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Abstract: In the present study, silver nanoparticles (AgNPs) were synthesized via biological 

reduction of silver nitrate using extract of the fungus Fusarium verticillioides (green chemistry 

principle). The synthesized nanoparticles were spherical and homogenous in size. AgNPs were 

coated with polyethylene glycol (PEG) 6000, sodium dodecyl sulfate (SDS), and β-cyclodextrin 

(β-CD). The averaged diameters of AgNPs were 19.2±3.6, 13±4, 14±4.4, and 15.7±4.8 nm, for 

PEG-, SDS-, and β-CD-coated and uncoated AgNPs, respectively. PEG-coated AgNPs showed 

greater stability as indicated by a decreased sedimentation rate of particles in their water dis-

persions. The antibacterial activities of different AgNPs dispersions were investigated against 

Gram-positive bacteria (methicillin-sensitive and methicillin-resistant Staphylococcus aureus) 

and Gram-negative bacteria (Escherichia coli) by determination of the minimum inhibitory 

concentrations (MICs) and minimum bactericidal concentrations (MBCs). MIC and MBC values 

were in the range of 0.93–7.5 and 3.75–15 µg/mL, respectively, which were superior to the 

reported values in literature. AgNPs-loaded hydrogels were prepared from the coated-AgNPs 

dispersions using several gelling agents (sodium carboxymethyl cellulose [Na CMC], sodium 

alginate, hydroxypropylmethyl cellulose, Pluronic F-127, and chitosan). The prepared formula-

tions were evaluated for their viscosity, spreadability, in vitro drug release, and antibacterial 

activity, and the combined effect of the type of surface coating and the polymers utilized to form 

the gel was studied. The in vivo wound-healing activity and antibacterial efficacy of Na CMC 

hydrogel loaded with PEG-coated AgNPs in comparison to the commercially available silver 

sulfadiazine cream (Dermazin®) were evaluated. Superior antibacterial activity and wound-

healing capability, with normal skin appearance and hair growth, were demonstrated for the 

hydrogel formulations, as compared to the silver sulfadiazine cream. Histological examination 

of the treated skin was performed using light microscopy, whereas the location of AgNPs in the 

skin epidermal layers was visualized using transmission electron microscopy.

Keywords: silver nanoparticles, green synthesis, coating agents, hydrogel, wound healing, 

antibacterial activity

Introduction
Multidrug resistance is commonly developed against several pathogenic bacteria 

consequent to the use of several antibiotics.1–4 Recovery from multidrug-resistant infec-

tions is a problematic issue5,6 and requires multiple treatments with broad-spectrum 

antibiotics, which is usually associated with toxicity and high cost.6 Methicillin-

resistant Staphylococcus aureus (MRSA) is the main cause of worldwide nosocomial 
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infections and usually associated with increasing mortality 

and morbidity rates.7 In general, S. aureus causes superfi-

cial lesions in human skin, localized abscesses, septicemia, 

pneumonia, and bacteremia.8

Historically, silver was one of the frequently used anti-

bacterial agents before the introduction of antibiotics.9 Silver 

compounds, silver ions, and silver nanoparticles (AgNPs) 

have been validated extensively for their antibacterial, 

antifungal, and antiviral activities.2,10–13 Silver ions in silver-

containing creams (such as silver sulfadiazine) are reported 

to exhibit high toxicity when applied to denuded skin due 

to the increased absorption of silver ions.2 In addition, they 

have low stability due to inactivation by complexation with 

available counter ions and subsequent precipitation.3 Among 

several tested metallic nanoparticles, AgNPs were found to 

be the most effective antimicrobial agent against bacteria, 

viruses, and other eukaryotic microorganisms.14 AgNPs can 

be used as an effective broad-spectrum antibacterial agent 

against Gram-negative and Gram-positive bacteria including 

antibiotic-resistant bacteria.15 Silver attacks multiple targets 

in the microorganisms, and therefore decreases their ability 

to develop resistance.13,16,17 AgNPs exhibit higher toxicity to 

microorganisms than mammalian cells.18 The broad-spectrum 

antibacterial effectiveness of AgNPs is due to their small size 

that enhances the accumulation in the microbial membrane 

and thus results in disruption and loss of integrity of the 

microbial membrane.8,19–21

AgNPs are fabricated by different methods including 

chemical, physical, and green methods.1,3,22,23 Chemical and 

physical methods are usually expensive, with low produc-

tion rates, and are not ecofriendly due to the toxicity of the 

used chemical-reducing agents and capping agents.4 On 

the other hand, green chemistry method is preferred because 

the synthesized products are obtained from natural extracts.24 

Green chemistry involves different biological methods for 

the synthesis of AgNPs which employ plants extract or 

microorganisms, such as fungi and bacteria.1,20,24,25

To prevent aggregation of particles, different coating 

materials, such as carboxylic acids, polymers, polysac-

charides, and surfactants, have been exploited to increase 

stability of the particles.26 Polyethylene glycols (PEGs) 

are stable, hydrophilic, and nonirritant to the skin,27 and have 

been used as an organic capping agent to stabilize AgNPs 

and control further growth of the particles via trapping of 

seeds and steric repulsion.28

Topical application of AgNPs for treatment of skin 

infections could be more effective if the particles are 

suspended in a hydrogel matrix, as compared to free par-

ticles suspended in water. Hydrogels are easily applied 

and removed with improved patient compliance. Various 

gelling agents were reported in literature for the preparation 

of antimicrobial hydrogels due to their antibacterial activity 

per se, which might potentiate the efficacy of the loaded 

antimicrobial agents. Several authors reported the preparation 

of topically applied formulations intended for the delivery 

of AgNPs.21,24,29,30

The present work aimed at biological synthesis of AgNPs 

in a simple, ecofriendly, and cost-effective manner using 

fungus Fusarium verticillioides ASU1 (KT587649). A com-

parative detailed study based on the effect of three factors 

on AgNPs activity was provided. First, effect of different 

coating agents, including PEG 6000, sodium dodecyl sulfate 

(SDS), and β-cyclodextrin (β-CD), on AgNPs stability and 

antimicrobial activity was investigated. Second, various 

gelling agents, namely sodium carboxymethyl cellulose 

(Na CMC), sodium alginate (Na alginate), hydroxypropy-

lmethyl cellulose (HPMC), Pluronic F-127, and chitosan, 

were used in the preparation of AgNPs-loaded hydrogels to 

aid in the topical application of AgNPs. The effect of coat-

ing type and gelling agent on the viscosity, spreadability, 

in vitro release profile, and antibacterial activity of the 

medicated hydrogels was studied. Third, effect of type of 

bacteria on the activity of AgNPs was evaluated. Gram-

negative (Escherichia coli) and Gram-positive (MRSA and 

methicillin-sensitive S. aureus [MSSA]) bacteria were used 

to evaluate the antimicrobial activities of the various formu-

lations. Efficacy of a selected 0.1% AgNPs-loaded hydrogel 

was studied in vivo versus the commercially available 1% 

silver sulfadiazine cream (Dermazin®), and wound-healing 

and antimicrobial activities in rats and in MRSA-infected 

mouse model were compared.

Materials and methods
Materials
Silver nitrate (AgNO

3
), β-CD, Pluronic F-127, and HPMC 

were purchased from Sigma Aldrich (St Louis, MO, USA). 

Na CMC of molecular weight 30,000 Da, propylene glycol 

(PG), and PEG 6000 were purchased from Adwic, EL-Nasr 

Pharmaceutical Chemicals (Cairo, Egypt). SDS was pur-

chased from Novartis (Basel, Switzerland). Chitosan of 

molecular weight 100,000–300,000 Da was purchased from 

Acros Organics (Geel, Belgium). Na alginate was purchased 

from Judex Laboratory Reagent (Sudbury, UK).

Biological synthesis of AgNPs
Microorganism and media
The strain F. verticillioides ASU1 (KT587649), isolated 

from Zea mays seeds, was used in this study. The strain was 
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maintained on potato dextrose agar medium at 28°C±2°C 

and stored at 4°C for subsequent study.

