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Introduction: Topical agents typically remain in the wound site for time duration that are 
too short to effectively eradicate MRSA tradition formation of BZK that can be maintained 
within the wound site for longer time periods, should be more effective.
Methods: The novel chitosan and poly (D,L-lactide-co-glycoside) nanoparticles loaded with 
benzalkonium bromide (BZK) were designed, for the promotion wound healing after MRSA 
infection. The physical characterization of these nanoparticles, as well as their antibacterial 
activity in vitro, release profile in simulated wound fluid, cell toxicity, anti-biofilm activity, 
and their ability to improve the skin wound healing in a mouse model were also studied.
Results: These novel nanoparticles were found to have a significant antibacterial activity 
(p<0.01), both in vitro and in vivo test. The stronger anti-biofilm ability of the nanoparticles 
to inhibit the formation of bacterial biofilms, at a concentration of 3.33 μg/mL, and clear 
existing bacterial biofilms, at a concentration of 5 mg/mL, compared with its water solution. 
In addition, significant damage to bacterial cell walls also was found, providing insight into 
the mechanism of antibacterial activity.
Conclusion: Taken together, these results demonstrated the ability of BZK-loaded nano-
particles in the promotion of skin wound healing with MRSA infection. The current findings 
open a new avenue for nanomedicine development and future clinical applications in the 
treatment of wounds.
Keywords: MRSA, wound, nanoparticles, antibacterial effect, biofilm

Introduction
Wounds represent a serious, and often overlooked, health problem in the global 
world. Importantly, if left untreated, several complications arise including infection, 
amputation, and long-term morbidity.1 The wound treatment has placed a massive 
financial burden on the health-care system, with serious and disturbing conse-
quences for the affected patients.2 The development of new treatments that enhance 
the wound healing process and prevent, or limit, scarring is needed.3 Impaired 
wound healing is characterized by a loss of synchronization of the molecular 
interactions required for skin tissue repair.4 Six million patients a year are affected 
by wounds, costing the health-care system an estimated $25 billion dollars.4 Wound 
infection is the most common impediment to wound healing, leading to increase the 
morbidity and mortality among patients.5 The crisis of antimicrobial resistance is 
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worsening, and the world is living in a post-antibiotic era 
in which common infections, and previously treatable 
wounds, can once again result in death.6 To accelerate 
wound healing and promote the cell proliferation, proper 
cleaning and swab treatment of infections are important 
measures in wound care.4 Staphylococcus aureus is the 
most common bacterial pathogen in wound sites, and the 
presence of methicillin-resistant Staphylococcus aureus 
(MRSA) multiply the risk of wound treatment failure. 
Biofilm formation is thought to be an important factor in 
reducing the penetration of antibiotics, leading to 
increased infection and a reduction in wound healing.7,8 

Although vancomycin is currently used to treat MRSA 
infections, the emergence of resistant strains has increased 
the urgency to develop new antibiotics for the treatment of 
infected skin wounds.9

Recent reports have identified nanomedicine as an 
ideal approach to improve the efficiency and wound 
treatment.3 Nanoparticles are ultrafine particles between 
1–1000 nm in diameter,8 that have many advantageous 
properties related to trauma therapy, including being 
biodegradable, exhibiting controlled drug release, 
enough drug delivery efficacy,10 have healing properties, 
penetrated blood-brain barrier11 and their ability to be 
used as an extracellular matrix material.3 Many studies 
have shown that nanoparticles can improve antibacterial 

and wound-healing activities.9 Specifically, their ability 
to enhance the penetration of antibacterial agents into 
deeper areas of the biofilm can improve the efficacy of 
drugs, avoid inactivation of the biofilm matrix, effec-
tively target infectious cells, and significantly increase 
the local concentration of antibiotics around bacterial 
cells.12

Previous studies reported that benzalkonium bromide 
(BZK) can effectively inhibit MRSA, and current applications 
include the optimization of topical treatments in the form of 
nanoscale films,13–15 foams,15 sponges,16 and 
hydrogels.15,17–20 However, topical agents typically remain 
in the wound site for time durations that are too short to 
effectively eradicate MRSA of BZK that can be maintained 
within the wound site for longer time periods, should be more 
effective.8

Herein we describe a novel formulation of chitosan 
and poly (lactic-co-glycolic acid) (PLGA) nanoparti-
cles, loaded with benzalkonium bromide (BZK). The 
nanoparticles have been characterized in a series of 
in vitro experiments to establish their physical and 
chemical properties, and antibacterial activity in 
MRSA biofilms are examined in Figure 1. In addition, 
we evaluated the nanoparticles using an MRSA acti-
vated mouse model, to establish their efficacy in 
wound healing in vivo.

