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Abstract 

Staphylococcus aureus is a unique challenge for the healthcare system because it can form biofilms, is resistant 
to the host’s immune system, and is resistant to numerous antimicrobial therapies. The aim of this study was to inves‑
tigate the effect of poly (lactic‑co‑glycolic acid) (PLGA) polymer nanoparticles loaded with vancomycin and conju‑
gated with lysostaphin (PLGA‑VAN‑LYS) on inhibiting S. aureus biofilm formation. Nano drug carriers were produced 
using the double emulsion evaporation process. we examined the physicochemical characteristics of the nanopar‑
ticles, including particle size, polydispersity index (PDI), zeta potential, drug loading (DL), entrapment efficiency (EE), 
Lysostaphin conjugation efficiency (LCE), and shape. The effect of the nano drug carriers on S. aureus strains was eval‑
uated by determining the minimum inhibitory concentration (MIC), conducting biofilm formation inhibition studies, 
and performing agar well diffusion tests. The average size, PDI, zeta potential, DL, EE, and LCE of PLGA‑VAN‑LYS were 
320.5 ± 35 nm, 0.270 ± 0.012, ‑19.5 ± 1.3 mV, 16.75 ± 2.5%, 94.62 ± 2.6%, and 37% respectively. Both the agar well diffu‑
sion and MIC tests did not show a distinction between vancomycin and the nano drug carriers after 72 h. However, 
the results of the biofilm analysis demonstrated that the nano drug carrier had a stronger inhibitory effect on biofilm 
formation compared to the free drug. The use of this technology for treating hospital infections caused by the Staphy-
lococcus bacteria may have favorable effects on staphylococcal infections, considering the efficacy of the nano medi‑
cine carrier developed in this study.
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Introduction
Staphylococcus aureus is a gram-positive opportunis-
tic bacteria that frequently causes skin and soft tissue 
infections [1, 2]. This bacterium’s primary natural habi-
tat is the surface of human skin and mucous membranes. 
This bacteria is one of the main causes of hospital- and 
community-acquired infections, and it puts a significant 
strain on the healthcare system [1, 2]. S. aureus coloniza-
tion occurs in two ways: intermittent carriers (75–80%) 
and persistent carriers (20–25%). S. aureus nasal car-
riage is directly correlated with the incidence of hospi-
tal-acquired infections [3]. S. aureus is one of the typical 
causes of infections related to medical equipment, skin 
and soft tissue infections, infected endocarditis, and 
osteomyelitis [4]. Multidrug-resistant strains of Staphy-
lococcus aureus, especially methicillin resistant (MRSA) 
strains, pose a significant threat to human health, lead-
ing to severe morbidity and mortality. These strains are 
particularly problematic in healthcare settings, such as 
hospitals, as well as among otherwise healthy individu-
als. MRSA strains demonstrate resistance to multiple 
antimicrobials, including penicillins, carbapenems, and 
cephalosporins. This resistance is required through the 
acquisition of the mobile staphylococcal cassette chro-
mosome mec (SCC mec), which carries the mecA gene. 
The mecA gene encodes for altered penicillin-binding 
proteins (PBP2a) consequently rendering their treatment 
challenging [5]. Glycopeptide antibiotics, particularly 
vancomycin, have consistently been the preferred therapy 
for treating MRSA infections [6]. Vancomycin has tradi-
tionally been regarded as the ultimate treatment option 
for MRSA infections. Nevertheless, its extensive utiliza-
tion has led to the emergence of various strains, includ-
ing vancomycin-intermediate Staphylococcus aureus 
(VISA) and vancomycin resistant Staphylococcus aureus 
(VRSA) [5]. The side effects of vancomycin include hypo-
tension, nephrotoxicity, ototoxicity, tachycardia, chills, 
and fever [7]. Cell-to-cell adhesion takes place once the 
bacterium adheres to either a living surface or a non-liv-
ing surface. Subsequently, the bacteria undergo multipli-
cation, resulting in the formation of a biofilm consisting 
of multiple layers. Within this biofilm, a cluster of bac-
teria is enclosed by an extracellular polymeric matrix, 
which is produced by the bacteria themselves [3, 8, 9]. 
The hydrated extracellular polymeric matrix is primar-
ily composed of polysaccharides, extra cellular DNA 
(eDNA), and proteins. This matrix serves as a protective 
shield for the bacteria, safeguarding them against heat, 
radiation, the immune system, and antibiotic treatment 
[3, 8, 10]. It is challenging to eliminate these infections 
due to the development of biofilm and cell encapsula-
tion in the polymer matrix, which decreases sensitivity 
to antimicrobial drugs and host defenses [8]. Numerous 