Biosynthesis of AgNPs
For the synthesis of AgNPs, the biomass of fungus 

F. verticillioides ASU1 (KT587649) was prepared by grow-

ing the fungus in a potato dextrose broth medium. Flasks 

were inoculated, incubated on an orbital shaker at 28°C±2°C, 

and agitated at 150 rpm for 72 h. After complete incuba-

tion, the biomass was harvested by filtering through filter 

paper followed by repeated washing with distilled water to 

remove any medium components from the biomass. About 

15 g (wet weight) was brought in contact with 100 mL of 

sterilized double-distilled water for 24 h at 28°C±2°C in a 

250 mL Erlenmeyer flask and agitated again at 150 rpm. The 

cell filtrate was obtained after the incubation by passing it 

through Whatman® filter paper Number 1. The filtrate was 

treated with aqueous 1 mM AgNO
3
 solution in an Erlen-

meyer flask and incubated at room temperature. Cell-free 

filtrate without AgNO
3
 solution was also run as a control.31 

AgNPs dispersion was then centrifuged at 14,000 rpm for 

20 min. The supernatant was discarded, and the pellets were 

redispersed in distilled water, and washed three times with 

sterilized distilled water to remove the free entities and 

unbound biological molecules from AgNPs.

Characterization of the synthesized 
AgNPs
Atomic absorption spectroscopy (AAS)
The concentration of AgNPs in the suspensions was measured 

using the Buck Scientific atomic absorption spectrophotometer 

(Model 210 VGP; Norwalk, CT, USA) equipped with a silver 

hollow cathode lamp and air-acetylene flame. Standard silver 

solutions were also prepared and measured.

X-ray diffraction (XRD)
Crystalline structure of the biologically synthesized AgNPs 

powder was identified using a Philips X-ray diffractometer 

model PW 1710 (Philips, Amsterdam, the Netherlands) with 

CuKα radiation (λ =1.5405 Å), at an operating applied voltage 

of 40 kV and 30 mA current, equipped with a graphite mono-

chromator and automatic divergence slit. Measurements were 

swapped from 2θ =35° to 2θ =80° with a scanning speed of 

0.06°/min.

UV–visible spectrophotometry
The bioreduction of AgNO

3
 solution and formation of 

AgNPs by fungal extract was confirmed by scanning the 

resulted dispersion at 300–900 nm wavelength range using 

a double-beam spectrophotometer (Thermo Scientific 

Evolution™ 300 UV–Vis Spectrophotometer; Thermo Fisher 

Scientific, Waltham, MA, USA). A strong absorption of 

electromagnetic waves was exhibited by metal nanoparticles 

in the visible range due to the surface plasmon resonance 

(SPR) effect.

Transmission electron microscopy (TEM)
A drop of the biologically synthesized AgNPs dispersion 

(100 µg/mL) was placed on a carbon-coated copper grid and 

dried at room temperature. TEM micrograph of the sample 

was taken using the JEOL TEM (Model 100 CX II; Tokyo, 

Japan) at the Electron Microscopy Unit, Assiut University, 

Egypt. Size and shape of AgNPs were studied.

Coating of AgNPs
Effect of coating agents on AgNPs sedimentation rate and 

antibacterial activity was studied using different coating 

agents, namely PEG 6000 (hydrophilic polymer), SDS 

(anionic surfactant), and β-CD (cyclic oligosaccharide 

polymer), which were added separately after the biological 

synthesis of AgNPs. PEG, SDS, and β-CD solutions were 

prepared by dissolving their powders separately in distilled 

water. Then, the prepared solutions were added directly to 

the freshly prepared AgNPs suspension (500 µg AgNPs/mL) 

to obtain final concentrations of 5 and 10 mM of each coat-

ing agent. The final solutions were sonicated for 1 h using 

an ultrasonicator (Crest Ultrasonics Corp., Trenton, NJ, 

USA).28,32,33 The ability of different coating agents, prepared 

at different concentrations, to maintain the nanoparticles dis-

persed in solutions and prevent their sedimentation over time 

was studied. Stability of AgNPs dispersions (500 µg/mL) 

was examined visually after 1, 2, 3, 6, 9, and 12 months at 

4°C. Also, the coated AgNPs dispersions were scanned at 

300–900  nm using a UV–visible spectrophotometer, and 

TEM micrographs were also taken as previously described.

Dynamic light scattering (DLS) and zeta-potential 
measurements
The mean hydrodynamic diameters and size distribution 

(polydispersity indices, PDIs) of the nanoparticles in water 

as a dispersant were measured using a Zetasizer Nano ZS 

instrument (Malvern Instruments, Malvern, UK) equipped 

with a backscattered light detector operating at 173°. The 

CONTIN program was used to extract size distributions from 

the autocorrelation functions. The zeta-potential values were 

determined by laser Doppler anemometry using a Malvern 

Zetasizer Nanoseries ZS.
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Antibacterial activity assay
Bacterial strains and growth condition
The following microbial strains were used: MSSA and 

MRSA, which are Gram-positive bacteria; and E. coli, which 

are Gram-negative bacteria. All bacterial strains were clini-

cally isolated at the infection control unit (Assiut University 

Hospital). Strains were grown in Mueller–Hinton broth or 

Mueller–Hinton agar medium at 37°C. A single isolated 

colony of each bacterium was picked from the agar plate 

culture and suspended in 0.9% (w/v) sterile aqueous saline 

solution to prepare bacterial suspensions of 0.5 McFarland 

standard and diluted to give a final concentration of 108 

colony-forming units (CFU)/mL.

Minimum inhibitory concentration (MIC) and 
minimum bactericidal concentration (MBC)
In order to investigate the antibacterial activity of AgNPs 

and the role of coating agents, MIC of AgNPs dispersions 

against clinically isolated bacteria was determined using 

microtiter broth dilution method according to the guidelines 

of the Clinical and Laboratory Standards Institute.34 Sterile 

96-well rounded-bottom plates were used. AgNPs dispersions 

were sonicated before the experiment to ensure homogenous 

distribution of the particles. Mueller–Hinton broth (100 µL) 

was dispensed into all wells of the microtiter plate. Each tested 

dispersion was added to the first well, and serial twofold dilu-

tions were made. Bacterial dispersions (5 µL of 106 CFU/mL) 

were added into all wells except for the sterility control blank. 

Plates were incubated at 37°C for 24 h and evaluated for the 

MIC by visual examination of the culture turbidity. In order 

to determine the MBC of the tested AgNPs dispersions, 5 µL 

from the dilution that showed the MIC (no visible bacterial 

growth) and four of the more concentrated dilutions were 

plated, cultured at 37°C for 24 h without AgNPs supplementa-

tion, and counted to determine viable CFU/mL. The MBC is 

the lowest concentration that showed the same predetermined 

reduction in CFU/mL when compared to the MIC dilution.

Agar-well diffusion method
Another method was also used to evaluate the antibacterial 

activity of the AgNPs. Bacterial suspensions (100 µL) were 

mixed with Sabouraud agar (20 mL) in sterile petri dishes 

(9 cm in diameter), and the agar plates were allowed to solidify. 

After solidification, wells were made in the agar plates using 

a pore-maker of size 10 mM and filled with the tested AgNPs 

dispersions (200 μL of 240 µg AgNPs/mL) after sonication to 

ensure complete dispersion of the particles. Pure solutions of 

PEG, SDS, and β-CD were also used as positive growth con-

trols. Plates were incubated at 37°C for 24 h, and the diameters 

of inhibition zone were measured without subtracting the 

well diameter from the total inhibition zone diameter using a 

digital caliber.35,36 Inhibition zone diameter is an indicator of 

the antibacterial activity of AgNPs dispersions.

Formulation of AgNPs-loaded hydrogels
In order to make AgNPs dispersions applicable as topical 

treatment and to improve patient compliance, hydrogel 

formulations were prepared using five different polymer-

gelling agents. The composition of the formulated hydrogels 

containing 500 µg AgNPs per gram of hydrogel is shown in 

Table 1. As illustrated in the table, 25 formulations (F1–F25) 

were prepared by incorporating five different AgNPs disper-

sions (uncoated and 5 mM PEG-, 10 mM PEG-, 5 mM SDS-, 

and 5 mM β-CD-coated AgNPs) into each of five gelling 

polymers (Na CMC, Na alginate, HPMC, Pluronic F-127, 

and chitosan). Based on previous optimizations, PG (20%, 

w/w) was added to all the prepared hydrogels to improve 

consistency and decrease the viscosity of the hydrogel for-

mulations. In addition, PG enhances the hydrogen bonding 

between water and gelling agents, thus improving the AgNPs 

dispersion stability in the polymer network.37,38

The specified amounts (3%, w/w) of the gelling polymers 

(Na CMC, Na alginate, and HPMC) were added slowly, each 

separately, to a previously formed mixture of 20% (w/w) PG 

and specific volumes of AgNPs stock dispersions. Then, the 

mixtures were stirred continuously using a magnetic stirrer 

(Gallenkamp, Loughborough, UK) and allowed to soak over-

night for complete polymer solvation. Twenty-five percent 

(w/w) Pluronic F-127 gels were prepared by the cold method 

described by Schmolka.39 The required amount of Pluronic 

F-127 was dissolved in PG and cold AgNP dispersions. 