Figure 1 Schematic diagram showing the preparation of novel antibacterial nanoparticles. This nanoparticle can effectively inhibit the antibacterial effect of methicillin- 
resistant Staphylococcus aureus, improve the ability of inhibit biofilm formation and clean biofilm, and thus promote the skin wound healing.
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Materials and Methods
Materials
Poly(D,L-lactide-co-glycoside) (PLGA, lactide/glycoside 
= 50/50, molecular weights) and poly vinyl alcohol (87– 
90% hydrolyzed, molecular weights 30,000–70,000 Da, 
PVA) were obtained from Sigma-Aldrich (St. Louis, MO, 
USA). MRSA 252 was obtained from ATCC (Manassas, 
Virginia, USA). Muller Hinton broth (MHB), Mueller- 
Hinton Agar (MHA), and tryptic soy broth (TSB) were 
purchased from AOBOX Biotechnology (Beijing, People’s 
Republic of China). Biofilm was prepared by adding 0.5% 
glucose and 2.0% NaCl to TSB, and an optical density 
(OD) value of 1.0 at 595 nm was defined as 1×109 CFU/ 
mL. Female-specific pathogen-free BALB/C mice (6–8 
weeks old) were purchased from Beijing HFK 
Biotechnology Co., LTD (Beijing, PRC). Animal testing 
was approved by the Laboratory Animal Welfare and 
Ethics Committee of the Chongqing Medical University, 
and conducted in accordance with the Guidelines for the 
Care and Use of Experimental Animals. To reduce pain, 
mice were anesthetized with isoflurane. During the period 
of the experiment, all mice were fed the individual venti-
lated cage and kept under standard housing conditions 
(12-h lighting/dark cycle, 22–24°C room temperature, 
40–60% room humidity, free drink and food were 
provided).

Fabrication and Preparation of the BZK 
Nanoparticles
Nanoparticles were prepared by solvent evaporation from 
an oil-water emulsion, as described previously.21 Briefly, 
100 mg of PLGA (50:50, Sigma-Aldrich, USA) was dis-
solved in 4 mL of dichloromethane (Chongqing 
Chuandong Chemical Co., Ltd, Chongqing, China) and 
poured into 20 mL of a 1% (W/W) poly(vinyl alcohol) 
(PVA, Sigma-Aldrich, USA) and 0.2% sodium polypho-
sphate (Bella Biology, China) in distilled water. Next, 
5 mg of BZK was added to the solution to generate BZK- 
imbedded PLGA nanoparticles. PVA, which is a nonionic 
and hydrophilic polymer, was used as a stabilizer for the 
dispersion of PLGA. To coat chitosan (Sigma-Aldrich, 
USA) onto the PLGA nanoparticles, we prepared chitosan 
solution in 1% (W/W) acetic acid (Chongqing Chuandong 
Chemical Co., Ltd, Chongqing, China) and then added it 
to the nanoparticles solution with magnetic stirring for 
8 h at 800 rpm, after which the chitosan-coated nanopar-
ticles were collected. The nanoparticles were washed three 

times with deionized water and then lyophilized overnight. 
The mixture was treated with ultrasound at a power of 150 
W for 90 s and stirred in the ice slurry at 550 rpm for 4 h, 
to remove dichloromethane by evaporation. Finally, BZK 
nanoparticles (5mg/mL) were collected and suspended in 
1mL PBS (0.1M, pH 7.4) after solvent evaporation, cen-
trifuged, and washed twice (20,000 ×g, 30 minutes) with 
distilled water.

Characterization of Nanoparticles
The morphology of the nanoparticles was characterized 
using transmission electron microscopy (TEM; FEI 
TECNAI10, Philips Electron Optics, Netherlands). The 
nanoparticles were treated ultrasonically for 20 minutes 
using the Ultrasonic Cleaner (power, 220 W; frequency, 
60 MHz; VWR International, Radnor, PA), and then 
deposited on 100 mesh with a carbon support film (Ted 
Pella, Redding, CA) on the copper grid. Prior to TEM 
observation, the samples were dried in a fume hood for 
10 minutes. A scanning electron microscope (S-3400N 
SEM, Carl Zeiss, Germany) was used to study the mor-
phology of the nanoparticles. Nano ZS (Malvern 
Instruments, UK) was used to measure the particle size 
and Zeta potential of BZK nanoparticles. The drug load 
and loading efficiency of nanoparticles were measured and 
calculated using high-performance liquid chromatography 
(HPLC; NOA 280i, GE Analytical Instruments, Boulder, 
CO, USA), on an Agilent C18 column (4.6 mm × 250 mm, 
5 μm). The mobile phase was 0.07 mol/L ammonium 
acetate (containing 1% triethylamine) - acetonitrile 
(30:70, pH 3.0±0.1) after centrifuging at 13,000 rpm for 
20 min. The detection wavelength was 262 nm, the flow 
rate was 1.0 mL/min, and the injection volume was 10 uL. 
The encapsulation efficiency (EE) and the loading capacity 
(LC) were calculated using the following formulas: EE = 
(A-B)/A × 100; LC = (A-B)/C × 100. Where A is the total 
amount of BZK, B is the free amount of BZK, and C is the 
PLGA BZK nanoparticles weight.22 These measurements 
were performed three times.

In vitro Release in Simulated Wound Fluid
The BZK release profile of nanoparticles was analyzed 
using HPLC, by the same method described above, except 
the medium used was simulated wound fluid (SWF). SWF 
(w/w) is composed of 0.64% NaCl, 0.22% KCl, 2.5% 
NaHCO3, and 0.35% NaH2PO4 with the pH adjusted to 
7.4. For all samples, the BZK concentrations were 
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measured at 0, 0.25, 0.5, 0.75, 1, 2, 4, 8, 24, 48, 72,144 or 
288 h.

