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Staphylococcus aureus is a major opportunistic pathogen responsible for persistent and device-
related infections, largely due to its strong biofilm-forming capacity and increasing 
antimicrobial resistance. This study aimed to evaluate the antibiofilm effects of chitosan-loaded 
curcumin-vancomycin nanoparticles against S. aureus clinical isolates. Nanoparticles were 
synthesized via ionic gelation and characterized using dynamic light scattering and 
electrophoretic light scattering techniques. Biofilm formation was quantified using the crystal 
violet microtiter plate assay, and gene expression analysis of the icaA gene was performed in 
biofilm-producing S. aureus exposed to sub-minimum inhibitory concentration (MIC) 
concentrations of nanoparticles using real-time PCR and the 2^-ΔΔCt method. Results showed 
a significant reduction in icaA expression following treatment with curcumin, vancomycin, and 
particularly curcumin-vancomycin-loaded chitosan nanoparticles compared to untreated 
controls (P <0.05). The greatest suppression of icaA expression was observed in the 
nanoparticle-treated group, indicating enhanced antibiofilm activity. The mean hydrodynamic 
diameter was 333.8 ± 9.2 nm with a polydispersity index (PDI) of 0.236, indicating a relatively 
uniform size distribution. The zeta potential was +28.9 mV, confirming good colloidal stability. 
All tested isolates were strong biofilm producers. MIC of nanoparticles ranged from 64 to  
256 µg/mL, demonstrating strain-dependent antimicrobial activity. The findings demonstrate 
that curcumin-vancomycin-loaded chitosan nanoparticles effectively inhibit biofilm formation 
and downregulate key biofilm-associated genes in S. aureus. This synergistic nano-formulation 
offers a promising strategy for overcoming biofilm-associated infections and improving the 
efficacy of conventional antibiotics. 
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1. Introduction 
Staphylococcus aureus is one of the most important 

opportunistic bacterial pathogens responsible for a wide 
range of community- and hospital-acquired infections, 
including skin and soft tissue infections, wound 
infections, osteomyelitis, endocarditis, and device-
associated infections [1,2]. The remarkable ability of S. 
aureus to form biofilms significantly contributes to its 
pathogenicity and persistence in clinical settings [1]. 
Biofilms are structured microbial communities 
embedded within a self-produced extracellular 
polymeric substance (EPS) matrix that protects bacterial 
cells from environmental stresses, host immune 
responses, and antimicrobial agents [3]. Consequently, 
biofilm-associated bacteria can exhibit up to 1000-fold 
greater resistance to antibiotics than their planktonic 
counterparts, leading to chronic and recurrent infections 
[4].  Biofilm formation in S. aureus occurs through a 
complex, multi-step process involving initial adhesion, 
accumulation, maturation, and dispersal [3]. This 
process is regulated by several genetic and 
environmental factors, including the intercellular 
adhesion (ica) operon, accessory gene regulator (agr) 
system, and various microbial surface components 
recognizing adhesive matrix molecules (MSCRAMMs) 
[5]. The ability of S. aureus to establish robust biofilms 
has become a major therapeutic challenge, particularly 
with the increasing prevalence of methicillin-resistant S. 
aureus (MRSA) strains and the emergence of multidrug 
resistance [2,5]. Conventional antibiotic therapy often 
fails to eradicate biofilm-associated infections because 
antimicrobial agents have limited penetration through 
the EPS matrix, and bacterial cells within biofilms 
frequently adopt metabolically dormant states that 
reduce antibiotic susceptibility [1,4]. 

Vancomycin remains one of the most widely used 
antibiotics for the treatment of serious S. aureus 
infections, especially those caused by MRSA [6]. 
However, the efficacy of vancomycin against biofilm-
associated infections is often compromised due to poor 
penetration into mature biofilms and the development of 
adaptive resistance mechanisms [6,7]. Therefore, 
innovative therapeutic approaches are needed to 
improve antibiotic delivery and enhance antibiofilm 
activity. Nanotechnology-based drug delivery systems 
have emerged as promising strategies to overcome these 
limitations by improving drug stability, targeted 
delivery, and controlled release profiles [8]. Such 
systems can facilitate deeper penetration into biofilm 
matrices and increase the local concentration of 
antimicrobial agents at infection sites [8,9].   

