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Abstract:  21 

The present study relates to a combined killing and healing approach for treatment of infected 22 

wound. Herein we report a multifunctional, including antimicrobial and wound healing, 23 

composite containing a conjugate of a bi-valent silver polydiguanide that demonstrated high 24 

antibacterial activity in vitro and a potent wound healing polypeptide, histatin-1, for treatment 25 

of infected wound. Synthesis of silver (II) chlorhexidine [Ag(II)CHX] was accomplished by 26 

oxidation of Ag(I), followed by complexation of the oxidized metal with chlorhexidine 27 

(CHX), whereas the metal complex conjugate of solid phase-synthesized Histatin polypeptide 28 

(Hst-1), Hst-1-[Ag(II)CHX], was realized by mixing the starting materials in aqueous 29 

solution. The change in Hst-1 structure upon binding with silver complex was examined by 30 

circular dichroism spectroscopy. Wound healing applicability of histatin polypeptide and its 31 

metal complex conjugate was tested using synthesized Hst-1 and Hst-1-[Ag(II)CHX] 32 

complex on 3T3-L1 preadipocytes in a cell-spreading assay. The antibacterial activity of the 33 

silver metal complex and its Hst-1conjugate was tested against several Gram positive and 34 

Gram negative bacteria, including Methicillin-resistant Staphylococcus aureus (MRSA) and 35 

Methicillin-resistant coagulase negative staphylococcus (MRCNS) by broth microdilution 36 

method. Results of these experiments revealed that polypeptide and silver(II) polydiguanide 37 

complex retained their individual wound healing and antimicrobial activity even in their 38 

conjugate. The conjugate of an antibacterial higher-valent silver polydiguanide complex with 39 

a potent wound healing polypeptide (Hst-1) showed promise as a new multifunctional 40 

therapeutic wherein the killing and healing functions of the constituent materials are  41 

preserved together,  for development of new-generation wound-care agents.   42 

 43 

Keywords: antibacterial agents, wound healing, polypeptides, higher-valent silver complex 44 

Page 2 of 31New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



Introduction: 45 

The repair of wounds is one of the most complex biological processes that occur during 46 

human life. After an injury, multiple biological pathways immediately become activated and 47 

are synchronized to respond. Wound healing is a highly regulated, albeit poorly understood, 48 

process that probably involves: 1) inflammation, 2) cell proliferation and migration, 49 

angiogenesis, and 3) extracellular matrix (ECM) production.
1 

In the first event neutrophils, 50 

monocytes, and lymphocytes accumulate in the wound area. During proliferation fibroblasts, 51 

endothelial cells, and other cell types migrate into the affected area and begin to proliferate, 52 

secrete matrix materials, and form functional capillaries, and layer of epithelial cells spreads 53 

over the open wound. Finally in the maturation phase skin collagen and other matrix 54 

materials are secreted and remodeled to restore tissue strength.
2-4

  55 

To accelerate the healing processes in wound repair, attempts have been repeatedly made to 56 

use growth factors and their peptide fragments that can regulate most of these events, 57 

including the chemotaxis of inflammatory cells,
5
 angiogenesis,

6
 ECM deposition, and 58 

granulation tissue formation,
7
 hereby promoting healing.  59 

Apart from surgical procedures and irrigation, current therapeutic regimens often encompass 60 

local or systemic use of topical antimicrobials to help combat microorganism growth around 61 

the wound, and to provide suitable microenvironment for healing.
8
 Previous literature, 62 

however, has pitted the potential significant benefits against the possible deleterious effects 63 

of many agents on the wound-healing process.
9-11

 64 

Since pathogenesis of many diseases involve multiple factors and a selective compound 65 

against a single target often fails to achieve the desired effect, we speculated that developing 66 

multi-functional therapeutic combining an antimicrobial and a wound healing agent would 67 

further accelerate the healing processes in wound repair. 68 
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Salivary peptides represent a relatively new discovery in the immune system pathway. 69 

Recently Oudhoff et al.
12, 13

 revealed a new and interesting activity of histatin, a salivary 70 

peptide family, which for decades had been primarily regarded as antimicrobial peptides 71 

implicated in the innate immunity of humans and higher primates.
14, 15

 Histatin, isolated from 72 

human saliva, was identified as the component that was responsible for the in vitro epithelial-73 

cell-migration-inducing properties of saliva.
13 

 These small peptides are inducible elements of 74 

the immune system that have been shown to enhance reepithelialization by stimulating cell-75 

migration and cell-spreading. Reepithelialisation of full thickness wounds was enhanced by 76 

histatin-1 (Hst-1), Hst-2 [or (Hst-1(12–38)] and Hst-3, with rates comparable to those of the 77 

gold standard rhEGF. Histatin did not enhance proliferation but stimulated reepithelialization 78 

by stimulating cell migration and cell spreading, the two key initiating steps in 79 

reepithelialization. Hst-1 and Hst-2 (12-38 Hst-1) was identified as the most potent enhancers 80 

in in vitro wound closure assays, whereas Hst-5 the most potent antimicrobial of the histatin 81 

family did not show any wound healing property. Activation of cells by histatin requires a G-82 

protein-coupled receptor that activates the ERK1/2 pathway.
12

 These studies emphasize the 83 

role of histatin in tissue protection and recovery, and especially the importance of 84 

development of synthetic histatins as novel skin wound-healing agents. The other advantage 85 

of using histatins over the recombinant growth factors currently in clinical trials is that 86 

histatins are stable molecules and can be produced easily even on a large scale.
16 

They 87 

therefore have a high potential for use as novel therapeutics suited for the treatment of 88 

wounds. The small size of Hst-1 or Hst-2 (12-38 Hst-1) makes this peptide a good candidate 89 

for transdermal delivery, and hence a potential therapeutic agent for wound healing. 90 

