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Staphylococcus aureus exhibits the capacity to develop biofilms on various surfaces, encompassing both living and nonliving substrates,
enabling it to develop resistance against the immune system and antibiotics. Therefore, this bacterium can cause numerous challenges in
healthcare and treatment systems. The present study aimed to investigate the ampicillin-loaded PLGA nanoparticles” effect on pre-
venting the methicillin-resistant Staphylococcus aureus (MRSA) biofilm formation when it is conjugated with lysostaphin. With the use
of the double emulsion evaporation technique, nanodrug carriers were created. Physicochemical attributes of the nanoparticles, such as
particle size, drug loading, PDI, encapsulation efficiency, zeta potential, efficiency of lysostaphin conjugation, and morphology, were
measured. Minimum inhibitory concentration (MIC), well diffusion, and other techniques were used to investigate the effect of the
produced nanodrug carrier on strains of S. aureus. A toxicity test was conducted to examine the toxic effects of artificially generated
nanomedicines on the L929 fibroblast culture. The nanoparticle average size, zeta potential, PDI, lysostaphin conjugation efliciency and
drug loading encapsulation efficiency, and in the optimum PLGA-AMP-LYS (F4) formulation were 301.9 + 32 nm, 0.261 +0.010,
-19.2+3.4mV, 18916 + 1.6, and 94.53 + 3.8, 40%, respectively. After 72 hours, neither the well diffusion nor MIC techniques revealed
any discernible variation between ampicillin and nanodrug carriers. The biofilm investigation’s findings, however, indicated that
compared to the free drug, the hindering effect of the nanodrug carrier was greater after 72 hours. The toxicity test findings revealed that
the synthesized nanodrug had no toxic effects on the cells. Given the excellent efficacy of the nanomedicine carrier established in the
present study, applying this technology to combat hospital-acquired infections caused by Staphylococcus bacteria could yield significant
benefits in managing staphylococcal infections.

1. Introduction effectiveness of antimicrobial treatments can contribute to

reducing drug resistance. Extensive research has been

Given the lengthy and expensive nature of developing new  conducted on nanoparticles as promising drug carriers,
drugs, repurposing existing drugs is becoming increasingly =~ given their capacity to improve the infiltration of antimi-
popular. Additionally, strategies that aim to enhance the  crobial drugs into the biofilms’ deeper layers. Leveraging
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nanoparticles to elevate the medicinal properties of currently
available antibiotics shows great potential as a viable strategy
[1]. Nanoparticles facilitate the improved delivery of anti-
microbial medications to the dense biofilm layers [2].
Nanoparticle-based drug carriers protect the enclosed
medication against various factors, including enzymatic and
chemical degradation [3, 4]. Drug release from nanoparticles
is continuous and controlled, and drug spreads in biofilm
layers [5]. PLGA has gained significant attention among the
numerous nanoparticles due to its remarkable bio-
compatibility, biodegradability, absence of toxicity, approval
from the European Medicine Agency and the Food and Drug
Administration (FDA), controlled and stable drug release,
targeted delivery to specific cells or organs, as well as its
compatibility with a wide range of hydrophilic and hy-
drophobic drugs [6-8]. The polymerization of lactic and
glycolic acid monomers forms a copolymer which is PLGA.
The improved treatment effect and the accelerated healing
process are results of the controlled and stable drug release
from PLGA [5]. The use of bacteriocins is another biofilm
treatment method. Antimicrobial peptides called bacterio-
cins are useful for treating infections caused by biofilms [9].
Staphylococcins are a group of bacteriocins that have been
identified from several Staphylococcus species, collectively
known as staphylococcins. Staphylococcins, including aur-
eocin 53, epidermin, pep5, and lysostaphin, are active
against all staphylococcus species [9]. 246 amino acids make
up the 27kDa zinc metalloenzyme known as lysostaphin,
which is very active against Staphylococcus aureus strains. In
1964, Schindler and Schuhardt isolated lysostaphin from
Staphylococcus simulans biovar staphylolyticus [10].
Streptococcus aureus strains’ cell walls contain pentaglycine
bridges that are broken by this enzyme [10, 11]. Ampicillin,
which belongs to the aminopenicillin family, is a beta-lactam
antibiotic that is generally comparable to its successor,
amoxicillin, in terms of spectrum and level of activity [12].
Following the introduction of ampicillin, a significant
number of bacteria have developed resistance to it by
producing beta-lactamases [13]. S. aureus is an opportunistic
and life-threatening Gram-positive pathogen. It is recog-
nized as a contributor to both healthcare-associated in-
fections and community-acquired infections, encompassing
minor skin conditions to severe ailments such as sepsis,
pneumonia, and endocarditis. Moreover, this particular
bacterium is renowned for being a common reason behind
the infections of soft tissue and skin [14, 15]. Since the 1980s,
methicillin-resistant Staphylococcus aureus (MRSA) has
spread worldwide, reaching a point where many countries
now observe MRSA rates of 50% or higher among Staph-
ylococcus aureus infections in hospitals. However, a few
countries have managed to maintain low MRSA rates by
implementing effective search-and-destroy policies and
controlling antibiotic overuse [16]. Staphylococcus aureus
colonization is in two forms: persistent carriers (20-25%)
and intermittent carriers (75-80%), which shows a clear
correlation between the risk of hospital infections and
S. aureus nasal carriers [17]. S. aureus strains have two
modes with different characteristics: planktonic state and
biofilm state [18]. Bacteria are encased within a self-

