular targets.  

Regarding CPP itself, the mechanism of cell wall penetration is controversial and still under 
exploration.  Nonetheless, the improvement in bacterial uptake of AS-ODNs with the aid of 
CPP has been well-recognized, making it an indispensable delivery system before no 
advanced system is developed (Lebleu & et al, 2008). The “carrier peptide” KFFKFFKFFK, 
originally reported for efficient penetrating ability through brain blood barrier, is the first 
also the most extensively applied peptide sequence verified by Nielsen PE and Good L et al 
for successful delivery of PNA into Escherichia coli. Previous studies suggested that the 
repeated amphipathic motif with cationic residues followed by hydrophobic regions is an 
important structure for carrier efficiency of CPP. The more efficient peptide sequences 
RFFRFFRFFRXB and RXRRXRRXRRXRXB (X is 6-aminohexanoic acid and B is β-alanine), 
have been recently reported for improved delivery efficacy of CPP-attached PMOs. Many 
efficient and simple penetrating efficacy test models for CPPs have been established in 
eukaryotic cells, whereas standard qualification method has been developed for only a few 
bacterial species. Evidence shows that the efficacy of CPPs differs according to bacterial 
species, and the underlying mechanisms are still unclear. Inadequate information has been 
accumulated from sporadic studies, e.g., (KFF)3K facilitates delivery of PNAs and PMOs 
into Escherichia coli, Salmonella enterica serovar Typhimurium, Klebsiella pneumoniae (however 
much less potent) and Staphylococcus aureus. But it is not working for Pseudomonas aeruginosa 
membrane even at higher concentrations of conjugated PNAs. (RFF)3RXB and (RXR)4XB 
enables more efficient transporting of PNAs and PMOs across the membrane of Escherichia 
coli, Salmonella enterica serovar Typhimurium, Klebsiella pneumonia, Staphylococcus aureus and 
Pseudomonas aeruginosa. Notably, the membrane of two gram-negative species Acinetobacter 
baumanni and Shigella flexneri show highest sensitivity to (RXR)4XB mediated PNA-CPP 
conjugates (unpublished results, and Bai & et al, 2012b). Following studies demonstrated 
that gram positive bacteria Bacillus subtilis and Corynebacterium efficiens exhibit increased 
susceptibility to CPP-PNAs, but in contrast, the gram-negative bacterium Ralstonia 
eutropha was not affected by addition of CPP-PNA.  

2.2.3.3 Nano-material based delivery system  

Nanomedicine is a growing field with a great potential for introducing new generation of 
targeted and personalized drugs. Membranes of eukaryotic cells and organelles, as well as 
the cell wall and membrane of pathogenic microorganisms, constitute a serious barrier for 



 
Antisense Antibacterials: From Proof-Of-Concept to Therapeutic Perspectives 

 

331 

the access of hydrophilic drugs to their target molecules inside the cell structures. To 
overcome gene delivery problems of macro-molecule like AS-ODNs, various nano-mateiral 
based delivery techniques, including linear polymers, dendrimers and carbon nano tubes, 
have been developed and further studied as delivery tool for gene therapy purposes. And 
some of them are definitely worthy of extended trials in the antisense antibacterial aspect, 
with regard to delivery efficiency and other important pharmaceutical properties (e.g. 3D 
size, large scale synthesis and chemical modification, solubility, bioavailability, 
biocompatibility, toxicity, and pharmacokinetics, et al). 