Traditional topical agents, especially silver and silver-based compounds such as silver 91 

sulfadiazine have been well documented in the literature regarding their use and benefit in 92 

wound care.
17 

However, these agents can present particular difficulties related to resistance or 93 
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inhibition of the wound-healing process. The use of silver sulfadiazine, for example, has been 94 

demonstrated to increase wound epithelialization but can impair wound contraction.
18

 Other 95 

antibacterial agents  such as Sulfamylon has been demonstrated to enhance angiogenesis, 96 

epithelialization, and dermal thickening in some studies, whereas in others it has been linked 97 

to decreases in keratinocyte growth rates and is a known source of acidosis through its 98 

inhibition of carbonic anhydrase.
9, 19

 In addition, these agents have limited spectra of 99 

antibacterial activity.
20, 21

 Other topical agents such as Dakin’s solution, Betadine, acetic acid, 100 

and hydrogen peroxide used to decrease wound bacterial load either have deleterious effects 101 

on fibroblasts and endothelial cells at traditionally used concentration or impair neutrophil 102 

migration and wound neovascularization
22 

or slow down the rate of reepithelialization and 103 

impair microcirculation at higher levels of concentration.
23 

This has prompted an upsurge in 104 

research on the synthesis of silver complexes with improved antibacterial activity especially 105 

against multidrug resistant bacteria.
24-26

 In an interesting development, Melaiye et al.
27

 106 

showed that bactericidal activity of ionic silver is correlated to its valence form and it has 107 

been found that higher valence silver demonstrates stronger and effective antibacterial 108 

activity than lower valence ion.
28-30 

Recently, we reported a nanocrystalline tri-valent  silver 109 

polydiguanide metallopharmaceutical that showed much higher antibacterial activity than the 110 

gold standard, silver sulfadiazine, against a wide variety of bacteria methicillin-resistant 111 

Stahylococcus aureus (MRSA) strains in in vitro studies.
31

 However, they are difficult and 112 

expensive to produce in large quantities. Large scale synthesis of stable higher-valent silver 113 

metallopharmaceuticals in terms good hydration, sustained release of silver ions with 114 

increased concentration at the wound surfaces and most importantly low toxicity will be 115 

pivotal in infected wound care. 116 

The newly discovered wound healing function of Hst and highly antibacterial character of 117 

higher-valent silver complexes prompted us to combine these two agents in to a 118 
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multifunctional therapeutic, and verify the possibility of using our killing and healing 119 

approach in wound care. To achieve this objective we first developed one-pot method for 120 

large scale synthesis of a  di-valent silver polydiguanide complex that showed strong 121 

antibacterial activity against the tested Gram (+)/(-) strains. Finally, we investigated the 122 

possibility of combining the synthesized complex and synthesized Hst in one form as a better 123 

multifunctional therapeutic for infected wound care. The individual activity of the metal 124 

complex and the peptide was assayed after combination and this revealed that the 125 

combination has no effect on their individual biological activities. This work identifies the 126 

combination of higher-valent silver complex and synthetic histatin as a potent multifunctional 127 

wound-healing agent, which may form the basis of a novel wound-healing medication. 128 

 129 

Materials and Methods: 130 

Peptide synthesis 131 

Linear peptide (Hst-1, amino acid sequence 132 

DSHEKRHHGYRRKFHEKHHSHREFPFYGDYGSNYLYDN) was synthesized by solid-133 

phase peptide synthesis using Fmoc chemistry with an automatic peptide synthesizer 134 

(AnyGen, Jeollanam-do,Korea). The product was purified using RP-HPLC, and the 135 

authenticity was confirmed by mass spectrometry (4848 Da). 136 

 137 

Synthesis of silver (II) chlorhexidine complex [Ag(II)CHX] 138 

A 0.49 mmol portion of chlorhexidine (1,1’-hexamethylenebis [5-p-chlorphenyl] biguanide) 139 

(0.25 g) was dissolved in 20 mL dimethyl sulfoxide (DMSO). To this solution an aqueous 140 

solution (1.25 mL) containing 0.5 mmol of silver nitrate (0.085 g) was added drop wise while 141 

stirring the reaction mixture continuously. This was followed by addition of 1.25 mL aqueous 142 

solution containing 0.99 mmol portion of sodium persulphate (0.235 g). The reaction mixture 143 
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was allowed to remain under stirring condition for at least 10 minutes. Subsequently, 20 mL 144 

water was added to the reaction mixture. The reaction mixture was again stirred for at least 1 145 

minute and was allowed to stand for at least 4 hours at room temperature to yield a brown 146 

precipitate which was filtered under vacuum, washed with water, and dried at ambient 147 

temperature to obtain microcrystalline silver (II) chlorhexidine complex [Ag(II)CHX]. The 148 

reaction is schematically shown in Figure 1a. 149 

 150 

Synthesis of Hst-1-[Ag(II)CHX] complex conjugate 151 

Lyophilized histatin-1 (Hst-1) was reconstituted by dissolving it in 20 mM phosphate buffer 152 

at pH 7.  Working solutions were obtained by diluting this stock with phosphate buffer 153 

medium. The Hst-1-[Ag(II)CHX] complex conjugates with different peptide and metal 154 

complex molar ratios were realized by adding the DMSO solution of [Ag(II)CHX] to the 155 

aqueous solution of Hst-1 followed by incubation of the reaction mixture at least for 1h at 2-156 