Curcumin, a natural polyphenolic compound derived 
from Curcuma longa (turmeric), has attracted 
considerable attention due to its broad spectrum of 
biological activities, including antimicrobial, anti-
inflammatory, antioxidant, and antibiofilm properties 
[10]. Previous studies have demonstrated that curcumin 
can inhibit S. aureus biofilm formation by interfering 

with bacterial adhesion, quorum sensing pathways, and 
biofilm-associated gene expression [11,12]. 
Nevertheless, the clinical application of curcumin is 
limited by its poor aqueous solubility, rapid metabolism, 
and low bioavailability [10]. Encapsulation of curcumin 
within nanoparticle-based delivery systems has been 
proposed as an effective strategy to overcome these 
drawbacks and enhance its therapeutic efficacy [13]. 
Chitosan, a naturally occurring cationic polysaccharide 
obtained from chitin, possesses excellent 
biocompatibility, biodegradability, and intrinsic 
antimicrobial properties [14]. Due to its positive surface 
charge, chitosan can interact electrostatically with 
negatively charged bacterial cell membranes and 
biofilm matrices, facilitating improved penetration and 
disruption of established biofilms [15]. Furthermore, 
chitosan nanoparticles have been widely investigated as 
drug carriers because they provide controlled drug 
release, enhanced stability, and increased retention at 
infection sites [14,16]. Several studies have reported 
that chitosan-based nanoparticles can significantly 
inhibit biofilm formation and improve the antibacterial 
efficacy of encapsulated compounds against S. aureus 
[16,17].  

Recent evidence suggests that combining 
conventional antibiotics with natural antibiofilm agents 
within nanocarrier systems may produce synergistic 
antimicrobial effects [18]. The co-delivery of 
vancomycin and curcumin using chitosan nanoparticles 
may simultaneously target bacterial viability and 
biofilm integrity, thereby enhancing treatment efficacy 
against biofilm-forming S. aureus [18,19]. However, 
despite the growing interest in nanoparticle-mediated 
antimicrobial therapies, limited information is available 
regarding the antibiofilm activity of chitosan-loaded 
curcumin-vancomycin nanoparticles against S. aureus 
biofilms [19]. Therefore, the present study aimed to 
evaluate the effects of chitosan-loaded curcumin-
vancomycin nanoparticles on biofilm formation in  
S. aureus, with the goal of exploring an effective 
strategy for combating biofilm-associated 
staphylococcal infections. 

2. Materials and Methods 

2.1 Chemicals and reagents 

Chitosan (medium molecular weight; degree of 
deacetylation ≥85%), sodium tripolyphosphate (TPP), 
curcumin (≥95% purity), and vancomycin 
hydrochloride were purchased from Sigma-Aldrich 
(Merck KGaA, St. Louis, MO, USA). Tryptic Soy Broth 
(TSB), Tryptic Soy Agar (TSA), crystal violet, glacial 
acetic acid, dimethyl sulfoxide (DMSO), ethanol, and 
phosphate-buffered saline (PBS) were obtained from 
Merck (Darmstadt, Germany). The RNA extraction kit, 
cDNA synthesis kit, and SYBR Green Master Mix were 
purchased from Sinaclon BioScience Co. (Tehran, Iran). 
All reagents and chemicals used in this study were of 



 

 

2026, Volume 7, Number 3 

3 

Mohammadi et al. 

analytical grade and were used according to the 
manufacturers’ instructions. 

2.2 Bacterial isolates 

Clinical isolates of S. aureus were obtained from 
clinical specimens collected from patients with diabetic 
foot osteomyelitis at Ayatollah Rouhani Hospital, 
Babol, Iran. The isolates were recovered from the 
hospital microbiology laboratory and subsequently 
transferred to the microbiology laboratory for further 
analysis. Only non-duplicate clinical isolates were 
included in the study. Identification of S. aureus was 
initially performed using conventional microbiological 
and biochemical methods and was subsequently 
confirmed by PCR amplification of the species-specific 
nuc gene  [2]. Confirmed isolates were stored at −80°C 
in Tryptic Soy Broth (TSB) supplemented with 20% 
glycerol until further experiments. 

2.3 Synthesis of chitosan-loaded curcumin-
vancomycin nanoparticles 

Chitosan-loaded curcumin-vancomycin nanoparticles 
were synthesized using the ionic gelation method. 
Briefly, chitosan was dissolved in 1% (v/v) acetic acid 
solution to obtain a final concentration of 2 mg/mL and 
stirred overnight at room temperature. Curcumin was 
dissolved in a minimal volume of DMSO and 
subsequently added to the chitosan solution under 
continuous magnetic stirring. Vancomycin 
hydrochloride was then dissolved in distilled water and 
incorporated into the chitosan-curcumin mixture. 
Subsequently, sodium tripolyphosphate (TPP;  
1 mg/mL) was added dropwise to the mixture under 
constant stirring at room temperature. Nanoparticle 
formation occurred spontaneously through electrostatic 
interactions between the positively charged amino 
groups of chitosan and negatively charged phosphate 
groups of TPP. The suspension was stirred for 2 h to 
ensure complete nanoparticle formation. The obtained 
nanoparticles were collected by centrifugation at  
15,000 ×g for 30 min, washed twice with distilled water 
to remove unbound compounds, and lyophilized for 
further analyses [20]. 