generated extracellular polymeric matrix when in the bio-
film state [19]. The biofilm matrix mainly consists of exo-
polysaccharides, eDNA, and proteins protecting bacteria
against various environmental stresses [17, 20]. Biofilm
formation includes different steps: first, planktonic bacteria
reversibly attach to biotic or abiotic surfaces. The attachment
becomes irreversible. Next, microcolonies form and then
mature. Finally, the biofilm disperses, and the planktonic
cells are released from the biofilm. The planktonic cells are
attached to other areas, and biofilm is formed again.
Therefore, biofilm-related infections are often chronic and
recurrent [17, 20]. In addition, infections associated with
biofilms display resilience against the majority of antibiotics
and the immune system of the host [1, 20]. Getting infected
in venous ulcers, and pressure sores, and developing diabetic
foot conditions are associated with the existence of Staph-
ylococcus aureus capable of producing biofilms. Among the
different drug-resistant strains of Staphylococcus aureus,
hospitalized patients with wound infections face a sub-
stantial risk from methicillin-resistant Staphylococcus au-
reus (MRSA). Strains of MRSA that generate biofilms lead to
illness and fatalities in humans [21]. Increasing the dosage of
antibiotics and extending the duration of infection treatment
is necessary to combat bacterial biofilms, albeit resulting in
elevated resistance and side effects. [22]. Furthermore, sessile
cells display unique features in contrast to their planktonic
counterparts, which can potentially result in elevated anti-
biotics’ minimum bactericidal concentration (MBC) and
minimum inhibitory concentration (MIC) values [1, 20].
Therefore, how should these infections be treated remains
a challenging question, and innovative strategies are needed
to eradicate bacterial biofilm-related infections [23]. Uti-
lizing nanoparticles for the targeted delivery of antibiotics to
the biofilm’s interior layers is considered a promising
strategy [24]. Using nanoparticles prolongs bacterial expo-
sure to antibiotics by enabling sustained and controlled drug
release, thereby reducing the necessity of dosage escalation
[5]. Thus, in this research, the impact of poly (lactic-co-
glycolic acid) polymer nanoparticles loaded with ampicillin
and linked with lysostaphin on the inhibition of MRSA
biofilm was investigated in vitro.

2. Materials and Methods

2.1. Materials. Ampicillin, polyvinyl alcohol (PVA), poly
(lactic-co-glycolic acid) (PLGA) 50:50 (30,000-60,000 g/
mol), and lysostaphin were acquired from Sigma Aldrich
(MO, USA). The N-hydroxysulfosuccinimide (NHS), 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chloride (EDC), and 2-morpholinoethanesulfonic acid
(MES) were also supplied by Sigma Aldrich (MO, USA).
Two assay Kkits, including the MTT and the Bradford
protein assay kit, were produced in Kiazist, Iran. The
Mueller-Hinton agar, blood agar, Mueller-Hinton broth,
dichloromethane, and chloroform were purchased from
Merck (Darmstadt, Germany). Fetal bovine serum (FBS),
penicillin, and streptomycin were obtained from Gibco in
the United States. Additionally, Dulbecco’s modified Eagle’s
medium (DMEM) was employed.
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2.2. PLGA-AMP Synthesis. The PLGA-AMP was fabricated
using the double emulsion-solvent evaporation method.
Briefly, a total of 120 mg of PLGA polymer was dissolved in
15mL of chloroform and agitated on a magnetic stirrer at
25°C and 150 rpm for a duration of 3 hours. After that, 24 mg
of ampicillin was added to the mixture, and the first
emulsion (W1/O) was formed. The previously dissolved
PVA powder in distilled water (PVA 2%) was added to the
first emulsion, and the secondary emulsion was formed
(W1/O/W2). The sample was then subjected to homoge-
nization by employing an ultrasonic probe device (Bandelin
Sonopuls, Berlin, Germany) operating at 45% amplitude
(20 W) for a duration of two minutes, following a consistent
pulse pattern of 10 seconds on and 5 seconds off. Dropwise
additions of the second emulsion were made with magnetic
stirring for 30 minutes in 20 mL of cold distilled water (4°C).
By employing a high-speed centrifuge (37,000g for
20 minutes), PLGA-AMP was finally separated [25]. Ly-
ophilization of the prepared samples was performed at
—80°C with a vacuum pump (Christ, China) equipped with
a condenser flow system. The lyophilized nanoparticles were
converted into a solution and then sterilized using 450 nm
filters to make them appropriate for biological research
involving bacteria and cell lines.

2.3. Lysostaphin Conjugation. A total of 20mg of
PLGA-AMP NPs were dispersed in 10 mL of MES buffer
(pH 5.0) according to Moura et al. protocol [26]. The ac-
tivation process involved the addition of 1 mL of 0.1 M EDC
and 1 mL of 0.7 M NHS to the nanoparticle suspension. The
suspension was allowed to stand at room temperature while
being gently stirred for a duration of 1hour. In order to
remove any remaining reagents, the activated nanoparticles
were centrifuged at 21,000g for 10 minutes at 4°C and
subsequently redispersed in phosphate-buffered saline
(PBS). Next, 3mg of lysostaphin was added to the NP
suspension, followed by homogenization using a vortex
mixer. The resulting suspension was incubated at 4°C for
24 hours. A second round of centrifugation was achieved to

Entrapment Efficiency EE (%) =

initial drug amount (24 mg) — free drug amount (1.3 mg)

eliminate any conjugated lysostaphin. The pellets obtained
were redissolved in PBS. To assess the effectiveness of
lysostaphin conjugation to PLGA-AMP nanoparticles, the
Bradford protein assay was performed using the Coomassie
Plus (Bradford) kit [26].

