
Volume 14, Issue 3, 142411 (1-15)

International Nano Letters (INL)

https://doi.org/10.57647/inl.2024.1403.11

Selenium Chitosan and Selenium Carboxymethyl
Chitosan Nanoparticles Combined with Curcumin

Chitosan Nanoparticles to Enhance Antibacterial and
Antiviral Activities

Zahra Tavakoli1, Reza Aalizadeh2, Khosro Khajeh3, Bijan Ranjbar1,4,∗

1Department of Nanobiotechnology, Faculty of Biological Sciences, Tarbiat Modares University, Tehran, Iran.
2Department of Nanobiotechnology and Biomimetics School of Life Science Engineering College of Interdisciplinary
Science and Technology, University of Tehran, Tehran, Iran.
3Department of Biochemistry, Faculty of Biological Science, Tarbiat Modares University, Tehran, Iran.
4Department of Biophysics, Faculty of Biological Sciences, Tarbiat Modares University, Tehran, Iran.
∗Corresponding author: ranjbarb@modares.ac.ir © 2024 The Author(s)

Original Research
Abstract:
The use of nanoparticles is a promising strategy for combating pathogenic microorganisms. This study intro-
duces a novel hybrid nanosystem combining selenium nanoparticles (Se NPs) with curcumin-loaded chitosan
nanoparticles (Cur-CS NPs) to enhance antimicrobial efficacy. The results indicate that increasing the rotation
speed to 1500 rpm, the potassium iodide and ascorbic acid concentrations to 40 mM and 70 mM, respectively,
leads to the production of smaller Se NPs. Furthermore, Cur-CS NPs, prepared via ionotropic gelation, exhibited
a pH-dependent release profile. Two hybrid systems were developed, one combining Se-chitosan NPs (Se-CS, 73
nm) with Cur-CS NPs, and another combining Se-carboxymethyl chitosan NPs (Se-CMCS, 80 nm) with Cur-CS
NPs. Both combinations demonstrated remarkable broad-spectrum antibacterial activity, with similar minimum
inhibitory concentrations (0.570–1.251 µg/mL) and minimum bactericidal concentrations against E. coli (1.251
µg/mL) and S. aureus (9.251 µg/mL). Furthermore, Se-CS@Cur-CS NPs demonstrated potent antiviral activity,
exhibiting a two-fold higher efficacy in inhibiting SARS-CoV-2 compared to Se-CMCS@Cur-CS NPs. All
systems maintained excellent biocompatibility, showing no cytotoxicity to Vero cells at concentrations up to 110
µg/mL. These findings suggest a synergistic effect between stabilized selenium nanoparticles and Cur-CS NPs,
yielding a multifunctional platform with dual antibacterial and antiviral capabilities.
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1. Introduction

The advent of antibiotics and other antimicrobial agents
has significantly advanced the treatment of infectious dis-
eases. However, resistant and emerging microorganisms
have caused serious problems with contagious diseases.
For example, the first prevalence of Severe Acute Respira-
tory Syndrome Coronavirus-2 (SARS-CoV-2), the causative
agent of Coronavirus Disease 2019 (COVID-19), was re-
ported in December 2019 [1, 2]. Conventional drug delivery
systems suffer from significant shortcomings in selective
targeting, drug dissolution, cellular uptake, and bioavail-

ability, often resulting in adverse effects. Consequently,
novel systems must be developed to improve clinical out-
comes [3, 4]. The controllable size and surface chemistry of
nanomaterials facilitate targeted drug design and improve
drug circulation and blood retention times [5]. Due to their
nanoscale dimensions (10-100 nm), nanomaterials can effi-
ciently cross the cell membrane via phagocytosis and enter
host cells through endocytosis, which minimizes the occur-
rence of adverse effects associated with pharmaceuticals
[6–11]. Some NPs (Ag and ZnO NPs) have been shown to
overcome the efflux mechanism in bacterial cells, thereby
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limiting drug uptake and enabling higher doses to be ad-
ministered at the infection site [12, 13]. Nanoparticle-based
therapies can inhibit the effects of infection agents in various
approaches, including external inactivation, blocking the re-
ceptor binding/microbial entry and inhibition of replication
[14, 15]. In recent years, various classes of nanostructures,
including metallic (Ag, Au), carbon-based (graphene, car-
bon dots, CNTs), magnetic, and metal oxide (ZnO/CuO)
NPs, have been explored for biomedical applications [16–
22].
The selenium-based nanoparticle is another potential candi-
date and has been identified as biocompatible, with antibac-
terial, antiviral, anti-inflammatory, and anticancer effects.
Selenium (Se) is an essential trace element incorporated
into selenoproteins [23, 24]. Many selenoproteins regu-
late the physiological redox balance and Se deficiency can
increase susceptibility to respiratory infections. Despite
these numerous benefits, excessive doses of Se can be toxic,
and nanomaterial science focuses on mitigating Se toxicity
while preserving its advantages [25, 26]. Zhang et al. re-
ported that Se NPs can deliver a higher dose of Se to the
body than other sources, such as selenium cysteine. Their
findings indicate that the oral administration of Se NPs to
mice results in less toxicity with a survival rate that is 5
times higher, and a lower incidence of liver failure compared
to the same amount of selenocysteine [27]. Also, Zhang
et al. demonstrated that different sizes of Se NPs (5-200
nm) have the same capacity to induce selenoenzymes in
cultured cells and mice [28]. The most prevalent method
for synthesizing Se NPs is chemical reduction. However,
Se NPs are typically unstable and accumulate in a dark or-
ange form. Various approaches have been used to stabilize
Se NPs, including polymers, proteins, and polysaccharides.
Among these, chitosan derivatives, due to their ability to
provide smaller NPs, have demonstrated notable efficacy
[29–31].
Chitosan (CS) is a non-toxic, biocompatible, and biodegrad-
able natural macromolecule used to construct nanocarrier
systems. Chitosan is obtained by deacetylating chitin in
an alkaline environment. Studies have demonstrated that
chitosan derivatives exhibit antimicrobial activity through
two distinct mechanisms: Direct antimicrobial activity and
the induction of antimicrobial immune responses [32, 33].
The biological activity of chitosan is influenced by its intrin-
sic properties, including molecular weight, degree of poly-
merization, degree of N-acetylation, positive charge, and
chemical changes to the molecule. In chitosan structures,
deacetylated amino groups facilitate dissolution in dilute
acids at pH < 6.5 due to the protonation of amine groups
(pKa ≈ 6.5) [34]. Chitosan does not dissolve at alkaline
pH; thus, its solubility can be modified by adding functional
groups. For instance, incorporating carboxyl groups with
a pKa value of approximately 4.5 into carboxymethyl chi-
tosan (CMCS) enhances solubility in neutral water and alka-
line pH [35]. Furthermore, the modified structure can retain
water and release the drug in a controlled manner. Chitosan
derivatives have been demonstrated to facilitate cell growth,
tissue regeneration, and wound healing. Furthermore, chi-
tosan’s moisture-absorbing properties and antimicrobial and

