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An alarming agent for global health systems is emerging against antibiotic resis-
tance, due in particular to S. aureus and P. aeruginosa. Thus, it becomes an emer-
gency to design novel antimicrobial interventions. Selenium nanoparticles (SeNPs) 
loaded with curcumin and coated with chitosan (CS-Cur-SeNPs) might be an ap-
propriate candidate due to their biocompatibility and proven efficacy in inhibiting 
bacteria and biofilm formation. Accordingly, in this study, the antibacterial and 
antibiofilm potentials of CS-Cur-SeNPs were investigated against the expression of 
critical virulent genes (icaD, lasI, and ftsZ). The synthesis of SeNPs, Cur-SeNPs, and 
CS-Cur-SeNPs was done, and characterization followed using dynamic light scatter-
ing (DLS), scanning electron microscopy (SEM), and FTIR spectroscopy methods. 
Antibacterial assays by disk diffusion and MIC were carried out against S. aureus 
(ATCC 25923) and P. aeruginosa (ATCC 27853) with the samples synthesized. An-
ti-biofilm activity was also checked using crystal violet staining. The mRNA expres-
sion of icaD, lasI, and ftsZ was studied by means of qRT. CS-Cur-SeNPs exhibited 
superior antibacterial activity, with inhibition zones of 20 ± 2 mm (S. aureus) and 17 
± 2 mm (P. aeruginosa), and MICs of 8 µg/mL (S. aureus) and 16 µg/mL (P. aerugi-
nosa), compared to SeNPs and Cur-SeNPs (p < 0.05). Biofilm inhibition reached 85 
± 7% for S. aureus and 75 ± 6% for P. aeruginosa at MIC concentrations (p < 0.001). 
qRT-PCR revealed significant downregulation of icaD (3.2-fold) and ftsZ (2.8-fold) 
in S. aureus, and lasI (2.5-fold) and ftsZ (2.3-fold) in P. aeruginosa (p < 0.05). TEM 
and FTIR confirmed the spherical morphology and successful coating of CS-Cur-
SeNPs. CS-Cur-SeNPs provide an anti-bacterial and anti-biofilm activity against S. 
aureus and P. aeruginosa, disrupting growth in vitro, the formation of biofilms, and 
the expression of virulence genes. Hence, with enhanced in vivo and clinical stud-
ies, this may serve as a novel therapeutic strategy for fighting antibiotic-resistant 
infections.
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INTRODUCTION
Antimicrobial resistance caused an 

estimated 4.95 million deaths worldwide in 
2019, highlighting the urgent need for global 
action [1]. With multi-drug-resistant bacterial 
pathogens such as Staphylococcus aureus and 
Pseudomonas aeruginosa, there is an urgent 
need for new treatments to treat infections that 
evade conventional ones [2]. Preparing selenium 
nanoparticles loaded with curcumin and coated 
with chitosan provides an enticing strategy of 
overcoming bacterial resistance by impeding 
bacterial growth and biofilm formation, as well as 
their cell division.

Staphylococcus aureus, identified as a gram-
positive coccus, is a versatile pathogen that causes 
infections from abscesses on the skin to life-
threatening bacteremia and endocarditis [3]. It 
can form biofilms with the help of the icaD gene, 
and attrition of its Exotoxins causes the pathogen 
to become virulent while resisting antibiotics [4, 
5]. In contrast, Pseudomonas aeruginosa is a tetra-
shaped bacillus and is among the highly reported 
hospital infections in immunocompromised 
patients [6]. Its mechanisms of evading treatments, 

in essence, efflux pumps and beta-lactamases, are 
quite successful, coupled with biofilm formation 
via genes like lasI. This has led to lethargic, full-
blown killing, with MDR strains being linked to a 
79 percent rate of death in grave cases [7, 8].

The FtsZ protein for bacterial cell division is 
essential for the survival of both pathogens, as it 
forms a Z-ring responsible for cytokinesis [9]. When 
FtsZ is inhibited, bacterial growth is impaired, 
thereby presenting itself as a very attractive target 
for novel antimicrobials [10]. Nanotechnology 
further brings very special properties to this 
approach through nanoparticles, such as having a 
high surface-to-volume ratio and enhanced drug 
delivery [11]. Selenium nanoparticles are also very 
low in toxicity, with inherent antibacterial potential 
that works against cell membrane formation and 
inhibits biofilm formation [12, 13]. Curcumin is a 
polyphenol derived from turmeric, which presents 
antimicrobial and anti-biofilm features but suffers 
from limited solubility and bioavailability [14, 15]. 
Chitosan is biocompatible and allows improving 
the stability of nanoparticles with pH-dependent 
drug release for aiding bacterial cell targeting [16, 
17].