In vitro Cytotoxicity Study
MTT (3–2,5-diphenyl-2-H-tetrazolium bromide) analysis 
was carried out according to the previous method.23 The 
L929 fibroblast cell line obtained from ATCC was grown 
in Dulbecco’s modification of Eagle’s medium (DMEM) 
containing fetal bovine serum (10%), 50 U/mL penicillin, 
50 U/mL streptomycin.24 Briefly, 104 cells were seeded 
into a 96-well tissue culture plate and cultured overnight in 
a 5% CO2 incubator. The medium was then aspirated, and 
replaced with a medium containing a series of concentra-
tions (31.25–200μg/mL) of nanoparticles, based on 
the results of preliminary experiment. The cells were trea-
ted with nanoparticles for 24 hours. Subsequently, 10 μL 
of MTT was added to each well containing 100 µL of cell 
suspension, followed by incubation at 37°C for 4 hours. 
Next, the reaction mixture was carefully removed and 200 
μL of dimethyl sulfone was added to each well and mixed 
using a pipette until uniform. After 10 minutes, the OD 
was measured at 490 nm using a Microplate Reader (Bio- 
Rad 6.0, Bio-Rad Laboratories Inc., CA, USA). The con-
trol group also received treatment under the same 
conditions.

In vitro Antibacterial Activity
Minimum inhibitory concentration (MIC) and minimum 
bactericidal concentration (MBC) of the BZK nanoparti-
cles: The antimicrobial activity was evaluated by the broth 
microdilution method described previously.25 Briefly, 
a stock solution of BZK nanoparticles was diluted to 
6.25, 12.5, 25.0, 33.3, 50.0, 66.7, 100 or 200 μg/mL and 
20 µL of each was combined with 180 µL of a MRSA 252 
bacterial suspension (1.0×105 CFU/mL) in a 96-well 
microtiter plate (Costar 3599, Corning Inc., NY, USA) at 
37°C. After 24 hours of incubation, the OD at 595 nm 
(OD595) was read using a microplate reader (Bio-Rad 6.0, 
Bio-Rad Laboratories Inc., CA, USA). MIC is defined as 
the lowest concentration that induces a measurable OD 
value of at least 0.05, at 595 nm after 24 hours of incuba-
tion. Subsequently, 2 μL bacterial solution of each well 
was incubated on BHI agar medium at 37°C for 1 day, 
followed by the observation of the colony by eye. MBC is 
the lowest concentration of nanoparticles required to result 
in a colony forming unit (CFU) reduction of >99.9%.

In vitro Anti-Biofilm Activity
MRSA bacterial culture (1.8 mL, 1×107 CFU/mL) was 
added to 0.2 mL of BZK nanoparticles (3.33 μg/mL) in 
each well of a 24 cell culture plate before adding the 
coverslip (Thermo Fisher technologies, Waltham, Ma, 
USA). The bacteria were incubated at 37°C for 
24 hours and washed twice with 0.1 M PBS. To elim-
inate anti-biofilm activity, 2 mL of MRSA 252 bacterial 
culture (1×107 CFU/mL) was grown in a 24-well cell 
culture plate equipped with a TSB cover plate for 
24 hours. The biofilm was cleared of PBS, and treated 
with 200 μL of 5 mg/mL BZK nanoparticles for 9 
hours. The presence of intact biofilm was evaluated by 
staining with 1 mg/mL crystal violet (Sangon Biotech of 
Shanghai Co., Ltd, Shanghai, China) for 10 minutes, 
followed by rinsing away excess stain with water, dis-
solving in 95% ethanol, and measuring the optical den-
sity (OD) by Bio Rad 6.0 (Bio-Rad Laboratories Inc., 
CA, USA) at 595 nm.15

Biofilms Surface Observation
Biofilm samples were covered with cover slips in glutar-
aldehyde (2.5%, overnight at 4°C). The resulting sample 
disc was washed 3 times in distilled water, and then 
dehydrated using an ethanol series (25, 50, 75, 90% and 
100%, respectively) including 5 minutes of continuous 
washing in each ethanol solution, followed by critical 
point drying (Tousimis, Rockville, MD, USA). Finally, 
samples were coated with carbon and imaged under an 
accelerating voltage using an S-3400N SEM (Hitachi, 
Japan).26 The voltage used was 10 kV, and 200 Å gold 
palladium was used for sputter coating. Under the high- 
resolution AFM IPC-208B (Chongqing University manu-
facturer, Chongqing, China) analysis of Chongqing 
University, after the morphological changes of these bio-
films were approved under the BZK aqueous solution and 
nanoparticles, a tungsten tip probe with the following 
conditions (force constant of 0.06 N/m, scanning area 
(1230 nm × 1230 nm)). In addition to point-by-point 
scanning at room temperature, atomic force microscopy 
(AFM) can also be used to image a sample in click mode. 
G3DR software (Chongqing University manufacturer, 
Chongqing, China) was used calculate parameters includ-
ing Kurtis (Rku) and skewness (Rsk), as well as the 
average roughness (Ra), mean square roughness (Rq) and 
average roughness (Rz)
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Cell Membrane Damage
MRSA 252 (1×106 CFU/mL) cultures were added to 
BZK nanoparticles suspended in water at 
a concentration of 3.33 μg/mL, and incubated at 37°C 
for 24 hours before centrifuging at 6000×g for 5 min-
utes at room temperature.27 After removal of the super-
natant, the cells were washed three times with PBS 
before preparation for TEM (FEI TECNAI10, Philips 
Electron Optics, Holland).