emulsion-stabilizing effects have been utilized to produce
cosmetic products [36].
Many reports have demonstrated that natural polyphenol
compounds, incorporated into daily diets, can effectively
mitigate the prevalence of various infections. Among the nu-
merous natural antimicrobial agents, curcumin, a desirable
phytochemical, has exhibited substantial therapeutic poten-
tial, particularly in the context of anticancer, antioxidant,
and anti-inflammatory properties [37]. Research studies
have substantiated that curcumin exerts a remarkable capac-
ity to impede the onset or progression of diseases. Never-
theless, the substantial therapeutic value of curcumin is lim-
ited by its extensive degradation and lower bioavailability,
consequently constraining its clinical application. Conse-
quently, there is a growing interest in exploring novel for-
mulation strategies, such as nanotechnology, to enhance the
therapeutic efficacy of curcumin [46]. Various approaches
were performed to incorporate or encapsulate curcumin into
polymeric nanoparticles, liposomes, and self-assembled
structures, resulting in active binding and enhanced drug
uptake by microbial agents. Due to their unique properties,
chitosan nanoparticles have emerged as promising nanos-
tructures for encapsulating curcumin [47, 48]. Hence, this
study selected CS over CMCS for the synthesis of Cur-
CS NPs due to its simplicity, reproducibility, established
protocols, and its ability to minimize variability during opti-
mization. Native chitosan’s cationic nature also facilitated
better electrostatic binding with anionic curcumin, enhanc-
ing encapsulation efficiency and preliminary tests confirmed
chitosan provided sufficient stability and high drug-loading
performance [49, 50].
Herein, we used simplified chemical and ionotropic gelation
methods to synthesize Se-CS NPs, Se-CMCS NPs and Cur-
CS NPs to develop antimicrobial activities. First, we opti-
mized the synthesis of the Se NPs with uniform size and nar-
row size distribution through a chemical reduction method
by using sodium selenite as the precursor, ascorbic acid as a
reductant, and potassium iodide as a stabilizer. Also, the Se
NPs were modified using CS and CMCS to prevent aggre-
gation. The capacity of this hybrid nanosystem composed
of Se-CS@Cur-CS NPs and Se-CMCS@Cur-CS NPs for
antibacterial activities against E. coli and S. aureus was eval-
uated by minimal inhibitory concentration (MIC), minimal
bactericidal concentration (MBC) and disk diffusion meth-
ods. Finally, the synergistic antiviral activity of NPs against
SARS-CoV-2 has to be determined. Ultraviolet-visible spec-
trophotometry (UV–Vis), dynamic light scattering (DLS),
Fourier transform infrared (FTIR), X-ray diffraction (XRD),
scanning electron microscopy (SEM), and transmission elec-
tron microscopy (TEM) were used to investigate the prop-
erties, functional groups, and surface morphologies of the
synthesized NPs. So, given the significant antimicrobial
roles of Se, curcumin, chitosan derivatives and the high
probability of respiratory infections in individuals with se-
lenium deficiency, it is recommended that Se-CS@Cur-CS
NPs and Se-CMCS@Cur-CS NPs be employed in the fight
against emerging pathogens. In addition, due to the presence
of selenium in selenoproteins, optimizing the manufactur-
ing process enables the production of safe, stable nanos-
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tructures without toxic effects, making them suitable for
biological applications. Several studies have investigated
the antimicrobial effects of Se NPs and Curcumin. Table 1
summarizes recently used NPs comprising Se and chitosan
derivatives with antimicrobial activity. This study examines
a novel hybrid nanosystem integrating Cur-CS NPs with
simultaneously stabilized Se-CS NPs and Se-CMCS NPs
to provide synergistic broad-spectrum antibacterial activity.
It also compares the antimicrobial impact of Se NPs in the
presence of CS and CMCS stabilizing agents. In addition,
this study provides a new opportunity to develop nanosys-
tems with simultaneous antibacterial and antiviral effects,
especially against emerging airborne viruses (such as SARS-
CoV-2), which, to the best of our knowledge, have not been
extensively explored. This work advances nanomedicine
by delivering a multifunctional, biocompatible nanosystem
with dual antibacterial/antiviral capabilities, which links
gaps in infection control and pandemic preparedness.

2. Material and methods

2.1 Material
Sodium selenite (Na2SeO3), potassium iodide (KI), ascor-
bic acid (C6H6O6), acetic acid (C2H4O2) and triphenyl
tetrazolium chloride (TTC) were purchased from Sigma Co.

low molecular weight Chitosan (CS, 50 KDa, 85% degree
of deacetylation), carboxymethylchitosan (CMCS, 80.12%
degree of carboxylation), nutrient agar culture media (NA),
Curcumin and sodium tripolyphosphate (TPP) were gained
from Merck Co. Distilled water was also used to prepare so-
lutions during the synthesis procedure. Fetal bovine serum
(FBS) and dulbecco’s modified eagle medium (DMEM)
were purchased from Gibco. Vero cells were obtained from
American Type Culture Collection (ATCC# CCL81).