Dispersions were left in a refrigerator overnight. A clear 

transparent gel was obtained when the dispersion was main-

tained at room temperature. Three percent (w/w) chitosan gel 

was prepared by addition of chitosan and 1% (v/v) glacial 

acetic acid to specific amount of AgNPs dispersion and 20% 

PG using a magnetic stirrer. The pH of chitosan hydrogel 

was adjusted to 5.5 by addition of NaOH solution.

Evaluation of the prepared hydrogel 
formulations
Physical appearance
The prepared formulations were inspected visually for their 

color and homogeneity.

Viscosity and rheological behavior
The flow rheological properties of the prepared topical for-

mulations (F1–F25) were studied for blank and medicated 
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formulations (20  g) at 25°C using a Brookfield DV-III 

ULTRA programmable rheometer, model RV, T-bar spindle 

numbers 95 (Brookfield Engineering Laboratories, Inc., 

Middleboro, MA, USA). Effect of AgNPs incorporation on 

the rheological characteristics of the hydrogel formulations 

was studied. Also, the effect of coating agents and gelling 

agents on viscosity of the hydrogel formulations was investi-

gated. Measurements were performed over the range of speed 

settings from 5 to 50 rpm with 1 min interval between each 

two successive speeds to generate a complete flow curve. The 

rheograms were generated by plotting viscosity readings in 

centipoises versus spindle speed (rpm).

Spreadability
Spreadability of the prepared formulations (F1–F25) was 

determined as reported previously.40 Each formulation 

(0.25 g) was moderately pressed between two glass slides 

and left for 5 min. Diameters of the spreaded sample circles 

were measured in centimeter and taken as comparative values 

for spreadability. Results obtained were the average of three 

measurements.

In vitro release
The in vitro release of AgNPs from the prepared hydrogel 

formulations (F1–F25) was studied. One-gram sample 

of each formulation was accurately weighed and placed 

on nylon fabric bag as a donor compartment (44±15  µm 

pore size). The bag was immersed into a beaker (receptor 

compartment) containing 10 mL of double-distilled water 

as the release medium (pH 6). The system was maintained 

for 3 h at 37°C±0.5°C in a thermostatically controlled shak-

ing water bath (Gallenkamp) at 50 rpm. Aliquots of 2 mL 

were withdrawn at intervals of 0.5, 1, 1.5, 2, and 3 h, which 

were replaced by the same volume of fresh water (kept at 

the same temperature) to maintain constant volume. Samples 

were analyzed for AgNPs content spectrophotometrically at 

Table 1 Composition of AgNPs hydrogels (500 µg AgNPs/g hydrogel). AgNPs were coated with 5 mM PEG 6000, 10 mM PEG 6000, 
5 mM SDS, and 5 mM β-CD, and AgNPs-loaded hydrogels were prepared using various polymers (Na CMC, Na alginate, HPMC, 
Pluronic F-127, and chitosan)

Formulation Composition

Gelling 
agent type

Coating agent type PG

Uncoated 
AgNPs

5 mM PEG 
6000-coated 
AgNPs

10 mM PEG 
6000-coated 
AgNPs

5 mM 
SDS-coated 
AgNPs

5 mM 
β-CD-coated 
AgNPs

F1 3% Na CMC  20%

F2 
F3 
F4 
F5 
F6 3% Na 

alginate


F7 
F8 
F9 
F10 
F11 3% HPMC 
F12 
F13 
F14 
F15 
F16 25% Pluronic 

F-127


F17 
F18 
F19 
F20 
F21 3% Chitosan 
F22 
F23 
F24 
F25 

Abbreviations: AgNPs, silver nanoparticles; PEG, polyethylene glycol; SDS, sodium dodecyl sulfate; β-CD, β-cyclodextrin; Na CMC, sodium carboxymethyl cellulose; 
Na alginate, sodium alginate; HPMC, hydroxypropylmethyl cellulose; PG, propylene glycol.
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λ
max

 420 nm against a blank sample that was similarly treated. 

Results were compared to the AgNPs dispersion of same con-

centration. All experiments were carried out in triplicates, and 

the average values were calculated. Kinetics of the AgNPs 

release data from the prepared hydrogels was analyzed, and 

details are provided in the Supplementary materials.

Antibacterial activity using agar-well diffusion method
In order to evaluate the release of the loaded AgNPs from 

the hydrogels (F1–F25) in the agar plates and their antibacte-

rial activity, the prepared medicated formulations (200 μg 

of 500 µg AgNPs/g) were loaded inside agar wells. Plates 

were incubated at 37°C for 24 h, and then were examined 

for the diameters of the bacterial growth inhibition zone as 

previously described. Blank hydrogel formulations were also 

tested as positive control.

In vivo studies
Based on the previous in vitro studies and characteriza-

tions, 0.1% 10  mM PEG-coated-AgNPs-loaded Na CMC 

hydrogel (F3) was selected for the in vivo studies. The in vivo 

studies involved the evaluation of wound-healing-promoting 

activity of AgNPs-loaded hydrogel as described previously.30 

Then, in vivo antibacterial activity was evaluated,41 and 

the protocols were approved by the Assiut University Ani-

mal Ethical Committee. Ethical and legal approvals were 

obtained prior to the commencement of the study and all 

the animal experiments were approved by the Institutional 

Animal Ethical Committee of Faculty of Pharmacy, Assiut 

University, and it adheres to the Guide for the Care and Use 

of Laboratory Animals, 8th Edition, National Academies 

Press, Washington, DC, USA.

In vivo wound-healing efficacy
The wound-healing activity of the prepared 0.1% 10 mM 

PEG-coated-AgNPs-loaded Na CMC hydrogel (selected 

formulation, F3) was investigated. Ten adult female rats 

aged 8–10 weeks and weighing 200–250  g were used. 

Animals were purchased from the Animal Facility of the 

Faculty of Medicine (Assiut University, Egypt). Rats were 

divided randomly into two groups (n=5). Group I served 

as test group which received 0.1% AgNPs hydrogel (F3), 

and group II served as a control and received the com-

mercially available 1% silver sulfadiazine cream. Rats 

were kept in large cages and allowed food and water ad 

libitum. Rats were anesthetized using intraperitoneal (IP) 

thiopental injections, and were then shaved on their dorsal 

surfaces. A circular piece of full-thickness skin (1×1 cm2) 

from each rat was excised using scissors, and wound was 

left undressed to the open environment.42 Treatment of both 

groups was started at the day of wound creation and lasted 

for 10 d. Rate of healing in both groups, represented by 

percent wound contraction, was assessed and compared. 

Percent wound contraction was determined according to 

the following equation:

	
 

% wound

contraction
 

Wound area day 0 Wound area day 

Woun
=

− n

dd area day 0
100 ×

�

In vivo antibacterial activity
The antibacterial activity of 0.1% 10  mM PEG-coated-

AgNPs-loaded Na CMC hydrogel (selected formulation, F3) 

was evaluated using a superficial skin infection model41 

using MRSA strain in animals and compared with that of 

1% silver sulfadiazine cream, hydrogel blank formulation 

(3% Na CMC blank hydrogel), and a group of animals with 

no treatment as a control group.

Twenty adult female mice were used in this study. All 

mice were 6–8  weeks old and weighing 20–25  g. Mice 

were purchased from the Animal Facility of the Faculty of 

Medicine (Assiut University, Egypt). Experimental study 

design is presented in Figure 1. Mice were housed in large 

cages (five animals per cage) and allowed food and water ad 

libitum. Four days and 1 d prior to the infection, mice were 

injected intraperitoneally with two doses of Endoxan®200 

(cyclophosphamide). The first dose of cyclophosphamide 

was 150 mg/kg followed by a second dose of 100 mg/kg. 