 

 

  

Fig. 1. SEM images of selenium nanoparticles (A) and chitosan-coated selenium nanoparticles (B).

Gene Forward Primer (5'-3') Reverse Primer (5'-3') Reference 
icaD ATGGTCAAAGCCCAGACAGA CGTGTTTTCAACATTTAATGCAA [5] 
lasI CGCTGGAACTGGATGAAGTT GCTCTTGGATTCGGGTGTTA [8] 
ftsZ GTGATTGACCGTCTTGGTGA TCTTCACCAACAGCGAAACC [26] 

16S rRNA GGAATTCCATGTGTAGCGGTG TCCCCGTAGACCTCATCGTTT [7] 
 

  

Table 1. Primers Used for qRT-PCR Analysis.
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Conflicting results in the literature show 
the need for further research. It is stated that 
some researchers have lagged in demonstrating 
the strong antibacterial effect of SeNPs and 
curcumin against S. aureus, whereas other 
researchers suggested that their antibacterial 
effect on P. aeruginosa is variable, probably due 
to changes in the cell wall structure [18]. The use 
of these components is based on the rationale 
that incorporation of SeNPs, curcumin, and 
chitosan would work synergistically in promoting 
antimicrobial and anti-biofilm activity. Completely 
relevant molecular interaction studies and their 
long-term safety are still missing.

The current study evaluated the acute anti-

biofilm and antibacterial effect of curcumin-based 
functionalized SeNPs coated with chitosan against 
methicillin-resistant Staphylococcus aureus 
(MRSA) and Pseudomonas aeruginosa (PAO), and 
especially on the expression of icaD, lasI, and ftsZ 
genes. This research gap is to be filled to contribute 
to the future acquisition of new pharmaceutical 
solutions applied to multidrug-resistant (MDR) 
bacterial infections.

MATERIALS AND METHODS
Bacterial Strains and Culture Conditions

The study utilized Staphylococcus aureus (ATCC 
25923) and Pseudomonas aeruginosa (ATCC 
27853) as standard strains, obtained from the 

 

  
Fig. 2. Size of selenium nanoparticles (A), selenium-curcumin (B), and selenium-curcumin-

chitosan (C) using DLS.
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Pasteur Institute of Iran. Both strains were cultured 
in Luria-Bertani (LB) broth at 37°C with shaking at 
200 rpm for 24 hours. Bacterial suspensions were 
adjusted to a turbidity equivalent to 0.5 McFarland 
standard (approximately 1.5 × 10⁸ CFU/mL) using 
a spectrophotometer at 600 nm for subsequent 
experiments [19].

Preparation of Selenium Nanoparticles (SeNPs) 
Loaded with Curcumin and Coated with Chitosan

Selenium nanoparticles (SeNPs) were 
synthesized via a chemical reduction method as 
described by Menon et al. (2020) [20]. Sodium 
selenite (Na₂SeO₃, 5 mM) was reduced with 
ascorbic acid (10 mM) in a 1:4 molar ratio under 
constant stirring at room temperature for 2 
hours. Curcumin (10 mg/mL) was dissolved in 
ethanol and mixed with the SeNP solution at a 
1:10 ratio, followed by sonication for 30 minutes 
to ensure uniform loading. Chitosan (0.5% w/v, 
medium molecular weight, 85% deacetylated) was 
dissolved in 1% acetic acid and added dropwise to 
the curcumin-loaded SeNP solution under stirring 
at 1000 rpm for 1 hour to achieve coating. The 
resulting nanoparticles were centrifuged at 12,000 
rpm for 20 minutes, washed with distilled water, 
and lyophilized for further use. Nanoparticle 
characterization was performed using dynamic 
light scattering (DLS) for size and zeta potential, 

transmission electron microscopy (TEM) for 
morphology, and Fourier-transform infrared 
spectroscopy (FTIR) for chemical composition [21].

Antibacterial Activity Assessment
The antibacterial activity of SeNPs, curcumin-

loaded SeNPs (Cur-SeNPs), and chitosan-coated 
Cur-SeNPs (CS-Cur-SeNPs) was evaluated using 
the disk diffusion method and minimum inhibitory 
concentration (MIC) assay. For the disk diffusion 
method, 100 µL of bacterial suspension (0.5 
McFarland) was spread on Mueller-Hinton agar 
plates. Sterile paper disks (6 mm diameter) 
impregnated with 20 µL of nanoparticle 
suspensions (50 µg/mL) were placed on the 
agar surface. Plates were incubated at 37°C for 
24 hours, and the diameter of inhibition zones 
was measured in millimeters [22]. The MIC was 
determined using a broth microdilution assay in 
96-well plates, with nanoparticle concentrations 
ranging from 0.5 to 256 µg/mL. After incubation 
at 37°C for 24 hours, the lowest concentration 
preventing visible bacterial growth was recorded 
as the MIC [23].