Evaluation of in vivo Wound Healing 
Efficacy
We used female BALB/c mice (6–8 weeks, weight 18–22 
g; Beijing BHK Company) as an animal model for wound- 
healing analysis. Prior to the development of a dorsal 
wound, mice were anesthetized and healed with isoflurane 
(Shanghai Yuyan Instruments Co., Ltd, Shanghai, China). 
Hair was removed using an electric shaver and depilatory 
cream (Veet, Reckitt Benckiser, France). Subsequently, 
a 1 cm2 biopsy punch was used to excise back skin to 
form a full-thickness wound. The wound care models were 
divided into four groups: BZK aqueous solution (5mg/ 
mL). BZK nanoparticles (5mg/mL), blank nanoparticles 
control treatment, and wound infection group (n=6). All 
wound mice were infected bacterial suspension with 50 μL 
of 2×109 CFU/mL MRS. After 24 hours of infection, in all 
cases except for the wound infection group and the wound 
group, mice were treated locally for 14 consecutive days. 
Treatment involved the application of 50 μL of each solu-
tion to the skin wound area keeping for 30 seconds twice 
a day. Wound size reduction (WSR) was calculated as 
WSR = Wt/W0×100, where W0 is the wound area at the 
initial time 0 and Wt is the wound area at the time t.

Reduction of Wound Bacterial Burden
Bacterial burden in the wound was determined on days 
1, 3, 5 and 7 post treatments. A swab was placed on the 
wound and then into 1 mL of sterile saline, based on 
the previous reported.28 The swab was swirled to release 
the bacteria into the liquid and after a 10-fold dilution 
with sterile saline, 5 μL of the sample was applied to an 
MHA plate and incubated at 37°C for 24 hours. After 
incubation, the number of colonies was counted and the 
number of viable bacteria at the time of inoculation was 
calculated with an auto-colony counter (Shineso Science 
& Technology Co., Ltd, Hangzhou, China).

Pathological Section of the Wound Area
Wound tissue was collected and fixed in 10% formaldehyde 
for 24 hours after executing the mice under anesthesia, and 
then sealed with paraffin on the 7th day of the in vivo experi-
ment. After embedding the sample in paraffin, a microtome 
was used to cut tissue sections (5 μm). The sample was then 
fixed onto a glass slide and stained with hematoxylin and 
eosin (H&E) to assess skin morphology and collagen forma-
tion. Samples were analyzed using an optical microscope 
(Olympus BX53, Olympus, Japan), the wound images and 
area (length×width) were captured digitally and calculated.

Statistical Analysis
All statistical analysis was performed via one-way analysis 
of variance or two-way analysis of variance. Graph Pad 
PRISM 5.0 (Graph Pad Software, Inc., La Jolla, 
California, USA) software was used for Bonferroni post- 
hoc testing. Results with p-values less than 0.05 are con-
sidered statistically significant.

Result
Development and Characterization of the 
Novel Nanoparticles
In this work, chitosan and PLGA-functionalized nanopar-
ticles loaded with benzalkonium bromide were designed 
and prepared, as shown in Figure 1. The drug payload, 
defined as % of encapsulated BZK by weight of nanopar-
ticles, obtained was 0.5%. The encapsulation deficiencies, 
calculated based on actual payload/intended payload × 
100%, were 57.9%, and nanoparticles morphology is 
shown in Figure 2A and C. The images reveal that the 
nanoparticles were discrete, uniform, and exhibited 
a round shape. The TEM images show spherical shapes 
(Figure 2A). In SEM and AFM images (Figure 2B and C), 
the nanoparticles appear to be monodispersed and spheri-
cal, with no visible aggregation. The nanoparticles had an 
average diameter less than 300 nm, and were indepen-
dently scattered over the entire microscopic field. It has 
been noted previously that the shape of nanoparticles is 
determined by the stabilizing agent, which in this case is 
BZK. Nanoparticles observed in electron micrographs 
appeared smaller in size than their hydrodynamic size as 
measured via DLS. The BZK nanoparticles prepared here 
have a mean hydrodynamic diameter of 229.7 ± 18.13 nm, 
and a mean polydispersity index (PDI) of 0.218 ± 0.03, as 
shown in Figure 2D. The low PDI observed in this study 
indicates a high degree of uniformity in the size 
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distribution. Zeta potential measurements showed that the 
BZK nanoparticles had a high negative surface charge 
value of −23.4 ± 0.085 mV (Figure 2E), indicating moder-
ate stability and no propensity for self-aggregation in 
colloidal suspensions. Overall, these nanoparticles have 
high negative zeta-potentials, which should indicate good 
stability.