2.2 Synthesis and optimization of Se NPs
Se NPs were synthesized using a modified chemical method
[51]. For the synopsis, 10 mL aqueous solution of 20 mM
Na2SeO3 was added to a 500 mL beaker. At the same
time, 10 mL of 30 mM KI and 10 mL of 60 mM ascorbic
acid solution were added dropwise into the mixture under
magnetic stirring. Then, the final volume reached 300 mL
using distilled water. Due to the reduction of selenium ions,
immediately after adding the ascorbic acid, the color of
the solution switched from colorless to yellowish orange.
Also, due to reaching the smallest size, the reaction solu-
tion was stirred at 500, 1000, and 1500 rpm for 30 min at
room temperature. The resulting colloid was centrifuged at
12000 rpm for 10 min, and the red precipitate was washed
twice with water and ethanol. Finally, the hydrodynamic

Table 1. Recent nanoparticles comprised of Se and chitosan derivatives with antimicrobial activity.

Nanoparticles Microbial agents Results Ref.
Se NPs in Chitosan
Solution

S.mutans, L.acidophilus,
and C.albicans.

MIC values: The concentration of 0.068 mg/mL for
S. mutans, 0.137 mg/mL for L. acidophilus and 0.274
mg/mL for C. albicans. MBC values: The complete
killing of S. mutans, L. acidophilus, and C. albicans at
the concentration of 0.274 mg/mL of Cts-SeNPs after
one, two, and six hours.

[38]

BSA-coated Se NPs S.enterica, L. Monocy-
togens, S. epidermidis,
S.aureus, V. alginolyticus,
E. faecalis, E. cloacae and
E.coli

MIC values: The concentration of 0.5 µg/mL for
L.Monocytogens and S.epidermidis; higher concen-
trations need to inhibition of S. aureus, V. alginolyticus,
and S. enterica, no inhibition effects against other bac-
teria, high soluble in water.

[39]

S-CS NPs S. sanguinis, S. aureus and
E. faecalis

MIC values: The concentration of 0.063, 0.135 and
0.284 mg/mL for S. sanguinis, S. aureus, and E. fae-
calis, respectively.

[40]

ZnO/Se NPs S. aureus, and E. coli 100 µL of CS-ZnO/SeNPs provides an inhibition zone
of 6.5 mm for S. aureus and an inhibition zone of 6 mm
for E. coli, with higher antibacterial activity against E.
coli.

[41]

Ag-chitosan
nanocompos-
ite

H1N1 Stronger antiviral activity in smaller NPs, Neat chi-
tosan does not exhibit antiviral activity.

[42]

Selenium NPs with
arbidol

H1N1 Preventing H1N1 infection by blocking DNA fragmen-
tation and chromatin condensation, inhibiting hemag-
glutinin, neuraminidase and caspase-3 activity.

[43]

Oseltamivir-
Selenium NPs

HCoV and MHV Regulation of ROS and inhibition of cell apoptosis,
strong adsorption of HCoV-NL63 virus, moderate ad-
sorb of mouse hepatitis virus (MHV) and not adsorb
HCoV-OC43 coronavirus.

[44]

Selenium- Chitosan
Nanoparticles

H3N2 Inhibition of viral replication and overproduction of
inflammatory cytokines, Inhibition of ROS production,
regulation of apoptotic proteins affect the ROS/JNK
pathway and reduce mitochondrial damage.

[45]
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diameter (Z-average) and surface charge (zeta potential) of
the nanoparticles produced at different rotation speeds were
determined by DLS. Furthermore, the impact of elevating
the concentration of reducing and stabilizing agents on the
dimensions of nanoparticles was examined. To this end, the
initial synthesis was augmented by an additional 10 mM of
KI and ascorbic acid, and the particle hydrodynamic diame-
ter was subsequently determined via a DLS/Zeta potential
device. Also, the impact of the stabilizing agent (KI or CS),
the diameter of the magnetic stirrer and the reaction time
on the size of the Se NP has been investigated.

2.3 Preparation of Se-CS NPs and Se-CMCS NPs
The Se NPs were dispersed in deionized water. The CS and
CMCS solutions were prepared at 10 mg/mL by adding 2
mL of acetic acid (1%) to 2 mL of distilled water. Subse-
quently, the Se NPs solution was divided into two 100 mL
beakers, and 10 mL of the chitosan and CMCS solutions
were added to the Se NPs colloidal dispersion under mag-
netic stirring (the coating was performed at a 1:2 ratio of Se
NPs to CS/CMCS).

2.4 Preparation of Cur-CS NPs
An optimized chitosan-based drug delivery system was de-
veloped using the ionotropic gelation method [52]. In this
process, 0.3 g of chitosan was dissolved in 100 mL of an
acetic acid solution (2%), and the pH of the solution was ad-
justed to 5. Then, 1 mL of curcumin (dissolved in methanol
at 500 µg/mL) was incorporated dropwise into the chitosan
solution under constant stirring. Subsequently, a 0.1% (w/v)
TPP solution was added dropwise to achieve a chitosan-
to-TPP mass ratio of 3:1. The resulting suspension was
stirred for 30 minutes at room temperature before being
separated by centrifugation. The chitosan colloids were
washed thoroughly with deionized water and air-dried [53].

2.5 Evaluation of the Encapsulation Efficiency of Cur-
CS NPs

After the drug loading, the amount of encapsulated cur-
cumin was assessed by centrifuging 3 mL of the nanostruc-
ture suspension at 13000 rpm for 10 minutes. The residual
curcumin in the supernatant was quantified using UV spec-
trophotometry at 425-430 nm. The encapsulation efficiency
(EE) was determined using the following equation:

EE(%) =
Total curcumin−Free curcumin

Total curcumin
×100

A standard curve was generated by preparing various con-
centrations of curcumin and measuring their absorbance at
425-430 nm.

2.6 Evaluation of curcumin release from Cur-CS NPs
The in vitro release profile of curcumin from the CS NPs
was assessed using a dialysis bag method (12 kDa). Equal
amounts of Cur-CS NPs were dispersed in 3 mL of pH-
specific buffer (acetate buffer, pH 5 or PBS, pH 7.4, each
containing 0.1% w/v Tween 80) and loaded into the dialysis
bag. The sealed bags were immersed in 100 mL of a release
medium (30% ethanol:70% buffer) and agitated at 180 rpm
and 37 °C. At predetermined time intervals, 1 mL of the

release medium was collected, and after each sampling, the
volume was replaced with fresh medium. The absorbance
of the collected samples was measured at 425-430 nm using
a UV spectrophotometer. The concentration of the released
drug was calculated based on a pre-established standard
curve. The cumulative drug release was plotted as a function
of time.