2.4 Particle size and zeta potential analysis 

The hydrodynamic diameter, polydispersity index 
(PDI), and zeta potential of the synthesized 
nanoparticles was determined using Dynamic Light 
Scattering (DLS) and electrophoretic light scattering 
techniques (Zetasizer Nano ZS, Malvern Instruments, 
UK). Prior to measurement, nanoparticle suspensions 
were diluted in deionized water and sonicated for 5 min 
to avoid aggregation. Measurements were performed at 
25°C in triplicate. The mean particle size, PDI, and zeta 
potential values were recorded and reported as mean ± 
standard deviation. 

2.5 Determination of minimum inhibitory 
concentration 

The minimum inhibitory concentrations (MICs) of 
free vancomycin, free curcumin, and chitosan-loaded 
curcumin-vancomycin nanoparticles against the clinical 
S. aureus isolates were determined using the broth 
microdilution method in accordance with the Clinical 
and Laboratory Standards Institute (CLSI) guidelines 
(2025) [21]. Two-fold serial dilutions of each tested 
agent were prepared in Mueller-Hinton broth (MHB). 
For the chitosan-loaded curcumin-vancomycin 
nanoparticles, the final concentrations tested ranged 
from 16 to 512 µg/mL, corresponding to final 
concentrations of 16, 32, 64, 128, 256, and 512 µg/mL 
in the microdilution series. Thus, the final concentration 
in the first well was 512 µg/mL. Bacterial suspensions 
were adjusted to the turbidity of a 0.5 McFarland 
standard and inoculated into the wells. The microplates 
were incubated at 37°C for 24 h. The MIC was defined 
as the lowest concentration showing no visible bacterial 
growth. Appropriate growth and sterility controls were 
included in each assay, and all measurements were 
performed in triplicate. 

2.6 Phenotypic evaluation of biofilm formation  

Biofilm-forming ability of S. aureus isolates was 
assessed using the microtiter plate crystal violet assay. 
Briefly, overnight bacterial cultures were diluted 1:100 
in TSB supplemented with 1% glucose. Aliquots  
(200 µL) were transferred into sterile 96-well 
polystyrene microplates and incubated at 37°C for 24 h. 
Following incubation, planktonic cells were removed 
and wells were gently washed three times with PBS. The 
adherent biofilm was fixed with methanol for 15 min 
and stained with 0.1% crystal violet for 20 min. Excess 
stain was removed by washing with distilled water. The 
bound dye was solubilized using 33% acetic acid, and 
absorbance was measured at 570 nm using a microplate 
reader. Biofilm production was classified as weak, 
moderate, or strong according to the criteria described 
by Stepanović et al. [22]. 