treatment failures in clinical settings have been attributed 
to the fact that bacteria in biofilm form are 100–1000 
times more resistant to antibiotics compared to plank-
tonic bacteria [11]. As a result, biofilm-related infec-
tions are frequently chronic, recurring, and challenging 
to cure [11]. To solve these challenges, novel anti-biofilm 
therapies are required [12]. One of the most promising 
approaches currently being explored is the utilization of 
nanoparticles for drug delivery [11, 13]. Several studies 
have demonstrated that nanoparticles can effectively tar-
get biofilms and serve as potent weapon against biofilm-
associated infections [13, 14]. Nanoparticles enhance the 
penetration of drugs into the deep layers of the biofilm. 
They enhance the bioavailability of antibiotics and the 
efficacy of the treatment [15–17]. The limitations of tra-
ditional therapy with vancomycin and the challenges in 
treating biofilm-related infections have led to the devel-
opment of drug delivery systems based on nanoparticles: 
1) It has been demonstrated that the sustained and con-
trolled release of vancomycin from nanoparticles leads to 
the preservation of high levels of antimicrobial substance 
within the biofilm and enhances the drug’s interaction 
with bacterial cells. This increases the duration of antibi-
otic contact with bacteria within the biofilm and the anti-
bacterial efficacy compared to free drug. 2) It improves 
the drug’s pharmacokinetics. 3) It reduces toxicity. 4) 
Nanoparticles, due to their size and surface properties, 
can penetrate the biofilm and consequently increase 
the local drug concentration in the deeper layers of the 
biofilm. 5) Nanoparticles can be targeted with surface 
ligands, and the drug can be released in a location near 
the biofilm. 6) Free drug may be susceptible to enzymatic 
and chemical degradation, whereas nanoparticles pro-
tect the drug from degradation and inactivation within 
the biofilm [18, 19]. Polylactic-co- glycolic acid (PLGA), 
one of several nanoparticles, has garnered particular 
interest because of its distinctive features. The FDA has 
approved PLGA, a biodegradable polymer with great bio-
compatibility, for delivering medications in a steady and 
controlled manner while guarding them from chemical 
and enzymatic destruction [16, 20–23]. Numerous stud-
ies have been conducted on the effectiveness of PLGA 
nanoparticles on bacterial biofilms and MRSA infections. 
A study by Anjum et  al. [24] in 2019 in Malaysia dem-
onstrated the effectiveness of PLGA nanoparticles loaded 
with xylitol on bacterial biofilms. These nanoparticles 
successfully penetrated the biofilm matrix [24]. The use 
of bacteriocins to treat biofilm infections has also been 
successful [25]. Methicillin-resistant S. aureus (MRSA) 
infections can be treated with lysostaphin enzyme, a bac-
teriocin that is beneficial alone or in conjunction with 
antibiotics for treating a variety of Staphylococcus infec-
tions in humans. Lysostaphin, a 27 KD metalloenzyme, is 
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capable of precisely dissolving pentaglycine cross-bridges 
found in S. aureus cell walls. This enzyme kills planktonic 
Staphylococcus aureus strains and prevents the growth 
of bacteria in the biofilm [26–28]. Therefore, consider-
ing biofilm resistance and the aforementioned issues, 
the goal of this work was to create a novel technique to 
increase the efficiency of current antibiotics in prevent-
ing the formation of biofilms in S. aureus strains. As a 
result, PLGA-VAN-LYS nanoparticles were created using 
the double emulsion evaporation method, and their abil-
ity to prevent S. aureus biofilm formation was tested.

Materials and methods
Research materials
Vancomycin, polyvinyl alcohol (PVA), poly (lactic-co-gly-
colic acid) (PLGA) 50:50, and lysostaphin were all given 
by Sigma Aldrich (MO, USA). Sigma Aldrich (MO, USA) 
provided the 2-morpholinoethanesulfonic acid (MES), 
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chloride (EDC), and N-hydroxysulfosuccinimide (NHS). 
Both the MTT and Bradford protein test kits came from 
Kiazist in Iran. Merck (Darmstadt, Germany) furnished 
the blood agar, Mueller–Hinton broth, Mueller–Hinton 
agar, chloroform, and dichloromethane. Fetal bovine 
serum (FBS), penicillin, and streptomycin were bought 
from Gibco in the USA. The Dulbecco’s Modified Egle’s 
Medium (DMEM) was also used.

Synthesis of PLGA‑VAN
The double emulsion-solvent evaporation approach was 
used to create PLGA-VAN. In summary, 15 mL of chloro-
form was employed to dissolve 120 mg of PLGA polymer, 
which was then combined at 25 °C with magnetic stirring 
at 150 rpm for three hours. After that, the first emulsion 
(W1/O) was created by adding 24 mg of vancomycin to 
the PLGA-chloroform mixture. The primary emulsion 
was combined with 2% PVA and homogenized using an 
ultrasonic instrument (Bandelin Sopopuls, Berlin, Ger-
many) at 45% amplitude (20 W) for one minute with a 
regular pulse rhythm (10 s on and 5 s off) to generate the 
secondary emulsion (W1/O/W2). Dropwise additions 
of the second emulsion were made into 20 mL of cold 
distilled water (4°C) with magnetic stirring for 30 min. 
Finally, PLGA-VAN was centrifuged (Eppendorf North 
America Co, US) at high speed for 20 min at 4 °C after 
being washed three times with sterile distilled water. To 
make the samples suitable for biological studies involving 
bacteria and cell lines, they underwent lyophilization at 
-80 ˚C using a vacuum pump (Christ, China) equipped 
with a condenser flow. Subsequently, the lyophilized nan-
oparticles were reconstituted in a solution and sterilized 
using 450 nm filters [29, 30].