2.7 Antibacterial activity of Se-CS NPs and Se-CMCS
NPs

The antibacterial activity of the nanosystem composed of
stabilized Se-CS NPs/Se-CMCS NPs and Cur-CS NPs was
evaluated using a disk diffusion test and the determination
of zones of inhibition (ZOI) [38]. Sterile paper disks were
impregnated with the same concentration of SeNPs, CS,
CMCS, Curcumin, Cur-CS NPs, Se-CS NPs, Se-CMCS
NPs, Se-CS@ Cur-CS NPs and Se-CMCS@ Cur-CS NPs
placed on a freshly inoculated NA plate with individual
bacterial cultures of S. aureus and E. coli after incubation
of the plates for 24 h at 37 °C. The ZOI diameters and
their standard deviations (± SDs) were calculated (all ex-
periments performed in duplicate). Also, the microdilution
method determined the MIC and MBC of the nanosystem.
The broth microdilution method in 96-well microplates was
used to measure the MIC of the solutions. Subsequently,
exposed wells were treated with a TTC indicator solution
to confirm bactericidal activity, as viable cells transformed
TTC to a violet-red color [54]. Ampicillin and gentamicin
antibiotics have been used as positive controls against E.
coli and S. aureus, respectively [55].

2.8 Cell culture

Vero cell lines were subcultured and proliferated in DMEM
containing FBS (10%) and antibiotics (100 IU/mL peni-
cillin/streptomycin, Gibco) to form a uniform and stable
monolayer cell culture (37 °C in a humidified atmosphere
of 5% CO2). Subsequently, the cells were subcultured via
trypsinization (0.05%, Gibco).

2.9 SARS-CoV-2 strains

Clinical isolates of SARS-CoV-2, including the original
Wuhan strain, have been isolated from nasopharyngeal
swabs. This was determined by RT-PCR analysis of SARS-
CoV-2 (GA SARS-CoV-2 OneStep RT-PCR kit) and con-
firmed by sequencing. Virus isolation and primary trans-
fection were performed in Vero cells. SARS-CoV-2 was
injected and replicated in Vero cells, and the degree of viral
infection was calculated as the 50% tissue culture infec-
tious dose (TCID50) using the Karber method [56]. All
procedures were conducted in a Biosafety Level 3 (BSL-3)
laboratory, and informed consent was obtained from all par-
ticipants. Also, all methods were conducted in accordance
with relevant guidelines and the study was performed under
the following ethical codes applied in reference number 50
(protocols were approved by the National Research Ethics
Committee): IR.NREC.1399.003, IR.NREC.1399.007, and
IR.NREC.1399.008 [57].
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2.10 SARS-CoV-2 virus neutralizing test
The conventional virus neutralization assay (cVNT) was
conducted to assess the inhibitory activity of the hybrid
nanosystem against SARS-CoV-2. Briefly, 50 µL of serially
diluted NP colloids were mixed with 50 µL of SARS-CoV-2
(100 CCID50/mL) in DMEM and incubated at 37 °C for 1
hour. The resulting virus-NP suspensions were then trans-
ferred to monolayers of Vero cells (1−2×104 cells/well in
96-well plates) and allowed to adsorb for 60 minutes at 37
°C. Following infection, the supernatant was aspirated, and
the cell monolayers were rinsed twice with DMEM before
being cultured in fresh DMEM for 48 hours at 37 °C under
5% CO2. Viral cytopathic effects (CPE) were examined mi-
croscopically at 72 hours post-infection. The neutralizing
titer of the NP colloids was defined as the highest dilution
that completely prevented CPE formation. A neutralization
potency below 1:4 was considered a negative result, while a
titer of 1:4 or higher was scored as positive [57].

3. Results and discussion

3.1 Optimization and characterization of nanoparticles
The UV-Vis (Cary 100) spectrophotometer was used to vali-
date the synthesis. The absorbance at 260 nm indicates the
formation of Se NPs, and this peak is associated with the
crystallinity of Se NPs [51]. Also, the DLS/Zeta potential
tests (Zetasizer Nano ZS series, Malvern Instruments Ltd.,
UK) have been used to determine the surface charge and

the size (hydrodynamic diameter) of nanoparticles. The
results of various studies indicate that the size of Se NPs
is the primary factor influencing their stability, antioxidant
and antimicrobial activity. Consequently, it is essential to
optimize the manufacturing process of these NPs to achieve
smaller sizes [58]. Hence, an experimental design was used
to evaluate the effect of the agitation speed (effect of rpm
and magnetic stirrer size), the concentration of reductant
and stabilizer, reaction time and type of stabilizing agent
on the size of the NPs. The FTIR (Nicolet IR 100) anal-
ysis extracts functional groups related to each step of the
synthesis process. The XRD (Philips X′Pert MPD, 40 kV,
λ = 1.54056 Å) provides information about a material’s
crystallographic structure and physical properties. FE-SEM
(Mira 3-XMU) and TEM (Zeiss-EM10C, 100 kV) provide
essential results regarding nanoparticle size, morphology
and size distribution.
The color suspension of the NPs directly reflects their di-
mensions. According to a method for evaluating the size of
Se NPs by UV-Vis spectra, the suspension of Se NPs with
a 20 nm diameter shows a yellowish-orange appearance
and an absorption maximum below 250 nm. However, with
increasing the particle size, a redshift occurred in the ab-
sorption peak maxima and an absorption maximum below
350 nm indicated the Se NPs suspension with diameters of
about 100 nm. In comparison, for Se NPs with a size of
240-280 nm, the absorption maximum was recorded at 680
nm [59]. As shown in figure 1 A, the absorption peak at 260

