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Abstract: Silver nanoparticles (AgNPs) are being widely applied as topical wound materials; 

however, accumulated deposition of silver in the liver, spleen, and other main organs may lead 

to organ damage and dysfunction. We report here that low molecular weight chitosan-coated 

silver nanoparticles (LMWC-AgNPs) are effective against methicillin-resistant Staphylococcus 

aureus (MRSA), have better biocompatibility, and have lower body absorption characteristics 

when compared with polyvinylpyrrolidone-coated silver nanoparticles (PVP-AgNPs) and silver 

nanoparticles without surface stabilizer (uncoated-AgNPs) in a dorsal MRSA wound infection 

mouse model. LMWC-AgNPs were synthesized by reducing silver nitrate with low molecular 

weight chitosan as a stabilizer and reducing agent, while PVP-AgNPs were synthesized using 

polyvinylpyrrolidone as a stabilizer and ethanol as a reducing agent. AgNPs with different 

surface stabilizers were identified by UV-visible absorption spectrometry, and particle size was 

determined by transmission electron microscopy. UV-visible absorption spectra of LMWC-

AgNPs, PVP-AgNPs and uncoated-AgNPs were similar and their sizes were in the range of 

10–30 nm. In vitro experiments showed that the three types of AgNPs had similar MRSA-

killing effects, with obvious effect at 4 μg/mL and 100% effect at 8 μg/mL. Bacteriostatic 

annulus experiments also showed that all the three types of AgNPs had similar antibacterial 

inhibitory effect at 10 μg/mL. Cell counting kit-8 assay and Hoechst/propidium iodide (PI) 

staining showed that LMWC-AgNPs were significantly less toxic to human fibroblasts than 

PVP-AgNPs and uncoated-AgNPs. Treatment of mice with MRSA wound infection dem-

onstrated that the three types of AgNPs effectively controlled MRSA wound infection and 

promoted wound healing. After continuous application for 14 days, LMWC-AgNPs-treated 

mice showed significantly reduced liver dysfunction as demonstrated by the reduced alanine 

aminotransferase and aspartate aminotransferase levels and liver deposition of silver, in 

comparison to mice treated with uncoated-AgNPs or PVP-AgNPs. Our results demonstrated 

that LMWC-AgNPs had good anti-MRSA effects, while harboring a better biocompatibility 

and lowering the body’s absorption characteristics.
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Introduction
Silver nanoparticles (AgNPs) are increasingly being used as various types of external 

trauma materials due to their effective antimicrobial and good release properties.1–4 

However, the toxicology of AgNPs remains largely unknown.5,6 Moreover, AgNPs 

can be absorbed into the bloodstream via different routes of administration, leading 

to deposition of silver in many organs, including the liver and spleen, and potential 

organ damage after a certain amount of accumulation.1,7–9 Therefore, in the actual 
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application process, protecting their antibacterial properties 

while reducing their absorption and toxicity in the body has 

become a very important challenge.

Previous studies have shown that different surface 

stabilizers have distinct impacts on AgNP cytotoxicity. 

Because of its good biocompatibility and antibacterial 

properties, chitosan is often used as the active ingredient of 

topical wound materials.10 It has been reported that chitosan 

is a good stabilizer for AgNPs and promotes wound healing 

by AgNPs.11 Moreover, chitosan-coated AgNPs demon-

strated high efficiency in killing common gram-positive 

and -negative bacteria, and fungi.12,13 Compared with a higher 

degree of polymerization of chitosan, low molecular weight 

chitosan (LMWC) has better water solubility and biological 

activity,14 suggesting that LMWC may be an ideal stabilizer 

of AgNPs.

Methicillin-resistant Staphylococcus aureus (MRSA) 

infection is the most common clinical drug-resistant infec-

tion in the burn ward, with MRSA wound infection rate 

accounting for more than 60%; moreover, the number of 

different MRSA strains isolated sharply increases and there 

is a growing number of multidrug-resistant MRSA.15 Thus, 

control of MRSA wound infection has become a global health 

problem. A previous study has shown that AgNPs have a 

great anti-bactericidal activity against MRSA.16 In order to 

obtain more safe and effective AgNP products for the clini-

cal management of MRSA infection, in this study, we used 

LMWC as a reducing agent and a stabilizer to synthesize 

AgNPs, and compared its effects on the antibacterial activ-

ity, biocompatibility, and body absorption of AgNPs with 

different surface stabilizers of the same particle size.