2.4. Characteristics of NPs. The particle size, PDI (Poly-
dispersity Index), and Zeta potential were measured fol-
lowing the lyophilization process using the Dynamic Light
Scattering (DLS) technique and the Zetasizer Nano ZS 3600
equipment from Malvern Devices in Worcestershire, in the
UK [27].

2.5. Morphology. The morphological characteristics of the
nanoparticles were analyzed using Field Emission Scanning
Electron Microscopy (FE-SEM). In summary, a mixture of
1 mL of distilled water and 10 mg of lyophilized PLGA-AMP
nanoparticles was prepared, and then 2 yL of this mixture
was deposited onto a glass surface. To prevent electrostatic
charge during examination and analysis using FE-SEM
(TSCAN, Czech Republic), a thin gold layer was applied to
the dried suspension [28].

2.6. Determination of Entrapment Efficiency (EE %) and Drug
Loading (DL %). Following guidelines from the literature, an
indirect method involving a spectrophotometer was
employed to ascertain the amount of ampicillin loaded and
encapsulated within the synthesized nanoparticles. Initially,
1 mL of distilled water was combined with 5mg of lyoph-
ilized nanoparticles, and the mixture was vortexed. The
subsequent step involved centrifugation at 37,000g for
20 minutes at 4°C. A 268 nm-wavelength spectrophotometer
(2100UV, USA) was used to analyze the supernatant. The
drug’s concentration was found using a standard curve. The
amount of drug that was loaded (equation-(2)) and en-
capsulated (equation-(1)) was calculated using the following
equations [29, 30]:

x 100

94.5,

initial drugamount (24 mg) — free drug amount (1.3 mg)

initial drugamount (24 mg) (1)

x 100

Drug Loading DL (%) =

= 18.91.

2.7. Determination of Stability of NPs. The nanoparticles’
stability was monitored at periodic intervals of time. Using
nano Zetasizer devices, the stability of NPs was evaluated by
measuring their particle size, zeta potential, and PDI at

initial PLGA amount (120 mg) (2)

intervals of 0, 2, 4, 6, 8, and 12 months after the process of
lyophilization. A spectrophotometer was used concurrently
to determine the quantity of ampicillin encapsulated in the
nanoparticles [31].
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2.8. Determining Drug Release. After carefully weighing the
lyophilized nanoparticles, they were added to a 40 ml release
medium (PBS buffer, pH: 7.4) within a dialysis bag
(12,000 Da molecular weight cut-off, sourced from Dialysis
tubing, Sigma Chemical Co., Missouri, USA). The system
was simultaneously stirred with a magnetic stirrer at
100 rpm as 37°C temperature was maintained. One mL of the
medium was taken at regular intervals, and the ampicillin
content was measured using a spectrophotometer. A similar
technique was carried out with free ampicillin placed in the
same medium and encased in the dialysis bags in order to
contrast this set of tests’ outcomes with those of free am-
picillin. Then, numerous samples were collected from the
medium during the same time, and they were examined. It is
important to highlight that after each withdrawal of a sample
from the medium, a similar amount of fresh medium was
promptly replenished [32].

2.9. The Differential Scanning Calorimetry (DSC) and Fourier-
Transform Infrared Spectroscopy (FTIR). To scrutinize any
possible interactions between the components in
PLGA-AMP nanoparticles and ampicillin, a series of tests
were conducted. This aspect was explored through FTIR
analysis within the temperature range of 400 to 4000°C. DSC
analysis was also performed in the temperature range of 20
to 400°C at a rate of 10°C per minute to confirm the drug
loading in the PLGA matrix [33, 34].

2.10. MTT Assay. For assessing cytotoxic effects, a murine
fibroblast cell line was employed to conduct the MTT
assay on PLGA-AMP, free-AMP, lysostaphin, and pure
PLGA. The kit contained a 96-well clean plate, two-
channel reservoirs, solvent, and MTT reagent. In this
procedure, 104 L929 fibroblasts were isolated using trypan
blue staining, and then they were placed into 96-well cell
culture plates filled with DMEM medium containing 10%
FBS (fetal bovine serum) and 1% penicillin-streptomycin.
Subsequently, the cells were cultured overnight at 37°C
with 5% CO2. Following the removal of the DMEM
culture medium, PLGA-AMP, free-AMP, lysostaphin, and
pure PLGA were introduced into the cell culture, along
with DMEM containing 10% FBS, and were then in-
cubated for 24 hours. The concentrations used were 25 ug/
mL, 50 yg/mL, 100 yg/mL, and 200 ug/mL. Positive con-
trols consisted of wells containing the culture medium but
no drug. Each experiment was conducted three times.
Following the addition of 150 uL of fresh DMEM without
fetal bovine serum to each well, all cells were washed with
PBS to eliminate any residual drugs and polymers. Then,
20 uL of the MTT assay reagent was placed into every well.
For three to four hours, the plate underwent incubation at
37°C with 5% CO2. To dissolve formazan particles,
a 100 yL solubilizer was then added to each well and well
mixed for 15 min, using an orbital shaker. The absorbance
at 570nm was measured with a 96-well ELISA plate
reader. The extent of the positive charge’s absorption
became the main factor used to establish the viability of
cells [35].

