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Abstract: Chitosan nanoparticles (CSNPs) are one of the
versatile materials that has potential applications in multi-
domains. However, these diverse applications are not seen in
CSNPs produced from a single source. Owing to the above, in
this study, we synthesized CSNPs using the ionotropic gelation
method and characterized them with UV-visible spectro-
scopy, Fourier transform infrared spectroscopy, X-ray diffrac-
tion, scanning electron microscopy (SEM), and transmission
electron microscopy (TEM) techniques for multi-application
investigations. SEM and TEM analyses confirmed the sphe-
rical shape of the produced CSNPs with their size ranging
from 10 to 40 nm. CSNPs were utilized for Zn®* ion adsorption
from aqueous solutions, optimized using response surface
methodology. Optimal reaction conditions were pH 7, 60 min
of contact time, and 100 mg/L. initial concentration, and a
loading capacity of 156.2 mg/g was achieved. The model was
significant with p-value <0.0001 and lack-of-fit >0.1. CSNPs
exhibited antimicrobial activity with zones of inhibition of
25mm for Escherichia coli and 24 mm for Staphylococcus
aureus. Feeding trials with CSNP-supplemented diets in tilapia
showed enhanced growth, reduced mortality, and improved
red blood cell and white blood cell counts. These findings

* Corresponding author: Rabbani Syed, Department of Pharmaceutics,
College of Pharmacy, King Saud University, P.O. Box 2457, Riyadh, 11451,
Saudi Arabia, e-mail: rsyed@ksu.edu.sa

* Corresponding author: R. Lakshmipathy, Directorate of Learning
and Development, SRM Institute of Science and Technology,
Kattankulathur, India, e-mail: lakshmipathy.vit@gmail.com

Mohammed S. Algahtani, Mudassar Shahid, Mohd Abul Kalam:
Department of Pharmaceutics, College of Pharmacy, King Saud
University, P.O. Box 2457, Riyadh, 11451, Saudi Arabia

S. Radjarejesri: Department of Chemistry, Sona College of Technology,
Salem, 636005, Tamilnadu, India

Mukesh Goel: Department of Engineering and Maths, College of
Business, Technology and Engineering, Sheffield Hallam University,
Sheffield, United Kingdom

Chitosan Nanoparticles: Synthesis, Characterization, and Applications

Characterization &
Chitosan
Nanoparticles

UV-Vis
05 .
&5 Synthesis

FTIR
lonotropic Gelation

L@ Applications

:

Zn2* Adsorption

Antimicrobial Activity

%X
£ 3

Tilapia Growth Enhancement

Graphical abstract

demonstrate the multi-functional potential of CSNPs prepared
from one source, highlighting their applicability in sustain-
able practice.

Keywords: chitosan, nanoparticle, adsorption, antimicro-
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1 Introduction

Nanotechnology has evolved significantly in almost all
domains of science, engineering, technology, and medicine
[1]. The unique size- and shape-dependent properties have
made the nanomaterials most promising in almost every
domain [2]. In general, metal nanoparticles (NPs) are found
to have several unique applications in various domains.
Similarly, organic- or polymer-based NPs are finding pro-
minence in medicine, wastewater treatments, and biome-
dical and food supplements.

Chitosan (CS) is a natural polymer that is abundantly
available from plant sources. It is eco-friendly and econom-
ical in nature and its conversion to NPs will have significant
applications. A very useful review of futuristic applications
of chitosan nanoparticles (CSNPs) is reported by Murat and
Karin [3]. Of the numerous applications, application in was-
tewater treatments is popular, and numerous investigations

8 Open Access. © 2025 the author(s), published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 International License.


https://doi.org/10.1515/chem-2025-0154
mailto:rsyed@ksu.edu.sa
mailto:lakshmipathy.vit@gmail.com

2 —— Mohammed S. Algahtani et al.

are performed on the removal of heavy metal ions and
synthetic dyes using CSNPs. CSNPs with a mean size range
of 40-100 nm were successfully employed in the adsorption
of lead ions from aqueous solution with a loading capacity
of 398 mgg™ [4]. CSNPs prepared via the ionic gelation
method were successfully used in the adsorption of eosin
Y anionic dye with a high loading capacity of 3.3g g™ [5]. In
another study, CSNPs extracted from shrimp shells were
evaluated for the removal of Fe** and Mn®" ions from aqu-
eous solution with loading capacities of 116.2 and 741 mg g ",
respectively [6]. An insightful review on CSNPs as a potential
nanosorbent for the removal of pollutants is reported by
Benettayeb et al. [7].