Cyclophosphamide was reported to reduce the mice periph-

eral blood neutrophils to ,100/µL blood, thus providing a 

susceptible environment for infection.41 Mice were anesthe-

tized with IP thiopental injections, and then shaved on their 

dorsal surfaces. Skin wounds were created using the abrasion 

method which was applied on the dorsal surfaces of mice 

using 24-gauge needles. Crossed scratch lines (6×6) were 

created in a 1 cm2 area with damaged stratum corneum and 

upper layer of the epidermis, without affecting the dermis. 

Five minutes after wounding, an aliquot of MRSA suspen-

sion (100 µL of 108 CFU/mL in phosphate-buffered saline) 

was inoculated over each defined area containing the crossed 

scratches with a micropipette tip. Animals were divided into 

four groups each containing five animals and received the 

specified treatment 1 d postinfection according to each group 

(0.5 g/d for 15 d). Group I was treated with the prepared 0.1% 

AgNPs gel formulation (F3), group II was treated with the 

commercially available 1% silver sulfadiazine cream, group 

III was treated with the blank hydrogel formulation (hydrogel 
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without AgNPs), and group IV was the control (without any 

application).

Swabs from the surface of the crossed scratches were 

taken using a sterilized cotton swab at 1  d (just before 

treatment), and at 3, 6, 9, and 15 d postinfection. MRSA 

(CFU/mL) were counted after serial dilution of the bacterial 

swab and cultured on a selective solid agar media (mannitol 

salt agar), and then incubated for 24 h at 37°C.

Histopathological examinations
Light microscope examination using hematoxylin and 
eosin stain
To assess morphological alterations during the in vivo anti-

bacterial activity study, the tissue samples from the mice 

back skin were harvested after euthanizing the mice and 

were processed routinely for light microscopic examination. 

Skin sections were evaluated for intercellular and intracel-

lular epidermal edema, dermal edema, and inflammation. 

For the histological examinations by light microscope, 

small fresh pieces from the skin were taken from the four 

groups, fixed in 10% of neutral buffered formalin (pH 7.2), 

dehydrated in graded series of ethanol, cleared in methyl 

benzoate, and then embedded in paraffin wax. Thin paraf-

fin sections (5 µm) were prepared and stained with Harris’s 

hematoxylin and eosin.

Transition electron microscope examination
To visualize the AgNPs diffusion from the hydrogel into the 

epidermal layers of the skin surface, TEM was used. Selected 

skin tissues were fixed in 2% glutaraldehyde followed by 

osmium tetroxide and then dehydrated in ascending con-

centrations of ethanol. Samples were embedded in Epon 

812 according to the protocol of the Electron Microscopy 

Unit (Assiut University, Egypt). Semi-thin (1 µm) sections 

were cut on an Ultracut E ultramicrotome using a diamond 

knife, stained with toluidine blue, and examined by light 

microscope. Finally, ultrathin sections (60  nm) were cut 

with an ultramicrotome (Reichert Ultracuts), contrasted 

with an uranyl acetate and lead citrate, and examined with 

a transmission electron microscope (JEOL TEM 100 CXII) 

at 80 kV and imaged.43

Statistical analysis
Statistical analysis was performed using SPSS statistical 

package.44 Basic statistical parameters (mean, standard devia-

tion, or standard error) of the presented data were estimated. 

According to the number of the studied factors, results were 

subjected to one-, two-, and three-way analysis of variance 

(ANOVA) to study the simple and main effects between 

levels of the different factors (coating agents, gelling agents, 

and/or bacterial type). Test of homogeneity was carried out. 

Figure 1 Graphical chart represents the design of the study on the in vivo antibacterial activity of AgNPs.
Abbreviations: AgNPs, silver nanoparticles; IP, intraperitoneal; CFU, colony-forming units; MRSA, methicillin-resistant Staphylococcus aureus; Na CMC, sodium 
carboxymethyl cellulose.
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Homogeneity of variance was evident in most cases and 

assumed in other cases. Tukey’s post hoc test was carried out 

for each factor, and the homogenous subsets were identified 

at 0.05 level of significance.

Results and discussion
Biosynthesis and characterization of  
AgNPs
AgNPs were produced using a simple, fast, clean, benign, 

and ecofriendly alternative method to the complex chemi-

cal synthetic methods, where the crude fungal extract acts 

as reducing agent.45 Several groups have utilized the crude 

extract of fungi for myco-synthesis of AgNPs.31,46,47 Different 

studies have discussed the fabrication of AgNPs based on 

fungi-assisted bioreduction processes, as well as their anti-

bacterial activities.20,48,49 The fungus Fusarium sp. can reduce 

aqueous silver ions extracellularly to generate AgNPs.46 The 

process of silver ions reduction occurs through the action 

of both reductase enzymes and electron shuttle quinones.47 

In addition, biological nanoparticle synthesis often yields 

a more consistent size distribution pattern, as compared 

to other methods. In order to ensure the reproducibility of 

AgNPs yield and characteristics, synthetic conditions, such 

as duration, pH, temperature, and AgNO
3
 starting concentra-

tion, were optimized. The optimal conditions for maximum 

AgNPs production were pH 7, 1  mM concentration of 

AgNO
3
, and 24 h incubation time.

The production of AgNPs in the solution was confirmed 

by visual detection of the color transformation from trans-

parent to pale brown. The concentration of the synthesized 

AgNPs stock dispersion was measured using the AAS. XRD 

pattern of AgNPs synthesized using the fungus F. verticil-

lioides extract is shown in Figure S1. The sharp peaks in the 

pattern indicate the existence of the silver and the crystalline 

nature of the biologically synthesized AgNPs. The four dis-

tinguished reflections at 38.1°, 44.3°, 64.5°, and 77.5° in the 

XRD pattern are indexed to the (111), (200), (220), and (311) 

crystallographic planes of the face-centered cubic structure 

of silver, respectively (JCPDS file no 00-004-0783).

AgNPs were coated with PEG 6000, SDS, and β-CD to 

improve the stability of the nanoparticles and reduce the growth 

of the particles via trapping of seeds and steric repulsion. 

Silver particles were characterized using different analytical 

techniques. UV–visible absorption spectra of the prepared 

AgNPs dispersions (before and after coating) were recorded 

in the range of 300–800 nm using a double-beam UV–visible 

spectrophotometer (Figure 2). Spectra of AgNPs dispersions 

exhibited a single SPR absorption band with a maximum of ca. 

420 nm that indicated the presence of spherical nanoparticles.16 

Pal et al16 reported that the number of SPR peaks decreases as 

the symmetry of the nanoparticles increases, and they found 

that spherical AgNPs show only one peak, whereas disks and 

triangular nanoplates show two or more peaks. Coating of 

AgNPs using different materials led to an increase in the peak 

intensity. Furthermore, this peak intensity increase was directly 

proportional to the polymer concentration. PEG-coated AgNPs 

dispersions of 5 and 10 mM concentrations showed a slight 

red shift to 450 nm. SPR of metal nanoparticles absorption 

spectra is usually shifted to longer wavelengths when particle 

size increases.16 Size of AgNPs was determined using DLS and 

TEM imaging. The morphology of the particles was studied by 

TEM. Representative TEM micrographs of 5 mM PEG-, SDS-, 

and β-CD-coated and uncoated AgNPs are shown in Figure 3. 