Materials and methods
Synthesis of LMWC
Medical grade chitosan with 95% degree of deacetylation 

was provided by Oriental Medical Institute (Qidong, Jiangsu, 

People’s Republic of China). Three grams of chitosan was 

dissolved in 100 mL 3% acetic acid solution, followed by 

addition of 60 mL 30% H
2
O

2
 and supplemented with 300 mL 

of deionized water. After incubation at 50°C in a water bath 

for 2 hours, the reaction was cooled in ice water, adjusted 

to pH 7.0 with 2 M NaOH, and filtered. The LMWC was 

precipitated with 900–1,500 mL of 100% ethanol and dried 

by vacuum. The molecular weight and traits of synthesized 

LMWC were determined by high-performance liquid chro-

matography (Waters 1525, UK) and Fourier transform 

infrared spectroscopy (FTIR, Nicolet 6700; Thermo Fisher 

Scientific, Waltham, MA, USA), respectively.

Synthesis of low molecular weight 
chitosan-coated silver nanoparticles
Four grams of LMWC was mixed with 0.1 g AgNO

3
 in 50 mL 

deionized water at 50°C under stirring at 200 rpm overnight 

in a hood. On the next day, acetone was added slowly with 

stirring until the solution became cloudy, followed by cen-

trifugation at 2,000 rpm for 30 minutes. The supernatant was 

transferred to a new tube, dried by vacuum, and dissolved in 

2–3 mL deionized water. The concentration of the resulting 

low molecular weight chitosan-coated silver nanoparticles 

(LMWC-AgNPs) was determined by UV-Vis (UV3600; 

Shimadzu Corporation, Kyoto, Japan) and ICP-MS (Agilent 

Technologies, Richardson, TX, USA). The particle size of 

LMWC-AgNPs was determined by transmission electron 

microscopy (TEM) (JEM-100S; JEOL, Tokyo, Japan).

Synthesis of polyvinylpyrrolidone-coated 
silver nanoparticles
One gram of polyvinylpyrrolidone (MW58000; Aladdin, 

People’s Republic of China) was completely dissolved in 

25  mL of absolute ethanol at 80°C for 1 hour, followed 

by addition of 0.2 g AgNO
3
. The reaction continued under 

stirring (400 rpm) until the brown color became stable 

(about 1–2 hours). Then, a total volume of 5–10 fold of 

acetone was added slowly with stirring until the solution 

became cloudy, followed by centrifugation at 2,000 rpm for 

30 minutes. The supernatant was transferred to a new tube, 

dried by vacuum, and dissolved in 2–3 mL of deionized water. 

The concentration of the resulting polyvinylpyrrolidone-

coated silver nanoparticles (PVP-AgNPs) was determined 

by UV-Vis and ICP-MS. The particle size of PVP-AgNPs 

was determined by TEM.

Cell proliferation assay
Silver nanoparticles without surface stabilizer (uncoated-

AgNPs) were purchased from Shanghai Nanotechnology Ltd 

(Shanghai, People’s Republic of China). Human fibroblast 

HS27 cells were from Shanghai Bioleaf Biotech (Shanghai, 

People’s Republic of China) and cultured in Dulbecco’s 

Modified Eagle’s Medium supplemented with 10% fetal 

bovine serum, 100 U/ml penicillin, and 100 μg/mL strepto-

mycin under a humidified 5% CO
2
 atmosphere at 37°C in an 

incubator. Cells were seeded in triplicates in 96-well plates 

(1×104 cells in 100 μL medium per well). After 24 hours 

incubation, the cells were added to 10 µL of different AgNPs. 

After 24 hours, the cell counting kit-8 (CCK-8) assay was 

performed according to the manufacturer’s recommendations. 

The absorbency was measured with Infinite M200 Pro 
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multifunctional microplate reader (Tecan, Männedorf, 

Switzerland) at a wavelength of 450 nm. All assays were 

performed in triplicates.