2.7 Quantitative real-time PCR analysis  

To investigate the antibiofilm effect of nanoparticles 
independent of growth inhibition, biofilm-producing 
isolates were exposed to sub-MIC concentrations of free 
curcumin, free vancomycin, and chitosan-loaded 
curcumin-vancomycin nanoparticles. Bacterial 
suspensions were cultured in TSB containing the 
selected sub-MIC concentration and incubated for 24 h 
at 37°C. Untreated cultures served as controls. 
Following incubation, biofilm formation was quantified 
using the crystal violet microtiter plate assay as 
described above. Total RNA was extracted from 
untreated and treated biofilm-forming S. aureus isolates 
using the RNX-Plus™ Kit (Sinaclon Bioscience, 
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Tehran, Iran) according to the manufacturer’s 
instructions. RNA concentration and purity were 
assessed spectrophotometrically, and RNA integrity 
was verified by agarose gel electrophoresis. To avoid 
interference from genomic DNA, RNA samples were 
treated with DNase I prior to reverse transcription. 
Complementary DNA (cDNA) was synthesized from 1 
μg of total RNA using a commercial cDNA synthesis 
kit. The relative expression of the icaA gene was 
quantified by real-time PCR using the following 
primers: Forward: 5′-GAGGTAAAGCCAACGCACTC-3′ 
and Reverse: 5′-CCTGTAACCGCACCAAGTTT-3′ 
(151 bp), previously described by Atshan et al. [23]. The 
housekeeping gene gyrB was used as the internal 
reference gene. Amplification reactions were performed 
in a final volume of 20 µL containing SYBR Green 
Master Mix, gene-specific primers, nuclease-free water, 
and cDNA template. Thermal cycling conditions 
consisted of an initial denaturation step at 95°C for  
10 min, followed by 40 cycles of denaturation at 95°C 
for 15 s and annealing/extension at 60°C for 60 s. 
Relative gene expression was calculated using the 
2^−ΔΔCt method. Expression levels of icaA in 
nanoparticle-treated isolates were compared with those 
of untreated controls. Melting curve analysis was 
performed to confirm the specificity of the amplified 
products. Total RNA was extracted from untreated and 
nanoparticle-treated biofilm-forming S. aureus isolates 
using the RNX-Plus™ Kit (Sinaclon Bioscience, 
Tehran, Iran) according to the manufacturer's 
instructions. RNA concentration and purity were 
assessed spectrophotometrically using a NanoDrop 
instrument (Thermo Scientific, USA), and RNA 
integrity was verified by agarose gel electrophoresis. To 
avoid interference from genomic DNA, RNA samples 
were treated with DNase I prior to reverse transcription. 
Complementary DNA (cDNA) was synthesized from  
1 μg of total RNA using the cDNA Synthesis Kit 
(Sinaclon Bioscience, Tehran, Iran) following the 

manufacturer's protocol. The synthesized cDNA was 
stored at −20°C and subsequently used as the template 
for quantitative real-time PCR analysis. Amplification 
reactions were performed in a final volume of 20 µL 
containing SYBR Green Master Mix, gene-specific 
primers, nuclease-free water, and cDNA template. The 
housekeeping gene gyrB was used as the internal 
reference gene. Thermal cycling conditions consisted of 
an initial denaturation step at 95°C for 10 min, followed 
by 40 cycles of denaturation at 95°C for 15 s and 
annealing/extension at 60°C for 60 s. Relative gene 
expression was calculated using the 2^−ΔΔCt method. 
Expression levels of icaA in nanoparticle-treated 
isolates were compared with those of untreated controls. 

2.8 Statistical analysis 

All experiments were performed in triplicate, and data 
were expressed as mean ± standard deviation (SD). 
Statistical analyses were carried out using GraphPad 
Prism version 9.0. Differences between treated and 
untreated groups were analyzed using Student's t-test or 
one-way analysis of variance (ANOVA) followed by 
Tukey's post hoc test. A p-value <0.05 was considered 
statistically significant. 

3. Results 
All 20 clinical isolates of S. aureus were strong 

biofilm producers. The particle size distribution and PDI 
of the synthesized nanoparticles were determined using 
DLS. Samples were analyzed in disposable polystyrene 
cuvettes at 25°C with a refractive index of 1.335. The 
mean hydrodynamic diameter of the nanoparticles was 
333.8 ± 9.2 nm, with a PDI of 0.236, indicating a 
relatively narrow size distribution. The synthesized 
nanoparticles exhibited a positive zeta potential of +28.9 
mV, indicating good colloidal stability. The electrical 
conductivity of the suspension was 2.69 mS/cm (Figure 1). 

 

Figure 1. Calculation of the zeta potential of chitosan nanoparticles using a Zetasizer Nano ZS. 
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The MIC values of free vancomycin ranged from 1 to 
8 µg/mL (MIC₅₀ = 2 µg/mL; MIC₉₀ = 4 µg/mL), while 
free curcumin showed higher MICs ranging from 128 to 
512 µg/mL (MIC₅₀ = 256 µg/mL; MIC₉₀ = 512 µg/mL). 
The co-loaded curcumin-vancomycin chitosan 
nanoparticles exhibited MIC values between 64 and 256 
µg/mL (MIC₅₀ = 128 µg/mL; MIC₉₀ = 256 µg/mL). 

Gene expression analysis of the biofilm-associated 
gene icaA was performed in strong biofilm-producing 
isolates exposed to sub-MIC concentrations of free 
curcumin, free vancomycin, and curcumin-vancomycin-
loaded chitosan nanoparticles using real-time PCR. The 
gyrB gene was used as the internal control, and relative 
gene expression was calculated by the 2^−ΔΔCt 
method. Treatment with curcumin, vancomycin, and 
especially the curcumin-vancomycin nanoparticles 
significantly reduced icaA expression compared with 
the untreated control (P <0.05). The greatest reduction 
was observed in the nanoparticle-treated group, in 
which icaA expression decreased approximately 0.8-
fold relative to the control (Figure 2). 