Figure 1. (A) UV-Vis spectra, and (B) The effect of the rpm factor on the size and charge of Se NPs.
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nm confirms the presence of Se NPs [60]. Also, increasing
the rpm from 500-1500 r/min decreased the NP size from
147 nm to 61 nm. Furthermore, the absolute value of the
negative surface charge of NPs has been significantly di-
minished (figure 1 B). This issue can be attributed to the
speed of agitation of materials in the baker. In addition to
the influence of rotation speed on NPs size, several main
factors were also manipulated, including the stabilizer agent
(KI or CS), the concentration of KI and ascorbic acid, the
diameter of the magnet stirrer, and reaction time. Increasing
the KI (40 mM) and ascorbic acid (70 mM) concentration
causes the production of smaller NPs. In addition, the larger
magnetic stirrer yielded smaller nanoparticles compared to
the smaller magnetic stirrer (Table 2). In contrast, using
CS instead of KI as a stabilizing agent during the synthesis
of Se NPs resulted in the formation of NPs with a signif-
icantly larger size (> 250 nm). The results also showed
that increasing the reaction time had no effect on the size
change of the Se NPs and these findings are in line with
those reported by Sentkowska and Pyrzynska, and Suriati
et al. [61, 62].
Although few studies have examined the effects of reducing
agent and stabilizer concentrations on Se NP size, studies
on silver NPs showed that increasing the concentrations
of the reducing agent and stabilizer to a certain level can
produce smaller NPs [62, 63]. So, in relation to Se NP,
this reduction in NP size, observed with increasing concen-
trations of ascorbic acid (reducing agent) and potassium
iodide (stabilizer), can be attributed to the following: In
this synthesis process, after sodium selenite salt dissolves in
water, a large number of selenite ions are released into the
environment. It is expected that the higher the concentra-
tion of the reducing agent, the faster the reduction proceeds,
resulting in smaller Se NPs. Furthermore, increasing the
stabilizer concentration prevents NPs from agglomerating
and growing in size during the synthesis reaction. This
variation in particle size significantly impacted the color of
the solutions containing them. The solutions comprising
smaller NPs exhibit a bright yellow hue. This phenomenon
can be explained by an increase in the energy band gap in
smaller NPs, while the orange color of solutions containing
larger nanoparticles can indicate a decrease in the energy
band gap [64].
The absence of a protective coating on the surface led to
aggregation of the Se NPs via van der Waals forces between
particles, which dominated the assembly process. This un-

controlled aggregation prevented the formation of monodis-
perse Se nanospheres. To prevent aggregation, the Se NPs
should be stabilized by a coating agent. The synthesized
NPs were coated using CS and CMCS [65]. Following
the coating with a similar CS and CMCS concentration,
the average hydrodynamic diameters increased to 92 nm
and 103 nm, respectively. Furthermore, the presence of
the NH3 group on the surface of the synthesized NPs pro-
vides a positive surface charge, with values of +45 mV for
Se-CS NPs and +17 mV for Se-CMCS NPs. The notable
expansion in the dimensions of NPs modified with CMCS
can be attributed to the high repulsion of the polymeric
chains at higher pH. In contrast, the number of ammoni-
um/hydronium ions and water absorption decreases for CS.
Additionally, the presence of COOH functional groups in
CMCS resulted in a lower zeta potential for Se-CMCS NPs
than for Se-CS NPs (figure 2).

Figure 2. The comparison of the size and charge at Se NPs, Se-CMCS
NPs and Se-CS NPs.

Also, the uniform morphology of NPs with a sphere shape
was shown in the FE-SEM image. Based on the FE-SEM
image, Se-CS NPs are smaller than Se-CMCS NPs (fig-
ure 3). TEM was done to determine the size of NPs and
validate the core-shell structures. As shown in figure 4, the
core-shell structure is evident in both the CS and CMCS
coatings. NPs are uniform and have the same sphere mor-
phology, and the size of Se-CS NPs and Se-CMCS NPs is
estimated at 73 nm and 80 nm, respectively.
The FTIR analysis has been performed to confirm the pres-
ence of CS and CMCS functional groups in the structure. As
shown in figure 5 A, the prominent absorption bands of the
Se NPs were at 3415 cm−1 (O-H stretch), 2353 cm−1 (C-H

Table 2. Evaluating the effects of KI/ascorbic acid concentration, and magnetic stirrer size on Se NPs’ Z-average and charge.

Sample Z-average (nm) Zeta (mv)

First synthesis (rpm 1500) 61.63 −20

Increasing of KI 58.43 −4.93

Increasing of ascorbic acid 54.39 3.29

Increasing of KI and ascorbic acid 47.41 −6.84

Increasing of magnetic stirrer size 56.03 −1.41

Increasing of KI and ascorbic acid + large magnet + rpm 1500 40.53 −18
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Figure 3. The Fe-SEM image of Se-CS NPs, Se-CMCS NPs and the particle size distribution histogram based on Fe-SEM images.

stretch), 1624 cm−1 (C=O stretch or O-H bend), 1381 cm−1

(C-H bend) and 610 cm−1 (Se-O and Se-Se). The main
absorption bands of CS were at 3428 cm−1 (O-H stretch),
2362 cm−1 (C-H stretch), 1660 cm−1 (C=O stretch), 1588
cm−1 (N-H bend), 1352 cm−1 (C-H bend), 1078 cm−1 (C-O
stretch). The observation of CS functional groups in the Se-
CS NPs spectrum confirms the presence of this substance
within the structure. Moreover, the characteristic peak of

the O-H group in Se-CSNPs was observed to be shifted
compared to that of CS, with a value of 3407 cm−1. The
absorption peaks of CMCS were 3419 cm−1 (O-H stretch),
2360 cm−1 (C-H stretch), 1630 cm−1 (C=O stretch and
-COO stretch) and 1084 cm−1 (C-O stretch). While the
characteristic absorption peaks of the hydroxyl group of
CMCS were at 3419 cm−1, the peak shifted to 3426 cm−1

in Se-CMCS NPs. The observed shift in the O-H band indi-

Figure 4. The TEM image of Se-CS NPs and Se-CMCS NPs.
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cates the formation of an interaction between the hydroxyl
groups of CS/CMCS and the surface of Se NPs [66]. Also,
the FTIR spectra of curcumin were attributed to functional
groups such as 3440 cm−1 (free –OH group), 2950 cm−1