Detection of cell apoptosis assay by 
Hoechst/propidium iodide staining
Human fibroblast HS27 cells were cultured to 80% conflu-

ence and treated with 30 μg/mL of three types of AgNPs 

for 24 hours. After washing three times with phosphate-

buffered saline, the cells were added to 10 µL Hoechst 33258 

(5 µg/mL) and incubated at 37°C for 10 minutes, followed by 

adding 5 μL PI (15 µg/mL) in the dark at room temperature 

for 10 minutes. The cells were observed under a fluorescence 

microscope (Ti-S; Nikon, Minato, Japan).

In vitro bacterial killing
A bioluminescent MRSA strain derived from ATCC 33591 

was a gift from Michael Hamblin’s lab (Wellman Center for 

Photomedicine, MGH, Boston, MA, USA). In total, 0.5 mL of 

logarithmic growth phase MRSA (1.5×108 cfu/mL) suspen-

sion was mixed with 0.5 mL organic interfering substances 

(3% bovine serum albumin) and incubated in a 20°C±1°C 

water bath for 5 minutes. The bacterial solution was added 

with 4.0 mL of different concentrations of three types of 

AgNPs and incubated for 30 minutes. Also, 0.5 mL of the 

mixture was mixed with 4.5 mL of sterile saline and incu-

bated for 10 minutes at room temperature. In total, 100 µL 

of the sample solution was coated on a flat plate, incubated 

overnight at 35°C, and the number of bacterial colonies was 

calculated. For filter paper assay (bacterial killing measure-

ment), 20 μL of 10 μg/mL AgNP solution was dropped onto 

a 6 mm sterile filter paper, dried at 37°C, and placed onto a 

dish densely coated with logarithmic growth phase MRSA 

(1.5×108 cfu/mL) suspension with a sterile cotton swab. The 

dish containing MRSA and AgNP-filter paper was placed 

at 35°C 5% CO
2
 incubator and inhibition zone size was 

observed 48 hours later.

Animal experiments
The Animal Committee of Ninth People’s Hospital Affili-

ated to Shanghai Jiao Tong University, School of Medicine 

approved all the experimental protocols and animal handling 

procedures. All experimental procedures and postoperative 

animal care were conducted in accordance with the National 

Institute of Health’s Guidelines for the Care and Use of 

Laboratory Animals. Balb/c mice were purchased from 

SLAC Laboratory Animal Technology (Shanghai, People’s 

Republic of China). All mice were maintained on a 12-hour 

light/dark cycle in a room at 22°C–25°C and allowed free 

access to food and water before surgery. Balb/c mice with 

1.5×1.5 cm back full-thickness skin wounds were inoculated 

with 100 μL of 9×108 cfu/mL MRSA bacteria, and infection 

of mice was assessed 3 days later with Fx CCD luminescent 

camera (Vilber Lourmat, Collégien, France). The mice were 

randomly divided into groups. The infected wounds were 

dressed with 50 μg/g⋅bw of different AgNPs, bandaged with 

double gauze bandage, and fixed with 3 M film. In the fol-

lowing 2 consecutive days, Fx CCD luminescent camera was 

used to observe wound infection and healing. The dressing 

contained AgNPs was changed every other day. On day 14, 

fresh blood was taken from mouse eyeballs and centrifuged 

at 1,500 rpm for 10 minutes. The supernatant sera were 

subjected to liver function analysis with DXC800 Beckman 

automatic biochemical analyzer (Beckman Coulter, USA). 

At the same time, a portion of liver tissue and healed skin 

tissue on the wounded area was removed, dissolved in 69% 

concentrated nitric acid solution, and subjected to silver con-

tent determination by ICP-MS in order to assess the body’s 

absorption of AgNPs.

Statistical analyses
Graphs were constructed using GraphPad Prism (GraphPad 

Software, San Diego, CA, USA). All data are presented 

as mean ± standard error of mean. Statistical significance was 

determined by unpaired two-tailed t-tests or two-way analysis 

of variance. P,0.05 was considered statistically significant.