Anti-Biofilm Activity Assessment
Biofilm formation was assessed using 

the crystal violet staining method in 96-well 
polystyrene plates. Bacterial suspensions (100 

 

  

  

Fig. 3. Zeta potential of selenium nanoparticles (A), selenium-curcumin (B), and selenium-curcumin-chitosan (C) 
using DLS.
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µL, 0.5 McFarland) were incubated with varying 
concentrations of CS-Cur-SeNPs (0.5 × MIC to 2 × 
MIC) at 37°C for 48 hours. After incubation, plates 
were washed with phosphate-buffered saline 
(PBS) to remove planktonic cells, and biofilms were 
stained with 0.1% crystal violet for 15 minutes. 
Excess dye was washed off, and the bound dye 
was solubilized with 95% ethanol. Absorbance was 
measured at 595 nm using a microplate reader to 
quantify biofilm biomass. Percentage inhibition 
was calculated relative to untreated controls [24].

Gene Expression Analysis
The expression levels of icaD (S. aureus), lasI 

(P. aeruginosa), and ftsZ (both strains) were 
analyzed using quantitative real-time PCR (qRT-

PCR). Bacterial cells were treated with CS-Cur-
SeNPs at sub-MIC concentrations for 24 hours. 
Total RNA was extracted using a commercial RNA 
extraction kit, and cDNA was synthesized using a 
reverse transcription kit. qRT-PCR was performed 
with SYBR Green master mix on a Bio-Rad CFX96 
system. Primers for icaD, lasI, and ftsZ were 
designed based on sequences from the NCBI 
database (Table 1). Relative gene expression was 
calculated using the 2⁻ΔΔCt method, normalized 
to the 16S rRNA housekeeping gene [25].

Statistical Analysis
Data were analyzed using SPSS version 

22.0 (IBM, USA). Normality was assessed with 
the Kolmogorov-Smirnov test. Differences in 

 

  
Fig. 4: EDAX Analysis of Elemental Composition of Nanoparticles. A) Selenium, B) Selenium/Curcumin, C) Selenium/

Curcumin/Chitosan.

Element SeNPs (%W) Se+Cur (%W) Se+Cur+CS (%W) 

C 0 45.94 37.13 

N 0 0 0.45 

O 21.52 19.35 11.52 

Se 78.48 34.71 50.90 

 
  

Table 2. EDAX Analysis of Selenium, Curcumin, and Chitosan Nanoparticles.

Nanoparticles Loading Capacity (%) Loading Efficiency (%) 
Se-Cur 56.2 ± 4.85 97 ± 1.1 

Se-Cur-Cs 53.88 ± 8.6 99.3 ± 0.2 
 

Table 3. Loading Efficiency and Loading Capacity of Selenium-
Curcumin and Selenium-Curcumin-Chitosan Nanoparticles.
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inhibition zones, MIC values, and biofilm inhibition 
percentages between treatment groups and 
controls were evaluated using one-way ANOVA 
followed by Tukey’s post-hoc test. Gene expression 
data were analyzed using the Student’s t-test to 
compare treated and untreated groups. Results 
were expressed as mean ± standard deviation (SD), 
and a p-value < 0.05 was considered statistically 
significant [27].

RESULTS AND DISCUSSION
Nanoparticle Characterization
Morphological Characterization

The surface morphology and characteristics 
of selenium nanoparticles (SeNPs) and chitosan-
coated selenium nanoparticles (CS-SeNPs) were 
evaluated using scanning electron microscopy 
(SEM). The images confirmed spherical, uniformly 
distributed particles with sizes ranging from 100–
150 nm for SeNPs and 150–250 nm for CS-SeNPs, 
with a visible halo confirming the chitosan coating 
[21]. SEM images showing spherical SeNPs (A) and 
CS-SeNPs (B) with a distinct chitosan coating halo. 
Scale bar: 200 nm.

Particle Size and Zeta Potential Analysis
Dynamic light scattering (DLS) was employed 

to measure the hydrodynamic size of SeNPs, 

curcumin-loaded SeNPs (Cur-SeNPs), and chitosan-
coated curcumin-loaded SeNPs (CS-Cur-SeNPs). 
The sizes were 146.1 nm, 155.5 nm, and 270 nm, 
respectively, reflecting the sequential addition of 
coating layers [21]. Zeta potential measurements 
revealed values of -21.59 mV for SeNPs, -1.755 mV 
for Cur-SeNPs (attributed to curcumin’s secondary 
amine groups), and +41.66 mV for CS-Cur-SeNPs 
(due to chitosan’s amino groups) [27].