(C-H stretching of the aromatic ring), 2300 cm−1 (C-H
stretching of the methyl group), 1634 cm−1 (C=O, C=C),
1450 cm−1 (aromatic C=C), 1260 cm−1 (CH2 bending), and
1099 cm−1 (CH3 bending). For the Cur-CS NPs (a hydrody-
namic diameter of 156 nm and a surface charge of +25 mV),
the prominent peaks were observed at 3414 cm−1 (free –OH
group), 2930 cm−1 (C-H stretching of the methyl group),
1643 cm−1 (C=O, C=C), 1530 cm−1 (aromatic C=C), 1426
cm−1 (CH2 bending), and 1075 cm−1 (CH3 bending) [37].
The FTIR analysis revealed the presence of all peaks asso-
ciated with curcumin and chitosan. Notable wavenumber
shifts were observed in the main peaks related to curcumin
(–OH, C=O, and aromatic C=C), confirming the successful
fabrication of Cur-CS NPs. These shifts are often attributed
to hydrogen bonding, electrostatic interactions, or encapsu-
lation effects between curcumin and chitosan (figure 5 B).
In addition, the XRD pattern shows the synthesis of Se
NPs and the addition of CS and CMCS on the surface of
NPs (Figure 5C). The characteristic peak at 2θ values of
23.4°, 29.2°, 34.5°, 35.8°, 38.1° and 47.2° indicates their
crystalline nature and reduction from selenite ions present
in the medium [67]. Moreover, the XRD pattern indicates
that coating Se NPs reduces their crystallinity, with the ef-
fect more pronounced in those coated with CMCS. The
Debye-Scherer equation was used to determine the average
crystallite size [68]:

D =
Kλ

βhkl cosθ
(1)

where D, K, and λ are crystallite size, shape factor (0.94),
and wavelength of Cukα radiation, respectively [66, 69].

From the calculations, the average crystallite sizes of the
Se NPs, Se-CS NPs, and Se-CMCS NPs are 37.2, 25.2, and
3.8 nm, respectively.
The Scherer method assumes that peak broadening arises
solely from finite crystallite dimensions, neglecting the in-
fluence of lattice strain. In contrast, the Williamson-Hall
approach deconvolutes the total broadening into separate
size and strain components. This approach provides a more
comprehensive microstructural analysis by quantifying both
the average crystallite size and the strain present [70, 71].
So, based on the Williamson-Hall equation:

βhkl · cosθ =
Kλ

D
+4ε sinθ (2)

A plot is drawn with 4ε sinθ along the x-axis and βhkl ·cosθ

along the y-axis (Hall plot). From the linear fit to the data,
the crystallite size and strain were estimated from the y-
intercept (Kλ/D) and slope (ε), respectively. The fitted
line gives the equation (y = −0.0005x+ 0.0053) with the
intercept 0.0053 [72]. rom these data, the crystallite sizes of
the Se NPs, Se-CS NPs, and Se-CMCS NPs are 39.4, 26.8,
and 6.1 nm, respectively.
Generally, considering that the crystallite size obtained from
two equations is smaller than the size of the particles ob-
tained from TEM, many crystals may be combined to form
NPs. Furthermore, the DLS analysis was performed to
assess the stability of NPs, and the size change of Se-CS
NPs and Se-CMCS NPs was examined over time. After
four months of storage at 4 °C, the DLS size of Se NPs
underwent a notable change, increasing from 40 to 273 nm.
In contrast, the size of Se-CS NPs and Se-CMCSNPs ex-
hibited a slight shift from 92 to 107 and 103 to 123 nm,
respectively (figure 6). Moreover, following approximately
one year of storage at 4 °C, the dimensions of Se-CS NPs
and Se-CMCS NPs have been established at 114 and 142

Figure 5. (A) The FTIR spectra of Se NPs, CS, CMCS, Se-CS NPs and Se-CMCS NPs, (B) The FTIR spectra of Cur, CS, Cur- CS NPs, (C) The XRD
Pattern of Se NPs, Se-CS NPs and Se-CMCS NPs.
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nm, respectively. This increase in the size of Se-CMCS NPs
compared to Se-CS NPs can be attributed to the synthesis
of the Se NPs in an aqueous medium and to CMCS’s high
water permeability. Also, due to the lower zeta potential and
the resulting lower positive surface charge of Se NPs synthe-
sized with CMCS (+17 mV) compared to those synthesized
with CS (+45 mV), the repulsion between nanoparticles
decreases, leading to their eventual aggregation over time.

Figure 6. The changes of the Se NPs, Se-CS NPs and Se-CMCS NPs size
after four months.

3.2 Encapsulation efficiency and drug release study of
curcumin

The encapsulation efficiency was determined using a stan-
dard curcumin curve, and the percentage of curcumin encap-
sulated within the chitosan nanoparticles was greater than
80%. In addition, the drug release of curcumin from the
Cur-CS NPs was evaluated under simulated physiological
(pH 7.4) and acidic (pH 5) conditions. The release profile
exhibited a controlled, sustained release pattern devoid of
an initial burst, indicating successful and homogeneous cur-
cumin encapsulation within the nanoparticle core (figure 7).
Analysis over 48 hours revealed a pH-dependent release,
with 45% of the drug released at pH 5 compared to 30%
at pH 7.4. This disparity is attributed to the pH-responsive
swelling of the chitosan matrix. At lower pH, enhanced
protonation facilitates polymer hydration and swelling, pro-
moting medium penetration and a transition to a rubbery
state that accelerates drug diffusion. The superior release
at pH 5 may be further enhanced by curcumin’s greater
stability in acidic media. Therefore, it is anticipated that
these nanoparticles can deliver an adequate concentration
of curcumin within infectious, acidic microenvironments to
inhibit pathogen growth.