Results
The characteristics of LMWC-AgNPs, 
PVP-AgNPs, and uncoated-AgNPs
FTIR tests showed that the depolymerization during the pro-

cess of production of LMWC did not change the molecular 

structure of chitosan, with only molecular chain rupture, 

as demonstrated by similar FTIR spectra characteristic of 

LMWC and chitosan (Figure 1A). The molecular weight 

of LMWC was between 2,000 and 2,480 g/mol, mainly in 

the vicinity of 2,300 g/mol (Figure 1B). As the molecular 

weight of chitosan monomer is 161.2 g/mol, these results 

indicated that our synthesized LMWC was a chain of 

12–15 chitosan sugar monomers. To compare the cytotoxicity 

of LMWC with chitosan, human fibroblast HS27 cells were 

treated with different concentrations of LMWC or chitosan 

(200–1,000 µg/mL) for 24 hours, and cell viability was 

assessed by CCK-8 assay. As shown in Figure 1C, LMWC 

was apparently less toxic to HS27 cells than chitosan. 

UV-Vis analysis demonstrated that absorption curves of 
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LMWC-AgNPs, PVP-AgNPs, and uncoated-AgNPs were 

similar, with maximum absorption peaks at 414, 408, and 

421 nm, respectively (Figure 2). The particle size of LMWC-

AgNPs (Figure 3A), PVP-AgNPs (Figure 3C), and uncoated-

AgNPs (Figure 3E) was detected by TEM. Further, ImageJ 

software analysis of the size and distribution of AgNPs of 

LMWC-AgNPs (Figure 3B), PVP-AgNPs (Figure 3D), and 

uncoated-AgNPs (Figure 3F) showed that their sizes were in 

the range of 10–30 nm without significant difference.

LMWC-AgNPs, PVP-AgNPs, and 
uncoated-AgNPs have similar bactericidal 
effects
The anti-bactericidal effects of the three types of AgNPs were 

similar, with an IC50 of approximately 4 μg/mL for all the 

Figure 1 Characterization of molecular weight distribution of LMWC.
Notes: (A) FTIR spectra of chitosan (full line) and LMWC (short dash line) showed similar absorption. (B) FTIR analysis of molecular weight distribution of LMWC. 
(C) HS27 cells were treated with the indicated concentrations of LMWC or chitosan for 24 hours. Cell viability was assessed by CCK-8 assay.
Abbreviations: FTIR, Fourier transform infrared spectroscopy; LMWC, low-molecular weight chitosan; CCK-8, cell counting kit-8; MW, molecular weight.

Figure 2 UV-Vis absorption spectra of uncoated-AgNPs (black full line), PVP-AgNPs 
(gray full line), and LMWC-AgNPs (black dash line).
Abbreviations: Uncoated-AgNPs, silver nanoparticles without surface stabilizer; 
PVP-AgNPs, polyvinylpyrrolidone-coated silver nanoparticles; LMWC-AgNPs, low 
molecular weight chitosan-coated silver nanoparticles.
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three types. At 8 μg/mL, the anti-bactericidal effect reached 

100%, and there was no growth of bacteria following incuba-

tion with 10 μg/mL of any of the three types of AgNPs for 

30 minutes (Figure 4A and B). Similar bactericidal effects 

of the three types of AgNPs were observed by bacteriostatic 

ring method (Figure 4C). In vivo bactericidal results showed 

that, on the third day, the amounts of bacteria in wounds on 

the back of mice were similar in the three types of AgNPs 

treatments, which were demonstrated by the similar values of 

MRSA chemiluminescent in the three groups (Figure 4D).

LMWC-AgNPs are less toxic to human 
fibroblasts than PVP-AgNPs and 
uncoated-AgNPs
To test the cytotoxicity of three types of AgNPs on human 

fibroblasts, HS27 cells were treated with different concentra-

tions of the three types of AgNPs for 24 hours and cell viabil-

ity was assessed by CCK-8 assay. As shown in Figure 5A, 

the cell viability of HS27 cells treated with 10 and 20 µg/mL 

of uncoated-AgNPs or PVP-AgNPs was 98.83%±7.82%, 

86.47±16.92% or 99.84%±7.82%, 89.47%±13.92%, respec-

tively. Uncoated-AgNPs and PVP-AgNPs at 30 µg/mL 

were obviously toxic to cells with cell viability decreased 

to 62.75%±14.75% and 68.64%±11.03%, respectively. 