Most of the nanoparticles were homogenous and spherical in 

shape, and the average particle size was 19.2±3.6, 13±4, 14±4.4, 

and 15.7±4.8 nm for 5 mM PEG-, SDS-, and β-CD-coated and 

uncoated AgNPs, respectively (n=50). Histograms (right-hand 

insets in the figures) indicate the AgNPs size distribution. There 

were no significant differences (P.0.05) between the sizes of 

AgNPs measured using TEM. Therefore, DLS technique was 

exploited to measure the hydrodynamic size in water disper-

sions. Particle size measured using DLS was bigger than that 

obtained from TEM micrographs (Table 2) because DLS mea-

sures the hydrodynamic diameter of the particles.50 In addition, 

Figure 2 UV–visible spectrophotometric spectra of AgNPs dispersions: (1) 5 mM 
PEG-coated AgNPs; (2) 10 mM PEG-coated AgNPs; (3) 5 mM SDS-coated AgNPs; 
(4) 10 mM SDS-coated AgNPs; (5) 5 mM β-CD-coated AgNPs; (6) 10 mM β-CD-
coated AgNPs; and (7) uncoated AgNPs and their solutions without AgNPs (blank 
solutions).
Abbreviations: AgNPs, silver nanoparticles; PEG, polyethylene glycol; SDS, sodium 
dodecyl sulfate; β-CD, β-cyclodextrin; UV, ultraviolet.
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Figure 3 Representative TEM micrographs for the aqueous dried AgNPs (100 µg AgNPs/mL): (A) uncoated AgNPs; (B) SDS-coated AgNPs; (C) PEG-coated AgNPs 
(×100,000); (D) β-CD-coated AgNPs (×140,000) with sizes =15.7±4.8, 13±4, 19.2±3.6, and 14±4.4 nm, respectively (n=50, bar represents 100 nm). Insets indicate histograms 
of AgNPs size distribution.
Abbreviations: TEM, transmission electron microscopy; AgNPs, silver nanoparticles; SDS, sodium dodecyl sulfate; PEG, polyethylene glycol; β-CD, β-cyclodextrin.

Table 2 Characterizations of the AgNPs dispersions in terms of size, PDI, and zeta-potential. Size was measured by using DLS and TEM

AgNPs dispersion DLS: average particle 
size ± SD (nm)

DLS: average 
PDI ± SD

TEM: average particles 
size ± SD (nm)

Zeta-potential ± SD 
(mV)

5 mM PEG-coated AgNPs 54.2a±8.1 0.3±0.0 19.2a±3.6 15.5a±0.9
10 mM PEG-coated AgNPs 77.7b±11.0 0.3±0.0 – 11.9b±0.6
5 mM SDS-coated AgNPs 43.3a±4.4 0.5±0.1 13.0a±4.0 25.3c±1.3
10 mM SDS-coated AgNPs 57.2a±10.0 0.4±0.1 – 28.2d±0.9
5 mM β-CD-coated AgNPs 86.4b±3.2 0.4±0.0 14.0a±4.4 17.8a±1.1
10 mM β-CD-coated AgNPs 86.3b±12.6 0.3±0.0 – 15.2a±0.7
Uncoated AgNPs 48.5a±14.3 0.3±0.0 15.7a±4.8 20.1a±1.5

Note: a–dRefer to significant differences between different groups at the same column.
Abbreviations: AgNPs, silver nanoparticles; PDI, polydispersity index; DLS, dynamic light scattering; TEM, transmission electron microscopy; SD, standard deviation; 
PEG, polyethylene glycol; SDS, sodium dodecyl sulfate; β-CD, β-cyclodextrin.
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Ma et al51 have reported that the increased size obtained from 

DLS over TEM is due to the coating effect that decreased the 

particle diffusivity, thus resulting in a larger hydrodynamic 

size. DLS measurements of 5 and 10 mM SDS-coated AgNPs 

and 5 mM PEG-coated AgNPs were not significantly different 

(P.0.05) from that of uncoated AgNPs; however, increasing 

the concentration of PEG from 5 to 10 mM increased the 

hydrodynamic size significantly from 54.2 to 77.7 nm. PDIs of 

all the AgNPs dispersions were ,0.5, thus indicating a narrow 

and homogenous particle size distribution (Table 2).52,53 The 

surface charges of the synthesized AgNPs were determined 

by zeta-potential measurements (Table 2). Uncoated AgNPs 

showed a negative zeta-potential of -20.1 mV which was 

decreased upon coating with 5 and 10 mM of neutral PEG 

to -15.5 and -11.9 mV, respectively. Coating of the AgNPs 

with 5 and 10 mM of the anionic surfactant SDS increased the 

negative charge significantly (P,0.05) to -25.3 and -28.2 mV, 

respectively. Sundararajan et al54 have reported that particles 

that possess zeta-potential values .+30 and ,-30 mV are 

relatively stable. In the current study, AgNPs were stabilized 

by both electrostatic and steric repulsions.

Effect of coating agent on the 
sedimentation rate of AgNPs in water
The rates of sedimentation of the prepared dispersions of 

AgNPs were evaluated visually at 4°C, and imaged at dif-

ferent time intervals for 1 year, and are shown in Figure 4. 

It is evident that 10 mM PEG-coated AgNPs formed a stable 

dispersion without any particles aggregation and sedimenta-

tion for ca. 9 months, whereas lower concentration of the 

same polymer (5 mM) afforded stability for ca. 3 months. 

On the contrary, sedimentation of uncoated, 5 and 10 mM 

SDS-coated, and 5 and 10 mM β-CD-coated AgNPs from 

their colloidal dispersions was significant after the first 

month. Coating layers are reported to increase the stability 

of the particles by enhancing the electrostatic (as in the case 

of anionic SDS) or steric (as in the case of neutral PEG 

and β-CD) repulsion.55 AgNPs stabilized with steric repul-

sion (ie, PEG) are usually more stable than those stabilized 

via electrostatic repulsion (ie, SDS).55 Stiufiuc et al56 have 

demonstrated that coating AgNPs with PEG increased not 

only the steric distance between nanoparticles but also the 

hydrophilicity via hydrogen bonds formation with the sol-

vent, thus preventing particles aggregation.

MIC and MBC
Table 3 summarizes the MIC and MBC values of the 

different AgNPs dispersions against both Gram-positive 

(MRSA and MSSA) and Gram-negative bacteria (E. coli). 

In the current study, MIC and MBC values of the studied 

AgNPs dispersions against MSSA, MRSA, and E. coli 

bacteria were in the range of 0.93–7.5 and 3.7–15  µg/

mL, respectively. The high antibacterial activity of the 

nanoparticles could be due to their small size (in the range 

of 13±4 to 19.2±3.6 nm), and subsequently large surface 

area of the particles. Several authors have reported that the 

antibacterial activity of AgNPs increases upon reduction 

of their particles size due to the increase in the surface 

area which allows greater contact with bacterial cells.57–59 

Ansari et al57 studied the antibacterial activity of AgNPs 

(5–10 nm) against clinically isolated MSSA and MRSA, 

and reported that their MIC and MBC were in the range of 

12.5–50 and 12.5–100 µg/mL, respectively. In the present 

work, the antibacterial activity of AgNPs dispersions was 

higher, which might be due to the difference in AgNPs 

synthetic method and the sources of the bacterial strains 

utilized in the two studies.

MIC and MBC values were subjected to two-way 

ANOVA without replicates to investigate the effects of 

coating agent and bacterial type in the study (Table 3). PEG, 

SDS, and β-CD were studied previously as coating agents to 

Figure 4 Effect of coating type on AgNPs (500 µg AgNPs/mL) sedimentation rate 
in water over time: (a) 5 mM PEG-coated AgNPs; (b) 10 mM PEG-coated AgNPs; 
(c) 5 mM SDS-coated AgNPs; (d) 10 mM SDS-coated AgNPs; (e) 5 mM β-CD-coated 
AgNPs; (f) 10 mM β-CD-coated AgNPs; and (g) uncoated AgNPs.
Abbreviations: AgNPs, silver nanoparticles; PEG, polyethylene glycol; SDS, sodium 
dodecyl sulfate; β-CD, β-cyclodextrin.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2017:12 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

769

Synthesis and in vitro and in vivo evaluation of AgNPs-loaded hydrogels

enhance the antibacterial activity of AgNPs, as compared to 

the naked nanoparticles.10,19 In the present work, the effect of 

two different concentrations (5 and 10 mM) of PEG, SDS, 

and β-CD as coating agents on the antibacterial activity of 

AgNPs was studied. Neither the change in the type of coating 

nor the concentration of the coating materials had significant 

effect on the MIC and MBC values of AgNPs (P=0.0468 and 

P=0.061, respectively).