2.2.3.3.1 Dendrimers as vectors 

Dendrimers are new class of synthetic polymeric materials characterized by well-defined 
and extensively branched 3D structure (Figure 3A). They have narrow polydispersity, 
nanometer size range, which can allow easier passage across biological barriers (e.g. small 
enough to undergo extravasations through vascular endothelial tissues). Notably, affordable 
commercialization of different types of size-controllable and surface-functionalized 
dendrimers is now available, providing a high degree of versatility. Besides,  the unique 
properties of funtinonalized dendrimers, such as uniform size, high degree of branching, 
water solubility, multivalency, well-defined molecular weight and available internal 
cavities, have made them promising biological and drug-delivery systems for traditional 
drug (i.e. classical organic types) and gene therapy (e.g. DNA, small interfering RNAs, AS-
ODNs,  IgG antibodies, etc.) applications (Ravina & et al, 2010). And their excellent 
pharmacological properties, such as cytotoxicity, bacteriocidal and virucidal effect, 
biodistribution and biopermeability, may be modulated to fit  specific medicinal purposes.  

The wide range of applications reported for the use of dendrimers as delivery vectors for 
versatile cargos in the patent and literature demonstrates the general applicability of these 
molecules as carrier candidate for antisense antibacterials. There have been reports on the 
use of poly(amidomide) based dendrimers (e.g. PAMAM) for the development of 
antibacterial drugs mainly by destroying the cell walls of pathogenic organisms with their 
cationic surface groups, leading to direct cell death. However, our research suggests that 
lower generation of polyamide dendrimers, such as G1.0 and G2.0 PAMAM, showed no 
cell-wall impairment to many bacterial species (unpublished data, Xue et al, 2010), 
becoming a highly active vector for bacteria-specific oligonucleotides. Thus, dendrimers are 
highly suitable tools in antisense drug discovery to a wide variety of bacterial receptors.  

Branching units

Core mioety

Void spaces

Surface groups

              
Fig. 3. (A) Schematic representation of generation 4 (G4.0) dendrimer. (B) Molecular 
structures of a multi-walled carbon nanotube (MWNT). 
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2.2.3.3.2 Funtionalized multi-walled carbon nanotubes (MWCNTs) as vectors 

Synthetic inorganic gene nanocarriers have received limited attention in the transformation 
of bacterial cells. Amongst new generation of nano-vectors are carbon nanotubes (CNTs), a 
new form of carbon made-up of graphene layers rolled-up into a cylindrical from which can 
be produced as single or multi-walled (Figure 3B). The physico-chemical features of CNTs, 
such as needle-like shape, nanorange size, surface modification flexibility, and electronic 
properties, make them unique materials in nanoscience and nanotechnology. Multi-walled 
carbon nanotubes (MWCNTs) can be fabricated as biocompatible nanostructures (cylindrical 
bulky tubes), forming supramolecular complexes with proteins, polysaccharides and nucleic 
acids (Kateb & et al, 2010). These structures have been under investigation in the biomedical 
domain and in nanomedicine as viable and safe nanovectors for gene and drug delivery.  

Research work based on nanobiotechnologies has allowed us to develop complex antigenic 
systems and novel delivery routes for peptides, nucleic acids and drugs covalently linked or 
simply adsorbed onto carbon nanotubes. In particular, Rojas-Chapana J and et al have 
presented a plasmid delivery system based on water dispersible multi-walled carbon 
nanotubes (CNTs) that can simultaneously target the bacterial surface and deliver the 
plasmids into E. coli cells via temporary nanochannels across the cell envelope (Rojas-
Chapana & et al, 2005). It is the first experimental evidence that shows high potential of 
CNTs for nanoscale cell electroporation in bacteria. However, the study of metabolism, the 
toxicity and the mechanism of elimination of water-soluble carbon nanotubes in order to 
evaluate their impact on the health and validate the concept of CNT as new delivery system 
still arouse concerns in many critial ways. Recently initiated researches on hybriding the 
dendrimers with MWCNT has offered us new hopes (Qin & et al, 2011; Zhang & et al, 2011). 
Besides increased dispersility, solubility, biocompatiability and stability, (MWCNTs)-
polyamidoamine (PAMAM) hybrid prepared by covalent linkage has possessed good 
plasmid DNA immobilization ability and efficiently delivered GFP gene into cultured HeLa 
cells. The surface modification of MWCNTs with PAMAM improved the transfection 
efficiency and simultaneously decreased cytotoxicity by about 38%, as compared with 
mixed acid-treated MWCNTs and pure PAMAM dendrimers. The MWCNT-PAMAM 
hybrid can be considered as a new carrier for the delivery of biomolecules into both 
mammalian and bacterial cells.  