In vitro Release in the SWF Fluid
The in vitro release profile of BZK nanoparticles, as well 
as their release kinetics and release mechanism, was stu-
died in SWF. As depicted in Figure 3A, the release profile 
shows an initial fast release of nearly 90% of the BZK 
within the first 60 minutes, followed by a slow and sus-
tained release reaching a maximum of 90% after 48 h. In 
summary, relative to water solutions, the nanoparticles did 
not immediately disintegrate and release the active ingre-
dient into the subcutaneous interstitial fluid through the 
skin; therefore, they exhibited a sustained-release 
mechanism.

In vitro L929 Cell Toxicity
The effect of BZK nanoparticles on L929 cells was studies 
in terms of cell viability, as depicted in Figure 3B. The 
results show that the nanoparticles induced 

a concentration-dependent decrease in cell viability under 
the conditions employed. Average cell viability after expo-
sure to nanoparticles was recorded as 84.9±8.93%, 34.89 
±9.93%, 34.13±6.55%, and 36.33±0.84% at 25, 50, 100, 
and 200 μg/mL of nanoparticles, respectively, using the 
MTT assay. We found that blank nanoparticles control 
were nontoxic to the cells below a concentration of 100 
μg/mL. In addition, the MTT assay showed that the 
increase in the number of cells over time, with all samples, 
was unaffected by the presence of the prepared nanoparti-
cles suspended in Saline Solution and were thus deemed to 
be nontoxic to cells at concentrations below 25 μg/mL.

In vitro Antibacterial Activity
The MIC of the novel BZK nanoparticles was determined 
for MRSA 252. Both the MIC and MBC values were 
measured to be 4.0±1.0 μg/mL, while the water solution 
with the MIC of 5.0±2.0 μg/mL is the most effective, as 
shown in Figure 3C and D. The MIC of an aqueous 
solution of BZK is 1.25 times that of the nanoparticles 
developed in this study. We also observed that blank 
nanoparticles have no obvious antibacterial effect. After 
treatment with its nanoparticles, the concentration was 
significantly different between 4.0 and 3.3 μg/mL 
(p=0.0314, p<0.01). These results demonstrate that BZK 

Figure 2 Characterization of PLGA nanoparticles. (A) TEM image of the BZK nanoparticles (×100,000), (B) Scanning electron microscopy (SEM) images of the BZK 
nanoparticles (×15,000), (C) AFM images of the BZK nanoparticles for horizontal and morphologic analysis (X and Y scale bar 1600 nm), (D) DLS particle size analysis of the 
BZK nanoparticles. (E) Zeta potential measurement of the BZK nanoparticles.
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nanoparticles have greater antibacterial potential than its 
aqueous solution containing the active antibacterial agent 
alone.

In vitro Anti-Biofilm Activity
Crystal violet staining was used to semi-quantitatively 
evaluate the effect of BZK in aqueous solution, BZK 
nanoparticles, and blank nanoparticles (BNP) on MRSA 
252 biofilm. Specifically, we evaluated the ability of these 
agents to limit biofilm formation, as well as their anti- 
biofilm activity. Figure 4A shows that the ability of BZK 
nanoparticles to restrict MRSA biofilm formation in 24 
hours at a concentration of 3.33 μg/mL is stronger than 
that of BZK in solution, at the same concentration. After 
24 hours, the OD595 values of biofilm samples treated with 
aqueous BZK and BZK nanoparticles were 2.416±0.213 
and 0.574± 0.248, respectively, revealing a 4.2 times 
reduction in biofilm formation for BZK nanoparticles. In 
Figure 4B and C, MRSA was treated with either a 3.33 μg/ 
mL BZK aqueous solution or BZK nanoparticles 

suspension, for 24 hours, followed by SEM analysis of 
physical and morphological changes. The biofilm in bac-
teria treated with nanoparticles (Figure 4C) is diffused and 
damaged, and the number of existing bacteria is obviously 
reduced. In addition, regarding the anti-biofilm activity of 
MRSA 252 biofilm formed under aqueous solution and 
BZK nanoparticles treated at 5 mg/mL for 4 hours, Figure 
4D. The results show that the OD595 value of the sample 
treated with aqueous BZK is 1.963±0.11, which is nearly 
1.71 times larger than the value resulting from treatment 
with BZK nanoparticles (1.147±0.023) (p=0.0003, 
p<0.001). The morphology of bacteria in both BZK aqu-
eous solution- and BZK nanoparticle-treated samples was 
examined by SEM, and it was found that the biofilm 
structure was scattered and damaged, and independently 
distributed in both cases (Figure 4E and F). SEM images 
of bacteria treated with BZK aqueous showed a similar 
morphology to those in the control group; however, the 
bacteria formed a dense network with nanoparticles 
(Figure 4F). It can be observed in the image that the 

Figure 3 Nanoparticle release profile, measured in SWF, and antibacterial activity against MRSA in vitro. (A) Release profile of PLGA BZK nanoparticles (B) L929 cell 
toxicity of nanoparticles in vitro. (C) Minimum inhibitory concentrations (MICs). (D) MBC results from an investigation BZK treatment using the following concentrations of 
the 1a–8a is 20, 15, 10, 7.5 5.0, 4.0, 3.33, 2.5 μg/mL of BZK nanoparticles, and 1b–8b is 20, 15, 10, 7.5 5.0, 4.0, 3.33, 2.5 μg/mL of BZK water solution. Error bars represent 
mean ± standard deviations of each experiment, conducted in triplicate. 
Notes: ***p < 0.001 is an extremely significant difference, **p < 0.01 is a significant difference (n =3).
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thickness of nanoparticles of bacterial cell clusters is much 
smaller than these nanoparticles exposed to the same den-
sity of aqueous solution.