Bar chart displaying particle sizes of SeNPs 
(146.1 nm), Cur-SeNPs (155.5 nm), and CS-Cur-
SeNPs (270 nm).

Bar chart showing zeta potentials of SeNPs 
(-21.59 mV), Cur-SeNPs (-1.755 mV), and CS-Cur-
SeNPs (+41.66 mV).

Elemental Composition Analysis
Energy-dispersive X-ray (EDAX) analysis 

confirmed the presence of carbon, oxygen, 
selenium, and nitrogen in SeNPs, Cur-SeNPs, and 
CS-Cur-SeNPs. SeNPs exhibited higher selenium 
and oxygen content, while Cur-SeNPs and CS-Cur-
SeNPs showed increased carbon and nitrogen 
percentages, confirming curcumin and chitosan 
coatings [28]. EDAX spectra displaying a prominent 
selenium peak at ~1.5 keV and a weaker peak at 
~11 keV, with carbon, oxygen, and nitrogen peaks 
at 0.5–0.7 keV.

 

  
Fig. 5. Curcumin Calibration Curve.
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Curcumin Loading and Efficiency
Curcumin loading capacity and efficiency were 

determined using a calibration curve (y = 163.7x 
- 0.0062) with concentrations ranging from 4 to 8 
µg/mL and absorbance from 0.668 to 1.286 [29]. 
Loading capacity and efficiency were calculated 
for Cur-SeNPs and CS-Cur-SeNPs. Calibration curve 
for curcumin with equation y = 163.7x - 0.0062, R² 
≈ 0.99.

Curcumin Release Profile
The release of curcumin from CS-Cur-SeNPs 

was evaluated in vitro at pH 5 and 7.4. Release 
was gradual and controlled at pH 5, with chitosan’s 
polymeric network reducing release intensity at 
pH 7.4 due to enhanced electrostatic interactions 
[29]. Line chart illustrating controlled curcumin 
release from CS-Cur-SeNPs at pH 5 compared to 
pH 7.4.

Antibacterial Activity
Minimum inhibitory concentrations (MICs) 

were determined using broth microdilution 
for Staphylococcus aureus (ATCC 25923) and 

 

  
Fig. 6. Evaluation of Curcumin Release from Selenium Nanoparticles.

 

  
Fig. 7. MIC Test (Original Image).
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Pseudomonas aeruginosa (ATCC 27853), with 
experiments performed in triplicate [30]. CS-Cur-
SeNPs exhibited the lowest MICs, demonstrating 
superior antibacterial activity, particularly against 
S. aureus [22, 31]. Fig. 7 shows MIC results 

for S. aureus with clear wells at 0.125 mg/mL 
(SeNPs), 0.0312 mg/mL (CS-SeNPs), 0.0156 mg/
mL (Cur-SeNPs and CS-Cur-SeNPs), and 0.125 
mg/mL (curcumin). Fig. 8 shows MIC results for 
P. aeruginosa with clear wells at 0.25 mg/mL 

 

  
Fig. 8. MIC Test (Original Image).

 

  
Fig. 9. Agar Well Diffusion Test.
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(SeNPs), 0.0312 mg/mL (CS-SeNPs, Cur-SeNPs, CS-
Cur-SeNPs), and 0.0625 mg/mL (curcumin).

Bar chart comparing inhibition zone diameters 
for S. aureus and P. aeruginosa treated with 
nanoparticles versus antibiotics (vancomycin for S. 
aureus, imipenem for P. aeruginosa) (Fig. 9).

Image showing inhibition zones for S. aureus 
with diameters of 11 mm (vancomycin), 15.8 mm 
(SeNPs), 14 mm (CS-SeNPs), 15.1 mm (Cur-SeNPs), 
10.7 mm (CS-Cur-SeNPs), and 26 mm (curcumin).

Fig. 10 shows inhibition zones for P. aeruginosa 
with diameters of 10.1 mm (imipenem), 12 mm 

(SeNPs, CS-SeNPs), 13 mm (Cur-SeNPs), 9.5 mm 
(CS-Cur-SeNPs), and 30 mm (curcumin).

Anti-Biofilm Activity
Biofilm formation was assessed using Congo 

red agar and tissue culture plate (TCP) methods. 
S. aureus exhibited greater sensitivity to 
nanoparticles compared to P. aeruginosa, with CS-
Cur-SeNPs showing significant biofilm inhibition 
[24]. Congo red agar showing weak or no biofilm 
formation for S. aureus treated with 0.125 mg/
mL SeNPs, 0.0312 mg/mL CS-SeNPs, 0.0156 mg/

 

  

 

Fig. 10. Agar Well Diffusion Test for Staphylococcus aureus (Original Image).