2.11. Bacterial Strains. Methicillin-resistant Staphylococcus
aureus (MRSA) (ATCC 33591) and methicillin-sensitive
Staphylococcus aureus (MSSA) (ATCC 25923) were the
bacterial strains chosen for this study. Besides, the clinical
strain was isolated from Besat Hospital, Hamadan, Iran.

2.12. Minimum Inhibitory Concentration (MIC) and Agar
Well Diffusion. According to CLSI recommendations, agar
well diffusion and minimum inhibitory concentrations
(MIC) tests were conducted. In each well, 100 uL of PLGA-
AMP, PLGA-AMP-LYS, and free-AMP were administered
at varying concentrations (5, 25, and 50 yg/mL) and in-
cubated for 24, 48, and 72 hours at 37°C. Subsequently, the
diameter of the inhibitory zone was measured for each well.
Additionally, the MIC test was conducted using sterilized
96-well cell culture plates. PLGA-AMP, PLGA-AMP-LYS,
and free-AMP were dispensed at various concentrations,
with 100uL of each concentration added to individual
microplate wells, excluding the control wells. In each well,
100 uL of Muller-Hinton broth medium was introduced,
and subsequently, 100 4L of different bacterial strains at
a concentration of 1.5 x 10°6 CFU/mL were added, except for
the control well. For 24, 48, and 72 hours, the microplates
were incubated at 37°C in an incubator [36, 37].

2.13. Analysis of Biofilm Inhibition. For the quantitative
evaluation of forming biofilms with and without nano-
particles and free drugs, the crystal violet staining method
was employed. To put it briefly, newly cultured strains were
thinned out at a 1:100 ratio and incorporated into the TSB
culture medium enriched with a 1% glucose solution. The
final concentration of each microplate well was 50, 30, 20, 10,
or 5ug/mL. After that, various quantities of PLGA-AMP,
PLGA-AMP-LYS, and free-AMP were employed. The
microplate underwent 24, 48, and 72 hours of incubation at
37°C. The culture medium in each well was subsequently
aspirated, and the wells were washed three times with PBS.
Methanol was employed to fix the biofilm within each well.
Subsequently, the wells were stained with a 2% crystal violet
solution. After a 15-minute staining period, the wells were
gently rinsed with water. The next step involved creating
a suspension of adherent cells in 95% ethyl alcohol. Sub-
sequently, the optical density (OD) was evaluated at 600 nm
after a 30-minute incubation period [38].

2.14. Statistical Analysis. Statistical analysis was performed
using ANOVA to assess the differences among the treatments.
Another statistical method utilized to compare the groups was
the Dunnett test. A 95% confidence interval was established,
and statistical significance was defined as P < 0.05.

3. Results

3.1. The NPs’ Properties. In the optimal PLGA-AMP-LYS
formulation (F4), the nanoparticles exhibited a mean di-
ameter of 301.9 + 32 nm, a PDI of 0.261 +£0.010, and a zeta
potential of —19.2 +3.4mV, as shown in Table 1.
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3.2. Morphology. The outcomes of PLGA-AMP morphology
analysis via FE-SEM are shown in supplementary file 1.
Based on the image, the majority of the particles appeared to
be spherical, displaying a smooth surface and exhibiting
a uniform dispersion. The size and PDI (0.261 +0.010) of
most nanoparticles were consistent with this observation.

3.3. Drug Loading and Encapsulation Efficiency. The range
for the quantity of ampicillin loaded in PLGA in various
formulations was 13.91% to 18.91%, while the range for the
amount of encapsulation was 92.24% to 94.53%. In the
optimized PLGA-AMP-LYS (F4) formulation, the levels of
ampicillin loaded and encapsulated were 18.91% + 1.6 and
94.53% + 3.8, respectively, as depicted in Table 1.

3.4. Stability of NPs. The nanoparticles’ zeta potential, PDI,
and particle size were evaluated at intervals of 0, 2, 4, 6, 8,
and 12months after production (Table 2). The findings
indicated that at least till the sixth month after production,
there was very little variation in the size of the nanoparticles.
These diameters went from 301.9 + 32 nm to 502.6 + 43 nm
after a year. Zeta potential and PDI changes were not ap-
preciably different.

3.5. Drug Release. The drug release test was conducted over
72 hours in an in vitro setting using a PBS bufter with a pH of
7.4. The findings are displayed in Figure 1. Results showed
that the time required was more than 72 hours to release
approximately 80% of the drug from the PLGA matrix. In
comparison, 80% of the free drug was released within the
initial 30 hours, and within the first 20 hours, 35% of the
drug was released from the PLGA matrix. During this same
time frame, 75% of the free drug was released.

3.6. FTIR Analysis. The FTIR spectra of ampicillin, PLGA,
and PLGA-AMP are displayed in Figure 2. Encapsulating
ampicillin in PLGA nanoparticles prevents the drug’s ab-
sorption peaks at 985cm™', as can be seen in this figure.
However, inside the same sites of PLGA-AMP, three am-
picillin feature absorption peaks are seen at 1450 and
985 cm™'. When PLGA and PLGA-AMP nanoparticle
spectra are compared, it can be seen that the PLGA-AMP
nanoparticle spectra appear to have strong PLGA absorption
peaks at 2980 and 1500 cm ™.