As shown in Figure 5A and B, the 3D structure of 
inhibiting biofilm formation is described by the average 
height and surface roughness of 3.33 μg/mL BZK-treated 
aqueous solution and nanoparticles after latent for 24 
hours. Color images reveal that the average height of 
MRSA biofilm treated with aqueous BZK was higher 
than that of biofilms treated with BZK nanoparticles, for 
the same time duration and overall concentration of BZK. 
Average roughness (Rq), average roughness depth (Rz), 
and average roughness (Ra), as well as the measurement of 
kurtosis (Rku) and skewness (Rsk) of the biofilms are 
shown in the Figure 5C and D. Taken together these 
results reveal that aqueous BZK can limit biofilm forma-
tion more effectively than BZK nanoparticles, under the 
conditions investigated here.

In Figure 5E and F, the 3D structure of the biofilm was 
described by the average height and surface roughness 
after treatment with 5 mg/mL of BZK, in both aqueous 
and nanoparticle form, for 24 hours. Color images show 

that the average height of the remaining biofilm after 
treatment with aqueous BZK is greater than that resulting 
from treatment with BZK nanoparticles, using the same 
density of BZK and time duration. In addition, cross- 
sectional parameters of interstitial organisms were mea-
sured, namely mean square roughness (Rq), average 
roughness depth (Rz), as well as the kurtosis (Rku) and 
skewness (Rsk) parameters, and the results are shown in 
Figure 5G and H. As expected, the Rq, Rz, and Ra values 
for biofilms treated with both 3.33 μg/mL and 5 mg/mL of 
aqueous BZK are all larger than parameters obtained after 
treatment with BZK nanoparticles. The above data shows 
that BZK nanoparticles are more efficient in the inhibition 
and clearance of bacterial biofilms, than the corresponding 
treatment with an aqueous solution of BZK.

Cell Membrane Damage
Changes in cell membrane morphology of MRSA 252, after 
treatment with the aqueous solution and nanoparticles of 
BZK for 24 h, were observed via TEM. TEM micrographs 
of MRSA that had not been exposed to BZK-treated and 
untreated bacteria (Figure 6A and B) revealed intact, multi- 

Figure 4 Reduction of formation and clearance of bacterial biofilms after BZK nanoparticles treatment. (A) Inhibition of biofilm formation using a 3.33 μg/mL BZK 
nanoparticles solution. (B) Biofilm surface structure after treatment with 3.33 μg/mL BZK aqueous solution (× 6k magnification), (C) Biofilm surface structure after 
treatment with a 3.33 μg/mL BZK nanoparticles solution (× 6k magnification) (D) Biofilm formation after treatment with a 5 mg/mL BZK nanoparticles solution. (E) Biofilm 
surface structure after treatment with 5 mg/mL of BZK in aqueous solution (× 6k magnification) (F) Biofilm surface structure after treatment with a 5 mg/mL BZK 
nanoparticles solution (× 6k magnification). 
Notes: ***p < 0.001 is an extremely significant difference (n =3).

https://doi.org/10.2147/IJN.S303529                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2021:16 4038

Wu et al                                                                                                                                                               Dovepress

https://www.dovepress.com
https://www.dovepress.com


Figure 5 3D micrograph showing the inhibition and clearance of bacterial biofilms. (A) Micrograph of biofilm treated with a 3.33 μg/mL BZK aqueous solution (B) 
Micrograph of biofilm treated with a 3.33 μg/mL BZK nanoparticles solution. (C) Three profile parameters of biofilm treated with a 3.33 μg/mL BZK nanoparticles solution. 
(D) Two measurement parameters of biofilm treated with a 3.33 μg/mL BZK nanoparticle solution. (E) Micrograph of biofilm treated with 5 mg/mL BZK aqueous solution 
(F) Micrograph of biofilm treated with a 5 mg/mL BZK nanoparticles solution. (G) Three profile parameters of biofilm treated with a 5 mg/mL BZK nanoparticles solution. 
(H) Two measurement parameters of biofilm treated with a 5 mg/mL BZK nanoparticles solution. 
Notes: ***p < 0.001 is an extremely significant difference, * p < 0.05 is a difference (n = 6)

Figure 6 Cell membrane damage imaged via TEM. (A) MRSA treated with 3.33 μg/mL of BZK nanoparticles (×25 k). (B) TEM images of MRSA treated with 3.33 μg/mL BZK 
aqueous solution (×100 k). (C) TEM images of MRSA treated with 5 mg/mL of BZK nanoparticles (×25 k). (D) TEM images of MRSA treated with 5 mg/mL of BZK 
nanoparticles (×100 k).
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layer, cell membranes comprising the outer membrane, 
a peptidoglycan layer in periplasmic space, a cytoplasmic 
membrane and no signs of cell membrane damage. In both 
cases, the bacteria show a characteristic round shape, have 
a highly heterogeneous intracellular density corresponding 
to the DNA region, and have a complete wall with a well- 
defined membrane. Figure 6C and D shows that MRSA cells 
treated with the same concentration of BZK nanoparticles 
have cell membranes with altered morphology and signs of 
damage. The plasma membrane appears to be partially sepa-
rated from the bacterial resulting in large vacuoles surround-
ing this area. In addition, the cytoplasm appeared contracted 
and the electron concentration was unevenly distributed 
within the cells. The cells also were abnormal in shape, 
and some cell skins were broken, which led to the release 
of cellular components such as proteins, electrolytes, nucleic 
acids, and intracellular enzymes.