8
0
C. The Hst-1-[Ag(II)CHX] complex conjugate solution with desired peptide-metal complex 157 

molar ratio was stored at 2-8
0
C at least for 1 month for further use in vitro antibacterial 158 

susceptibility tests and cell-spreading assays.  159 

 160 

1
H-NMR spectroscopy of CHX and [Ag(II)CHX] 161 

Proton NMR spectra were recorded at 500 MHz using a Bruker AMX 500 FT-NMR 162 

spectrometer.  All spectra were obtained in DMSO-d6. Chemical shifts are reported in δ (ppm) 163 

units relative to tetramethylsilane. The details and results of the 
1
H-NMR analyses of CHX 164 

and [Ag(II)CHX]  are presented below.  165 

1
H-NMR (DMSO-d6) δ for CHX (500 MHz): 7.19 (d, 4H, Ar H), 6.79 (d, 4H, 2H; Ar H), 166 

4.84 (s, 2H; Ar C-NH), 3.99 (s, 4H, C=NH), 3.10 (s, 4H, NH), 1.44 (4H, CH2), 1.31 (4H, 167 

CH2), 1.23 (4H, CH2).  168 
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1
H-NMR (DMSO-d6) δ for [Ag(II)CHX]  (500 MHz): 7.35 (8H, Ar H), 3.99 (s, NH2), 1.44 169 

(4H, CH2), 1.25 (4H, CH2), 1.14(4H, CH2); Anal. calcd for 170 

[Ag(C22H30AgCl2N10)](OH)2.2H2O: C, 38.67; H, 5.31; Ag, 15.78; N, 20.50; found: C, 38.81; 171 

Ag, 15.64; H, 4.95; N, 20.59.  172 

 173 

X-ray photoelectron spectroscopy of [Ag(II)CHX] 174 

Surface chemistry was analyzed by XPS (Sigma Probe, Thermo-VG, UK) with 175 

monochromatic Al Kα (1486.7 eV) X-ray source. Survey XPS data were acquired over 1200 176 

eV in Constant Analyzer Energy mode with pass energy of 30 eV and a resolution of 0.1 eV. 177 

 178 

Circular dichroism spectroscopy of Hst-1 and Hst-1-[Ag(II)CHX] conjugate system 179 

Circular dichroism (CD) spectra were measured with a Jasco J 600 CD spectropolarimeter 180 

(Jasco, Tokyo, Japan) calibrated with camphorsulfonic acid. Spectra were recorded between 181 

200 and 250 nm using a path length of 0.1 cm, a time constant of 1.0 s, a 2 nm bandwidth and 182 

a scan rate of 2 nm per min, and at 20 or 50 mdeg. The average was corrected by 4 scans of 183 

the solvent. Quartz cell (0.1cm path length) sealed and controlled thermostatically were used 184 

for the far-UV CD measurements. The spectra in the presence of varying amount of 2, 2, 2-185 

trifluoroethanol (TFE) (0, 10, 20, 30, 50 and 70%) and varying concentrations of [Ag(II)CHX] 186 

(0, 2, 5, 10, 20, 30, 40 µM dissolved in TFE) were collected at a concentration of 20 and 40 187 

µM Histatin-1 (dissolved in 20 mM phosphate buffer at pH 7), respectively. To investigate 188 

the effect of varying amount of TFE (5, 10, 20, 30, 40, 50, 60, 70%) on the Hst-1-189 

[Ag(II)CHX] conjugate system the spectra were collected using a equimolar (20 µM)  190 

mixture of Histatin-1(dissolved in 20 mM phosphate buffer, pH 7) and [Ag(II)CHX]  191 

(dissolved in TFE). 192 

 193 
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Cell-line culture  194 

3T3-L1 preadipocytes were obtained from the Korean Cell Line Bank (KCLB, Seoul, Korea) 195 

and cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% (v/v) heat-196 

inactivated fetal calf serum in an incubator of 5% C02, 37°C. The cell medium was 197 

exchanged at every 3 days. At this time, if more than 90% of cells were grown in the dish, the 198 

cells are serum-depleted by DMEM, not including 10% FBS, for 24 hours. After that the 199 

medium in the tissue culture flask were taken out with a pipette, and then the cells were 200 

washed by PBS and treated by 0.5% trypsin to take off the cells. The cells, collected by 201 

centrifugation in 1,000 × g for 3 minutes, were diluted again in culture medium to have 5 × 202 

10
5
 cells per 1 mL. At this time, cell number was measured using a hemocytometer.  203 

 204 

In vitro cell-spreading assay  205 

Cell-spreading assay was performed using 35mm μ-dish with two well culture–insert (ibidi 206 

GmbH, Munich, Germany). 70 µL of the cell suspension (5 × 10
5
 cells per 1 mL) was seeded 207 

into each well. The outer area was filled with 150 µL cell free medium. After 36 h of cell 208 

adherence the culture-insert was gently removed by using sterile tweezers to create a cell-free 209 

gap of 500 μm, and the medium was changed with fresh cell medium supplemented with 210 

different compositions of Hst-1, [Ag(II)CHX]  and Hst-1-[Ag (II) CHX] and without 211 

anything in case of control. Cell-spreading into the gap region was observed, and the images 212 

of each μ–Dish was taken at a time interval of 0h, 12h, and 24h using an optical microscope 213 

equipped with a charged coupled device (CCD) camera. The cell-free gap was calculated 214 

using commercially available image processing software (MetaMorph, Version 7.1.3.0, 215 

Molecular Devices). The relative cell-free area at a given time “t” ( tRG ) was calculated as:  216 

100
0


G

G
RG t

t  217 
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where tG is the cell-free gap area at time t and 0G is the cell-free gap area at time 0. 218 

Relative spreading ( tRS ) was calculated as: 219 

100
0

0 



G

GG
RS t

t  220 

 221 

Evaluation of antibacterial performances of [Ag(II)CHX]  and Hst-1-[Ag (II) CHX] 222 

The test organisms include 4 strains of Gram-negative bacteria: Acinetobacter calcoaceticus 223 