3.7. DSC Analysis. To scrutinize PLGA nanoparticles’ re-
crystallization and melting characteristics, we acquired DSC
thermograms for ampicillin, PLGA, a physical mixture, and
PLGA-AMP nanoparticles (Figure 3). The DSC thermogram
for PLGA illustrates a melting transition at a temperature of
200°C. Remarkably, the melting points of both the physical
mixture and the nanoparticles closely resembled those of the
PLGA. During the physical blending with ampicillin,
a subtle alteration in the melting behavior of PLGA was
detected. The DSC thermograms of ampicillin showed
a clear endothermic peak, manifesting at a temperature of

220°C. The melting points of both the physical mixture and
PLGA-AMP nanoparticles appear relatively low in comparison
to data regarding this characteristic for other substances. Of
particular significance is that there was little to no change in the
physical mixture, PLGA-AMP, or endothermic peak positions
of the ampicillin. The absence of a discernible melting peak in
the PLGA-AMP thermogram indicates that the ampicillin
molecules are potentially stabilized within the PLGA matrix or
that there is an absence of freely present ampicillin crystals
within the PLGA-AMP structure.

3.8. MTT Assay. The toxicity evaluation of murine 1929
fibroblasts exposed to varying concentrations of PLGA-
AMP, ampicillin, free PLGA, and lysostaphin can be ob-
served in Figure 4. At 37°C and 5% CO2, cells were cultivated
with varying concentrations of free ampicillin, PLGA-AMP,
free PLGA (blank), and lysostaphin. Furthermore, the
identical cells employed in the positive control group (un-
treated) were subjected to incubation in the culture medium.
All formulations had no toxic effect to 50 yg/ml. The toxicity
of PLGA-AMP was lower than free ampicillin at 200 yg/ml.

3.9. Agar Well Diffusion and Minimum Inhibitory Concen-
tration (MIC). Tables 3 and 4 display the well diffusion and
MIC test results at 24, 48, and 72 hours. Free ampicillin had
a better impact on all three strains in both techniques at 24 and
48 h than PLGA-AMP. The anticipated results can be attributed
to the fact that, in both approaches, the bacteria were exposed to
the freely available drug; however, only a minimal quantity of
the medication was released from the PLGA-AMP. In addition,
the release of medication from PLGA-AMP occurred after
72 hours of incubation, which gradually increased the inhibition
zone of PLGA-AMP. The MIC of PLGA-AMP also approached
that of free ampicillin after 72 hours. Lysostaphin-conjugated
nanoparticles had no inhibitory effect on Staphylococcus aureus
strains at 24, 48, and 72 hours after incubation.

3.10. Biofilm Analysis. The results pertaining to the impacts
of PLGA-AMP and free ampicillin on the inhibition of
MRSA, MSSA, and clinical strains’ biofilm formation at 24,
48, and 72 hours are presented in Figures 5-7, respectively.
Both PLGA-AMP and free ampicillin exhibited effectiveness
in inhibiting biofilm formation at 24, 48, and 72hours of
incubation. Conversely, strains exposed to free PLGA and the
positive control strains (untreated) displayed robust biofilm
formation. During the 24- and 48-hour intervals, it was
observed that free ampicillin exhibited a greater capacity to
inhibit biofilm formation in all three strains when compared
to PLGA-AMP. By the 72-hour time point, the impact of
PLGA-AMP was significantly enhanced due to the gradual
release of ampicillin. This led to PLGA-AMP achieving results
that closely resembled those of free ampicillin, and, in some
instances, even surpassing its efficacy. Nanoparticles that were
conjugated with lysostaphin exhibited no discernible impact
on the inhibition of biofilm formation during the 24, 48, and
72hours of incubation. In these cases, the exposed strains
continued to form strong biofilms.
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TaBLE 2: The PLGA-AMP formulation’s technological features include average diameter, PDI, and zeta potential throughout the stability

study (means + SD, n=3).

. Technological Time (months)
Formulation
parameters 0 4 6 8 12
Size (nm) 301.9+32 304.3+34 307.8+32 312.5+31 486.5+ 36 502.6 +43
f;:gA_AMP_LYS PDI 0.261 +£0.010 0.262+0.014 0.264+0.011 0.274+0.017 0.278+0.012  0.295+0.016
ZP* (mV) -19.2+34 -18.6+3.2 -18.4+2.2 -18.8+4.6 -17.8+3.8 -162+4.3
*Zeta potential.
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F1GURE 1: In a phosphate buffer with a pH of 7.4, the in vitro release profiles of ampicillin from the PLGA-AMP-LYS (F4) formulation were

investigated. In this study, free ampicillin served as the control.
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FIGURE 2: FTIR spectra of free-AMP, PLGA, and PLGA-AMP.

4. Discussion

Various methods are employed for drug loading within
PLGA [7]. The synthesis method is chosen depending on the
purpose of drug loading and preparation of the nanodrug
and its important features. The present study utilized the
double emulsion evaporation method to prepare nanodrugs.

