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 The microorganisms have been noted as the main cause of delayed wound healing. The 
most common pathogen causing the wound infections is Staphylococcus aureus. Silver 
nanoparticles (AgNPs) show ample antibacterial activities. In the present study, the effect of 
AgNPs on mouse wounds inoculated with S. aureus was investigated. Sixty male mice (20 to 30 
g) were anesthetized, full-thickness skin wounds were made on their back and then the 
bacterial suspension was added to each wound bed. Treatments were administered on wound 
bed topically including gentamicin (8 mg kg-1), AgNPs (0.08 mg kg-1, 0.04 mg kg-1 and 0.02 mg 
kg-1) and normal saline in the control group. Wound healing was monitored macroscopically by 
taking digital photographs on days 0, 7, 14 and 21 of the experiment. Topical application of 
gentamicin and AgNPs (0.08 and 0.04 mg kg-1) significantly increased the rate of wound healing 
more than treatment with AgNPs at a dose of 0.02 mg kg-1and normal saline. The presence of 
silver nanoparticles in AgNPs groups (especially 0.08 mg kg-1) improved wound appearance 
better than other groups without silver nanoparticles (gentamicin and control groups) and led 
to lesser wound scars. According to data analysis, healing rate of treated mice with gentamicin 
and AgNPs (0.08 mg kg-1) was significantly (p < 0.001) faster than treated mice with other 
AgNPs doses and normal saline. The results of current study introduced an in vivo nanosilver 
accelerating effects on the treatment of on S. aureus infected skin wounds. 

© 2017 Urmia University. All rights reserved. 
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 درموش سوری: یک مطالعه تجربی استافیلوکوکوس اورئوساثرات نانوذرات نقره بر روی التیام زخم های باز آلوده شده با 

 چکیده 

ره فعالیت های ضدباکتریایی اشد. نانوذرات نقمیکروارگانیسمها به عنوان علت اصلی تاخیر التیام زخم مشخص شده اند. رایجترین عامل پاتوژن عفونت های زخم استافیلوکوکوس اورئوس می ب

گرم( بیهوش شدند، زخم  30تا  20قطعه موش نر ) 60بررسی شده است. تعداد  اورئوس استافیلوکوسزیادی را نشان می دهند. در این مطالعه، تاثیر نانوذرات نقره بر روی زخمهای موش تلقیح شده با 

به صورت موضعی بر روی بستر زخم تجویز می شدند شامل  یی کهانسیون باکتریایی به هر بستر زخم اضافه گردید. تیمارهاهای تمام ضخامت پوستی در پشت آنها ایجاد گردید و سپس سوسپ

. التیام زخم به طور بودندوه شاهد کیلوگرم( و سالین نرمال در گر بر گرم میلی 08/0کیلوگرم و  بر گرم میلی 04/0کیلوگرم،  بر گرم میلی 02/0، نانوذرات نقره )کیلوگرم( بر گرم میلی 8) جنتامایسین

کیلوگرم به طور معنی داری میزان  بر گرم میلی 08/0و  04/0مطالعه بررسی شد. تجویز موضعی جنتامایسین و نانودرات نقره به میزان  21و  14، 7ماکروسکوپی از طریق عکس برداری در روزهای صفر، 

 بر گرم میلی 08/0کیلوگرم و سالین نرمال تسریع بخشید. حضور نانوذرات نقره در گروه های نانوذرات نقره )به ویژه  بر گرم میلی 02/0ت نقره به میزان التیام زخم را بیشتر از گروههای تیمار با نانوذرا

ی بر جای گذاشت . طبق تحلیل داده ها، میزان التیام در موش های کیلوگرم( ظاهر زخم را بهتر از سایر گروههای فاقد نانوذرات نقره )گروههای جنتامایسین وشاهد ( بهبود بخشید و اثرات زخم کمتر