(ATCC 23055), Citrobacter freundii (ATCC 6750), Klebsiella pneumonia (ATCC 10031) 224 

and Pseudomonas aeruginosa (ATCC 27853); 4 strains of Gram-positive bacteria: 225 

Enterococcus faecalis (ATCC 29212), Staphylococcus aureus (ATCC 25923), 226 

Staphylococcus epidermidis (ATCC 12228), and Propionibacterium acnes (ATCC 6919). All 227 

challenge bacterial strains were obtained from American Type Culture Collection (ATCC, 228 

Rockville, MD, USA) except for P. acnes ATCC 6919 which was provided by Korean 229 

Collection for Type Cultures (Daejon, Korea). All tests were performed in line with Clinical 230 

and Laboratory Standards Institute (formerly National Committee for Clinical Laboratory 231 

Standard, NCCLS) guidelines. The overnight cultures served as the inocula for experiments. 232 

Unless otherwise stated, the strains were grown overnight in Tryptic Soy broth or agar (TSB 233 

or TSA, Difco Laboratories,
 

Detroit, MI, USA) at 37℃ under aerobic conditions. P. acnes 234 

(ATCC 6919) inocula were cultured in Brain Heart Infusion broth or agar (BHI, Difco 235 

Laboratories,
 

Detroit, MI, USA) supplemented with 1% glucose (BHIG). They were grown 236 

for 48 h at 37℃ under anaerobic conditions created by the GasPak jar system (BBL 237 

Microbiology Systems, Cockeysville, MD). 238 

Minimal inhibitory concentrations (MICs) of [Ag(II)CHX]  and Hst-1-[Ag (II) CHX] 239 

composite were determined by the agar dilution method in BHI agar for P. acnes or in 240 

Mueller Hinton agar (MH, Difco Laboratories,
 

Detroit, MI, USA) for all the other species, 241 
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using a multi-point inoculator. Plates were read after incubation at 37 
o
C for 48 hours under 242 

anaerobic conditions (GasPak) for P. acnes, or for 24 hours in air for all the other species. To 243 

determine the MICs by the broth microdilution method, Mueller Hinton broth (MH, Difco 244 

Laboratories,
 

Detroit, MI, USA) was used for all bacterial strains except for P. acnes ATCC 245 

6919, which was grown in BHI broth supplemented with 1% glucose. Strains were cultured 246 

in 96 well microplates. To evaluate the inhibitory effects of [Ag(II)CHX]  and Hst-1-[Ag (II) 247 

CHX] composite on bacterial growth, each well was supplemented with a range of 248 

concentrations of the active agents. Following 24 hours incubation in air or 48 hours 249 

incubation in GasPak jar system at 37 
o
C, the wells were inspected for microbial growth and 250 

the MIC was determined as the lowest concentration that did not produce visual growth. 251 

 252 

Results: 253 

Characterization of [Ag(II)CHX] 254 

The wet chemical preparation of [Ag(II)CHX] was realized by oxidizing the silver (I) 255 

(dissolved in aqueous medium) in  presence of CHX (dissolved in DMSO) using an aqueous 256 

solution of sodium persulphate. Finally the complex [Ag(II)CHX]  was precipitated from the 257 

feebly acidic or neutral medium  (Fig. 1a).  258 

FTIR and 
1
H NMR spectra of CHX and [Ag(II)CHX]  are depicted in Fig. 1b and c. The 259 

characteristic stretching bands at 3474 and 3408 cm
-1

 for –N(H)– as seen in CHX appeared as 260 

a single band in the complex. The signal at 4.84 ppm seen in the NMR spectrum of the ligand 261 

(CHX) is absent in NMR spectrum of the complex. These results indicate that the binding is 262 

due to the interaction between the nitrogen of the –N(H)– bond of CHX and silver.  263 

The oxidation state of the metal in [Ag(II)CHX]  was confirmed using X-ray photoelectron 264 

spectroscopy (XPS). The XPS spectrum of [Ag(II)CHX]  is shown as Figure 1d. The 265 

spectrum clearly indicates the presence of Ag
2+

 in the complex. The characteristic Ag3d XPS 266 
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spectrum of [Ag(II)CHX]  displays the presence of the Ag 3d3/2 and Ag 3d5/2 XPS peaks at 267 

374.3 eV and 368.4 eV, respectively. These values fall in the range of literature values for 268 

Ag
2+

.
32, 33  

269 

 270 

Characterization of Hst-1 and Hst-1-[Ag(II)CHX] conjugate system 271 

The circular dichroism (CD) spectra of Histatin-1 (dissolved in 20 mM phosphate buffer at 272 

pH 7) were recorded in the presence of varying amount of 2, 2, 2-trifluoroethanol (TFE) and 273 

varying concentrations of [Ag(II)CHX] (dissolved in TFE). The CD spectra of histatin-1 in 274 

aqueous medium (20 mM phosphate buffer, pH 7) or in aqueous solution/2, 2, 2-275 

trifluoroethanol (TFE) mixtures are reported in Figure 2a. The dichroic profile indicates that 276 

the peptide assumes a random coil conformation in aqueous medium. Increasing the 277 

concentration of TFE caused a substantial increase in negative ellipticity at 208 nm (π→π* 278 

transition) and at 222 nm (n →π* transition), indicating the formation of a α-helix. The alpha 279 

sheet formation and stabilization appears at 50% TFE (v/v). A gradual increase of the helix 280 

content was observed with increasing TFE concentration. The effects of the presence of 281 