2.2.4 Other pharmaceutical properties 

As far as the other properties in therapeutic application of antisense antibacterials are 
concerned, there should always be a systematic overview of cargo (i.e. oligonucleotides) and 
vector (especially the CPP, Heitz & et al, 2009). With regard to AS-ODNs, the electric neutral 
PNA and PMO calsses emerge and show desirable properties (especially their non-ionic 
backbones) as better therapeutic alternative to other antisense agents. And with regard to 
delivery strategies, alternative nonviral methods, such as electroporation and the use of 
liposomes, have been developed for delivery of antibacterial AS-ODNs. These methods have 
been proved to be effective in vitro and for research purposes, but showed limited potential 
for delivery in vivo due to toxicity, cell damage, and immunogenicity. They are also 
technically demanding in their application, lack tissue and cell specificity, and can deliver 
material to only a limited amount of cells. In view of these considerations, peptide 
conjugated AS-ODNs (i.e. peptide-PNAs and peptide-PMOs) offer a promising noninvasive 
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version of gene scilencers with potent antisense antibacterial activity, the pharmaceutical 
properties of which this part will mainly focus on. 

2.2.4.1 PNAs, PMOs and their peptide conjugates 

PNAs and PMOs (also known as morpholino) are novel classes of antisense agents that offer 
a better therapeutic alternative to other antisense antibacterial oligomers. They both possess 
a non-ionic backbone, but differed in ribose sugar replacement. For PMO, the backbone of 
DNA is replaced by a 6-membered morpholine moiety and the phosphorodiester 
intersubunit bonds with phosphorodiamidate linkages. PNA has a pseudopeptide backbone 
composed of (2-aminoethyl)glycine units, in which the geometry and the spacing of the 
bases is nearly identical to that found in a native DNA or RNA strand. The polyamide 
backbone of PNA has no phosphate groups, having an amino (NH2) to carboxyl (CO2H) 
orientation instead of 5' to 3' orientation as do phosphodiester backbones. Specifically, PNAs 
can bind to either single-stranded DNA or RNA, in which the resulting hybrid resembles the 
B-form of DNA, or double-stranded DNA, in which the PNA invades the DNA double 
stranded helix and hybridizes to the target sequence, thus displacing the second DNA 
strand into a ‘D’loop. Although departing significantly from the sugar-phosphate backbone 
found in regular DNA, oligomers of both types independently (i.e. with or without delivery 
strategies) have been found to be remarkable steric-block ODNs for inhibiting translation 
and blocking mRNA activity, as demonstrated in embryos, cells and animals. Now PMOs 
have been taken to pre-clinical studies for treatment of cardiovascular diseases, viral 
diseases and genetic disorders, such as Duchenne muscular dystrophy (DMD). 

Since the conjugation of CPP to negatively charged ODNs (e.g. PS-ODNs) did not result in a 
level of delivery into cells sufficient for biological activity, PNA- and PMO- CPP conjugates 
(covalently linked with or without spacers) confer on these compounds more desirable 
properties over the original ODN forms, as well as ribozyme and siRNA counterparts 
(Thompson & Patel, 2009), especially with respect to antisense antibacterials. Several CPPs 
have been developed for bacterial-specific transformation purposes (as mentioned in 
2.2.3.2), and they can be coupled to PNA or PMO by flexible linker types (Venkatesan & 
Kim, 2006). No general rules have yet emerged as to optimal linkage types, since the factors 
affecting biological activity are often complex. Early popular labile linkers for PNA and CPP 
include AEEA (8-amino-3,5-dioxo-octanoic acid, a polyether spacer also known as an O-
linker), and disulfide bond linkage, which were proposed to be cleavable within the 
reducing environment of the cell. Stable linkage such as glycine linkage, thioether linkage 
and thiol-maleimide linkage have also been reported for improved in vivo stability. The 
conjugation of CPPs and PMOs through a thioether (maleimide), disulfide or amide linker 
have previously been described. The nuclear antisense activities of the CPP–PMOs with the 
three linkage types were similar (Lebleu & et al, 2008). But, the amide linkage is 
advantageous with regard to synthetic procedures (e.g. greater yield and less steps) and in 
vivo stability.  