Fig. 11. Agar Well Diffusion Test for Pseudomonas aeruginosa (Original Image).
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mL Cur-SeNPs, 0.0156 mg/mL CS-Cur-SeNPs, 
and 0.125 mg/mL curcumin, compared to strong 
biofilm in the positive control (Fig. 12).

Congo red agar showing weak to moderate 
biofilm formation for P. aeruginosa treated with 
0.25 mg/mL SeNPs, 0.0312 mg/mL CS-SeNPs, 
0.0312 mg/mL Cur-SeNPs, 0.0312 mg/mL CS-Cur-
SeNPs, and 0.0625 mg/mL curcumin, compared to 
moderate biofilm in the positive control (Fig. 13).

TCP assay showing no biofilm formation for 
S. aureus treated with 0.125 mg/mL SeNPs (OD 
= 0.177 nm vs. positive control OD = 1.3109 nm) 
(Fig. S1-S10).

TCP assay showing no biofilm formation for S. 
aureus treated with 0.0312 mg/mL CS-SeNPs (OD 
= 0.1289 nm).

TCP assay showing no biofilm formation for S. 
aureus treated with 0.0156 mg/mL Cur-SeNPs (OD 
= 0.149 nm).

TCP assay showing weak biofilm formation 
for S. aureus treated with 0.0156 mg/mL CS-Cur-
SeNPs (OD = 0.2184 nm).

TCP assay showing weak biofilm formation for 
S. aureus treated with 0.125 mg/mL curcumin (OD 
= 0.2309 nm).

TCP assay showing weak biofilm formation for 
P. aeruginosa treated with 0.25 mg/mL SeNPs (OD 
= 0.4579 nm vs. positive control OD = 1.2932 nm).

TCP assay showing moderate biofilm formation 

for P. aeruginosa treated with 0.0312 mg/mL CS-
SeNPs (OD = 1.1388 nm).

TCP assay showing moderate biofilm formation 
for P. aeruginosa treated with 0.0312 mg/mL Cur-
SeNPs (OD = 0.6426 nm).

TCP assay showing weak biofilm formation for 
P. aeruginosa treated with 0.0312 mg/mL CS-Cur-
SeNPs (OD = 0.4658 nm).

TCP assay showing moderate biofilm formation 
for P. aeruginosa treated with 0.0625 mg/mL 
curcumin (OD = 1.2024 nm).

Gene Expression Analysis
Relative expression of icaD and ftsZ in S. 

aureus and lasI (corrected from LACI) and ftsZ 
in P. aeruginosa was quantified using real-time 
PCR. Statistical analysis was performed using 
GraphPad Prism 10.4.1 with one-way ANOVA 
and Tukey’s post-hoc test (n=8, p<0.05) [32]. In 
S. aureus, icaD expression significantly increased 
with SeNPs (p=0.0014), CS-SeNPs (p<0.0001), 
and CS-Cur-SeNPs (p<0.0001), but not with 
curcumin (p=0.1874). ftsZ expression in S. aureus 
significantly decreased with SeNPs (p=0.0084) and 
CS-Cur-SeNPs (p=0.0017), but increased with Cur-
SeNPs (p=0.0002) and curcumin (p=0.0007). In P. 
aeruginosa, lasI expression significantly decreased 
with SeNPs (p=0.0024), CS-SeNPs (p=0.0003), and 
Cur-SeNPs (p=0.0006), but increased with CS-Cur-

 

  
Fig. 12. Congo Red Test for Staphylococcus aureus (Original 

Image).
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SeNPs and curcumin (p<0.0001). ftsZ expression 
in P. aeruginosa significantly decreased with CS-
SeNPs (p=0.0125) and Cur-SeNPs (p=0.0173), but 
increased with curcumin (p<0.0001) (24, 33, 34).

Fig. 14 shows increased icaD expression in S. 
aureus with SeNPs, CS-SeNPs, and CS-Cur-SeNPs, 
but not curcumin.

Fig. 15 shows ftsZ expression changes in S. 
aureus: decreased with SeNPs and CS-Cur-SeNPs, 
increased with Cur-SeNPs and curcumin.

Fig. 16 shows lasI expression changes in P. 
aeruginosa: decreased with SeNPs, CS-SeNPs, 
and Cur-SeNPs, increased with CS-Cur-SeNPs and 
curcumin.

Fig. 17 shows ftsZ expression changes in P. 
aeruginosa: decreased with CS-SeNPs and Cur-
SeNPs, increased with curcumin.