4. Discussion 
In the present study, all 20 clinical isolates of S. 

aureus exhibited strong biofilm-forming capacity. This 
finding is consistent with the well-established role of 
biofilm as a major virulence determinant that confers 
high-level tolerance to antibiotics and host immune 
defenses, thereby contributing to persistent and 
recurrent infections [24,25]. The ability of S. aureus to 
form robust biofilms continues to represent a significant 
clinical challenge, particularly in device-related and 
chronic infections, and underscores the need for 
therapeutic strategies that specifically target biofilm 
matrix development and associated gene expression 
[26]. Physicochemical characterization revealed that the 
curcumin-vancomycin co-loaded chitosan nanoparticles 
possessed a mean hydrodynamic diameter of 333.8 ± 9.2 
nm, a polydispersity index of 0.236, and a positive zeta 
potential of +28.9 mV. Nanoparticles within this size 
range are generally considered suitable for interaction 

with bacterial surfaces and penetration into biofilm 
matrices, while a low PDI indicates a relatively 
homogeneous formulation [27]. The positive surface 
charge is particularly advantageous, as it promotes 
electrostatic attraction to the negatively charged 
bacterial cell wall and extracellular polymeric 
substances, thereby facilitating closer contact and 
improved delivery of the encapsulated agents [28,29].  

The antimicrobial activity of the co-loaded 
nanoparticles was superior to that of free curcumin and, 
for several isolates, comparable or advantageous 
relative to free vancomycin when drug content is taken 
into account. These results support previous 
observations that nanoencapsulation can enhance the 
effective concentration of poorly soluble natural 
compounds and improve antibiotic delivery into biofilm 
communities [30,31]. The strain-dependent variation in 
MIC values is likely attributable to differences in cell-
surface properties, biofilm density, and the extent of 
nanoparticle-bacterium interaction among clinical 
isolates. At the molecular level, sub-inhibitory 
concentrations of free curcumin, free vancomycin, and 
especially the co-loaded nanoparticles significantly 
downregulated icaA expression. The greatest reduction 
(approximately 0.8-fold relative to the untreated 
control) was observed with the nanoparticle 
formulation. The icaA gene encodes N-
acetylglucosaminyltransferase, a key enzyme required 
for the synthesis of polysaccharide intercellular adhesin 
(PIA), the major component of the staphylococcal 
biofilm matrix [32]. Suppression of icaA therefore 
directly impairs biofilm structural integrity. The 
enhanced effect of the co-loaded nanoparticles 
compared with the free agents suggests improved 
cellular uptake and sustained release of both curcumin 
and vancomycin within the biofilm microenvironment, 
resulting in a more pronounced interference with PIA 
biosynthesis [33,34]. Several limitations of the present 
work should be acknowledged. The experiments were 
performed exclusively in vitro; consequently, 
pharmacokinetic behavior, potential cytotoxicity, and 
in-vivo efficacy remain to be established.  

 

Figure 2. Relative expression of icaA gene in biofilm-producing S. aureus strains after treatment with nanoparticles compared to untreated. 
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Only a single biofilm-related gene was examined; 
broader transcriptomic or proteomic analyses would 
provide a more comprehensive understanding of the 
molecular mechanisms involved. In addition, the 
clinical isolates were obtained from a single center, 
which may limit the generalizability of the findings. 
Future studies incorporating animal models of biofilm 
infection, multi-center isolate collections, and multi-
omics approaches are warranted to further validate and 
expand these observations. Collectively, the 
physicochemical stability of the formulation, the 
improved antimicrobial profile relative to free 
curcumin, and the significant downregulation of icaA 
support the potential of chitosan-based co-delivery of 
curcumin and vancomycin as a promising antibiofilm 
strategy against clinical S. aureus isolates.  

The present study demonstrated that chitosan-loaded 
curcumin-vancomycin nanoparticles exhibited 
antibiofilm activity against clinical S. aureus isolates 
and were associated with reduced expression of the 
biofilm-associated icaA gene. Although the greatest 
reduction in icaA expression was observed following 
treatment with the co-loaded nanoparticles, free 
curcumin and vancomycin also produced significant 
reductions compared with the untreated control. 
Therefore, the present findings do not establish a 
synergistic effect of the combined nanoformulation or 
demonstrate clear superiority over the individual agents. 
Further studies using formal synergy assays, equivalent 
drug concentrations, additional biofilm-related targets, 
and in vivo models are warranted to determine whether 
nanoencapsulation provides a meaningful advantage 
over free curcumin or vancomycin. 
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