2.2.4.2 Tissue distribution, pharmacokinetics and stability  

The modified chemistry of PNAs and PMOs provides excellent resistance to nuclease and 
protease activity, which is the basis for the enhanced stability in plasma, tissues, 
cerebrospinal fluid and urine. Independently, the non-ionic character of the PNA/PMO 
portion of the conjugates avoids potential non-specific drug interactions with bacteiral 
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cellular components (except for the target RNA sequence) observed with PS-ODNs. In 
addition, the neutral character of PNAs and PMO chemistry not only guarantees a high 
safety profile but also sufficient tissue concentrations required for effective PNA or PMO 
oligonucleotide:RNA duplex formation, thus enhancing their affinity for the target RNA 
sequence and hence increasing efficacy. Rational design of conjugates (i.e. the optimal linker 
type and position of CPP) may eliminate CPP’s stereospecific blockade that might 
significantly influence the antisense effect of PNA or PMO in target recognization, base 
matching and binging affinity. However, stability of CPPs coupled to antisense PNA or 
PMO may be a matter of concern. This is partially due to the fact that degradation of CPP in 
solution and plasma has been observed for systematic delivery of CPP-2’MOE in mouse 
model (Henke & et al, 2008). Another concern is the non-specificity of CPP mediated 
delivery of PNA or PMO when eukaryotic cells and prokaryotic cells exist in commensal 
environment. Although little lethal damage to cells would be done by conjugated CPP at 
equal molar ratio of PNA or PMO used at the highest concentrations in vitro and ex vivo, the 
consequences of its non-specific physical disruption to normal human cell membranes in 
vivo have not been thoroughly evaluated. Systematic study on CPP mediated antisense 
antibacterial therapy needs to be done if any possible candidate for clinical development is 
ever recommended (Zorko & Langel, 2005). 

The application of unmodified PNAs as antisense therapeutics has been limited by their low 
solubility under physiological conditions, insufficient cellular uptake, and poor 
biodistribution due to rapid plasma clearance and excretion. The excelent stability of PNA-
CPP conjugates has been confirmed for a 48h period at 37℃ in rat’s plasma (Bai & et al, 
2012b). However, there has been no report of in vivo tissue distribution and 
pharmacokinetics properties of CPP-PNA conjugates targeting bacterial genes. Nontheless, 
limited information from PNA-CPP conjugates targeting genes in eukaryotic cells can be 
refered. Jia et al have determined that PNA-CPP conjugates targeting bcl-2 mRNA showed 
specific tumor uptake, low uptake in blood and organs (e.g. liver and slpeen) except for 
kidney, as well as slower urinary clearance in Mec-1–bearing severe combined 
immunodeficiency (SCID) mice. Recently, Wancewicz et al have reported that conjugation of 
PNA (targeting murine phosphatase and tensin homolog) to short basic peptides (serve as 
solubility enhancers and delivery vehicles) allowed for rapidly distribution and 
accumulation of conjugates in liver, kidney and adipose tissue, while their rates of 
elimination via excretion were dramatically reduced compared to unmodified PNA. 