( سریعتر از موش های درمان شده با سایر مقادیر نانوذرات نقره و سالین نرمال بود. نتایج > 001/0pبر کیلوگرم به طور معنی داری ) گرم میلی 08/0درمان شده با جنتامایسین و نانودرات نقره به میزان 

 شرایط بالینی را معرفی می کند. دراستافیلوکوکوس اورئوس اثرات تسریعی نانوذرات نقره روی درمان زخم های عفونی به  مطالعه حاضر،

  عفونت، نانوذرات، نقره ،زخم، پوست التیام واژه های کلیدی:
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Introduction 
 

One of the main objectives in wound healing is 
restoration in the shortest time with minimal side effects.1 
Today, infection is considered as a first cause of mortality 
owing to wounds, especially after surgery.2 Staphylococcus 
aureus has an important role in the infection after surgery 
from ancient times.3 In this regard, several antimicrobials 
agents were used, but each one had serious limitations or 
side effects such as delaying of wound healing and bacterial 
resistance to antibiotics.4 Therefore, less expensive 
methods with fewer side effects have to be applied. 

Nanotechnology puts together the capabilities to 
manage the properties of materials by controlling their 
size and this has motivated carrying out the researches 
into numerous potential uses for nanomaterials.5 An ideal 
material should be able to protect wounds against 
microbial interactions.6 For centuries, metals including 
silver, gold and zinc have been applied as bactericidal and 
bacteriostatic agents, each with different properties and 
spectrums of activity. Antimicrobial properties of silver 
nanoparticles have been proven and they were used, for 
instance, in food industry, hygiene materials and 
detergents.7,8 Also, minimum inhibitory concentration of 
silver nanoparticles is lower than that of silver ions.9  

There is an increase in the medical application of 
nanoparticles in the process of wound healing.10 In the 
present study, we have investigated the effect of silver 
nanoparticles (AgNPs; 20 nm in diameter) on surgically 
induced full thickness skin wounds inoculated with S. 
aureus and superficial and deep bacterial load of wounds’ 
local infection in mice. 

 
Materials and Methods 
 

All procedures in this study were carried out in 
accordance with the guidelines of the Animal Ethics 
Committee of Faculty of Veterinary Medicine, Urmia 
University (AECVU) and supervised by authority of Urmia 
University Research Council (UURC).  

Animals. Adult male albino mice of seven weeks old 
(20 to 30 g) were used in this study. Mice were divided 
into five groups (n = 12) randomly, kept under periods of 
12 hr light and 12 hr dark, specific pathogenic-free 
conditions. The mice were kept on standard pellet diet and 
water ad libitum for two weeks to be acclimatized prior to 
the investigation.11  

Preparation of bacteria. The S. aureus (ATCC 25923) 
was obtained from MAST Company Oswestry, UK. The 
bacteria were cultured in Muller-Hinton broth (Merck, 
Darmstadt, Germany) and in the log phase of growth, the 
suspension was centrifuged at 1000 g for 15 min. The 
supernatant was discarded and the bacteria were diluted 
to 108 CFU mL-1 in sterile phosphate-buffered saline. Ten 
µL of the bacterial suspension (106 CFU) were added to 
 

 each wound bed after induction of full thickness skin 
defect, immediately.12  

Creation of full thickness skin defect. All mice were 
anesthetized with intra-peritoneal injection of 250 µL 
ketamine-xylazine-saline cocktail (ratio 4:1:35) consisting 
of 100 mg kg-1 ketamine (Alfasan, Woerden, Holland) and 
5 mg kg-1 xylazine (Alfasan).13 The skin area of the back of 
mice were prepared aseptically for surgery and full 
thickness skin wounds (4 mm in diameter) were made on 
dorsal midline using sterile biopsy punch equipment 
(Revolving punch pliers, Dimeda, Württemberg, Germany). 
The wounds were left open without any dressing during 
the study.14 As mentioned before, the mice were randomly 
divided into five groups of 12 animals including control 
(normal saline), gentamicin (8 mg kg-1; Caspiantamin, 
Tehran, Iran), AgNPs (0.08 mg kg-1), AgNPs (0.04 mg kg-1) 
and AgNPs (0.02 mg kg-1). In all groups, treatments were 
applied in the wound bed topically only once on day 0.15  