[Ag(II)CHX]  on CD spectra of Histatin-1 were investigated in order to reveal the ability of 282 

the metal complex to induce conformational changes on histatin-1 (Fig. 2b). The minima of 283 

molar ellipticity of Histatin-1 appear at 200 nm which is a typical behavior of random coil 284 

peptide (Fig. 2b). Upon titration with [Ag(II)CHX], this pattern does not change. However, at 285 

an equimolar concentration of Histatin-1 and [Ag(II)CHX]  maximum molar ellipticity was 286 

obtained. Consequently, the equimolar concentration of Histatin-1 and [Ag(II)CHX]  was 287 

used in further experiments. 288 

In the presence of 50% TFE, a tendency to produce a CD profile which is characteristic of 289 

helical conformation is seen (Fig. 2c). Addition of [Ag(II)CHX]  was also investigated in 290 

order to reveal the effects of the metal complex on the conformation of this peptide. At an 291 
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equimolar concentration of the peptide and metal complex stabilization took place, and not 292 

much change was observed even after addition of excess of [Ag(II)CHX]  (Fig. 2c). The 293 

effect of varying amount of TFE on the Hst-1-[Ag(II)CHX] conjugate system were 294 

investigated by collecting the CD spectra of a equimolar (20 µM)  mixture of Histatin-295 

1(dissolved in 20 mM phosphate buffer, pH 7) and [Ag(II)CHX]  (dissolved in TFE). As 296 

shown in Figure 2d the addition of TFE to the complex of histatin-1 and [Ag(II)CHX] 297 

induced changes in the CD profile that is typical of a helical conformational change, 298 

characterized by the appearance of two minima at 208 and 222 nm. Moreover, in the presence 299 

of TFE the CD profile of Hst-1-[Ag (II) CHX] complex (Fig. 2d) does not change with 300 

respect to that of only Histatin-1(Fig. 2a). 301 

 302 

Antibacterial susceptibility tests 303 

The antibacterial properties of [Ag(II)CHX]  and Hst-1-[Ag (II) CHX] conjugate were tested 304 

against Gram-positive and Gram-negative prokaryotes of clinical interest. The MIC values 305 

presented in Table 1 were determined using a broth microdilution method. The compounds of 306 

interest [Ag(II)CHX] showed better antibacterial activity than the free ligand (CHX), AgNO3 307 

and silver sulfadiazine (AgSD) even at much lower concentration (Table 1). MIC of the 308 

Ag(II)CHX for different bacteria strains tested ranged from 0.12-2 mg/L, which corresponds 309 

to 0.18-3µM. [Ag(II)CHX] almost quantitatively retained its antibacterial activity in presence 310 

of Hst-1. The MIC values of [Ag(II)CHX]  alone and in presence of Hst-1 were much lower 311 

than those of CHX, AgNO3, and AgSD, once again indicating the superior efficacy of 312 

[Ag(II)CHX]  and Hst-1-[Ag(II)CHX] conjugate over the other tested compounds as an 313 

antibacterial agent. The minimum bactericidal concentrations (MBC) were determined to 314 

evaluate the bactericidal properties of [Ag(II)CHX] and in presence of Hst-1 (Table 1). In all 315 

antimicrobial tests, the free ligand CHX, and silver nitrate were used as the reference 316 
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standards. All test compounds, CHX, [Ag(II)CHX]  (alone and in presence of Hst-1) and 317 

AgNO3 appeared to be bactericidal with MBC/MIC ratios of 1-2. 318 

 319 

Wound healing activity test through in vitro cell-spreading assay 320 

Previous studies show that histatin promotes cell spreading and cell migration but does not 321 

enhance cell proliferation.
7, 8 

Cell spreading, which precedes migration, is very important for 322 

reepithelialization. Our next aim was to investigate whether [Ag(II)CHX]  affects the cell-323 

spread promoting property of the peptide. Therefore, we tested the effect of [Ag(II)CHX]  on 324 

the on cell-spreading activity of Hst-1 in presence or absence of equimolar (0.2-5µM) amount 325 

of [Ag(II)CHX]. The concentrations of Ag(II)CHX were selected to cover the entire range of 326 

MIC values of the complex (0.12-3 µM) as found in the in vitro antibacterial studies (Table 327 

1).  Representative microscopic images from the cell-spreading assays are shown in Figure 3. 328 

The dose-response effect of [Ag(II)CHX], Hst1, and Hst-1[Ag(II)CHX]  on cell-spreading 329 

was examined by quantifying the cell free gap from microscopic images taken at different 330 

time intervals using MetaMorph (Version 7.1.3.0, Molecular Devices). The results clearly 331 

show that [Ag(II)CHX]  did not enhance cell-spreading (Fig. 3a), neither had it impaired the 332 

cell-spread promoting activity of the Hst-1 (Fig. 3b). As evident from the calculated relative 333 

cell-free gap (RGt) at different time interval, Hst-1-[Ag (II) CHX] conjugate promoted cell-334 

spreading with comparable values to those of equimolar concentration of Hst-1 (Fig. 3c). 335 

Synthesized Hst-1 in absence or in presence of equimolar amount of AgHCX enhanced cell-336 

spreading in a dose dependent manner. While relative cell-spreading (RGs) in presence of 0.2 337 

µM Hst-1 was comparable to the control, at higher concentration the relative cell-spreading 338 

increased sharply with in first 12 h and complete cell coverage was achieved much faster than 339 

the control (Fig. 3d).  340 

 341 
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Discussions: 342 

Infected and colonized wounds impose a serious burden to entire health care system. While 343 

chronic wounds invariably involve a multitude of bacterial species, acutely infected wounds 344 

are more frequently resulted from the isolated or few species. Topical antimicrobials are often 345 

used to decrease the bacterial burden on infected tissue. Ideally topical agent should be 346 

extremely active against pathogens and have a neutral or even beneficial effect on the wound-347 

healing process. Effective antimicrobial choices are therefore needed as drug resistance 348 

continues to emerge.  349 

Among the inorganic antibacterial agents metallic silver, silver salts (e.g., AgNO3), and silver 350 

complexes have been employed most extensively to fight infections and control spoilage in a 351 

variety of pharmaceutical and health care applications including post-operative wound 352 

management and burn wound treatment. Our group has longstanding interest in synthesis, 353 

biochemical properties of nanosilver and silver compounds with projected antibacterial 354 

applications.
 31, 34, 35

 355 

Although silver itself has low toxicity and medically has only one rare cosmetic side effect 
36, 