Unlike CPP-PNA conjugates, the pharmaceutical properties of CPP-PMO conjugates have 
been evaluated in an extensive scope besides specific gene modulators (Amantana & et al, 
2007). In general, the conjugation of CPP to PMO enhances the PMO pharmacokinetic 
profile, tissue uptake, and subsequent retention. Amantana et al have reported that 
conjugation of a PMO to the (RXR)4XB peptide increased the tissue uptake (in all organs 
except in brain, with greater increase being seen in liver, spleen and lungs) and retention 
time in these organs, while efflux of the conjugated PMO from tissues to the vascular space 
was slow. They have also confirmed that peptide conjugation also improved the kinetic 
behaviour of PMO as demonstrated by increased volume of distribution, estimated 
elimination half life, and area under the plasma concentration versus time curve. 
Youngblood et al have determined that the stabilities of CPP–PMO conjugates in cells and in 
human serum varied according to CPP sequences, amino acid compositions and/or linkers. 
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The stability of a (RXR)4XB peptide in the conjugate exhibited time- and tissue-dependent 
degradation, with biological stability ranked in the order of liver＞heart＞kidney＞plasma. 
Meanwhile, the PMO portion of the conjugates was completely stable in cells, serum, 
plasma and tissues. 

2.2.4.3 Toxicity 

Large amount of data concerning toxicity of CPP-PNA conjugates have been collected from 
ex vivo studies (Alksne & Projan, 2000; Kurupati & et al, 2007), in which antisense peptide-
PNAs cured cell cultures that were infected with bacteria in a dose-dependent manner 
without any noticeable toxicity to the human cells. In vivo inhibition of gene expression and 
growth have been observed for anti-acpP CPP-PNA conjugates in mouse intraperitoneal E. 
coli infection. However, none toxicity issues have yet been seriously addressed. 

CPP-PMO conjugates targeting bacterial essential genes have been evaluated to confirm 
their bacteriocidal antisense effect in several animal bacteremia models, and have proven 
to be efficacious with an excellent safety profile (Amantana & et al, 2007) within doeses 
for 100% survival 48h after treatment.  They have also found that survival was 
significantly reduced for mice treated with 2×300 mg and 2×1 mg of the 11-base  
AcpP peptide-PMO, indicating toxicity at these high doses. Generally, the toxicity of 
(RXR)4XB -PMOs is caused by (RXR)4XB while the PMO portions of the conjugates are 
essentially non-toxic. In particular, data from CPP-PMO conjugates targeting genes in 
eukaryotic cells have demonstrated that the degree of toxicity depends on the dose, dose 
frequency and route of administration. Collectively, mice tolerated (RXR)4XB-PMOs well 
with repeated intraperitoneal (i.p.) or intravenous (i.v.) injection doses of ≤15 mg/kg at 
diverse time intervals, showing no changes in behaviour, weight and serum chemistry, 
and no histopathological abnormalities were detected in major organs. However, at 
higher doses and dosing frequency, animals experienced weight loss, despite maintaining 
their normal organ weights and appearances. Rats treated with a single 150 mg/kg dose 
appeared lethargic immediately after the injection and proceeded to lose weight, 
accompanied by affected kidney function. The LD50 of a (RXR)4XB-PMO in rats was 
around 220–250 mg/kg. 

3. Broad-spectrum antisense antibacterials 

A range of functional genes in bacteria have been validated as potential targets by using 
unmodified PNAs or CPP conjugated ODNs. Collectively, consistent efforts on antisense 
targeting of a small bacterial gene acpP  (encoding the essential fatty acid biosynthesis 
protein) have passed the proof-of-principle phase and have gathered plenty of positive 
results, especially from recent studies focusing on in vivo confirmation of anti-rpoD peptide-
PMO’s bactericidal effect in mice infected with several pathogenic bacteria (i.e., Escherichia 
coli, Salmonella enterica serovar Typhimurium, and Burkholderia cepacia. However, few reports 
describe promising gene targets that have potential for broad-spectrum antisense growth 
inhibition among different bacterial species. Indeed, the validated targets in different 
bacterial species show discouragingly low similarity in gene sequence and homology. Thus, 
identification of gene targets for broad-spectrum antisense inhibition would aid the 
development of new antimicrobial agents that could relieve the exacerbating therapeutic 
consequences caused by MDR/PDR infections.  
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3.1 Target accessibility  