Bacterial types included Gram-negative bacteria repre-

sented by E. coli and Gram-positive bacteria represented by 

two strains, MRSA and MSSA. MIC and MBC values of 

different AgNPs dispersions against E. coli were significantly 

higher than those against MRSA and MSSA (P,0.0001 

and P,0.01, respectively). Also, the effect of AgNPs dis-

persions against sensitive (MSSA) and resistant (MRSA) 

Gram-positive bacteria was studied. MIC values of AgNPs 

dispersions against MRSA showed twofold significant 

increase than those against MSSA (P.0.0001). However, 

MBC values against both MRSA and MSSA showed no 

significant difference, which indicates that AgNPs activity 

was not affected by the different resistance mechanisms 

exerted by MRSA.8

The effect of AgNPs dispersions on the bacterial 

growth was confirmed using agar-well diffusion method 

(Table 4). Results indicated that the effects of coating 

agents and bacterial type on the measured inhibition 

zones were similar to those obtained from MIC and MBC 

measurements. MSSA and MRSA were significantly 

(P,0.01) more sensitive to the antibacterial effect of the 

AgNPs dispersions than E. coli which exhibited the lowest 

Table 3 MIC and MBC of AgNPs dispersions against MSSA, MRSA, and Escherichia coli determined using microtiter plate method. 
Statistical data indicate the effect of bacterial type on the MIC/MBC of the prepared AgNPs, either uncoated or coated with various 
materials, regardless of the coating type

Dispersion (240 μg  
AgNPs/mL)

MIC (µg/mL) MBC (µg/mL)

MSSA MRSA E. coli MSSA MRSA E. coli

Dispersion (240 µg AgNPs/mL)
5 mM PEG-coated AgNPs 1.87 3.75 7.50 7.50 7.50 15.00
10 mM PEG-coated AgNPs 1.87 3.75 7.50 7.50 7.50 15.00
5 mM SDS-coated AgNPs 0.93 1.87 7.50 3.75 3.75 7.50
10 mM SDS-coated AgNPs 1.87 3.75 3.75 7.50 7.50 3.75
5 mM β-CD-coated AgNPs 1.87 3.75 7.50 3.75 3.75 7.50
10 mM β-CD-coated AgNPs 1.87 3.75 7.50 7.50 3.75 7.50
Uncoated AgNPs 1.87 3.75 7.50 7.50 7.50 15.00

Main effects of bacteria ± SD 1.70a±0.35 3.80b±0.35 6.90c±0.35 6.40a±0.93 5.80a±0.93 10.20b±0.94

Note: a–cRefer to significant differences between different groups.
Abbreviations: MIC, minimum inhibitory concentration; MBC, minimum bactericidal concentration; AgNPs, silver nanoparticles; MSSA, methicillin-sensitive Staphylococcus 
aureus; MRSA, methicillin-resistant S. aureus; PEG, polyethylene glycol; SDS, sodium dodecyl sulfate; β-CD, β-cyclodextrin; SD, standard deviation.

Table 4 Determination of inhibition zones for different AgNPs dispersions against MSSA, MRSA, and Escherichia coli using agar-well 
diffusion method. Statistical data indicate the main effects of bacterial type on the inhibition zones, regardless of the coating type, and 
the main effects of coating agents, regardless of the bacterial type

Dispersion (240 μg  
AgNPs/mL; 200 μL)

Zone of inhibition ± SD (mm) (n=3) Main effects of 
coating ± SD (mM)MSSA MRSA E. coli

Dispersion (240 µg AgNPs/mL; 200 µL)
5 mM PEG-coated AgNPs 22.0a±0.5 21.0a±0.5 16.0b±0.0 19.7A±0.2
10 mM PEG-coated AgNPs 23.0a±0.5 22.0a±0.0 16.0b±0.0 20.2A±0.2
5 mM SDS-coated AgNPs 25.0a±0.5 23.0b±0.0 18.0c±0.5 21.7B±0.2
10 mM SDS-coated AgNPs 25.0a±0.0 24.0a±0.0 19.0b±1.5 22.5C±0.2
5 mM β-CD-coated AgNPs 23.0a±0.5 21.0b±0.0 17.0c±1.0 20.2A±0.2
10 mM β-CD-coated AgNPs 23.0a±0.5 22.0a±0.0 17.0b±0.0 20.3A±0.2
Uncoated AgNPs 22.0a±0.5 21.0a±0.5 16.0b±0.0 19.7A±0.2

Main effects of bacteria ± SD (mM) 22.8a±0.1 22.1a±0.1 16.7b±0.1

Notes: a–cRefer to significant differences at the same row (between bacterial types). A–CRefer to significant differences at the same column (between coating agents).
Abbreviations: AgNPs, silver nanoparticles; MSSA, methicillin-sensitive Staphylococcus aureus; MRSA, methicillin-resistant S. aureus; SD, standard deviation; PEG, polyethylene 
glycol; SDS, sodium dodecyl sulfate; β-CD, β-cyclodextrin.
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inhibition zone. The sensitivity of both MSSA and MRSA 

to AgNPs dispersions was similar (P.0.01), except in the 

case of 5 mM SDS-coated AgNPs and 5 mM β-CD-coated 

AgNPs. Regarding the coating materials, there were no 

significant differences in the antibacterial activity of 

AgNPs dispersions (P.0.01), except for 5 and 10  mM 

SDS-coated AgNPs. SDS-coated AgNPs exerted a slightly 

enhanced activity, which might be due to SDS ability to 

disrupt bacterial cell wall and increase its permeability.19 

Some studies reported a higher sensitivity for E. coli than 

S. aureus toward AgNPs.23,60,61 This was explained by 

the different characteristics of Gram-positive and Gram-

negative bacteria in the membrane structure particularly 

in the thickness of the peptidoglycan layer.59 However, 

several authors reported that the antibacterial activity of 

AgNPs dispersions is more pronounced in case of MSSA 

and MRSA, as compared to E. coli.10,20,62,63 Therefore, the 

bacterial membrane structure is not the only factor that 

affects the antibacterial activity of nanoparticles, but also 

the sources of the bacterial strains.

Evaluation of AgNPs-loaded hydrogels
The formulated AgNPs hydrogels (F1–F25) were homog-

enous with brownish color due to the presence of AgNPs, 

while the blank hydrogels were transparent. Formulation 

F24 (5 mM SDS-coated AgNPs loaded in 3% [w/w] chitosan 

hydrogel) precipitated immediately after preparation, which 

could be due to interaction between the anionic surfactant 

SDS and the positively charged chitosan polymer (gelling 

agent). Hence, this formulation was excluded from further 

characterizations and studies.

In order to study the flow behavior of the formulations, 

viscosity values were plotted against spindle speeds (rpm) 

and examined for the shape of the generated rheograms. 

It was noticed from the rheograms (Figure S2) that all the 

prepared AgNPs-loaded hydrogel formulations showed a 

pseudoplastic behavior (shear thinning behavior). Hydro-

gels with shear thinning behavior flow constantly under 

shear stress and recover quickly after stress removal.64 

This behavior is prerequisite for gel formulations intended 

for topical applications to fulfill the filling and application 

requirements.65 Although incorporation of AgNPs within the 

polymer network of the prepared hydrogels did not affect 

flow behavior, it decreased viscosity when compared to 

the blank hydrogels (data not shown). Generally, uncoated 

AgNPs-loaded hydrogels exhibited the highest viscosity 

followed by those loaded with PEG-coated AgNPs. AgNPs-

loaded hydrogels formulated using chitosan and Pluronic 

F-127 as gelling agents exhibited the highest viscosity, while 

those prepared using HPMC showed the lowest viscosity. 

Similar to the viscosity study, hydrogels with low viscosity 

showed high spreadability (data not shown).

Release studies showed that hydrogel formulations exhib-

ited AgNPs release (30%–90%) when compared to AgNPs 

dispersion (100%) after 3  h. All the prepared hydrogels 

released AgNPs at a concentration ($10 µg AgNPs after 

30 min) that exceeded their MIC against MSSA, MRSA, and 

E. coli (0.93–7.5 µg/mL). AgNPs-loaded hydrogels could 

be used as promising topical antibacterial formulations that 

allow rapid release of AgNPs, and hence, rapid antibacterial 

effect at the infection sites before disease progression or gel 

clearance occurs.