In vivo Wound Healing Efficacy
The results of our in vivo healing study showed that the 
bacterial count in wounds treated with 5 mg/mL of BZK 
nanoparticles decreased faster, in comparison to wounds 
treated with the same concentration of aqueous BZK solu-
tion (Figure 7A). After 3 days of treatment, the number of 

bacteria in wounds treated with 5 mg/mL of BZK nano-
particles decreased by 38%, while the decrease in the 
number of bacteria in wounds treated with 5 mg/mL of 
aqueous BZK solution was only 21%. By the seventh day 
after treatment, the number of bacteria in wounds treated 
with 5 mg/mL of nanoparticles was decreased by 80%, 
while the number of bacteria in wounds treated with 5 mg/ 
mL of aqueous BZK solution decreased by only 56%. 
These data indicate that BZK nanoparticles can effectively 
reduce the local bacterial burden in wounds.

Blank nanoparticles infected with MRSA and wound 
area of BZK mice (Figure 7B-I, Figure 7B-IV). In contrast, 
infected mice showed normal wounds, without ulceration 
(Figure 7B-II). For wounds treated with 5 mg/mL of BZK 
nanoparticles, a scab formed and began to fall off (Figure 
7B-III). The wound healing process was used to determine 
the healing properties of the novel BZK nanoparticles. As 
shown in Figure 7B and C, nanoparticles had a significantly 
higher cure rate than BZK in aqueous form. From the 
7th day post treatment, the healing rate observed for wounds 
treated with 5 mg/mL of BZK nanoparticle was higher 
(55.5%) than those treated with 5 mg/mL of aqueous BZK 
(50.7%). In comparison with the above BZK-treated groups, 
wounds treated with blank nanoparticles (47.54%) exhibited 

Figure 7 Antibacterial activity against MRSA infection in vivo. (A) Bacterium burden on days of 1, 3, 5, and 7 post wounding; (B) I–IV. Images of wounds without treatment, 
treated with BZK water solution, BZK nanoparticles, and blank nanoparticles (scale bar, 1 cm). (C) Relative cure area ratio of the wound. (D) I–IV. Histological microscopic 
images of wounds without treatment, treated with a water solution, BZK nanoparticles, and blank nanoparticles (×100, scale bar: 100 μm). 
Notes: ***p < 0.001 is an extremely significant difference, **p < 0.01 is a significant difference, *p < 0.05 is a difference (n = 6)
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delayed healing; however, healing was still faster that the 
control group (30.08%) after 3 days. Fourteen days after 
treatment, the extent of wound healing reached 100%, 
81.56%, 77.34%, 78.12%, and 54.65% for the BZK nano-
particles, aqueous BZK, blank nanoparticle, control, and 
model infection groups, respectively (all P<0.001). These 
results indicate that BZK nanoparticles can improve the 
speed and extent of wound healing after MRSA infection.

Figure 7D I–IV shows the analysis of skin tissue from 
wound sites, for all groups, on day 7. Skin collected from 
all animals treated with BZK nanoparticles confirmed the 
establishment of full thickness wound, as well as the loss 
of normal epithelium, necrotic epidermis, and lower der-
mal fat. The muscle layer showed signs of infection and 
inflammation, and the inflammatory cell layer was dense. 
Inflammation became more obvious in the blank nano-
particle control group on the 7th day, and remained on 
the higher side on the 7th day of infection. In contrast 
with the control group, the number of inflammatory cells 
and epithelial formation in the BZK nanoparticle treat-
ment group decreased after the 7th day. Epithelial forma-
tion in the control group was poor, and the presence of 
neutrophils indicated that the MRSA infection persisted 
beyond the 7th day; however, at this stage, well-arranged 
epithelial formation, fewer inflammatory cells, and nor-
mal dermal collagen were observed. Skin tissues col-
lected from BZK treatment groups on the 7th day 
showed remarkable wound healing, with well-arranged 
epithelium and hair follicles in newly formed skin tissue, 
and negligible neutrophil counts in the lower dermal 
layer. These results confirm the positive therapeutic 
effect of BZK preparations, and the results are positively 
correlated with the bacterial load observed in infected 
wounds.