Lysostaphin conjugation
In accordance with a specific methodology, 10 mL of 
MES buffer (pH 5.0) were used to scatter 20 mg of lyo-
philized PLGA-VAN NPs. 1 mL of 0.1 M EDC and 1 mL 
of 0.7 M NHS, both dissolved in MES buffer with a pH 
of 5.0, were added to the NPs suspension to complete 
the activation process. The suspension was then gen-
tly stirred at room temperature for an hour. After that, 
the activated NPs were centrifuged (Eppendorf North 
America Co, US) (21,000 × g, 10 min, 4°C) to remove any 
residual reagents. The resulting pellets were redispersed 
in phosphate-buffered saline (PBS). To the suspensions, 
3 mg of lysostaphin was added, and the mixture was 
homogenized using a vortex mixer. It was then incubated 
for 24 h at 4°C. A second centrifugation (21,000 × g, 10 
min, 4˚C) was performed to get remove any unconju-
gated lysostaphin. The resulting pellets were resuspended 
in PBS. The effectiveness of lysostaphin conjugation 
to PLGA-VAN NPs was assessed using the Coomassie 
PlusTM (Bradford) test kit for the Bradford protein assay. 
Bovine serum albumin standards (0–50 mg/mL) were 
prepared by diluting them in PBS following the instruc-
tions provided with the Bradford kit (Kiazist, Iran). In 
the next step, the wells of an ELISA plate were filled with 
180 µL of Bradford’s reagent. Then, Bradford’s reagent 
was added to each well, and 20 µL of the diluted stand-
ard solutions were pipetted into each well. The plate was 
incubated at room temperature for 5 min, and the optical 
density (OD) was assessed at wavelength of 595 nm [31].

Characteristics of NPs
The Zetasizer Nano ZS 3600 equipment (Malvern 
Devices, Worcestershire, United Kingdom) was used 
to determine particle size, PDI, and Zeta potential after 
lyophilization using the Dynamic light Scattering (DLS) 
method [32].

Morphology
Field emission scanning electronic microscopy, also 
known as a FE-SEM, was used to examine the morpho-
logical characteristics of NPs. In summary, 10 mg of 
lyophilized PLGA-VAN NPs were dissolved in 1 mL of 
distilled water before 2 µL of this suspension was applied 
to a glass surface. The suspension was dried and covered 
with a thin gold layer to prevent electrostatic charge dur-
ing inquiry and analysis using FE-SEM (TSCAN, Czech 
Republic) [33].

Determination of entrapment efficiency (EE %) and drug 
loading (DL %)
In accordance with recommendations made in the lit-
erature, an indirect approach (spectrophotometer) was 
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used to determine how much vancomycin was loaded 
and encapsulated inside the synthesized NPs. First, 1 
mL of distilled water was mixed with 5 mg of lyophi-
lized nanoparticles before being vortexed. The next stage 
was centrifugation (37,000 × g for 20 min at 4 °C). Using 
a spectrophotometer (2100UV, USA) at a wavelength of 
283 nm, the supernatant was examined. A standard curve 
was used to determine the drug’s concentration. The fol-
lowing equations were applied in order to determine the 
amount of loaded and encapsulated drug [34]:

Determination of stability of NPs
Regular time intervals were used to evaluate the sta-
bility of NPs. Using nano Zetasizer device (Malvern 
Devices, Worcestershire, United Kingdom), the particle 
size, zeta potential, and PDI were assessed at intervals 
of 0, 2, 4, 6, 8, and 12 months following lyophilization. 
At the same time, a spectrophotometer was used to 
calculate how much vancomycin was injected into the 
nanoparticles [30].

Determination of drug release
The lyophilized nanoparticles (NPs) were precisely 
weighed and dissolved in 1 ml of release medium, put 
into a dialysis bag (cut-off 12,000, Dialysis tubing, Sigma 
Chem. Co., Missouri, USA), and put into a 40 mL release 
medium (PBS buffer, pH: 7.4) while being agitated mag-
netically at 100 rpm at 37 °C. At certain intervals, a spec-
trophotometer (2100UV, USA) was used to check the 
vancomycin content of 1 mL of the medium. To compare 
the outcomes of this series of tests with those of free van-
comycin, the same technique was used with free vanco-
mycin that had been inserted into dialysis bags and in the 
same medium. The medium was then sampled repeatedly 
throughout the same time periods, and the outcomes 
were examined. It should be emphasized that a brand-
new, fresh medium in the exact same quantity was pro-
vided following each medium sampling [29].