Wound infection measurement. This was measured 
using evaluation of bacterial load at the wound site on 
days 7, 14 and 21 applying two methods. First, a swab test 
was executed from the wound surface for analyzing 
surface bacteria on days 7 and 14. The sample was then 
carried to a proper diluent. In order to assessment of 
bacterial concentration, the suspensions were serially 
diluted from 1:103 to 1:1012 with sterile broth media 
(Merck) and each dilution was placed on broth-agar plates. 
The second test assessed infection of tissue depth on the 
21st day. The skin was excised including the entire wound 
with the nearby normal skin. The tissue biopsies were 
homogenized in a tissue grinder after weighing and then 
homogenized in 1.50 mL of Muller-Hinton Broth (Merck). 
For hypothetical evaluation, a drop of the homogenate was 
placed on the slide and stained using Gram method (the 
presence of one or more micro-organisms per oil-
immersion field reflects a microbial load at least of 105 
CFU g-1).16 For serial dilutions preparation, the 
homogeneous tissue 1:10 (0.10 + 0.90) was placed in the 
dilution blanks using normal saline. The CFU per gram of 
tissue was calculated by the following equation:17 

CFU g-1 = 
Plate count × (1 per dilution) × 10 

Weight of homogenized tissue 

Wound size measurement. All wounds were photo-
graphed at defined time points (all photos were taken 
from a distance of 25 cm of wound sites with eye level shot 
angle without zooming). Day 0 photographs were taken 
immediately after the injury. The wound healing was 
investigated by capturing digital photographs on days 0, 7, 
14 and 21 of the experiment. In order to evaluate healing 
performance, the induced wounds scar sizes were 
measured using Adobe Photoshop histogram analysis 
(version 10; Adobe System Incorporated, San Jose, USA). 
Wound size which states the quantity of the wound area, 
was determined on every post-treating day and compared 
with the initial wound area using the below formula: 18 
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wound contraction (%) = 
A0 – At 

×100 
A0 

where, A0 is the initial wound area and At is the area of 
wound at the time of image capturing and bacterial 
counting (on days 0, 7, 14 and 21, respectively). Areas 
were evaluated by the images of the wounds using image 
analysis software after calibration in same days. The 
animals were euthanized with CO2 inhalation. 

Statistical analysis. Statistical analyses of data were 
done using the SAS software (version 9.4; SAS Institute Inc., 
Cary, USA). Comparison of the effects of AgNPs, gentamicin 
and normal saline in different groups and time on wound 
area, diameter and contraction were done by mixed 
methods (proc mixed) and repeated expressions. Preliminary 
data assessment using the box plots was performed for the 
presence of outliers, homogeneity of variance and data 
distribution. To estimate assumptions, square root and/or 
natural log data were analyzed. Constant variables of 
model were included group, time and the interaction 
between them. Mice were random effects of model. The 
area and diameter in day 0 were used as the covariate 
data. Various covariance structures (first-order auto-
regressive, heterogeneous first-order autoregressive, first-
order ante-dependence, Toeplitz, unstructured, compound 
symmetry, and heterogeneous compound symmetry) for 
choosing a suitable model of solidarity and variance 
during time were evaluated according to the Akaike’s 
information criterion and the best structure selected on 
the basis of the lowest criteria mentioned. Survey of 
residuals against predicted values was used to assess the 
final model. Compare of groups’ pair was performed using 
Bonferoni test. The results of these variables are shown as 
a least-square means ± SEM least squares means. 