356 

37 
toxicity of silver compound has often been associated with the carrier molecules. Therefore, 357 

coordination of silver to other nontoxic molecules could offer a solution for safe use of silver 358 

compounds as antimicrobials. Biologically compatible molecules known to have minimal or 359 

no established in vivo toxicity, such as polydiguanides that have attracted considerable 360 

attention as highly efficient biocidal and nontoxic agents,
38

 may be excellent candidates for 361 

this purpose. Interestingly, biguanide or substituted biguanide, such as ethylenebiguanide, 362 

forms quadricovalent cationic complexes with Ag(III) that are stable (including photostable) 363 

in ambient conditions. In the present study, we chose a commonly used symmetric 364 

polydiguanide molecule, chlorhexidine, 1,1′-hexamethylene-bis-5-(4-chlorophenyl)biguanide, 365 

with two ionizable guanide moieties as the ligand to synthesize stable silver complex. 366 
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Biguanides are well known ligands capable of forming strong complexes with both metals 367 

and nonmetals. LCAO-MO calculations show that they possess delocalized π-electron system 368 

in neutral or basic medium in the free state as well as in complexes. Further delocalization of 369 

this π-electron system through the vacant metal d-orbitats in metal chelates gives rise to 370 

strong metal-ligand bonding. In the complexes of these ligands with metal ions in normal 371 

oxidation state, some of metal d-electrons may be raised to high energy antibonding orbitals 372 

due to overlapping of filled ligand orbitals with the metal d-orbitals. This facilitates the 373 

removal of metal d-electrons favoring higher oxidation states of metals. The resulting metal 374 

complexes in high oxidation state may further be stabilized by the flow of π-electron density 375 

from the filled ligand orbitals to vacant metal d-orbitals and thus reducing the 376 

electronegativity of the metal to a great extent.  377 

Chlorhexidine (CHX) is also an important antiseptic, disinfectant, pharmaceutical and 378 

cosmetic preservative and antiplaque agent. The free base is essentially water insoluble and 379 

only exists at very low hydrogen ion concentrations (pH > 12). It is used in salt form and 380 

commercially available as diacetate, dihydrochloride, or digluconate. However, considering 381 

the undesirable interaction of metal ion with other organic species and precipitation of AgCl, 382 

these salts of CHX are not the best choices as ligand source. In our earlier studies,
31,35

 taking 383 

advantage of the pKa values of CHX (2.2 and 10.3), which make it dicationic over the entire 384 

range of physiological pH,
39 

the ligand (CHX) was solublized in water by forming a 385 

dihydrogensulfate salt of it in acidic medium. The higher-valent silver complex was produced 386 

by the removal of some of the metal d electrons by the peroxydisulfate oxidation from the 387 

higher-energy antibonding orbitals of the Ag(I) complex. The feebly acidic or neutral 388 

medium most appropriate for complexation was provided by addition of bicarbonate. Unlike 389 

the previous method developed by us,
 31, 35

 in this study CHX were solublized in DMSO. This 390 

has two fold advantages. First, low pH is avoided, and the reaction can actually proceed in 391 
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feebly acidic medium, and secondly it eliminates the need of addition of base (bicarbonate) 392 

for final pH adjustment. Once the bi-valent silver complex is produced by peroxydisulfate 393 

oxidation, precipitation of the complex can be easily achieved by simple addition of water to 394 

the reaction mixture.  395 

FTIR and 
1
H NMR spectra of CHX and [Ag(II)CHX]  are depicted in Figure 1b and c. FTIR 396 

and 
1
H NMR studies show that binding is due to the interaction between the nitrogen of the –397 

N(H)– bond of CHX and silver. Both FTIR and NMR spectra of [Ag(II)CHX]  are very 398 

similar to that of a tri-valent silver complex we reported earlier.
31 

Few attempts have been 399 

made for probable assignments of bands for biguanide and its metal complexes.
40, 41 

The band 400 

positions for ν (-NH-) in (C=NH) and in (C-NH2) for the ligands are very difficult to identify 401 

due to the presence of electron delocalization in the ligand. This will be more complicated 402 

due to the presence of water molecules. Peaks appearing in the region 3500-3000 cm
-1 

in the 403 

ligand as well as in the complexes may be due to ν (-NH-) in (C=NH) and (C-NH2) or ν (-OH) 404 

(from H2O) groups. The characteristic stretching bands at 3474 and 3408 cm
-1

 for –N(H)– 405 

appeared as a single band in the complex. The absence of signal at 4.84 ppm in the complex 406 

provides further support in favor of this bonding mode. 407 

Similarly bands in the region 1680-1430cm
-1

 may be due to ν (N-C-N) and δ (NH2). In this 408 

region (1600-1430 cm
-1

) 4 bands are observed at around 1660 cm
-1

, 1600 cm
-1

, (1530-1540) 409 

cm
-1

 and 1480cm
-1

. The middle one appears at 1605 cm
-1

 in the free ligand and at 1580 cm
-1

 410 

in complexes may be most likely due to δ (NH2). This band position is not sensitive to the 411 

oxidation state of the metal atom. The band at 1666 cm
-1

 assigned to ν (N-C-N) shows a 412 

considerable red shift (1637cm
-1

) in complex. This red shift may be due to drift of π-electron 413 

density from ligand towards the positive metal ion. In case of highly oxidized metal ion, the 414 

electron density drift will cause a further red shift.  415 
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The oxidation state of the central metal ion was confirmed by XPS. The binding energy data 416 

fall in the range of values reported for a number of Ag (I) and Ag (II) complexes.
 32, 33