Fourier‑transform infrared spectroscopy (FTIR) 
and differential scanning calorimetry (DSC)
To ascertain any potential interactions between vanco-
mycin and the ingredients in PLGA-VAN NPs, a series of 
studies were conducted. This option was examined using 
FTIR analysis in the 400–4000 °C temperature range. At a 

Entrapment Efficiency EE (%) =
initial drug amount − free drug amount

initial drug amount
× 100

Drug Loading DL (%) =
initial drug amount − free drug amount

initial PLGA amount
× 100

rate of 10 °C/min, a DSC analysis was conducted from 20 
to 400 °C [32].

MTT assay
Using the MTT assay kit (Kiazist, Iran), the cytotoxic-
ity assay test was conducted. A murine fibroblast cell 
line was used to test the cytotoxic effects of PLGA-VAN, 
Free vancomycin, lysostaphin, and pure PLGA. A 96-well 
clean plate, two channel reservoirs, solvent, and MTT 
reagent were all included in the kit. This stage involved 

counting  104 L929 fibroblasts using the trypan blue stain-
ing method, transferring them to 96-well cell culture 
plates filled with Dulbecco’s Modified Egle’s Medium 
(DMEM) culture containing 10% FBS (fetal bovine 
serum) and 1% penicillin–streptomycin, and incubat-
ing them there for an overnight period of time at 37 
°C with 5%  CO2. After removing the DMEM medium, 
PLGA-VAN, Free vancomycin, lysostaphin, and pure 
PLGA were supplied together with DMEM contain-
ing 10% FBS and incubated for 24 h. Positive controls 
included wells with medium but no drug. Three times 
each were done for every experiment. Following a PBS 
wash to remove any remaining medications or poly-
mers, each well received 150 µL of new DMEM devoid of 
fetal bovine serum. Next, 20 µL of the MTT test reagent 
were applied to each well. The plate was incubated at 37 
°C with 5%  CO2 for 3–4 h. After that, each well received 
a 100 µL solubilizer and an orbital shaker for 15 min in 
order to resolve formazan particles. In order to measure 
the absorbance at 570 nm, a 96-well ELISA plate reader 
was used. The percentage of cells in the positive control 
group that were absorbed (100 percent alive) was utilized 
to determine the cells’ vitality [35].

Bacterial strains
The bacterial strains used in this study are from Hama-
dan University of Medical Science in Hamadan, Iran. 
They are methicillin-sensitive Staphylococcus aureus 
(MSSA) (ATCC 25923), methicillin-resistant Staphylo-
coccus aureus (MRSA) (ATCC 33591), and vancomycin 
intermediate resistant Staphylococcus aureus (VISA). 
Additionally, a clinical strain that was obtained and 
employed in this investigation originated from the Besat 
Hospital in Hamadan, Iran.
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Agar well diffusion and minimum inhibitory concentration 
(MIC)
Agar well diffusion and minimum inhibitory concentra-
tions (MIC) testing were carried out in accordance with 
CLSI recommendations. Each well received 100 µL of 
various doses of PLGA-VAN, PLGA-VAN-LYS, and free 
vancomycin (5, 25, and 50 µg/mL) and was then incu-
bated at 37 °C for 24, 48, and 72 h. The diameter of the 
inhibitory zone was then determined for each well. Steri-
lized 96-well cell culture plates were used for the MIC 
test. The PLGA-VAN, PLGA-VAN-LYS, and free vanco-
mycin were delivered in a range of concentrations, and 
100 µL of each concentration was applied to each micro-
plate well aside from the positive control wells. 100 µL 
of Muller Hinton broth medium were then given to each 
well. Then, 100 µL of various bacterial strains with 1.5 
 106 CFU/mL were added to all but the negative control 
well. The microplates were incubated for 24, 48, and 72 h 
at 37 °C [36, 37].

Investigation of biofilm inhibition
To quantitatively assess biofilm formation in the presence 
and absence of nano and free medicines, the Crystal vio-
let staining method was used. In summary, fresh cultures 
of various strains were diluted 1:100 and added to the 
TSB culture medium that had been enhanced with 1% 
glucose. Then, various amounts of PLGA-VAN, PLGA-
VAN-LYS, and Free vancomycin were applied to each 
microplate well (the final concentrations in each well 
were 50, 30, 20, and 5 µg/mL). For 24, 48, and 72 h, the 
microplate was incubated at 37˚C. Each well’s medium 
was then gradually withdrawn, and PBS was used to wash 
it three times. The biofilm in each well was stabilized 
with methanol. Next, crystal violet (2%) was used to stain 
the wells. The wells were gently cleansed with water after 
15 min. The second stage was obtaining an adherent cell 
suspension in 95% ethyl alcohol. At 600 nm, optical den-
sity was identified after 30 min [38].