The findings showed that by using the mentioned method,
the drug loading and encapsulation efficiency, zeta potential,
PDI, size of the nanoparticles, and lysostaphin conjugation
efficiency in the optimum PLGA-AMP-LYS (F4) formula-
tion were 301.9+32nm, 0.261+0.010, -19.2+3.4mV,
18.91+ 1.6, and 94.53 £ 3.8, 40%, respectively. Considering
the synthesized nanodrug’s local use, the size was suitable.



8 Canadian Journal of Infectious Diseases and Medical Microbiology

Free-AMP

Heat flow (wg)

Physical mix

PLGA-AMP

-100 -50 0 50 100

200 250 300 350 400

Temperature (°C)
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FIGURE 4: The PLGA-AMP, lysostaphin, and free-AMP effects on 1929 cells.
TaBLE 3: Results of MIC.
MIC value (ug/mL) 150-100-50-25-15-5-0.5 (ug/mL)
Time (h) Bacterial strains PLGA-AMP Free-AMP
MSSA 50+4 5+1
24 MRSA 100+ 7 50+2
Clinical strain 100+5 15+1
MSSA 25+2 5+1
48 MRSA 100+ 6 50+5
Clinical strain 50+2 15+1
MSSA 15+1 5+1
72 MRSA 505 50+3
Clinical strain 15+1 301

Furthermore, considering the zeta potential was —19.2mV,
the prepared nanodrug was stable. A rise in the negative zeta
potential enhances particle stability by increasing repulsive
forces, thereby preventing particle accumulation over time
[39]. PVA is a surfactant and dispersing agent that affects
nanoparticles’ characteristics and reduces the surface

tension between PLGA and water [39]. The important point
was that while the amount of PVA in the synthesis process
increased, the surface charge of the nanodrug increased,
while the zeta potential became more negative. This finding
aligns with the findings of Sharma et al. [40] because the
surface charge of the nanodrug increased with the increment
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TaBLE 4: Results of agar well diffusion.

Zone of inhibition (mm) 50-25-5 (ug/mL)

Time (h) Bacterial strains PLGA-AMP Free-AMP
MSSA 25 15 10 45 30 25
24 MRSA 5 0 0 10 0 0
Clinical strain 15 10 5 40 30 15
MSSA 30 20 15 45 30 25
48 MRSA 10 5 0 10 0 0
Clinical strain 20 15 5 40 30 15
MSSA 35 25 20 45 30 25
72 MRSA 10 5 0 10 0 0
Clinical strain 25 20 10 40 30 15
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FIGURE 5: Graphical depiction of biofilm inhibition (OD values) of methicillin-resistant staphylococcus by different formulations in (a) 24,
(b) 48, and (c) 72 hours. Comparisons were performed among free AMP, PLGA-AMP, free-PLGA, and control (treatment): NS, non-

significant; * p < 0.05.

of the surfactant amount in their study, which was a stabi-
lizing agent and prevented the aggregation of nanoparticles
and provided stability during the synthesis. Furthermore, in
our investigation, the augmentation of PVA concentration
resulted in a reduction in nanoparticle size, in line with the
observations made by Hernandez-Giottonini et al. [41]. They
found that the nanoparticle size diminished as the PVA
concentration increased, which they attributed to the

increase in viscosity following the increase in PVA con-
centration. However, it should be mentioned that the ma-
jority of surfactants are toxic in nature, and their use is
restricted. Fortunately, PVA has fewer toxic effects than
other surfactants, such as tween, lecithin, and poloxamer;
however, the optimum amount of PVA should be used.
Another important factor in the synthesis of the nanodrug
was the amount of PDI, which was 0.261. Many factors are
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important in the PDI. For example, if we increase the du-
ration of the ultrasonic probe during the synthesis, the
particle size will decrease and become more homogeneous.
As in our study, as the duration of using the magnetic stirrer
increased, the PDI was smaller. However, is it possible to
determine the size of PDI without considering the amount of
load and encapsulation? Our findings showed that in-
creasing the duration of using the ultrasonic probe and
magnetic stirrer reduced drug loading and encapsulation
amount, so a balance between the amount of loading and
PDI should be achieved during the synthesis. This obser-
vation corresponds with the outcomes reported by Ito et al.
[42]. In their study, it was found that the drug loading
decreased as the homogenization time increased. Another
important aim of this study was to determine the amount of
drug loading in the PLGA matrix. The quantity of drug
loading and encapsulation holds significant importance in
enhancing the efficacy of therapeutic drugs, and it also
warrants further investigation for their potential clinical
applications [40]. In this current study, the drug loading and
encapsulation levels in PLGA were assessed using the in-
direct spectrophotometer method, and drug absorption was