Antimicrobial applications of CSNPs are another inter-
esting area of investigation that has attracted the researchers.
CSNPs prepared via the ionic gelation method were evaluated
for antibacterial activity against Escherichia coli, Salmonella
choleraesuis, Salmonella typhimurium, and Staphylococcus
aureus, and the minimum inhibitory concentration values
were less than 0.25pug mL™ [8]. In another study, CSNPs
were evaluated as antimicrobial agents against Klebsiella
pneumoniae, E. coli, S. aureus, and Pseudomonas aeruginosa
and found to be superior to CS and chitin [9]. A comparative
investigation against bacteria and fungi was performed for
CSNPs and found that CSNPs were effective against Gram-
positive and Gram-negative bacteria compared to fungi [10].
A review on the antibacterial activity of CSNPs against var-
ious Gram-positive and Gram-negative bacteria has been
reported by Chandrasekaran et al. [11], who highlights the
role of CSNPs in biomedical applications.

The CSNPs not only find applications in wastewater
treatment or biomedical application but have significant
role in the food industry as well. CSNPs are safe to use as
dietary supplements to fish to improve their growth and
enhance their production and health [12]. CSNPs are bio-
compatible and non-toxic materials used in therapeutics,
gene transport, biopesticides, as well as efficient fish feed
additives [13]. In a study, CSNP-based fish feed adminis-
tered to Oreochromis niloticus (L.) showed enhancement
in their health acting as a better immunostimulant and
antioxidant agent [14]. It was observed that CS-fortified
meals cause significant enhancement in the health status
compared to plant-based meals.

Owing to the multiple application potential, this study
aims to synthesize CSNPs via the ionic gelation method and
explore their application in adsorption of Zn** ions from
aqueous solution, evaluate the antimicrobial efficacy of
CSNPs, and further prepare them as a fish feed meal addi-
tive and evaluate their influence on fish growth and health.
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2 Materials and methods

2.1 Synthesis of CSNPs

The CSNPs were synthesized using the ionotropic gelation
method, with minor modifications to the concentrations of
CS and sodium tripolyphosphate (STPP). Initially, 3 g of CS
powder (commercially purchased) was set aside, while a
solution of 1 mL acetic acid mixed with 800 mL of distilled
water was prepared and stirred with a magnetic stirrer for
20 min. The CS powder was gradually added to the stirring
solution, and the mixture was maintained at 450 rpm. To
ensure optimal conditions, the pH was adjusted to 4-5 by
adding a sodium hydroxide (NaOH) solution prepared by
diluting two NaOH pellets in purified water. This solution
was stirred continuously for 12 h to achieve complete dis-
solution and stability of the CS. Concurrently, an STPP solu-
tion was prepared by dissolving 0.40 g of STPP in 100 mL of
distilled water using a motorized stirrer for 30 min to
ensure complete dissolution. Subsequently, the STPP solu-
tion was added dropwise to the CS solution under instan-
taneous magnetic stirring for 40 min, creating a 0.4% (w/v)
STPP solution. The resulting CS-TPP solution was centri-
fuged at 8,000 rpm and 4°C for 45 min, and the resulting
pellets were washed thoroughly with distilled deionized
water to remove impurities. The cleaned pellets were then
dried in a hot air oven and stored for further use. These
dried CSNPs were characterized for their properties and
utilized in feed preparation, demonstrating their potential
for practical applications.

2.2 CSNP characterization

The CSNPs were characterized using UV-visible spectro-
scopy (Shimadzu, Japan) in the range of 200-500 nm to
find the maximum absorption peak to confirm preliminary
formations. Fourier transform infrared (FTIR) spectroscopy
(Avatar330, Thermo Nicolet) was employed to identify the
surface functional groups in the range of 4,000-400 cm™* via
the KBr pellet method. Powder X-ray diffraction (XRD;
Siemens D5000 X-ray diffractometer) was utilized to obtain
the diffraction peaks of the CSNPs in the 20 range of 5° and
100°. Scanning electron microscopy (SEM; SUPRA 55, Carl
Zeiss NTS GMBH) was performed to assess the surface mor-
phology of the CSNPs. Transmission electron microscopy
(TEM) was performed to visualize the size and shape of
the CSNPs, and it was performed on a Cu grid containing
carbon coating.
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2.3 Batch adsorption studies

The adsorption of Zn®* ions by CSNPs was performed in
batch adsorption by varying the independent variables.
The optimization of independent variables was performed
using the central composite design (CCD) of response sur-
face methodology (RSM). All the experiments were per-
formed for 50 mL test solutions in an orbital shaker at
100 rpm. A full factorial design with 20 experiments was
used to make it efficient for fitting data and building
models, and important factors and their details are given
in Table 1. The construction of CCD and building of models
were performed with Design Expert 13 software.