Statistical analysis
The Analysis of Variance (ANOVA) test was used to 
examine the differences between the treatments. The 
Dunnett test was another statistical analysis used to com-
pare groups. Statistical significance was determined to be 
P < 0.05, and the confidence interval was established at 
95%.

Results
Characteristics of the NPs
In the optimum formulation of PLGA-VAN-LYS (F4), 
the mean diameter, PDI, and zeta potential of the NPs 
had been 320.5 ± 35 nm, 0.270 ± 0.012, and -19.5 ± 1.3 mV, 
respectively (Table 1).

Morphology
The results of the FE-SEM investigation of the PLGA-
VAN morphology are displayed in Fig. 1. The majority of 
the particles appeared to be spherical and had a smooth 
surface with some homogenous dispersion, as seen by 
the photograph. The majority of the NPs were about the 
same size, and PDI (0.270 ± 0.012) supports this finding.

Drug loading and encapsulation efficiency
Vancomycin was loaded into PLGA in varying amounts, 
ranging from 14.25% to 16.75%, and it was encapsulated 
to varying degrees (91.35% to 94.62%). The loaded and 
encapsulated vancomycin levels for the ideal PLGA-
VAN-LYS (F4) formulation were 16.75% ± 2.5 and 
94.62% ± 2.6, respectively (Table 1).

Stability of NPs
At 0, 2, 4, 6, 8 and 12 months after manufacture, nanopar-
ticles’ particle size, PDI, and zeta potential were assessed 
(Table 2). According to the results, there was a very tiny 
difference in size between the nanoparticles up until the 
sixth month after manufacture. After 12  months, these 
sizes increased from 320.5 ± 35 nm to 495.5 ± 34 nm, this 
increase was statistically significant (P < 0.05). Changes in 
PDI and zeta potential were not significant.

Drug release
Figure 2 depicts the results of the drug release test, which 
was carried out in 72  h (In vitro, pH: 7.4, PBS buffer). 
The results showed that more than 72 h were needed to 
release about 80% of the drug from the PLGA matrix. In 
contrast, 35% of the drug was released from the PLGA 
matrix in the first 20 h, whereas 80% of the free drug was 
released after 20 h.

FTIR analysis
FTIR spectra of vancomycin, PLGA, and PLGA-VAN are 
shown in Fig.  3. As seen in Fig.  3, Vancomycin showed 
peaks at 3,440  cm−1 and 1,635  cm−1, which corresponded 
to the -OH stretching and the C = O vibration, respec-
tively. PLGA showed peaks at 3450   cm−1, 3010   cm−1, 
1762.6  cm−1 and 1186  cm−1, which corresponded to the 
–OH end group, C-H stretches, C = O stretch and C-O 
stretch respectively. The FTIR spectrum of PLGA-VAN 
showed all the characteristic peaks of Van and PLGA, 
confirming that Vancomycin was successfully encapsu-
lated in PLGA-VAN.

DSC analysis
DSC thermograms of vancomycin, PLGA, physical 
mixture, and PLGA-VAN nanoparticles are received 
in order to study the recrystallization and melting 
behavior of PLGA nanoparticles (Fig.  4). The DSC 
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thermogram of PLGA shows that melting occurs at 
54.5  °C. The physical mixture’s and the PLGA-VAN 
nanoparticles’ melting points were quite similar to 
those of PLGA. In the physical mixing with the vanco-
mycin, a little modification in the PLGA’s melting pro-
cess was found. A distinct endothermic peak was found 

in the DSC thermograms of vancomycin at 258.9  °C. 
The melting point for the physical mixture and PLGA-
VAN is low, according to data on this point for other 
compounds. It’s interesting to note that the endother-
mic peak positions, physical mixture, and PLGA-VAN 
of vancomycin did not significantly change. The lack of 

Fig. 1 A) Field emission scanning electronic microscopy of PLGA‑VAN, B) the magnified part of the PLGA‑Van 

Table 2 Technological characteristics of the PLGA‑VAN formulation: average diameter, PDI and zeta potential throughout stability 
study, (means ± SD, n = 3)

a Zeta potential

Formulation Technological 
parameters

Time (months)

0 2 4 6 8 12

PLGA‑VAN‑LYS (F4) Size (nm) 320.5 ± 35 322.5 ± 32 326.3 ± 25 332.8 ± 34 420.4 ± 42 495.5 ± 34

PDI 0.270 ± 0.012 0.270 ± 0.017 0.274 ± 0.010 0.278 ± 0.014 0.285 ± 0.012 0.290 ± 0.011

ZPa (mV) ‑19.5 ± 1.3 ‑19.2 ± 3.8 ‑18.9 ± 2.1 ‑18.5 ± 2.3 ‑17.9 ± 3.4 ‑17.5 ± 3.8
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a distinct melting peak on the PLGA-VAN thermogram 
suggests that the vancomycin molecules are stabilized 
inside the PLGA matrix or that there is no free vanco-
mycin crystal left in the PLGA-VAN.