At 50 µg/mL of either uncoated-AgNPs or PVP-AgNPs, the 

majority of cells were dead and floating with cell viability 

of only 16.08%±4.05% and 13.12%±3.75%, respectively. 

However, the cell viability of cells treated with 10, 20, 30, 

40, and 50 µg/mL of LMWC-AgNPs was 109.84%±7.82%, 

107.46%±13.92%, 96.75%±11.65%, 85.08%±8.55%, and 

66.08%±13.05%, respectively. There were no statistical 

differences in cell viability among the three types of AgNP 

treatments with lower concentrations (below 20 µg/mL). 

Detection of apoptosis by Hoechst/PI staining of cells 

treated with 30 µg/mL AgNPs for 24 hours showed similar 

apoptosis rates for uncoated-AgNPs and PVP-AgNPs, while 

lower apoptosis rate for LMWC-AgNPs when compared 

with uncoated-AgNPs and PVP-AgNPs (Figure 5B). These 

results indicated that LMWC-AgNPs were less toxic to 

human fibroblasts cells compared to uncoated-AgNPs and 

PVP-AgNPs.

LMWC-AgNPs, PVP-AgNPs, and 
uncoated-AgNPs effectively control 
MRSA wound infection and promote 
wound healing without any apparent 
difference
Topical wound healing rate showed that, in comparison to 

the untreated control group, each group treated with AgNPs 

displayed accelerated wound healing on day 3 (Figure 6A 

and B). On day 14, most wounds healed in all the groups 

treated with AgNPs (Figure 6A and B). Thus, the three types 

of AgNPs effectively controlled MRSA wound infection and 

promoted wound healing without apparent difference.

Figure 3 TEM analysis of the shape and size of nanoparticles. (A) TEM images of LMWC-AgNPs. (B) ImageJ software analysis of the size and distribution of LMWC-AgNPs. 
(C) TEM images of PVP-AgNPs. (D) ImageJ software analysis of the size and distribution of PVP-AgNPs. (E) TEM images of uncoated-AgNPs. (F) ImageJ software analysis of 
the size and distribution of uncoated-AgNPs.
Abbreviations: TEM, transmission electron microscopy; LMWC-AgNPs, low molecular weight chitosan-coated silver nanoparticles; PVP-AgNPs, polyvinylpyrrolidone-
coated silver nanoparticles; uncoated-AgNPs, silver nanoparticles without surface stabilizer.
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Figure 4 The anti-bactericidal effects of three types of AgNPs. (A) A bioluminescent MRSA strain was treated with the indicated concentrations of the three types of AgNPs 
for 48 hours. The viability of MRSA was calculated by RFU. (B) A set of representative photos of three independent experiments of (A) with 10 µg/mL of AgNPs. (C) Analysis 
of bactericidal effects of the three types of AgNPs by bacteriostatic ring method. A set of representative photos of three independent experiments with 10 µg/mL of AgNPs 
is shown. (D) Mice wounds were inoculated with MRSA and dressed with different AgNPs. From day 3 to day 5, the amounts of bacteria in wounds on the backs of mice 
were determined by Fx CCD chemiluminescence assay. Higher intensity of the red color indicates more severe infection. Scale bar means 1 cm.
Abbreviations: AgNPs, silver nanoparticles; MRSA, methicillin-resistant Staphylococcus aureus; RFU, relative fluorescence units; Uncoated-AgNPs, silver nanoparticles 
without surface stabilizer; PVP-AgNPs, polyvinylpyrrolidone-coated silver nanoparticles; LMWC-AgNPs, low molecular weight chitosan-coated silver nanoparticles; D, day.
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Figure 5 The cytotoxicity of the three types of AgNPs on human fibroblast HS27 cells. (A) HS27 cells were treated with the indicated concentrations of the three types of 
AgNPs for 24 hours. Cell viability was assessed by CCK-8 assay. (B) HS27 cells were treated with 30 µg/mL of the the three types of AgNPs for 24 hours. Cell apoptosis 
was assessed by Hoechst/PI staining, Scale bar means 200 µm.
Abbreviations: AgNPs, silver nanoparticles; CCK-8, cell counting kit-8; PI, propidium iodide; Uncoated-AgNPs, silver nanoparticles without surface stabilizer; PVP-AgNPs, 
polyvinylpyrrolidone-coated silver nanoparticles; LMWC-AgNPs, low molecular weight chitosan-coated silver nanoparticles.