A challenging aspect of identifying essential genes in bacteria for broad-sepctrum antisense 
inhibition mainly involves efforts to locate the exact targeting site within a specific gene for 
realization of the most potent and specific antisense inhibitory effect of complementary AS-
ODNs against different species (e.g. among gram-negatives, gram-positives, or both). 
Naturally, prequisities in target selection require searching for genes with high similarity 
and identidy amongst as many bacterial species as possible. As time comsuming as it is, an 
economical way of identifying genes that acturally fit this critea should focus on the 
validated targets for both traditional antibiotics and antisense antibacteirals, certainly 
because massive open data of their gene sequencing are available. 

Antisense suppression of the above mentioned essential genes (e.g. 16S rRNA, acpP, gyr, and 
et al) in single bacterial species has showed potent growth inhibitory and cell death effect in 
a sequence-specific and dose-dependent manner. However, the issue of target accessability 
among different species still needs investigation and validation. (1) The ribosome has a 
complex structure involving rRNAs and ribosomal proteins, and therefore, inaccessibility of 
the target site could be one of the reasons for the ineffectiveness of the antiribosomal ODN. 
(2) Systematic researches in vitro and in animal models have demonstrated that one 
potential target acpP (encoding acyl carrier protein AcpP) opens limitless possibility for 
recommending the very first “antisense antibiotic” into market. Besides, acpP gene in 
pathogenic gram-negative species share highly homology in sequences, making itself an 
ideal candidate for antisense antibacterials with broad anti-gram-negative spectrum, 
although more candidate bacterial species are needed to confirm the accessibility of an 
already-validated 11-nucleotide targeting site in its start codon region of mRNA. (3) 
Meanwhile, newly discovered gene targets for new types of protein-targeting antibiotics, i.e. 
the bacterial cell division inhibitor (targeting bacterial cell division protein FtsZ for 
terminating bacterial proliferation (Boberek & et al, 2010)) and virulence inhibitor (targeting 
quorum sensing sensor protein QseC without affecting bacterial growth (Alksne & Projan, 
2000)), also show promises and potential for developing specific or broad-spectrum 
antisense antibacterials based on their homology assessment. (4) our researches focus on 
validating the known target in broad-spectrum antibiotic development by antisene strategy, 
in which the DNA-dependent RNA polymerase (RNAP) is a candidate of great interest for it 
distinct advantanges (see 3.3). 

3.2 Universally applicable delivery systems 

Furthermore, the term “broad-spectrum“ also qualifies the delivery systems for AS-ODNs. 
Specifically, rational design of peptide-ODN conjugates could optimize the effective AS-
DONs in way of enhancing antibacterial potency and expanding antibacterial spectrum, in 
which CPP choice is of equal importance. The range of sensitivities observed for different 
bacterial species to CPPs largely determines their application potential. To our knowledge, 
the synthetic CPP (RXR)4XB has shown by far the most broad cell pernetrating range as an 
effective tool for intracellular AS-ODN delivery into many major gram-negative and gram-
positive pathogens. And the transfection efficiency of the widely used CPPs (RXR)4XB and 
(KFF)3K appears to reflect with the features of bacterial cell walls of clinical isolates, where 
less potent effects were observed for (KFF)3K against species with stringent cell barrier (e.g., 
Klebsiella pneumoniae and Pseudomonas aeruginosa). Collectively, our results suggested that 
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the peptide component of peptide-PNA conjugates may be developed for a wide range of 
indications to realize broad antisense antibacterial spectrum.  