MTT assay
Figure  5 illustrates the effects of various concentration 
of PLGA-VAN, vancomycin, free PLGA (blank), and 

lysostaphin on murine L929 fibroblasts. At 37  °C and 
with 5%  CO2, cells were incubated with different doses 
of free vancomycin, PLGA-VAN, free PLGA, and lys-
ostaphin. Additionally, the exact same cells that were 
used in the positive controls (without treatment) were 
incubated in the culture medium. With the exception of 
lysostaphin, none of the formulations were hazardous at 
50 µg/ml. At 200 µg/ml, PLGA-VAN was less hazardous 
than free vancomycin.

Fig. 2 In vitro release profiles of vancomycin from the PLGA‑VAN‑LYS (F4) formulation in pH = 7.4 phosphate buffer. Free vancomycin became used 
as control

Fig. 3 FTIR spectra of free vancomycin (Free‑VAN), PLGA and PLGA‑VAN
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A B

C D

Fig. 4 DSC thermograms of A) Free‑VAN, B) PLGA, C) PLGA + Free‑VAN (physical mixture), D) PLGA‑VAN

Fig. 5 The effects of PLGA‑VAN, Lysostaphin and Free‑VAN on L929 cells, NS, non‑significant; *p <0.05
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Agar well diffusion and Minimum inhibitory concentration 
(MIC)
The well diffusion and MIC test results at 24, 48, and 
72 h are shown in Tables 3 and 4. In both methods, at 24 
and 48 h, free vancomycin had a better effect on all four 
strains than PLGA-VAN. These outcomes were expected 
since, in both procedures, the bacteria came into touch 
with the free drug whereas only a little amount of the 
drug was released from PLGA-VAN. Additionally, dur-
ing 72  h of incubation, the drug was gradually released 
from PLGA-VAN, increasing the inhibitory zone of 
PLGA-VAN. Additionally, after 72 h, the MIC of PLGA-
VAN was closer to the free vancomycin. Nanoparticles 

conjugated with lysostaphin did not have any inhibitory 
effect on Staphylococcus aureus strains at 24, 48 and 72 h 
of incubation.

Biofilm analysis
The results associated with the effects of PLGA-VAN 
and free vancomycin on the biofilm inhibition of MSSA, 
MRSA, VISA, and clinical strains at 24, 48, and 72 h are 
shown in Figs.  6, 7, 8 and 9  respectively. PLGA-VAN 
and free vancomycin were effective in biofilm inhibi-
tion at 24, 48 and 72  h of incubation. In contrast, both 
the strains exposed to free PLGA and the positive con-
trol strains (not treatment, formed a strong biofilm. At 
24 and 48  h, free vancomycin more inhibited biofilm 
formation by all four strains compared to PLGA-VAN. 
After 72 h, the effects of PLGA-VAN increased due to the 
gradual release of vancomycin, and the results of PLGA-
VAN at 72 h were close to the results of free vancomy-
cin, and in some cases, the effect of PLGA-VAN was even 
more. Nanoparticles conjugated with lysostaphin had no 
effect on inhibiting biofilm formation at 24, 48 and 72 h 
of incubation and the strains exposed to them formed 
strong biofilm.

Discussion
There are various methods for drug loading in PLGA, 
which are selected based on the type of drug and study’s 
objectives. Nanoprecipitation and emulsion solvent 
evaporation are two common methods for drug loading 
in PLGA [39]. In our study, we used the double emul-
sion evaporation method due to the hydrophilic nature 
of vancomycin. The average size of the synthesized nano-
particles in the optimum formulation was 320.5 ± 35 nm, 

Table 3 Results of MIC

MIC value (µg/ml)
150–100‑50–25‑15–5‑0.5 (µg/ml)

Time (h) Bacterial strains PLGA‑VAN Free‑VAN

24h MSSA 25 0.5

MRSA 100 0.5

VISA 50 5

Clinical strain 50 0.5

48h MSSA 15 0.5

MRSA 50 0.5

VISA 15 5

Clinical strain 50 0.5

72h MSSA 5 0.5

MRSA 25 0.5

VISA 15 5

Clinical strain 15 0.5

Table 4 Results of Agar well diffusion

Zone of inhibition (mm)
50–25‑5 (µg/ml)