Discussion
Wound healing is a major health-care challenge that poses 
a substantial financial and logistical burden on health-care 
systems.29 The wound healing process may be delayed by 
many factors, which exposes patients to long-term inflam-
mation, increased tissue destruction and necrosis.30 Due to 
numerous applications of nanoparticles in hospital set-
tings, and their efficiency in preventing and treating 
wounds, burns, and infections, the development of nano-
particles for clinical applications is becoming increasingly 
promising.31 Nanoparticles have made remarkable pro-
gress in the delivery of antibacterial drugs, specifically 
those based on natural polymers, which represents 

a promising method for the encapsulation of antibiotics 
with the advantage of targeted delivery and controlled- 
release characteristics that improve the pharmacokinetics 
and therapeutic index, as well as reduce or eliminate anti-
biotic resistance.32 PLGA has been widely used as a drug 
carrier in tissue engineering applications, and can be used 
to prepare nanoparticles designed for drug release.33 Due 
to their ability to adjust the degradation characteristics and 
biocompatibility, nanoparticles can be prepared for the 
delivery of almost any type of drug.34 The antibacterial 
activity of chitosan, specifically against S. aureus, is well 
known.35 Therefore, in this study, we chose chitosan and 
PLGA as the structural components for the development of 
novel nanoparticles.

Our data show that the size of the nanoparticles is 
approximately 200 nm, and using TEM, SEM, and AFM, 
the size distribution was shown to be narrow. The particle 
size observed under SEM and TEM is smaller than that 
obtained from DLS analysis. This discrepancy is related to 
the physical state of the nanoparticles during the measure-
ment. Results Similar to the research report, the antibac-
terial property of nanomaterial is one of the main 
standards for countering the growing threat of microbial 
drug resistance.35

PLGA nanoparticles are released through the overall 
erosion of the structural matrix in aqueous environments 
and SWF.36 The release of BZK molecules from PLGA 
nanoparticles was accelerated by spontaneous hydrolysis 
and enzymatic degradation of the ester bonds in water. 
And, we found that BZK nanoparticles have delay release 
profile in simulated wound fluid. This feature resulted in 
a high antibiotic concentration in the micro-environment 
around the cell surface, which greatly improved the anti-
bacterial activity, in comparison with direct application 
approaches. In fact, the results show that the MIC value 
is reduced by a factor of 4 times.37

Similarly, an enhancement in the antibacterial proper-
ties of nanoparticles comprised of chitosan has been 
observed in other studies. We believe that the BZK nano-
particles developed here have remarkable bactericidal 
effects due to their high affinity for surface-exposed active 
groups in microbial strains, and because the surfactant ions 
released by the nanoparticles can destroy bacterial cell 
membranes, resulting in cell death. Our results are similar 
to those of free chitosan, which is thought to destroy cell 
membranes.38 Recent reported that S-nitrosoglutathione, 
Platensimycin or teicoplanin-PLGA nanoparticles as an 
ideal nanoparticles formulation for the treatment of 

International Journal of Nanomedicine 2021:16                                                                                   https://doi.org/10.2147/IJN.S303529                                                                                                                                                                                                                       

DovePress                                                                                                                       
4041

Dovepress                                                                                                                                                              Wu et al

https://www.dovepress.com
https://www.dovepress.com


MRSA-infected cutaneous wounds.9,37,39 And PLGA 
nanoparticles have non-toxic characteristics of bio- 
composite to normal tissue or cell line.40,41

One of the most troublesome aspects of wound healing is 
the adhesion and colonization of biofilm. Biofilm is 
a bacterial community that produces a protective extra cel-
lular matrix, which is particularly persistent. The removal of 
a bacterial biofilm usually requires a factor of 100–1000 
times higher local concentration of an antibiotic, in compar-
ison to the bacterial strain alone.35 Biofilm formation is the 
most important virulence factor for MRSA infection, 
because the associated yeast cells will fall off the biofilm, 
resulting in a serious MRSA infection. In addition, MRSA 
can steadily increase the formation of bacterial biofilms.42 

Our results show that BZK nanoparticles can effectively 
inhibit the formation of bacterial biofilms, and have the 
ability to remove existing biofilms, thus promoting the effi-
cient healing of skin wounds. Inflammation of skin wounds 
often occurs in mice.31 This study has established that BZK 
nanoparticles coated with PLGA have a significant antibac-
terial effect on MRSA-challenged inflammation, both 
in vitro and in vivo, and effectively promote the healing of 
skin wounds. This result is consistent with previous studies 
using skin wound infection models.43

Conclusion
In the current study, we reported the preparation of the novel 
chitosan and poly(D,L-lactide-co-glycoside) nanoparticles 
loaded with benzalkonium bromide (BZK). And also, this 
novel nanoparticles were found to have significant antibac-
terial activity (P<0.01), both in vitro and in vivo test. The 
stronger anti-biofilm ability of the nanoparticles to inhibit 
the formation of bacterial biofilms, at a concentration of 3.33 
μg/mL, and clear existing bacterial biofilms, at 
a concentration of 5 mg/mL, compare with its water solu-
tion. In addition, significant damage to bacterial cell walls 
also was found, providing insight into the mechanism of 
antibacterial activity. We found that wound healing is accel-
erated upon treatment with BZK nanoparticles, which may 
provide a therapeutic substitute for current wound healing 
approaches. Our research on skin pathology of nanoparticles 
therapy and wound healing uses a mouse wound model with 
histological characteristics similar to skin wound.
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