 
Results 
 

Among the animals, healing rate of treated mice with 
gentamicin (8 mg kg-1), AgNPs (0.08 mg kg-1) and AgNPs 
(0.04 mg kg-1) was significantly (p < 0.001) faster than mice 
treated with AgNPs (0.02 mg kg-1) and untreated ones 
from days 7 to 14, but no differences were observed 
between control group and AgNPs (0.02 mg kg-1) and 
between gentamicin (8 mg kg-1) and AgNPs (0.08 mg kg-1) 
in day 7. The results showed that there are significant 
differences (p < 0.001) between control group and AgNPs 
(0.08 mg kg-1), AgNPs (0.04 mg kg-1) and AgNPs (0.02 mg 
kg-1), and gentamicin (8 mg kg-1) and AgNPs (0.02 mg kg-1) 
in day 14. Finally, no difference was observed among all 
groups in day 21 (Fig. 1). 

After treatment with gentamicin (8 mg kg-1) and AgNPs 
(0.02, 0.04, 0.08 mg kg-1), the wound bed areas decreased 
significantly (p < 0.0001) from day 7 to day 21. There was 
significant difference (p < 0.0001) between AgNPs (0.08 
mg kg-1) group with other groups and gentamicin with 
control group at day 7. No significant differences observed 
 
 

 between control group and AgNPs (0.02 mg kg-1) and 
gentamicin (8 mg kg-1) group with AgNPs (0.08 mg kg-1) in 
day 14 (Table 1).  

Topical application of gentamicin, AgNPs (0.08 mg kg-1) 
and AgNPs (0.04 mg kg-1) increased the rate of wound 
healing significantly more than AgNPs (0.02 mg kg-1) and 
normal saline group. Wound healing in the genatmicin, 
AgNPs (0.08 mg kg-1) and AgNPs (0.04 mg kg-1) groups 
were nearly complete in day 21 after wound induction, 
whilst the wound in mice of AgNPs (0.02 mg kg-1) and 
control groups had not been healed entirely (Table 1). No 
side effects were observed on body weight, general health 
and behavior of animals during treatment. 

Increased wound closure was observed in groups 
treating with AgNPs and gentamicin at days 7 and 14, 
respectively. Almost all wounds in animals except control 
and AgNPs (0.02 mg kg-1) groups’ ones reached 100% 
closure at day 21. 

Data analysis showed that good inhibition of bacterial 
growth (S. aureus) was gained in all groups treated with 
AgNPs or gentamicin. Staphylococcus aureus count in 
control group was significantly higher than treated mice 
and was more than 300 colonies on medium (defined as 
uncountable) in first two weeks and some wounds 
appeared infected, obviously (Fig. 1). A significant 
reduction in wound bacterial count was obtained in 
treated groups. The AgNPs (0.04 mg kg-1 and 0.02 mg kg-1) 
groups had a slight but significant reduction in bacterial 
count compared to control group, reaching to 1 CFU g-1 
(total count) and 0 CFU g-1 (S. aureus count) in day 21. The 
highest inhibition of bacterial growth was obtained in 
groups receiving AgNPs (0.08 mg kg-1) and gentamicin 
(Table 2).  
 
Discussion 
  

Nanomaterials with antimicrobial activity that elevate 
the effectiveness and safety of antimicrobial administration 
are called nano-antibiotics. 19 Their capability in control of 
infection has been explored and demonstrated in vitro and 
in vivo.20 Due to prompt prevalence of multidrug-resistant 
pathogens and insufficient research regarding antibiotic 
production; the AgNPs could be useful alternatives of 
routine antibiotic therapy. 