Time (h) Bacterial strains PLGA‑VAN Free‑VAN

24h MSSA 30 20 15 55 45 40

MRSA 20 10 5 50 35 30

VISA 20 15 5 35 30 25

Clinical strain 30 20 10 45 40 30

48h MSSA 35 25 20 55 45 40

MRSA 25 15 15 50 35 30

VISA 25 20 5 35 30 25

Clinical strain 30 25 15 45 40 30

72h MSSA 40 30 30 55 45 40

MRSA 35 25 20 50 35 30

VISA 30 25 15 35 30 25

Clinical strain 35 30 15 45 40 30
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Fig. 6 Graphical depiction of biofilm inhibition (OD values) of methicillin‑sensitive Staphylococcus by different formulations, in A 24, B 48 and C 72 
h. Comparisons were performed between free VAN, PLGA‑VAN, free‑PLGA and control (treatment): NS, non‑significant; *p < 0.05

Fig. 7 Graphical depiction of biofilm inhibition (OD values) ofmethicillin‑resistance Staphylococcus by different formulations, in A 24, B 48 and C 72 
h. Comparisons were performed between free VAN, PLGA‑VAN, free‑PLGA and control (treatment): NS, non‑significant; *p < 0.05
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Fig. 8 Graphical depiction of biofilm inhibition (OD values) of vancomycin intermediate Staphylococcus by different formulations, in A) 24, B) 48 
and C) 72 h. Comparisons were performed between free VAN, PLGA‑VAN, free‑PLGA and control (treatment): NS, non‑significant; *p < 0.05

Fig. 9 Graphical depiction of biofilm inhibition (OD values) of clinical strain Staphylococcus by different formulations, in A) 24, B) 48 and C) 72 h. 
Comparisons were performed between free VAN, PLGA‑VAN, free‑PLGA and control (treatment): NS, non‑significant; *p < 0.05
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which was suitable for our final goal of topical applica-
tion. Our study showed that various factors affect the size 
of the nanoparticles. Initially, we used dichloromethane 
as the solvent for PLGA, which resulted in larger nano-
particle size. Finally, we used chloroform in the opti-
mum method, which dissolved PLGA well and reduced 
the particle size. PVA is a surfactant and emulsifier that 
stabilizes two phases in an emulsion and affects the size 
of nanoparticles [40]. In our investigation, using 2% PVA 
reduced the average size of nanoparticles compared to 
using 1% PVA. This was in line with the research con-
ducted by Posadowska et al. [40]. Additionally, the length 
of the sonication has an impact on particle size. Accord-
ing to the results of Rui et  al., [30] the particle size in 
our investigation decreased as the sonication period 
increased. PDI indicates the degree of heterogeneity of 
particle size in a colloidal system [41]. In our study, the 
PDI size in the optimum formulation was 0.270 ± 0.012, 
indicating that the particles were homogeneous in terms 
of size, which was consistent with the electron micros-
copy images. Moreover, in our study, the PDI decreased 
with an increase in sonication time, which was consist-
ent with the findings of Ruiz et al. [41]. In our study, the 
zeta potential was – 19.5 ± 1.3  mV. The negative zeta 
potential increases the stability of particles as repul-
sive forces prevent particle aggregation over time [42]. 
Therefore, in our study, the synthesized nanoparticles 
were stable. One of the factors that affect the zeta poten-
tial is the amount of PVA used. In our study, the zeta 
potential was more negative when 2% PVA was used 
compared to when 1% PVA was used, that was consist-
ent with the study conducted by Sahoo et al. [43]. In our 
study, the amount of vancomycin loading and encapsu-
lation in the optimum formulation was 16.75 ± 2.5% and 
94.62 ± 2.6%, respectively. As we increased the amount 
of drug used, the drug loading in PLGA increased, which 
was consistent with the study conducted by Snejdrova 
et al. [44]. Our findings showed that with an increase in 
the duration of ultrasound probe usage, the drug load-
ing and encapsulation in PLGA decreased. Therefore, 
the duration of ultrasound probe usage in the optimum 
method was two minutes. These findings were consist-
ent with the study by Ito et al. [45]. Consequently, as the 
homogenization time was increased, the drug loading in 
PLGA reduced. The stability of the ideal formulation was 
examined in our investigation during a 12-month period. 
The nanodrug’s particle size rose from 320.5 ± 35 nm to 
495.5 ± 34  nm after 12  months of synthesis, which may 
have been caused by the agglomeration of nanoparticles. 
However, the zeta potential and PDI showed no discern-
ible difference, which was consistent with the research 
of Hosseini et al. [46]. One of the benefits of drug load-
ing in PLGA is the controlled drug release at the desired 