measured at 268 nm wavelength. In our study, the drug
loading was 18.91%, and the encapsulation efficiency was
94.53%. As the quantity of the drug was elevated, the drug
loading capacity also increased, aligning with the findings
reported by Snejdrova et al. [43]. In general, the drugloading
capacity is contingent on multiple factors, such as the drug’s
characteristics (hydrophilic or hydrophobic), the synthesis
method employed, and the quantity of the drug utilized
[40, 44]. Besides, Sharma et al. [40] study revealed that the
encapsulation rate of paclitaxel in PLGA was higher than
that of epirubicin, which was attributed to the hydrophobic
nature of paclitaxel, which easily interacts with the hydro-
phobic part of PLGA. Also, their study showed that sur-
factant concentration affected drug loading and nanoparticle
encapsulation. As mentioned, the type of synthesis tech-
nique selected and the quantity of the drug directly impact
the drug loading capacity. Wang et al. [45] loaded the natural
compound paenol with the nanoprecipitation method,
a suitable method for loading hydrophobic drugs, and the
loading and encapsulation amounts in PLGA were 12.7%
and 86%, respectively. The drug loading may be reduced due
to the selection of an inappropriate synthesis method leading
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to drug leakage outside the nanoparticle and drug de-
struction during the synthesis process [43]. Additionally, the
kind of solvent used for PLGA during synthesis is a critical
factor that influences the size, polydispersity index (PDI),
and drug loading. In the present study, dichloromethane was
first used as a solvent for PLGA. Nonetheless, due to in-
adequacies in terms of size, PDI, and drug loading, along
with the low solubility of PLGA in dichloromethane, the
synthesized nanoparticles were not considered suitable, so
dichloromethane was replaced by chloroform. As a result,
with the better solubility of PLGA in chloroform, the size
and PDI decreased and drug loading also increased. Our
findings were congruent with the study of Kim et al. [46],
indicating that the solubility of PLGA in acetone was better
than dichloromethane, and using dichloromethane during
the synthesis of nanoparticles caused an increase in size and
a lower encapsulation. For the reason that the duration of
stability of nanoparticles is important, in our study, the
stability of PLGA-AMP-LYS (F4) was investigated for
12 months. In the current investigation, notable alterations
in size, PDI, and zeta potential were not observed for up to
six months following the synthesis, while after 12 months of

nanodrug preparation, PLGA-AMP size increased from
301.9nm to 502.6 nm. This can be due to the adhesion of
nanoparticles. However, there were no significant differ-
ences noted in zeta potential and PDI after the 12 months.
Additionally, one of the advantages of the load of the drug in
polymer nanoparticles is controlling the drug release rate
following the polymer matrix’s destruction, so the load of the
drug in nanoparticles leads to a stable and controlled release
of the drug in the desired region. Consequently, this en-
hances the drug’s stability within the desired range [46]. The
cross-linking of lactic acid and glycolic acid monomers with
the drug gives rise to the creation of a polymer layer encasing
the drug, facilitating a controlled and stable release of the
drug from the nanoparticle [47]. In the current research, to
investigate the release of ampicillin from PLGA-AMP-LYS
(F4), the free drug and the nanodrug were enclosed inside
two dialysis bags separately. Each one was located separately
in a PBS medium (pH: 7.4). Our results demonstrated that,
within 10 hours, approximately 55% of ampicillin was re-
leased from the dialysis bag into the release medium, while
only 20% of ampicillin was released from the nanodrug
during the same time. After 72h, 92% of free ampicillin and
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75% of ampicillin from the nanodrug were released in the
release medium. The slow release of ampicillin from
nanodrugs can be attributed to drug release from the
nanoparticle core and the decomposition of PLGA into lactic
acid and glycolic acid monomers [39]. However, the time it
takes for drugs to be released from various types of nano-
particles can vary across different research studies, and one
of the main reasons is the use of various materials and
methods. Generally speaking, the extended drug release
duration from nanoparticles compared to free drug results
from the gradual release of the drug from the nanoparticle
matrix. In the study of Zakeri-Milani et al. [39], initially,
vancomycin exhibited a rapid release from PLGA, but over
time, the rate of drug release from PLGA decreased. The
rapid initial release of the drug was attributed to its presence
on or near the surface of the PLGA, while the delayed release
from the center of the PLGA was also noted. In our study,
FE-SEM was used to examine the morphology of the syn-
thesized nanoparticles. Electron microscopy results were
consistent with PDI. Because according to Supplementary
file 1, the particles’ size was the same, with a smooth and
spherical surface. The slight difference in nanoparticle di-
ameter size in DLS and SEM results can be attributed to the
fact that DLS determines the hydrodynamic diameter in
solution, while SEM images are obtained without solvent
[48]. Additionally, in the present study, the conjugation of
lysostaphin on PLGA-AMP in the presence of NHS and
EDC was created by creating a link between the carboxyl end
of PLGA and the amine end of lysostaphin. The Bradford kit
showed a 40% efficiency in lysostaphin conjugation. In
Moura et al’s study [26], the percentage of anti-CD46
conjugation on PLGA ranged from 31% to 36% in differ-
ent formulations. On the other hand, FTIR and DSC were
used in this investigation to verify that during the synthesis
of PLGA-AMP, the elements did not chemically react with
each other and were not converted into a new compound,
and additionally to confirm that the drug was not physically
located next to PLGA, and the results were completely
promising. One of the most important topics in the synthesis
and use of nanodrugs is the investigation of their toxicity.
Due to the truth that the purpose of using nanomedicines is
disease treatment in humans, investigating toxicity is of
paramount significance. In the present study, PLGA-AMP at
a 50 yg/ml concentration had no toxicity on 1929 fibroblast
cells, so 100% of the cells survived. Additionally, in our
study, at a 200ug/ml concentration, the toxicity of
PLGA-AMP was lower than that of free ampicillin on cells.
Therefore, drug encapsulation in nanoparticles may reduce
toxicity. In the study of Liang et al. [49], the toxicity of
rifapentine-loaded PLGA (RPT/PLGA NPs) on J744A.1 cell
line was investigated. The survival of cells exposed to RPT/
PLGA NPs at a 50 ug/mL concentration was above 90%,
while the survival of cells exposed to free rifapentine at the
same concentration was 40%. Their research demonstrated
a substantial reduction in the toxicity of rifapentine fol-
lowing its encapsulation in PLGA. In our study, following
the investigation of the synthesized nanoparticles’ charac-
teristics, well diffusion, MIC, and biofilm inhibition tests
were performed to investigate their antimicrobial activity.