  417 

The mobility in the peptide structure in TFE can be explained considering the aqueous and 418 

lipophilic nature of the system. In fact, an increase of helix content was observed in CD 419 

spectra with increase in TFE concentration (Fig. 2). As shown in Figure 2c the addition of 420 

[Ag(II)CHX]  to histatin-1 in presence of TEF induces changes in the CD profile 421 

characteristic of a helical conformational change, characterized by the appearance of two 422 

minima at 208 and 222 nm. In their study of interactions of the Aβ1-40 amyloid peptide with 423 

zinc ions Huang et al.
42

 found that solvents are able to promote α-helical conformations 424 

favoring peptide-metal interactions. It is noteworthy that in the 310-helix the (n→π*) 425 

transition exhibits a drastically reduced intensity with respect to that of the (π→π*) transition 426 

and tends to undergo a modest blue shift.
43

 Values for the [θ]222/[θ]208 ratio close to unity are 427 

seen as typical of the α-helix; a value of 0.15-0.40 is considered diagnostic for the 310-helical 428 

conformation. In our case, the [θ]222/[θ]208 ratio is 0.07 in 20 mM phosphate buffer (pH 7), 429 

0.81 in 50% TFE and 0.83 in the presence of 20 µM [Ag(II)CHX], indicating a better 430 

stabilization of the right-handed α-helix in TFE medium and in presence of [Ag(II)CHX]. 431 

Determination of minimal inhibitory concentration (MIC) is a standard microbiological 432 

technique used to evaluate the bacteriostatic activity of antimicrobial agents. It is important to 433 

state that the theoretical amount of silver ions that could be released from 1 g of [Ag(II)CHX]  434 

is about 2 times lower than that from 1 g of silver nitrate and AgSD. Theoretically the 435 

antimicrobial activity of silver ion can be considered to be a combination of active silver 436 

species, which may include anionic silver halide ions, clusters of Ag
+
 ions, and AgCl (formed 437 

at the initial stage). While anionic silver dichloride is known to be soluble in aqueous media 438 

and thus is bio-available,
44 

and anionic silver halides are toxic to both sensitive and resistance 439 

strain bacteria,
45

 precipitation of AgCl out of the media decreases the bioavailability of silver. 440 
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Broth solution contains ~ 86 mM NaCl. As observed in the present study, the lower activity 441 

of AgNO3 and AgSD compared to [Ag(II)CHX]  in liquid broth can be attributed to the 442 

precipitation of AgCl, i.e., lower availability of silver in the supernatant solutions. Therefore, 443 

we may speculate that [Ag(II)CHX]  reacts more slowly with the chloride ions than silver 444 

nitrate or AgSD in the growth medium. The contribution of the polydiguanide ligand, 445 

therefore, appears to be significant toward reducing the formation of silver chloride in the 446 

broth solution compared to silver nitrate. Silver polydiguanide complexe [Ag(II)CHX]  seems 447 

to be more stable than silver nitrate in chloride-containing medium. This is an excellent 448 

property considering the potential in vivo application of silver polydiguanide complexes. 
 

449 

Histatins are a family of at least 12 histidine-rich cationic peptides encoded by the Htn1and 450 

Htn2 genes that are specifically expressed in human salivary glands.
46

 Hst-1 is the primary 451 

gene product of Htn1, and Hst-2 is a shorter variant, which probably originated from Hst-1 by 452 

intracellular processing before secretion. The other histatins are products of Htn2 of which 453 

Hst-3 and Hst-5 are most abundant in saliva. Together, Hst-1, Hst-3, and Hst-5 comprise ~ 85% 454 

of the total of histatin proteins. It has become clear that besides their antimicrobial functions, 455 

a number of these peptides also have effects on the tissue of the host. Like other antimicrobial 456 

peptides present in human saliva (such as defensins and LL-37) histatins also have growth 457 

stimulating properties.
47, 48

 However, unlike LL-37 and defensins which act via direct or 458 

indirect activation of EGFR,
49, 50

 histatins activate the cells independently from the EGFR. 459 

The interaction of histatin with its target cells displays characteristics that resemble those of 460 

regular growth factors, such as EGF, which on binding are taken up by endocytosis. The 461 

active uptake of Hst-1 likely occurs via a stereospecific receptor. Moreover, while LL-37 and 462 

defensins are cytotoxic at somewhat higher concentrations,
 50

 and activate cells in a narrow 463 

concentration range, histatins were reported to induce wound closure within a range from 5 to 464 

100 µg/ml without showing any cytotoxicity. Our finding that Hst-1 promoted cell-spreading 465 
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in the tested concentration range (0.2 – 5 µM) is also in line with the previous findings. The 466 

mechanism of action of histatin is essentially different from that of LL-37.  467 

Previous studies also revealed that stimulating activity of Histatin on host cells involves a 468 

stereospecific interaction with a putative membrane receptor.
7, 8

The fact that the D-469 

enantiomer of Hst-2 (12-38 Hst-1) did not induce wound closure indicates stereospecific 470 

activation. Since the ligand used for synthesis of [Ag(II)CHX]  has a high protein binding 471 

value we thought that it might impair the activity of the Hst-1 in presence of [Ag(II)CHX] , 472 

or in other words, the antibacterial activity of [Ag(II)CHX]  might get reduced upon 473 

conjugation with Hst-1. However as shown in the Fig. 3 and Table 1, the individual 474 

biological activity of both Hst-1 and [Ag(II)CHX], remained almost unchanged in presence 475 

of each other. This interesting result provided a valuable inspiration to further work on 476 

development of multifunctional medication for infected wound care based on our combined 477 

killing-and healing approach.  478 

   479 

Conclusion: 480 

The possibility of combining an antimicrobial agent and a wound healing promoter into a 481 

multifunctional therapeutic for treatment of infected wound was explored in the present study. 482 