Attention to the wound tissue remodeling and its 
infection is critical for quick repair with no side effect. 
Wound healing is a treatment priority especially for 
diabetic or infected wounds suffering patients.21  

Silver is a broad-spectrum antimicrobial that inhibits 
growth of microbes.22 It has been previously shown that 
AgNPs have in vitro antibacterial activities against S. 
aureus.23 In this study, we report in vivo capabilities of 
AgNPs that appear to accelerate healing of wounds 
inoculated with S. aureus in a mouse model of skin wound. 
This study showed that AgNPs dilutions accelerate wound  
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healing and this acceleration is more noticeable in 0.08 mg 
kg-1 level. Reportedly, AgNPs are responsible for reducing 
the time required for hyperactive cells (myofibroblasts) 
involved in generation of contractile force in the wound 
and reverse the inflammatory processes more quickly 
compared to antibiotic application.24,25 Topical application of 
AgNPs effectively enhanced the remodeling of wounds area 
and diameter and skin macroscopic appearance in mice. In 
this study, it was observed that 14 and 21 days after 
treatment, in groups treated with gentamicin or different 
dilutions of AgNPs, total and S. aureus bacterial loads 
reduced significantly. Gentamicin and AgNPs (0.08 mg kg-1) 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

were more effective than AgNPs (0.04 mg kg-1) and AgNPs 
(0.02 mg kg-1) in reducing bacterial loads, so total and S. 
aureus amounts were 0 CFU g-1 in day 21 after wound 
induction. In control group, 7 and 14 days after wound 
induction, the amounts of total bacteria and 7 days after 
wound induction, the amounts of S. aureus increased, so 
they were uncountable in plate. This difference in total and 
S. aureus amounts may be due to antibacterial activities of 
AgNPs against gram-negative and gram-positive bacteria. 
There is no clinical study about the effects of AgNPs on 
bacterial load, however, the in vitro antibacterial effects of 
AgNPs are well documented.  

Fig. 1. Effects of topical application of gentamicin(8 mg kg-1), AgNPs (0.08 mg kg-1), AgNPs (0.04 mg kg-1) and AgNPs (0.02 mg kg-1) on the 
healing of full-thickness wounds in mice. Representative images of mice from groups taken on 7, 14 and 21 days after creation of wound are shown.  
 
 Table. 1. Effect of topical application of gentamicin (8 mg kg-1), AgNPs (0.08 mg kg-1), AgNPs (0.04 mg kg-1) and AgNPs (0.02 mg kg-1) on 
wound area (mm2). Data are presented as mean ± SEM.  

Groups 
Wound area (%wound contraction ) 

Day 0 Day 7 Day 14 Day 21 

Control 12.56 11.05 ± 0.15 (11.39) 6.43 ± 0.18 (48.59) 1.54 ± 0.25 (87.11) 
Gentamicin 12.56   9.66 ± 0.15 (23.00) 2.67 ± 0.18 (78.94) 0.00 ± 0.25 (99.86) 
AgNPs (0.08 mg kg-1)  12.56    8.57 ± 0.15 (31.81)* 3.20 ± 0.19 (74.75)  0.11 ± 0.26 (99.93)* 

AgNPs (0.04 mg kg-1) 12.56   9.97 ± 0.15 (20.52) 4.57 ± 0.18 (64.29) 0.13 ± 0.25 (98.70) 
AgNps (0.02 mg kg-1) 12.56 10.50 ± 0.15 (16.28) 5.66 ± 0.18 (53.78) 1.22 ± 0.25 (89.92) 

The percentage of wound was contraction compared with day 0 is provided within the parentheses. 
* Asterisks denote p-value significance comparing AgNPs 0.08 mg kg-1 to the other groups (p < 0.0001). 
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 Antimicrobial mechanisms of nanomaterials include 
photocatalytic production of reactive oxygen species that 
damage cells, compromising the bacterial cell wall or 
membrane, interruption of energy transduction and 
inhibition of enzyme activity and DNA synthesis.20,26 

Our findings support the potent antibacterial 
activities of AgNPs as antibacterial agents in infected 
wounds and suggest their use in preparing medical 
devices such as indwelling vascular catheters. These 
devices can prevent the proliferation and colonization of 
opportunistic bacteria in patients. 

The results of this study introduced a remarkable in 
vivo nanosilver accelerating effects on the treatment of 
on S. aureus infected skin wounds with no obvious side 
effects in mice.  
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