Figure 6 The effects of LMWC-AgNPs, PVP-AgNPs, and uncoated-AgNPs on the control of MRSA wound infection and wound healing in mice. (A) Fx CCD luminescent 
camera images of wound infection and healing following dressing with different AgNPs for the indicated days. Scale bar means 1 cm. (B) Quantitation of the topical wound 
healing rate. (C) After application of AgNPs for 11 days, the ALT and AST levels in the blood of mice were detected for liver function. After applying AgNPs six times over 
11 days, the ALT levels in the blood of mice were detected for liver function. *P,0.05; **P,0.01. (D) Mouse liver tissues and healed skin tissue at wounded area were 
removed after continuous application of AgNPs, on day 14, and subjected to silver content determination by ICP-MS. *P,0.05 in liver; #P,0.05 in skin.
Abbreviations: LMWC-AgNPs, low molecular weight chitosan-coated silver nanoparticles; PVP-AgNPs, polyvinylpyrrolidone-coated silver nanoparticles; uncoated-AgNPs, 
silver nanoparticles without surface stabilizer; MRSA, methicillin-resistant Staphylococcus aureus; AgNPs, silver nanoparticles; ALT, alanine aminotransferase; AST, aspartate 
aminotransferase; D, day; ICP-MS, inductively coupled plasma mass spectrometry.
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LMWC-AgNPs-treated mice have 
significantly reduced liver deposition of 
silver in comparison to mice treated with 
uncoated-AgNPs or PVP-AgNPs
After six times of application of AgNPs for 11 days (D3/D5/

D7/D9/D11/D13), the blood of mice was analysed for liver 

function by assessing alanine aminotransferase (ALT) and 

aspartate aminotransferase (AST) levels. The ALT values 

of mice in the uncoated-AgNP and PVP-AgNP groups were 

47.33±4.95 and 48.30±6.18 U/L, respectively, while the ALT 

value of mice in the LMWC-AgNP group was 38.00±8.03 U/L, 

which was significantly lower than the uncoated-AgNP and 

PVP-AgNP groups (P,0.05). Similar results were obtained 

for AST values (Figure 6C). In order to assess the body’s 

absorption of AgNPs, mouse liver tissues and healed skin 

tissue at the wounded area were removed on day 14 after 

continuous application of AgNPs on day 14, dissolved in 

69% concentrated nitric acid solution, and subjected to silver 

content determination by ICP-MS. The liver silver content 

in the mice treated with uncoated-AgNPs and PVP-AgNPs 

was 2,765.85±853.49 and 2,898.48±918.96 ng/g, respec-

tively, while that in the mice treated with LMWC-AgNPs 

was 1,827.97±294.16 ng/g, which was significantly lower 

than the uncoated-AgNP and PVP-AgNP groups (P,0.05, 

Figure 6D). Further analysis of the silver content of the newly 

healed skin tissues revealed that the silver content in the newly 

healed skin tissues of the mice treated with uncoated-AgNPs 

and PVP-AgNPs was 1,670.79±850.66 and 1,509.81±612.51 

ng/g, respectively, while the silver content in the mice treated 

with LMWC-AgNPs was 837.35±371.36 ng/g, which was 

significantly lower than the uncoated-AgNP and PVP-AgNP 

groups (P,0.05, Figure 6D).

Discussion
Due to their effective antibacterial property, AgNPs are 

widely used as various types of medical materials including 

trauma topical material.4,17,18 A large number of previous 

studies have shown that, compared with the silver ions, 

the cytotoxicity of AgNPs has been greatly decreased; 

however, AgNPs still induce cell damage through induc-

tion of apoptosis.19–21 The cytotoxicity of AgNPs could be 

influenced by particle size, surface-stabilizing agents, pH, 

and some other factors.1,5,7,22–24 The surface-stabilizing coat-

ing is one of the most important factors for protecting cell 

viability from AgNPs.25–27

Previous studies have shown that chitosan has a 

very good biocompatibility and antibacterial properties. 