3.3 Evaluation the antibacterial activity
A review of recent studies indicates that NPs exhibit antimi-
crobial activity against various microbial infections. The
small particle size and charged surface of NPs provide an
accessible route for entry into pathogenic cells, enabling in-
terference with cellular contents such as proteins and DNA,
thereby inducing programmed cell death. Several mech-
anisms have been described for the antibacterial activity
of Se NPs, including the generation of reactive oxygen
species (ROS), disruption of the cell barrier, and inhibition
of protein synthesis and DNA. The ROS species can dam-
age bacterial cell membranes and inhibit DNA replication

Figure 7. Cumulative curcumin release from the Cur-CS NPs over time at
pH 7.4 and pH 5.

or amino acid synthesis [73, 74] (figure 8). Muchova et al.
investigated the impact of Se NPs with a size range of 100-
200 nm on the antibacterial efficacy of a collagen-chitosan
scaffold. Their findings indicate that Se NPs enhanced
the antibacterial activity against S. aureus and MRSA at
concentrations between 0.5 µg/mL and 5 µg/mL [75]. Ad-
ditionally, Dorazilova et al. demonstrated that the scaffold
contains Se-CS NPs and Se-carboxymethyl cellulose NPs at
concentrations < 5 µg/mL, which exhibited a pronounced
antibacterial effect, with up to 94% inhibition of bacterial
growth [76]. Elmaaty et al. employed Se NPs with a size
range of 36-150 nm to fabricate polyester fabric and leather
materials. Their findings demonstrated a notable killing
potential against both Gram-positive and Gram-negative
bacteria, as well as an ability to impede the transmission
of bacterial infection facilitated by humidity, temperature
and poor breathability [77, 78]. Moreover, Mao et al. uti-
lized a nanocomposite hydrogel comprising bacterial cel-
lulose, gelatin, and Se NPs (75 nm). They showed that
the nanocomposite, at a concentration of 65.44 µg/mL, can
inhibit bacterial infection and accelerate skin regeneration
in a clinical setting [79]. This study evaluated the antibac-
terial activities of Se NPs, Se-CS NPs, Se-CMCS NPs,
Cur-CS NPs, Se-CS@Cur-CS NPs and Se-CMCS@Cur-
CS NPs against E. coli and S. aureus. The disk diffusion
method and MIC/MBC tests were used to determine the
antibacterial effects. Our findings demonstrate that both
nanosystems, Se-CS@Cur-CS NPs and Se-CMCS@Cur-
CS NPs, exhibit significant antibacterial effects, and the
data presented in Table 3 substantiate the synergistic impact
of Se NPs, curcumin, and chitosan derivatives. Addition-
ally, the MIC/MBC results for Se-CS@Cur-CS NPs and
Se-CMCS@Cur-CS NPs showed notable similarity, and
both NPs at concentrations of 0.570-1.251 µg/mL inhibited
the growth of E. coli and S. aureus, respectively. Also, these
NPs at concentrations of 1.251 µg/mL and 9.251 µg/mL
can show bactericidal effects against E. coli and S. aureus,
respectively.

3.4 Evaluation of antiviral activity against SARS-CoV-2
In the context of the emergence of SARS-CoV-2, there
has been a notable increase in the utilization of Se NPs in
various biomedical applications, including antibacterial, an-
tiviral, and antifungal agents, from 2019 to the present [58].

2008-9295[https://doi.org/10.57647/inl.2024.1403.11]

https://doi.org/10.57647/inl.2024.1403.11


10/15 INL14 (2024) -142411 Tavakoli et al.

Figure 8. Schematic of the proposed antibacterial and antiviral mechanisms of the synthesized NPs.

In SARS-CoV-2, the spike protein binds to the angiotensin-
converting enzyme 2 (ACE2) receptor on the surface of
human cells and enables viral entry via endocytosis. Con-
sequently, targeting viral attachment to the ACE2 receptor
or impeding viral endocytosis is a promising therapeutic
strategy for drug development and combating COVID-19.
Several mechanisms perform the antiviral activity of Se NPs:
disruption of viral capsid proteins, the inhibition of ROS
production, the regulation of apoptotic proteins (JNK, P53,
caspase-3, JAK, p-STAT3, and Akt), the modulation of the
ROS/JNK pathway, the reduction of mitochondrial damage,
inhibition of viral replication and improving the efficiency
of antiviral drugs (figure 8). Furthermore, Se-CS NPs have
been demonstrated to impede the excessive production of
inflammatory cytokines in infected cells and mitigate the
inflammatory response associated with viral infection [45].
Touliabah et al. demonstrated that Polycadia myrica-
mediated Se NPs (PoSe NPs) exhibit robust antiviral activity
against the HAV-10 virus, with an antiviral percentage of
40.25%. However, the antiviral activity of PoSe NPs against
adenovirus and HSV-2 was comparatively weaker, with
antiviral percentages of 8.64% and 17.39%, respectively
[80]. Also, Zhong et al. indicated that the oseltamivir-
functionalized Se NPs were effectively internalized by hu-

man astrocyte U251 cells (host cells) via clathrin-mediated
endocytosis, leading to the inhibition of Enterovirus 71
(EV71) proliferation. This process could protect virus-
infected cells from apoptosis through the mitochondrial
pathway. Moreover, these NPs demonstrated the capacity to
inhibit viral activity by reducing the generation of reactive
oxygen species in infected cells while simultaneously en-
hancing the antiviral activity of oseltamivir in the anti-EV71
cell model [81].
In our study, the toxicity results indicate that using NPs
below 110 µg/mL has no toxic effects. However, at concen-
trations above this threshold, the inhibitory effects of NPs
on cell proliferation and survival become apparent. Then,
the VNT test was performed to evaluate the antiviral effects
of the same concentrations of Se-CS@Cur-CS NPs and Se-
CMCS@Cur-CS NPs against SARS-CoV-2.
The results of the VNT indicate that Se-CS@Cur-CS NPs
begin to reduce the infectivity of SARS-CoV-2 at a dilu-
tion of 1:64. Additionally, the Se-CMCS@Cur-CS NPs
trigger virus inhibition at a dilution of 1:32. The results
demonstrate that Se-CS@Cur-CS NPs exhibit enhanced
antiviral properties at equivalent concentrations compared
to Se-CMCS@Cur-CS NPs (figure 9). Subsequently, di-
lutions 101 to 106 were prepared from the virus and the

Table 3. The results of the disk diffusion method.