This was achieved by first developing an one-pot method for large scale synthesis of an 483 

antibacterial di-valent silver polydiguanide complex [Ag(II)CHX], and then combining this  484 

metal complex with a potent wound healing polypeptide, Hst-1. Both the synthesized di-485 

valent silver complex [Ag(II)CHX] and its conjugate with Hst-1 demonstrated much better in 486 

vitro antibacterial activity against several Gram positive and Gram negative bacteria, 487 

including Methicillin-resistant Staphylococcus aureus (MRSA) and Methicillin-resistant 488 

coagulase negative staphylococcus (MRCNS) than the mono-valent silver compounds like 489 

gold standard silver sulfadiazine or silver nitrate, and only polydiguanide (chlorhexidine) 490 
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ligand. As revealed by the in vitro cell-spreading assay the histatin polypeptide-silver 491 

polydiguanide complex conjugate also appeared to be beneficial as a wound healing 492 

promoting agent. We believe that this combined killing and healing approach using a higher 493 

vlent silver based antimicrobial agent and a wound healing polypeptide showed significant 494 

promise as a new therapeutic for treatment of infected wound. However, it is imperative that 495 

the effects of the developed multifunction therapeutic on vascularization, contraction, 496 

epithelialization, and so forth, as has been accomplished with other antimicrobials in clinical 497 

trials over the years, be explored for future use in infected wounds. 498 
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Tables 

Table 1. MICs and MBCs (mg/L) of chlorhexidine, silver nitrate, [Ag(I)CHX], [Ag(II)CHX], and silver sulfadiazine by the broth dilution 

Strain 

Gram 

Stain 

 

CHX AgNO3 [Ag(II)CHX]  
Hst1 (5 µM) + 

[Ag(II)CHX]  

Silver 

sulfadiazine 

MIC MBC R[a] 
MIC 

 
MBC R[a] 

MIC 

(values in 

µM) 

MBC R[a] MIC MBC R[a] MIC 

Acinetobacter calcoaceticus 

(ATCC 23055) 
G- 1 1 1 16 16-32 1-2 

0.12 

(0.18) 
0.12 1 1 2 2 4-16 

Citrobacter freundii  

(ATCC 6750) 
G- 8 8 1 8 8 1 

1-2 

(1.5-3) 
2 1-2 2 2 1 6.25-50 

Enterococcus faecalis  

(ATCC 29212) 
G+ 4 4 1 16 16-32 1-2 

2 

(3) 
2 1 2 2 1 50-100 

Klebsiella pneumonia  

(ATCC 10031) 
G- 8 8 1 8 8 1 

0.5 

(0.75) 
0.5-1 1-2 0.5 0.5-1 1-2 12.5-100 

Propionibacterium acne  

(ATCC 6919) 
G+ 2 4 2 8 16 2 

0.5 

(0.75) 
0.5 1 2 2 1 124 

Pseudomonas aeruginosa  

(ATCC 27853) 
G- 16 32 2 8 8 1 

2 

(3) 
2 1 2 2-4 1-2 6.25-50 

Staphylococcus epidermidis 

(ATCC 12228) 
G+ 2 2 1 16 16 1 

0.25 

(0.38) 
0.25 1 1 2 2 6.25-50 

Staphylococcus aureus  

(ATCC 25923) 
G+ 4 4 1 16 16 1 

0.5 

(0.75) 
0.5 1 1-2 2 1-2 25-100 

MRSA(Methicillin-resistant 

Staphylococcus aureus) 
G+ - - - - - - 

1 

(1.5) 
1 1 1 1-2 1-2 - 

MRCNS(Methicillin-resistant 

coagulase negative 

staphylococcus) 

G+ - - - - - - 
0.5-1 

(0.75-1.5) 
1 1-2 1 1-2 1-2 - 

[a] MBC / MIC [b] MIC values obtained using the agar dilution method 
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Figure Legends:  

Figure1. Schematic representation of the synthetic scheme of [Ag(II)CHX]  (a) FTIR; (b) 

and 
1
H NMR spectra (c) of chlorhexidine (CHX) and [Ag(II)CHX]; (d) X-ray photoelectron 

spectrum of [Ag(II)CHX] .  

 

Figure 2. Circular dichroism spectra of histatin-1 a function of  TFE concentration (a); 

[Ag(II)CHX]  concentration  in 20 mM phosphate buffer at pH 7 (b) and  in 50% TFE (c); 

and CD spectra of  equimolar (20 µM) conjugate of Hst-1-[Ag (II) CHX]  as  a function of 

TFE concentration (d). The experimental conditions are reported under Materials and 

Methods section.  

 

Figure 3. Representative micrographs (a, b) and graphical representation of results (c, d) of 

in vitro cell-spread assays. Cells were supplemented with different amount of active agents 

and microscopic images were captured at different time interval. Solid lines in images (a, b) 

represent cell-free gap boundaries at 0 h. Relative cell-free area (RGt) (c), and relative 

spreading (RSt) (d) at a given time t were calculated by quantifying the cell-free area from the 

micrographs Data represent means ± sd; n= 10. *P<0.01 vs. appropriate control.  
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Figure 2. 
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Text: Histatin-1and silver (II) polydiguanide complex composite demonstrated both antibacterial and wound healing promoting activity 

 

 

 

 

Page 31 of 31 New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t