Time-dependent in vitro release of AgNPs over 3  h 

from all the studied hydrogel formulations is shown in 

Figure S3. Differences in the release of AgNPs from the 

prepared hydrogel formulations after 1.5 h were evaluated 

using two-way ANOVA to study the effect of coating agent 

and gelling polymer (Table S1). Na CMC, Na alginate, and 

chitosan hydrogels loaded with 5 mM β-CD-coated AgNPs 

exhibited the lowest release rate, which might be due to the 

crosslinking that occurred between cyclodextrin and the 

polymer matrices which retarded AgNPs release. Bibby et al66 

reported a crosslinking between CD and polymeric formu-

lations which resulted in a decrease in the polymer mesh 

size, thus decreasing drug release. Izawa et al67 designed a 

unique system for controlled release of ondansetron which 

was composed of β-CD crosslinked with alginate as the 

main chain polymer. Many authors reported the advantages 

of using β-CD and chitosan together in controlling drug 

release from polymeric matrices.68,69 Regarding other coating 

agents, the release from hydrogel formulations was in the 

following descending order: 10  mM PEG-, 5  mM PEG-, 

and 5 mM SDS-coated-AgNPs-loaded and uncoated AgNPs-

loaded formulations. The resulted release patterns of 10 mM 

PEG-coated-AgNPs-loaded hydrogel might be attributed 

to its low viscosity, whereas the higher viscosity exhibited 

by uncoated AgNPs-loaded hydrogels resulted in a slower 

release pattern. Analysis of the kinetics of the in vitro release 

of AgNPs demonstrated that the release kinetics of AgNPs 

from most of the hydrogel formulations was best fitted to 

Higuchi diffusion model. Further details are provided in the 

Supplementary materials (Table S2).

Antibacterial activity of hydrogels
Agar-well diffusion method was used to evaluate the 

release of AgNPs in the agar plates and their subsequent 
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antimicrobial activity and zones of bacterial growth inhibi-

tion (Figure 5). All the tested formulations demonstrated anti-

bacterial activities. The bacterial inhibition zone data were 

analyzed by factorial ANOVA, to study the main effects of 

gelling polymers, coating agents, and bacterial type. No zone 

of inhibition was obtained with the control gel formulations 

(without AgNPs). Gelling agents included five levels (Na 

CMC, Na alginate, HPMC, Pluronic F-127, and chitosan), 

and coating agents also had five levels (no-coat, 5 mM PEG 

6000, 10 mM PEG 6000, 5 mM SDS, and 5 mM β-CD), 

while bacteria comprised three levels (MSSA, MRSA, and 

E. coli). Similar to what has been observed in the antibacterial 

activity study of AgNPs dispersions, AgNPs with different 

coating agents showed similar (P.0.001) effect on the 

bacterial growth inhibition zone with all the studied gelling 

agents except for Na alginate gel and Pluronic F-127 gel, 

where using 5 mM SDS-coated AgNPs showed an increase 

in the bacterial growth inhibition zones. Formulations with 

different gelling agents showed significant differences in 

the bacterial growth inhibition zones where the zones of 

inhibition for the Na CMC, Na alginate, and Pluronic F-127 

gelling agents were significantly (P,0.001) wider than those 

of HPMC and chitosan. Regarding the bacterial type, all the 

formulations showed significant differences in the bacterial 

growth inhibition zones between E. coli and both MSSA and 

MRSA, where the latter two bacteria demonstrated higher 

sensitivity to the AgNPs-loaded hydrogels. These results 

were similar to those obtained from the determination of 

MIC and MBC, and agar-well diffusion methods for the 

AgNPs dispersions (vide supra). In conclusion, the most 

evident effect on the bacterial growth inhibition zones was 

for the bacterial type, followed by the gelling agent and the 

coating type.

In vivo studies
From the previous in vitro studies and characteristics of the 

prepared formulations, it was noticed that, although SDS-

coated AgNPs showed a slight increase in the antibacterial 

activity in the agar-well diffusion study, 10 mM PEG-coated 

AgNPs dispersion was preferred. The use of PEG as a coating 

agent resulted in a stable dispersion without any particles 

aggregation or sedimentation for at least 9 months. PEG-

coated-AgNPs-loaded hydrogel also showed faster release of 

the loaded AgNPs from the hydrogels. Hydrogels prepared 

using 10 mM PEG as the coating agent and 3% Na CMC as 

the gelling agent had the most reasonable viscosity values 

among the tested AgNPs-loaded hydrogels, in addition to 

an intermediate spreadability and good consistency. Hence, 

formulation (F3) that contains 10 mM PEG and 3% (w/w) Na 

CMC was selected for the further animal studies to investi-

gate the in vivo efficacy of AgNPs. First, the wound-healing 

efficacy and prevention of initial growth of any bacteria 

at wound sites were studied. Second, the efficacy against 

MRSA-infected wound model was investigated.

Wound healing
Dermal wound healing is a complicated process that involves 

proper harmony between several skin components to allow 

for the repair of the damaged tissues and to restore the normal 

skin functions.70 The use of a broad-spectrum antibacterial 

agent (eg, AgNPs) that provides a septic environment might 

aid in the effective wound repair. Liu et al71 highlighted the 

role of AgNPs in wound-healing process and demonstrated 

that AgNPs could enhance reepitheilalization and wound 

contraction process. Ten adult female rats were used and 

divided randomly into two groups (n=5). After skin exci-

sion, the wound was left undressed to the open environment. 

Figure 5 Bacterial inhibition zones of AgNPs-loaded hydrogels against MSSA, MRSA, and Escherichia coli using agar-well diffusion method, where F1–F5, F6–F10, F11–F15, 
F16–F20, and F21–F25 are Na CMC, Na alginate, HPMC, Pluronic F-127, and chitosan hydrogels loaded with AgNPs, respectively.
Abbreviations: AgNPs, silver nanoparticles; MSSA, methicillin-sensitive Staphylococcus aureus; MRSA, methicillin-resistant S. aureus; Na CMC, sodium carboxymethyl 
cellulose; Na alginate, sodium alginate; HPMC, hydroxypropylmethyl cellulose.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2017:12submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

772

Mekkawy et al

Group I received 0.1% AgNPs hydrogel (F3), and group II 

received the commercially available 1% silver sulfadiazine 

cream. Treatment of both groups was started at the day 

of wound creation and lasted for 10 d. Group I exhibited 

faster wound closure as compared to group II that received 

the commercially available cream, as demonstrated by the 

higher percentage of wound contraction during the experi-

ment as compared to the values measured for the commercial 

silver sulfadiazine cream (Figure 6). Similar observations 

were obtained by Tian et al42 who investigated the wound-

healing efficacy of AgNPs-coated dressing in different dia-

betic and nondiabetic animal wound models. Rapid wound 

healing with better scar appearance and normal hair growth in 

the AgNPs-treated group, as compared to silver sulfadiazine-

treated group, was observed. Franková et al72 have studied 

the in vitro effect of AgNPs as wound-healing promoters. 

They have reported that AgNPs decreased the release of some 

pro-inflammatory cytokines and growth factors from normal 

human epidermal keratinocytes (NHEKs) and normal human 

dermal fibroblasts after 24 h at all the studied AgNPs concen-

trations (0.25, 2.5, and 25 µg/mL). Other authors studied the 

effect of different concentrations of polyvinylpyrrolidone-

coated AgNPs on NHEKs and reported that AgNPs decreased 

the keratinocytes viability, metabolism and proliferation, 

and their migratory potential.73 However, they mentioned 

that the effect might be different in vivo as keratinocytes are 

surrounded by other types of cells that protect them against 

harmful stimuli. In our in vivo wound-healing study, 0.1% 

AgNPs-loaded hydrogel promoted wound healing more than 

the commercially available 1% silver sulfadiazine.