The adsorption efficiency and loading capacity of CSNPs
were calculated using the following equations:

G- G

% Zn?* ion adsorption = x 100, (4h)

Adsorption capacity = —— x V. v

2.4 Antimicrobial assay

The antibacterial properties of CSNPs were tested using the
agar well diffusion method on Mueller-Hinton Agar (MHA)
medium. Sterilized MHA was poured into sterile Petri dishes
under aseptic conditions and left to solidify for 1h at room
temperature. Overnight cultures of E. coli (Gram-negative)
and S. aureus (Gram-positive) were standardized to approxi-
mately 10® CFU/mL, matching the 0.5 McFarland standard,
and evenly spread over the MHA surface using sterile cotton
swabs. Sterile wells, 7-8 mm in diameter, were created in the
agar using a cork horer. CSNP suspensions were prepared in
sterile distilled water, and 50 uL of each suspension was
added to the wells. The plates were kept at room temperature
for 30 min to allow diffusion of the NPs into the agar and then
incubated at 37°C for 24 h to facilitate bacterial growth and
interaction with the NPs. After incubation, the zones of inhibi-
tion (ZOIs) around the wells were measured with a calibrated
ruler to evaluate the CSNPs’ antibacterial effectiveness. Each
experiment was performed in triplicate to ensure reproduci-
bility and statistical reliability.

Table 1: Independent variables, their levels, and symbols used in this
study for Zn*" ion adsorption by CSNPs (data from authors’ own research)

Variables Symbol Levels

-1 0 +1
pH A 4 6 8
Contact time B 30 45 60
Initial concentration C 50 100 150

Chitosan nanoparticles and their applications = 3

2.5 Diet preparation and experimental
design

Fingerlings of O. niloticus (L.) were obtained from nursery
ponds and acclimatized to laboratory conditions in an
indoor spun-glass aquarium for 2 weeks. The aquarium
was aerated continuously, and a controlled light source
maintained a 12-h light-dark cycle. A total of 30 fish,
with an average weight of 16.21 + 0.24 g, were randomly
distributed among three experimental groups, with 10 fish
housed in each 3L aquarium tank, replicated four times.
The groups included Experiment 1, where fish were fed a
commercially available feed; Experiment 2, serving as the
control group; and Experiment 3, where fish were provided
with a CS-enriched feed. All aquariums were equipped with
compressed air pumps to ensure proper aeration. The fish
were fed their respective diets twice daily, at 9:00 AM and
2:00 PM, for 45 days, with feed provided until the fish were
satiated. Each day, settled waste and half of aquarium water
were removed and replaced with fresh, aerated tap water
from a holding tank. Mortality records were maintained
daily, and any deceased fish were promptly removed from
the tanks to ensure optimal experimental conditions.

2.6 CSNPs loaded with fish feed

The synthesized CSNP pellets were dispersed in distilled
water to prepare a uniform 1% solution that provides mod-
erate concentration of CSNPs. This suspension was loaded
into a 20 mL syringe and sprayed evenly onto the prepared
fish feed. The CS-coated feed was thoroughly mixed and then
dried in a hot air oven at 100°C. Once dried, the CS-enriched
feeds (as described in Table 2) were provided to the fish in
experimental tanks 1-3 for a duration of 1 week. At the end of
the observation period, the fish were weighed, and their
lengths were measured to evaluate their growth. The initial
and final weights, as well as the initial and final lengths of the
fish, were recorded to assess the impact of the CS-loaded feed
on their growth and development.