3.3 proof-of principle studies 

Bacterial DNA-dependent RNA polymerase (RNAP) is a key enzyme in transcription 
regulation and gene expression. Its function requires coordination of a core enzyme 
(comprising five subunits α2, β, β’ and ω) and an independent σ subunit that is reversibly 
recruited by core enzyme. The RNAP core enzyme is responsible for transcription 
elongation, and different σs are in charge of transcription initiations from promoters that 
express genes in diverse function. Deactivation of RNAP by any possible means leads to 
direct cell death, attracting much exploration for developing specific RNAP inhibitors, the 
most representative class of broad-spectrum antibiotics (e.g. the rifamycins) with 
fundamental clinical significance. The most developed σ70 family of σs, especially the 
primary σ70, is essential for initiating transcription of multiple genes in exponentially growth 
cells , which to our knowledge has not previously been demonstrated for target validation. 
And most importantly, gene rpoD (encoding the primary σ70 of RNAP) is highly conserved 
in identity and homologous in sequence among different pathogenic gram-negative species. 
Such features are distinct advantages for developing broad-spectrum antisense antibacterial 
agents (Bai & et al, 2011).  

Results from our lab (unpublished and Bai & et al, 2012b) gives the first proof-of-principle 
evidence for exploring and identifying bacterial RNAP σ70 as an antibacterial target by 
antisense strategy. We identified a conserved target sequence within the native rpoD mRNA 
start codon region, and a cell penetrating peptide (RXR)4XB conjugated 10-mer peptide 
nucleic acid was developed for potent sequence-selective bacteriocidal antisense effect 
against six pathogenic gram-negative species, including Escherichia coli, Salmonella enterica, 
Klebsiella pneumoniae, Shigella flexneri, Citrobacter freundii, and Enterobacter cloacae. It cured 
endothelial cell cultures from lethal infection with single or triple GNB without showing any 
apparent toxicity. It specifically interferes with rpoD mRNA, and inhibited the expression of 
σ70 in a concentration-dependent manner. Its in vivo antibacterial activity has also been 
confirmed by increased survival in bacterial infected mice.  

4. Conclusion  

New classes of antisense antibacterial agents (bactericidal agents or resistance inhibitors), 
represent an evolutionary inevitability in antibiotic industry. In the past 20 years, many 
essential genes have been studied as potential targets for developing bactericidal antisense 
agents or resistance inhibitors against clinically pathogenic bacteria. Nonetheless, much 
investment needs to be infused for converting this concept into real drugs. Identified targets 
with application potentiality or new targets under investigation should be further evaluated 
for posing the least risk for selection of resistant variants. Nucleic acid monomers with 
simple synthesis and cheap source of starting materials are more viable as antisense drugs. 
Versatile of delivery systems developed for eukaryotic cells, e.g., polymers, dendrimers, 
nanotubes, should be given considerations for AS-ODNs delivery in bacteria, if no more 
innovative systems than the non-invasive CPP-mediated delivery system is created. 
Furthermore, it is more practical and economical to develop antisense agent that targets 
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only multiple-resistant or pan-resistant bacteria, particularly when it allows co-
administration of a narrow-spectrum antibiotic. Most importantly, “broad-spectrum” 
antisense antimicrobials should also be developed to meet future clinical requirements, in 
which target selection and validation address more attention. 

We have already lagged behind our therapeutic initiatives to meet the challenges of 
increasing isolation of new antibiotic-resistant bacterial strains. A great many functional 
genes discovered in the past decade represent themselves as potential targets for developing 
antibacterial therapeutic agents with whole new mechanisms. Thus, innovative approaches 
must become a priority in antibitoitc discovery, in which antisense antibacterial strategy is 
absolutely a leap in our ability to effectively treat human pathogens of great concern 
(Woodford & Wareham, 2009). The theoretical advantage of antisense antibacterials is 
obvious and has been well-acknowledged by strong evidence in the long process of 
conquering major technological obstacles. It is our continous efforts that will make ultimate 
success in this glorious field. 
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