site by the degradation of the PLGA polymer matrix. As 
a result, drug stability at the site of action increases. In 
this study, the drug release duration from PLGA using a 
dialysis bag was investigated. Our findings showed that, 
in the initial 10 h, 25% of vancomycin was released from 
PLGA-VAN, while during the same period, 60% of Free-
VAN was released. The drug release study demonstrated 
that it takes approximately 72  h for 80% of vancomycin 
to be released from PLGA. The drug release duration 
from different nanoparticles in various studies varies 
due to the use of different methods and materials. Gen-
erally, in most studies, the drug release duration from 
nanoparticles is longer than that of free drugs. The slow 
drug release from PLGA into lactic acid and glycolic acid 
monomers. In the study by Topal et al. [29] vancomycin 
was completely released into the release medium in the 
first 6 h, while the release of vancomycin during the same 
period from different PLGA formulations was between 
25 to 40%. Since the ultimate goal of using nanodrugs 
is to treat disease in humans, the assessment of nanod-
rug toxicity is of paramount importance. In the present 
study, the toxicity of synthesized nanodrugs was inves-
tigated on L929 fibroblast cell line. The results showed 
that the cell viability percentage in the concentration of 
200 µg/mL PLGA-VAN and Free-VAN was 80% and 70%, 
respectively. Therefore, with vancomycin encapsulation 
in PLGA, cellular toxicity was reduced. In the study by 
Rui et al. [30] the cell viability percentage at the concen-
tration of 100 µg/mL PLGA-VAN was higher than that of 
Free-VAN. In our study, after investigating the charac-
teristics of synthesized nanodrugs using agar well diffu-
sion, MIC, and evaluating their ability to inhibit biofilm 
formation, their antimicrobial activity was evaluated. The 
results of agar well diffusion and MIC showed that in the 
initial 24  h, the antimicrobial activity of the free drug 
on S. aureus strains was higher than that of synthesized 
nanodrugs. However, after 72  h of incubation, the anti-
microbial activity of synthesized nanodrugs increased 
due to the release of high mounts of the drug and became 
close to that of the free drug. This is because the drug 
release duration in our study was 72  h. In the study by 
Le et al. [47] the MIC and MBC of Free-Lev were lower 
than that of PLGA-Lev on S. aureus strains, which they 
attributed to the incomplete drug release from PLGA. As 
mentioned, it took approximately 72 h for the drug to be 
released from PLGA. The slow and controlled release of 
the drug from nanoparticles has various benefits on the 
biofilm inhibition, including increased drug bioavailabil-
ity and local drug concentration. This leads to enhanced 
interaction between the drug and bacterial cells within 
the biofilm and improves treatment efficacy. Additionally, 
the drug’s half-life is increased at the site of the biofilm. 
The evaluation of biofilm inhibition in our study revealed 



Page 14 of 15Nouruzi et al. BMC Biotechnology           (2023) 23:39 

that at 24, 48, and 72 h, PLGA-VAN and Free-VAN sig-
nificantly differed from the control group (no treat-
ment), and biofilm formation was decreased in all three 
instances. However, pure PLGA did not have a signifi-
cant difference with the control group and had no anti-
biofilm activity in all three time. After 72  h, the results 
of PLGA-VAN were better than Free-VAN at some con-
centrations, although this difference was not significant. 
The results of the study by Ustun et al. [34] showed that 
PLGA nanoparticles loaded with nisin were able to effec-
tively inhibit S. aureus biofilm formation, so that PLGA 
loaded with nisin inhibited 72% of the biofilm formation, 
while free nisin inhibited 28% of the biofilm formation. 
In our study, lysostaphin was conjugated with PLGA by 
using chemical compounds EDC and NHS, which cre-
ated a bond between the carboxyl end of PLGA and the 
amine end of lysostaphin. The percentage of lysostaphin 
conjugation was measured to be 37% in the optimum for-
mulation using the Bradford kit. In the study by Moura 
et al. [31] the percentage of conjugation of anti-CD46 on 
PLGA was between 31 to 36% in different formulations. 
In the present study, lysostaphin-conjugated nanodrugs, 
unlike PLGA-VAN, had no antimicrobial and anti-bio-
film activity and had no inhibitory effect in agar well dif-
fusion, MIC, and biofilm formation inhibition tests. The 
reason for this could be the long conjugation process of 
lysostaphin, which resulted in drug release during the 
process, and the drug was removed by centrifugation.

Conclusion
The double emulsion evaporation method was success-
fully synthesized, which can be a potential candidate 
for treating  S. aureus infections and inhibiting biofilm 
formation. The antibacterial activity of free vancomycin 
compared to PLGA-VAN was higher in MIC and well dif-
fusion methods at 24 and 48 h because the release time 
of vancomycin from PLGA-VAN was approximately 72 h. 
Therefore, the effectiveness of PLGA-VAN in the well 
diffusion and MIC methods was 72  h. Also, compared 
to PLGA-VAN, free vancomycin had a more significant 
effect on inhibiting the biofilm formation of  S. aureus 
strains. While their results were almost the same and 
even slightly better in some cases after 72  h. Therefore, 
the results of our study showed that the effectiveness of 
optimum formulation of PLGA-VAN is promising after 
72 h and use of this technology can have favorable effects 
to reduce staphylococcal infections and a promising tool 
to deal with hospital infections caused by this bacterium.
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