In addition, AgNPs/chitosan materials could promote 

wound healing.3,17,28–30 In comparison with long-chain high 

molecular weight chitosan, the short-chain LMWC is better 

in terms of water solubility and biocompatibility. Besides, 

it has been confirmed that LMWC enhances the physical 

and chemical stability of many drugs such as insulin31 and 

siRNA,32 and works as a suitable carrier for the delivery and 

controlled release of drugs. In this study, we used hydro-

gen peroxide method to decompose high molecular weight 

chitosan and obtained short-chain molecules of chitosan 

with molecular weight between 2,000 and 2,500 Da. This 

short-chain molecule had a good solubility in water, thus 

avoiding the requirement of an acidic solution to dissolve 

high molecular weight chitosan. Compared to high molecu-

lar weight chitosan, this LMWC demonstrated a better 

biological activity (Figure 1C). The obtained LMWC was 

used as a stabilizer and a reducing agent for direct synthesis 

of LMWC-AgNPs with particle diameter size of 10–30 nm. 

In the current study, the three types of AgNPs were 10–30 

nm with the same distribution but different coatings. All 

the three types of AgNPs caused no obvious cytotoxicity at 

lower concentrations (10 and 20 μg/mL). When the concen-

tration increased to up to 30 μg/mL, however, treatment with 

LMWC-AgNPs led to significant less toxicity compared 

with the other two types of AgNP treatments, in the viability 

of human fibroblast HS27 cells (Figure 5A). This indicates 

that the surface coating with LMWC-AgNPs reduces cell 

toxicity and increases cell viability, although further study 

is needed for more detailed explanation. In comparison to 

PVP-AgNPs and uncoated-AgNPs, LMWC-AgNPs had 

similar effects of killing MRSA effects but were less toxic 

to human fibroblasts. Mice experiments also showed that the 

three types of AgNPs had good anti-inflammatory effects 

and effective protection of wound healing in mice.

Previous studies have shown that, through various means 

such as oral intake, intraperitoneal injection, and intravenous 

injection, AgNPs can be distributed and deposited on vari-

ous organs of the body, with the deposition mainly in the 

liver and spleen.1,7,9,33,34 In addition, it has been reported that 

the ALT and AST levels in mice serum rose significantly 

after 2 days of oral intake of 20 µg/g AgNPs with a size 

of 35–45 nm.9 Intriguingly, in the current study, we found 

that after 11 days of application, the liver silver content 

in the mice treated with LMWC-AgNPs was significantly 

lower than that in the mice treated with uncoated-AgNPs 

or PVP-AgNPs. This suggests less LMWC-AgNP absorp-

tion into the wound and organs than with uncoated-AgNPs 

or PVP-AgNPs. Similarly, the silver content of the newly 

healed skin tissues of the mice treated with LMWC-AgNPs 
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was significantly lower than that in the uncoated-AgNP and 

PVP-AgNP groups. Furthermore, both the ALT and AST 

levels in mice serum in the LMWC-AgNP-treated group 

were much less than those in the uncoated-AgNP-treated or 

PVP-AgNP-treated groups. Our results suggest that LMWC-

AgNPs have the advantage of less body absorption while 

remain the anti-infection properties.

In summary, by application of an LMWC as a stabi-

lizer and a reducing agent, we synthesized a diameter of 

10–30 nm LMWC-AgNPs. We reveal for the first time that 

LMWC-AgNPs the characteristics of anti-MRSA infection, 

low cytotoxicity, better biocompatibility, and lower body 

absorption in both in vitro and in vivo experiments, when 

compared with PVP-AgNP and uncoated-AgNP treatments. 

Our study suggests that LMWC-AgNPs have less risk of 

damage to organ functions and are effective and safer 

AgNPs for medical materials, which is very important for 

large area burn patients, who need local usage of antibacte-

rial materials on wounds for a long time after injury.
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