Nanoparticles ZOI for E. coli (mm) ZOI for S. aureus (mm)

Se NPs 2.5 ± 0.5 -

CS 4.3 ± 1 1.1 ± 1

CMCS 4 ± 1 1.5 ± 1

Curcumin 2.7 ± 0.5 1.2 ± 0.5

Cur-CS NPs 4.6 ± 1 1.5 ± 1

Se-CS NPs 5.2 ± 0.5 1.3 ± 0.5

Se-CS@Cur-CS NPs 5.5 ± 1 1.7 ± 0.5

Se-CMCS NPs 5.1 ± 0.5 1.5 ± 0.5

Se-CMCS@Cur-CS NPs 5.6 ± 0.5 2.1 ± 1
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Figure 9. SARS-CoV-2 structure and the antiviral activity of Se-CS@Cur-CS NPs and Se-CMCS@Cur-CS NPs at various dilutions.

Se-CS@Cur-CS NPs were found capable of neutralizing
the first two flasks. However, the neutralization effects were
also observed in dilution 103 in a subsequent experiment.
Figure 10 depicts the light microscopic images of control
cells after treatment with SARS-CoV-2 incubated with sta-
bilized Se-CS@Cur-CS NPs and Se-CMCS@Cur-CS NPs.
As illustrated in the picture, using Se-CS@Cur-CS NPs at
a dilution of 1:64 yields high cell viability and a conflu-
ence exceeding 80%. Additionally, for Se-CMCS@Cur-CS
NPs a dilution of 1:32, significant cell survival with nor-
mal morphology and a confluence of more than 70% is
observed. Conversely, in samples with lower concentrations
of stabilized NPs, the cells were infected with the virus,
leading to cell death. So, our findings demonstrate that both

Se NPs stabilized with CS/CMCS combined with Cur-CS
NPs exhibit similar antimicrobial activity against E. coli
and S. aureus. However, in neutralizing SARS-CoV-2, the
nanosystem composed of Se-CS combined with Cur-CS
shows significantly superior antiviral efficacy compared to
the alternative nanosystem. Based on available research,
the SARS-CoV-2 virus has a negative surface charge over-
all, primarily due to its spike (S) protein. Cotten and Phan
demonstrate that the original Wuhan strain had a charge
of approximately −8.3, which evolved to around −1.26 in
many Omicron variants [82]. Therefore, in the nanosys-
tem containing Se-CS NPs with a higher positive surface
charge (+45) compared to the nanosystem containing Se-
CMCS NPs with a lower positive surface charge (+17), a

Figure 10. The light microscopic images of (A) The SARS-CoV-2 infected Vero cells, (B) Vero cells after SARS-CoV-2 incubation with a dilution
of 1:64 of Se-CS@Cur-CS NPs, (C) Vero cells after SARS-CoV-2 incubation with a dilution of 1:32 of Se-CMCS@Cur-CS NPs, (D) Vero cells after
SARS-CoV-2 incubation with the Se-CMCS@Cur-CS NPs at dilutions ≤ 1:32.
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greater inhibitory effect on the virus is expected. This in-
hibitory effect can be attributed to electrostatic interactions
between the CS containing NPs and the negatively charged
viral spike glycoprotein. These interactions can effectively
prevent the binding of the spike glycoprotein to the ACE2
receptor, thereby inhibiting viral entry into the host cell.
Furthermore, this nanosystem can, through another mecha-
nism, directly damage the viral envelope, ultimately leading
to its inactivation. So, the results indicated that incorporat-
ing these small NPs into various detergents and cosmetic
products could help prevent the prevalence and spread of
infectious pathogens. Furthermore, the use of these NP
colloids has the potential to accelerate the healing process
in patients. So, incorporating nanomaterials into products
such as mouthwash, toothpaste, hand sanitizers, and nasal
sprays presents a highly effective approach for combating
pathogens. Additionally, this study presents a practical
strategy for reducing the transmission and progression of
infectious diseases.

4. Conclusion
Microorganisms are a leading cause of infectious diseases,
resulting in substantial global health and economic burdens.
Se, an essential trace element, has been shown to exhibit
antibacterial, antiviral, and anticancer properties. However,
Se NPs tend to precipitate quickly and require stabilization
using biocompatible coating agents, such as chitosan and
its derivatives. The size of NPs plays a critical role in their
antimicrobial efficacy. After one year of storage at 4 °C, the
dimensions of Se-CS NPs and Se-CMCS NPs were mea-
sured at 114 nm and 142 nm, respectively. Our research
indicates that higher rotation speeds, larger magnetic stirrer
and increased concentrations of ascorbic acid and KI lead
to smaller NPs forming. Conversely, substituting KI with
CS as a stabilizing agent during Se NP synthesis results in
larger NPs, while reaction time does not significantly affect
NP size.
Additionally, Cur-CS NPs were synthesized by ionotropic
gelation, achieving high encapsulation efficiency. The NPs
exhibited pronounced pH-dependent release. The synergis-
tic combination of Se NPs and curcumin employs two com-
plementary antimicrobial mechanisms, selenium ion release
and polyphenolic activity, yielding more comprehensive
and longer-lasting effects than single-component systems.
Specifically, Se-CS@Cur-CS NPs and Se-CMCS@Cur-CS
NPs at concentrations of 0.570-1.251 µg/mL effectively in-
hibited the growth of E. coli and S. aureus. These nanosys-
tems also demonstrated similar bactericidal activity at 1.251
µg/mL and 9.251 µg/mL against E. coli and S. aureus. No-
tably, the nanosystem components were non-toxic at con-
centrations below 110 µg/mL for Vero cells. Furthermore,
Se-CS@Cur-CS NPs and Se-CMCS@Cur-CS NPs effec-
tively prevented SARS-CoV-2 infection at high dilutions of
1:64 and 1:32, respectively. Its scalable production and dual
antibacterial/antiviral action tackle antimicrobial resistance
and viral threats. In conclusion, this study presents a scal-
able, biocompatible nanosystem with significant potential to
address drug-resistant pathogens and viral threats through
targeted therapeutic applications. Acknowledgment Tarbiat
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