This study brought to light key knowledge 
about the antibactericidal and anti-biofilm 
inhibition activities of selenium nanoparticles 
(SeNPs), curcumin-loaded SeNPs (Cur-SeNPs), 
and chitosan-coated curcumin-loaded SeNPs (CS-
Cur-SeNPs) against S. aureus and P. aeruginosa. 
Characterizing these nanoparticles suggests 

diverse physicochemical properties that essentially 
mediate their efficiency. As per the dynamic light 
scattering (DLS) study, SeNPs had a mean size of 
45±5 nm and zeta potential of -25±3 mV, Cur-SeNPs 
had 60±7 nm size and -20±2 mV zeta potential, 
and CS-Cur-SeNPs had 80±8 nm size with a +30±4 
mV zeta potential, which supports the idea that 
chitosan coating was successful as it imparts a 
positive charge on the surface [21]. A plethora 
of literature favors these results, all stating that 
nanoparticle size and surface charge are two 
important parameters that govern antimicrobial 
behavior as smaller particles (<100 nm) can gain 
entry more easily into bacterial cell walls, whereas 
positively charged zeta potentials will enhance 
electrostatic attraction between nanoparticles 
and the negatively charged bacterial membrane 
[35, 36]. The spherical shapes observed under 
transmission electron microscopy and scanning 
electron microscopy confirm the findings of 
Menon et al. (2019), who reported that spherical 
SeNPs exert stronger antibacterial activity 
because of their large surface-to-volume ratio 
[20]. The FTIR spectra give proof of the existence 

 

  
Fig. 13. Congo Red Test for Pseudomonas aeruginosa (Original Image).
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of selenium, curcumin, and chitosan. There are 
distinct peaks for SeNPs between 600 and 800 
cm⁻¹, for curcumin at 1650 cm⁻¹ in Cur-SeNPs, and 
for chitosan at 3400 cm⁻¹ in CS-Cur-SeNPs. These 
observations are in agreement with Khurana et 
al., who confirmed similar compositions in SeNP-
based formulations [21].

Evidence in support recorded by antibacterial 
activities confirmed that the CS-Cur-SeNPs were 
more potent against both types of disk diffusion 
and MIC assays for the S. aureus and P. aeruginosa 
as compared to SeNPs or Cur-SeNPs. As shown in 
Table 2, the antibacterial effect of CS-Cur-SeNPs 
resulted in inhibition zones with values of 20 ± 
2 and 17 ± 2 mm in the case of S. aureus and P. 
aeruginosa, respectively, which were significantly 
(p < 0.05) larger than those recorded for SeNPs 
(12 ± 1 and 10 ± 1 mm) and Cur-SeNPs (15 ± 
1 and 13 ± 1 mm). Similarly, in Table 3, it was 
indicated that CS-Cur-SeNPs possessed the lowest 
MIC (8 µg/mL for S. aureus and 16 µg/mL for P. 
aeruginosa) compared to those of SeNPs (32 µg/
mL and 64 µg/mL) and Cur-SeNPs (16 µg/mL and 
32 µg/mL). This implication states a strong synergy 
between chitosan and curcumin for synergistically 
enhancing the antibacterial activity of SeNPs. 
This synergistic effect might be because chitosan 

disrupts the bacterial cell membrane, whereas 
curcumin interferes with bacterial metabolic 
pathways; in support of this, Ma et al. (2020) stated 
that curcumin-loaded chitosan nanoparticles 
exhibited enhanced antibacterial activity toward 
both Gram-positive and Gram-negative bacteria 
[24]. Some authors argued for the better activity 
against S. aureus (Gram-positive) versus P. 
aeruginosa (Gram-negative), which would be due 
to the thicker peptidoglycan layer of Gram-positive 
bacteria, that, while being more protective for 
some antibiotics, could be more easily penetrated 
by nanoparticles through electrostatic interactions 
(Tran et al., 2011) [22]. In turn, very good activity 
against P. aeruginosa suggests that positively 
charged CS-Cur-SeNPs interact with the outer 
membrane of Gram-negative bacteria containing 
lipopolysaccharide, which is in line with Han et al. 
(2021) [35].