In vivo antibacterial activity
Skin cuts and abrasions are susceptible to infections, and it is 

important to rapidly eradicate the bacteria from the infectious 

lesions to allow for rapid wound healing and to reduce the 

morbidity rate.74 MRSA is the main cause of worldwide 

nosocomial infections and usually causes superficial lesions 

in human skin, localized abscesses, septicemia, pneumonia, 

and bacteremia.8 The antibacterial activity of the biologi-

cally synthesized 0.1% 10 mM PEG-coated-AgNPs-loaded 

Na CMC hydrogel (F3) against MRSA-infected skin model 

was tested in mice. Dai et al41 reported that this experimental 

model produces a chronic and stable wound infection which 

might develop a severe morbidity or mortality in mice. All the 

studied groups were observed, and representative mice skin 

abrasion wounds were imaged daily at different time intervals 

(Figure 7). The group treated with AgNPs-loaded hydrogel 

(F3) showed more efficient healing of the infected abrasion 

as compared to the group treated with the silver sulfadiazine 

cream. No healing was observed in the infected wounds of 

the untreated and blank hydrogel-treated mice groups, in 

addition to oozing of pus at the infected sites. Wound swabs 

from each group were taken at different time intervals and 

cultured on a selective agar media to measure the growth of 

the microorganisms. The average bacterial count in the mice 

groups before beginning of the treatment (1 d) was ca. 5×105 

CFU/mL. The percentages of bacterial count (as compared to 

the control untreated group) in the mice skin infected abra-

sions (n=5) at different time intervals after daily application 

of the topical treatments were calculated and are presented 

in Figure 8. The mice group treated with 0.1% AgNPs 

hydrogel (F3) exhibited a significantly (P,0.05) faster 

and superior bacterial growth reduction when compared to 

the other groups during the 15 d of the treatment. AgNPs 

hydrogel-treated skin exhibited 20.5% of the bacterial count 

in the control untreated skin versus 44.7% and 94.5% for the 

silver sulfadiazine cream- and blank hydrogel-treated groups, 

respectively, in the first bacterial swab analysis after begin-

ning of the treatment (3 d). In the last bacterial swab analysis 

(15 d), AgNPs hydrogel-treated skin exhibited 2.7% of the 

bacterial count in the control untreated skin, whereas silver 

sulfadiazine cream- and the blank hydrogel-treated groups 

exhibited 30% and 100% of the bacterial count, respectively, 

as compared to the previous bacterial swab analysis (9 d). 

The observed increase of bacterial count measured at 15 d 

compared to 9 d in the silver sulfadiazine cream-treated mice 

group (Figure 8) was not significant (P.0.05). In addition, 

the bacterial count in the blank hydrogel-treated mice group 

decreased insignificantly over time (P.0.05) when compared 

to the 0.1% AgNPs hydrogel-treated group and 1% silver 

sulfadiazine cream-treated group. This might be due to the 

normal recovery of their immune systems over time after 

initial suppression using cyclophosphamide.

Figure 6 Percent of wound contraction in rats during the 10  d of treatment. 
Hydrogel loaded with 0.1% AgNPs (circles) was compared to 1% silver sulfadiazine 
cream (squares).
Abbreviation: AgNPs, silver nanoparticles.
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Figure 7 Successive images of representative mice skin abrasion wounds infected with MRSA at different time intervals. Two groups were treated with 0.1% AgNPs hydrogel 
and 1% silver sulfadiazine cream. The two other groups were the blank hydrogel-treated group and control untreated mice.
Abbreviations: MRSA, methicillin-resistant Staphylococcus aureus; AgNPs, silver nanoparticles.

Figure 8 Bacterial count in the infected abrasion wounds of different mice groups at 
different time intervals expressed as percentages of the bacterial counts in the control 
untreated mice group. The studied groups are 0.1% AgNPs hydrogel-treated group, 
1% silver sulfadiazine cream-treated group, and blank hydrogel-treated group.
Abbreviation: AgNPs, silver nanoparticles.

Mortality and morbidity of animals were observed during 

the experiment in the different studied groups (Table 5). 

No weight loss and suppuration or death were observed 

in mice treated with the AgNPs hydrogel with normal 

hair growth, whereas the silver sulfadiazine cream-treated 

group showed 20% weight loss and 20% mortality. Similar 

results were obtained by Hendi75 who reported that AgNPs-

treated group showed the most resemblance to normal 

skin with thin epidermis and nearly normal hair follicles. 

Table 5 Mortality and morbidity observed at the end of the study 
in the MRSA-infected mice groups

Observation Percentage of animals (n=5)

AgNPs 
hydrogel

silver sulfadiazine 
cream

Blank 
hydrogel

Untreated 
mice

Morbidity*
Suppuration 0% 0% 80% 60%
Weight loss 0% 20% 50% 50%
Hair growth Normal Normal Retarded Retarded

Argyria** 0% 0% 0% 0%
Mortality*** 0% 20% 0% 0%

Notes: *Morbidity refers to the relative incidence of the disease in the animal. 
**Argyria refers to gray staining of the skin due to deposition of Ag. ***Mortality 
refers to death of the animals.
Abbreviations: MRSA, methicillin-resistant Staphylococcus aureus; AgNPs, silver 
nanoparticles.

Blank hydrogel-treated mice and untreated mice showed 50% 

weight loss and 60%–80% suppuration at the end of the treat-

ment course. Proliferation of MRSA at the injury sites in the 

latter two mice groups resulted in the observed inflammation, 

pus formation, and disrupted wound-healing process.

Histopathological studies
Light microscopic examination of the skin samples after stain-

ing with hematoxylin and eosin showed great histological 

differences between the four groups. Skin samples from the 

0.1% AgNPs hydrogel-treated group showed a well-stratified 
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epidermis, complete restoration of epidermal layers, and 

complete basal, spinosum, granular, and cornfield layers 

(Figure 9A). Mild damage in the epidermal layers and incom-

plete healing were observed in the 1% silver sulfadiazine 

cream-treated skin (Figure 9B). In addition, slight infiltration 

of inflammatory cells (lymphocytes) was observed, which 

indicates a prolonged inflammatory response at the wound 

sites.76 In the representative skin samples from the blank 

hydrogel-treated group and control group, unhealed skin was 

clearly observed, where epidermis was severely damaged and 

no reformation was observed (Figure 9C and D). A varying 

degree of infiltration of inflammatory cells with accumula-

tion of lymphocytes was observed, and damage was severe 

in both cases. In addition, severe focal dermal inflammation 

with intercellular edema was observed.

Skin samples from mice group that was treated daily with 

0.1% AgNPs-loaded 3% Na CMC hydrogel for 15 d were 

examined under TEM. The uptake, distribution, and localiza-

tion of AgNPs in the epidermal layers are demonstrated in 

the micrographs (Figure 10A and B), while localization of 

the AgNPs inside the Langerhans cell (antigen-presenting 

immune cells) is indicated in the stratum spinosum layer 

(Figure 10C).

Conclusion
In the current work, fungi-assisted biological reduction of 

AgNO
3
 solution resulted in spherical-shaped AgNPs with 

small and homogenous size, which were coated with sev-

eral materials prior to formulation into hydrogels suitable 

for topical applications. Coating of the nanoparticles with 

PEG reduced the sedimentation rate of particles in their 

aqueous dispersions and greatly enhanced the shelf-life 

stability over 9 months. AgNPs dispersions were effective 

against both Gram-positive (MRSA and MSSA) and Gram-

negative (E. coli) bacteria with preferential inhibitory effect 

against Gram-positive bacteria. Homogenous hydrogels 

were prepared using various gelling agents, where Na CMC 

hydrogel loaded with 10 mM PEG-coated AgNPs showed 

superior characteristics based on the viscosity, spreadability, 

and release studies, and therefore, was selected for further 

in vivo studies. Na CMC hydrogel loaded with 0.1% 10 mM 

PEG-coated AgNPs showed superior in vivo antibacterial 

activity and wound healing with good skin appearance and 

normal hair growth when tested on MRSA-infected wound 

mice model as compared to the commercially available 

1% silver sulfadiazine cream. Complete restoration of the 

epidermal layers in the mice skin treated with the AgNPs 

Figure 9 Light microscopy images of representative skin samples (stained with hematoxylin and eosin) (×400) after 15 d of treatment: (A) 0.1% AgNPs hydrogel-treated 
group; (B) 1% silver sulfadiazine cream-treated group; (C) blank hydrogel-treated group; and (D) control group (untreated mice). Arrows refer to lymphocytes. C, G, S, D, 
and E represent stratum corneum, stratum granulosum, stratum spinosum, dermis, and epidermis, respectively.
Abbreviation: AgNPs, silver nanoparticles.
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hydrogel was demonstrated, and localization of the nano-

particles in the different epidermal layers was detected in 

the TEM micrographs of the treated skin. Lower toxicity 

and higher tolerability were observed in the mice treated 

with the AgNPs-loaded hydrogels as compared to the silver 

sulfadiazine cream-treated group as indicated in the animal 

experiments and histological studies.
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