Besides, 5, 25, and 50 ug/mL of free ampicillin were found
more effective than PLGA-AMP on MRSA, MSSA, and
clinical strains at 24 and 48 hours. But after 72 h, the size of
the diameter of the halo of growth inhibition in the optimum
formulation of PLGA-AMP and free ampicillin was almost
the same. Since this method allows the bacteria to be in
direct contact with the drug, the free ampicillin had a better
effect in 24 and 48 h, while according to the release rate of the
prepared nanodrug, which is 72 h, the halos became closer to
each other during this time. Also, the MIC of free ampicillin
at 24 and 48 h was lower than that of PLGA-AMP. However,
after 72h, the MIC of the optimum formulation of
PLGA-AMP decreased due to the release of ampicillin from
PLGA and approached the MIC of free ampicillin. Well
diffusion and MIC study findings were predictable due to the
long release time of PLGA-AMP. Free ampicillin was
available from the start to exert its antimicrobial mechanism,
while the drug was released from PLGA-AMP gradually.
These findings align with the outcomes of Hosseini et al.’s
study [31]. Additionally, our inquiry aimed at inhibiting the
biofilm formation of Staphylococcus aureus strains. We
investigated the effect of PLGA-AMP and free ampicillin on
biofilm formation by MRSA, MSSA, and clinical strains. The
results obtained after 72 h were promising. In all stages of the
experiment, strains exposed to pure PLGA and the control
group displayed robust biofilm formation, whereas those
exposed to PLGA-AMP and free ampicillin exhibited di-
minished biofilm formation. At 24 and 48 h, a small amount
of ampicillin was released from PLGA-AMP, so biofilm
formation in all three bacterial strains was less inhibited than
free ampicillin. While free ampicillin was completely in
direct contact with bacteria and inhibited biofilm formation
with a higher percentage than PLGA-AMP, biofilm for-
mation was more affected by the increase in ampicillin
release from PLGA-AMP after 72h. The outcomes with
PLGA-AMP were comparable to those with free ampicillin,
and in certain instances, even slightly better, especially after
72 hours. According to Lange et al.’s study [50], Ag-NPs
measuring 154 nm in size with a zeta potential of —26 mV
exhibited a more pronounced impact on biofilm formation
compared to Cu-NPs, which had a size of 345 nm and a zeta
potential of —0.4. In their study, it is assumed that a more
negative zeta potential leads to greater stability and the
tendency of nanoparticles to accumulate is less, so their
surface is not limited, and as a result, the antibacterial
property is stronger. Also, smaller nanoparticles will pen-
etrate deeper layers better. Also, in the study of Bastari et al.
[51], levofloxacin was loaded in PLGA coated with calcium
phosphate. Their study showed that both PLGA loaded with
levofloxacin coated with calcium phosphate and uncoated
prevented Staphylococcus aureus biofilm formation for four
weeks. It is important in our study that the amount of
ampicillin loading in PLGA-AMP before lysostaphin con-
jugation was 18.91%. Following the conjugation of lysos-
taphin, the researchers reevaluated well diffusion, MIC
(minimum inhibitory concentration), and biofilm formation
inhibition tests. Nanoparticles conjugated with lysostaphin
had no antimicrobial and antibiofilm activity, while
PLGA-AMP had antimicrobial and antibiofilm activity.
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Therefore, we assume that drug release occurred during the
conjugation of lysostaphin on PLGA-AMP because in the
stage of lysostaphin conjugation, PLGA-AMP was dissolved
in EDC and NHS and stirred for one hour. Next, in order to
separate the precipitate of the nanodrug, centrifugation was
performed. In the next step, lysostaphin was added to the
precipitate of the nanodrug placed at 4°C for 24 hours and
centrifuged. Therefore, the drug may have been removed
from PLGA-AMP during this period.

5. Conclusion

In this study, a nanodrug was effectively synthesized using
the double emulsion evaporation method, making it a po-
tential treatment candidate for Staphylococcus aureus in-
fections and the inhibition of biofilm formation by such
strains. The antimicrobial effectiveness of free ampicillin
surpassed that of PLGA-AMP in both the MIC and well
diffusion assays at 24 and 48 hours, as ampicillin was re-
leased from PLGA-AMP over a span of approximately
72hours. Consequently, the duration of effectiveness for
PLGA-AMP in the well diffusion and MIC methods was
72 hours. Furthermore, in comparison to PLGA-AMP, free
ampicillin exhibited a more pronounced impact on inhib-
iting the biofilm formation of Staphylococcus aureus strains.
Nonetheless, their results showed remarkable consistency,
and in certain cases, they exhibited even slight improve-
ments after the 72 hour mark. Hence, the outcomes of our
research highlight the promising efficacy of the optimal
PLGA-AMP formulation after 72hours. Utilizing this
technology holds the potential to reduce staphylococcal
infections and could serve as a valuable tool in managing
hospital-acquired infections caused by this bacterium.
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