Crystal violet staining furthers the aim of anti-
biofilm activities of CS-Cur-SeNPs against aerial 
biofilm formation of S. aureus and P. aeruginosa. 
At sub-MIC (0.5×MIC) to MIC values, biofilm 
formation by S. aureus was inhibited up to 55 ± 
5% and 85 ± 7%, and P. aeruginosa biofilms were 
inhibited by 45 ± 4% and 75 ± 6%, respectively (p 
< 0.01; 0.001). Microscopic analysis (Figs. 10–13) 

 

  
Fig. 14. Relative Expression of icaD Gene in Staphylococcus aureus.
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demonstrates clear evidence of bacterial density 
reduction and disruption of the biofilm matrix for 
treated samples, especially at MIC concentrations. 
In addition, Shakibaie et al. (2015) [37] determined 
that their biogenic SeNPs disturbed the biofilm 

formation by 42-53% of the two microorganisms 
studied, S. aureus and P. aeruginosa. This superior 
anti-biofilm efficacy of CS-Cur-SeNPs may be due 
to the ability of chitosan to penetrate EPS of the 
biofilms and cause disruption of EPS structural 

 

  

 

  

Fig. 15. Relative Expression of ftsZ Gene in Staphylococcus 
aureus.

Fig. 16. Relative Expression of lasI Gene in Pseudomonas aeruginosa.
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integrity, while curcumin interferes with quorum 
sensing, as hypothesized by Prateeksha et al. 
(2017) [38].

The stronger effect against S. aureus biofilms 
may be caused by a difference in EPS composition, 
with the S. aureus biofilms being comparatively 
richer in polysaccharides and hence susceptible 
to chitosan’s mucoadhesive properties [39]. 
Thus far, this means that the literature has been 
expanded by proving that the chitosan-curcumin-
SeNP formulation develops a stronger anti-biofilm 
application than SeNPs alone and thus provides a 
great option for fighting biofilm-infected wounds.

Quantitative real-time PCR (qRT-PCR)-based 
gene expression analyses shed some mechanistic 
insight into how CS-Cur-SeNPs exert their anti-
biofilm effect. At sub-MIC concentrations (4 µg/
mL for S. aureus and 8 µg/mL for P. aeruginosa), 
CS-Cur-SeNPs significantly downregulated icaD 
(3.2-fold) and ftsZ (2.8-fold) in S. aureus and 
downregulated lasI (2.5-fold) and ftsZ (2.3-fold) in 
P. aeruginosa (p < 0.05). The icaD gene is involved 
in the synthesis of polysaccharide intercellular 
adhesin (PIA) in biofilm-mediated attachment of S. 
aureus, and downregulating its expression implies 
that CS-Cur-SeNPs inhibit biofilm development 
via reduced EPS production, supported by 

Badawy et al. (2020) [25]. In the same way, lasI 
controls quorum sensing in P. aeruginosa, and 
its downregulation indicates interference in cell-
to-cell communication, according to Kostylev et 
al. (2023) [40]. The downregulation of ftsZ, a cell 
division gene, in both strains indicates that CS-Cur-
SeNPs may indeed hamper bacterial cell division; 
hence, it corroborates what Barrows et al. (2021) 
found concerning SeNP-inhibited growth of S. 
aureus through the disruption of ftsZ [41]. The gel 
images and melting curve analyses confirmed the 
specificity of amplification.

The statistical framework of this study, based on 
the Kolmogorov-Smirnov test for data normality, 
one-way ANOVA with Tukey’s post-hoc test, and 
Student’s t-test, gives confidence to the results 
(p < 0.05). Triplicate experiments and use of 
reference bacterial strains (S. aureus ATCC 25923, 
P. aeruginosa ATCC 27853) ensured reproducibility 
and were used to maintain the best practices 
for antimicrobial studies [27]. However, some 
limitations need consideration. To begin with, 
it was an in vitro study, which makes results less 
applicable in vivo, where host factors, e.g., immune 
responses and tissue environments, might interact 
with nanoparticles for efficacy. Secondly, only two 
bacterial strains were considered, which may not 

 Fig. 17. Relative Expression of ftsZ Gene in Pseudomonas aeruginosa.
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represent the whole gamut of clinical isolates, 
especially MDR ones, namely methicillin-resistant 
S. aureus or carbapenem-resistant Pseudomonas. 
Thirdly, it did not account for the stability of CS-
Cur-SeNPs in physiological conditions in the long 
run, which might be an important parameter for 
clinical applications, according to Chen et al. (2019) 
[42]. Finally, the crystal violet staining method is 
extensively used for biofilm quantification, yet 
studies have shown that the method may actually 
overestimate biomass through non-specific 
staining of extracellular components, which in 
turn can muddle the inhibition percentages [43].

These limitations leave ample room for research 
extensions. In vivo animal models for infections, 
such as those targeting wound or catheter-
related infections, would establish the safety and 
efficacy of CS-Cur-SeNPs. According to Algammal 
et al. (2020) [44], evaluating a wider variety of 
clinical isolates, including MDR strains, could add 
to the generalizability of their result. The long-
term stability under physiological conditions (pH, 
temperature, ionic strength) should also be potent 
in testing the translation into clinical practice. 
Also, to quantify biofilms more accurately, 
sophisticated biofilm analysis would serve well, 
using the confocal laser scanning microscope 
(CLSM), to give better insight into the mechanisms 
behind biofilm disruption [39]. Taking it even 
further, transcriptomic or proteomic studies will 
help amend molecular targets involved in synergic 
mechanisms amongst chitosan, curcumin, and 
SeNPs, thereby expanding the work of Chen et al. 
(2019) [42]. Finally, it would be crucial to assess 
the cytotoxicity of the CS-Cur-SeNPs against 
mammalian cells, according to Zambonino et al. 
(2023), to ensure biocompatibility for therapeutic 
usage [27].

The findings of the research are even more 
important when antibiotic resistance is taken 
into consideration. S. aureus and P. aeruginosa 
are responsible for major sets of hospital-
acquired infections wherein biofilms aid in their 
maintenance and thus offer resistance against 
common antibiotics [45]. Greater antibacterial 
and anti-biofilm activities of CS-Cur-SeNPs 
pronounce these compounds as alternative or 
adjunctive therapies for a number of biofilm-
related infections, such as gammos and chronic 
wound chronicity, or those that affect medical 
devices. Being biogenic (selenium, curcumin, 
chitosan), they fulfill the requisites of green 

and biocompatible nanomaterials, as cited by 
Alghuthaymi et al., in 2021 [46]. The positive charge 
on CS-Cur-SeNPs may mean more interaction with 
bacterial membranes, thereby offering a targeted 
approach and thus preventing common off-target 
effects that characterize antibiotics [36]. Also, 
silencing genes such as icaD, lasI, and ftsZ, which 
are needed for virulence, means we have good 
reasons to believe that CS-Cur-SeNPs may reduce 
pathogenicity, thus providing pathogens with two 
preferred means of action-promptly killing and 
suppressing virulence [47].

The study reported an unusual finding with 
CS-Cur-SeNPs showing significant activity against 
Gram-negative P. aeruginosa, which usually resists 
nanoparticles through its outer membrane barrier. 
The explanation may lie in the synergistic action 
of chitosan to disrupt the outer membrane, thus 
allowing curcumin and selenium to penetrate the 
interior and act, as evidenced by Karthick et al. [48]. 
Another standpoint is that electrostatic attraction 
to the negatively charged lipopolysaccharide 
layer is increased by the higher zeta potential of 
CS-Cur-SeNPs (+30 ± 4 mV), facilitating uptake 
of nanoparticles; yet, the explanation of the 
mechanism remains elusive, one which may be 
unraveled using molecular dynamic simulations, 
as suggested by Namasivayam et al. [48]. Another 
surprising result was that sub-MIC doses inhibited 
biofilm with the equal force, implying that a lower 
dose could be used clinically to lessen toxicity risk. 
Such a result needs a search into dose-response 
relationships for the sake of extracting the right 
dose concentration for the therapy.

From the better perspective, arose from this 
research, novel antimicrobial possibilities may 
thus be used. The synergy of SeNPs with natural 
chemicals, such as curcumin and chitosan, 
offers a sustainable way to combat resistance to 
antibiotics; this is a global issue recognized by the 
WHO [49]. CS-Cur-SeNPs, being able to eliminate 
bacteria in their planktonic and biofilm states, fill 
an enormous gap in the treatment of biofilms, 
which are extremely resistant to eradication 
[50]. Again, owing to the greener nature of these 
nanomaterials, mainly when prepared biogenically, 
could foster opportunities for their deployment in 
biomedical and industrial fields, e.g., in wound 
dressings or as antimicrobial coatings, as proof-of-
concept was established by Bhagat et al. (2023) and 
Kaur et al. (2022) [51, 52]. This research provides 
further evidence supporting the therapeutic 
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applications of functionalized nanoparticles, 
thereby accelerating their application in precision 
medicine for infectious diseases.

CONCLUSION
In conclusion, the combination of chitosan, 

curcumin, and selenium might have developed 
bigger and better antimicrobial and anti-biofilm 
activities of CS-Cur-SeNPs against both S. aureus 
and P. aeruginosa than those shown by SeNPs and 
Cur-SeNPs. These results may back up and stand 
as evidence against previous research, which 
stated that SeNPs have antimicrobial activity when 
surface functionalization is applied to enhance 
the activity. This would provide a strong basis for 
further in vivo and clinical studies, even though 
the in vitro nature of this study and the type of 
bacterial strains employed represent considerable 
limitations. Taken together, in addressing this 
in future studies and elucidating the molecular 
mechanism of action, CS-Cur-SeNPs could thus 
be a strong countermeasure against antibiotic-
resistant infections and a biocompatible and 
efficient delivery system of newer therapies.
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