3 Results

3.1 Synthesis of CSNPs

The ionic gelation approach was used in the current study
to create CS nanosuspension. The above-mentioned proce-
dures are advantageous for CSNP synthesis since they are
quick and gentle, requiring no organic solvents or high
temperatures. It hinges on the ionic connection between
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Table 2: Ingredients and chemical analysis of the experimental diets
containing CS-loaded NPs (% dry weight) (data from authors’ own
research)

Components Control Formulated CSNPs (1%)
feed formulated feed
Chicken meal 16.0 16.0 16.0
Fish meal 1.5 11.5 11.5
Soya bean meal 32.0 32.0 32.0
Groundnut cake 19.5 19.5 19.5
Wheat bran 11.0 11.0 11.0
Corn ail 1.0 1.0 1.0
Codfish oil 2.0 2.0 2.0
Vitamins 1.0 1.0 1.0
Minerals 2.0 2.0 2.0
Starch 4.0 4.0 4.0
TOTAL 100 100 100
Elemental analysis (%)
Solid matter 92.9 93.5 93.8
Protein content 32.6 334 347
Crude fat 6.9 6.9 71
Ash content 5.1 57 5.9
Insoluble fiber 5.2 5.5 5.8
Nitrogen-free 50.1 50.25 50.77
extract
Total energy 451.6 457.2 460.8
(kcal/100 g)

the positively and negatively loaded amino groups in the
acidic CS solution and the aqueous STPP solution. The
molecules with opposing charges can form inter-molecular
crosslinks due to the ongoing magnetic churning. TPP was
gradually included into the CS solution to produce the
ionotropic gelation of CSNPs.

The synthesized CSNPs had monodispersed NPs of
around 100 nm in size and consistently low polydispersity
index (PDI) values. The stability and structural uniformity of
NPs were assessed using the PDL. In this study, low PDI values
denote higher levels of monodisperse CSNPs and higher levels
of particle equilibrium, whereas higher values suggest lower
levels of particle equilibrium and CSNP accumulation. Opacity
of the synthesized CSNPs was verified by the presence of opa-
lescence, which was evaluated for physico-chemical traits like
crystalline structure, thermal potential, ultra-structural mor-
phology, and the dimension of particles.

3.2 Characterization of CSNPs
3.2.1 UV-vis absorption spectroscopy
The optical properties of CSNPs were analyzed using UV-visible

spectroscopy within a wavelength range of 200-500 nm. A
sharp absorption peak was observed at 240 nm in the UV-vis
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Figure 1: UV-vis spectra of CSNPs prepared via the ionic gelation
method (data from authors’ own research).

spectra, which is due to n-¢~ of the -NH, and —~OH groups
(Figure 1). The band around 280 nm is due to the n-1 of the
acetyl group of CS. The bands observed in CS bulk as well as
minor shifts in wavenumbers due to the nanosize nature of CS
confirm the formation of CSNPs. Similar observations were
reported for the hiologically synthesized CSNPs [15].

3.2.2 FT-IR spectroscopy analysis

The molecular structures of CSNPs were analyzed using FT-
IR spectroscopy, as shown in Figure 2. The FT-IR spectra
revealed characteristic peaks, indicating specific molecular
vibrations and functional groups. A broad absorption band
at 3,358 cm™ corresponds to the —OH groups of the CSNPs,
and a small peak at 3,252 cm™ overlapped with the —OH
peak indicates the -NH stretching. The peak at 2,873 cm™ is
due to the symmetrical stretching of —CH groups [16].
Bands at 1,647 and 1,587 cm™ correspond to the amide I
C=0 stretching and amide II C-N stretching vibrations,
respectively, and these bands were shifted compared to
the CS bulk, and this is due to the formation of NPs and
their interactions with the cross linker TPP used in this
study [17,18]. The peak at 1,145cm™ corresponds to the
glycosidic linkage group of CSNPs. The peak at 695 cm™ is
primarily due to N-H bending that arises due to NH;" in
the ionic gelation method. These findings confirm the pre-
sence of various functional groups, validating the mole-
cular structure and composition of the synthesized CSNPs.

3.2.3 Field emission SEM analysis

SEM was employed to analyze the microstructures of the
synthesized CSNPs, focusing on their size, shape, and
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Figure 2: FT-IR spectrum of CSNPs prepared via the ionic gelation method. Inset: FT-IR spectrum of CS (data from authors’ own research).

dispersion patterns (Figure 3). The SEM images revealed
that the CSNPs exhibited a spherical shape with a homo-
geneous nanostructure. The particles were uniformly
distributed and of nanoscale size, indicating that the inter-
action between CS and TPP molecules successfully facili-
tated the formation of well-defined CSNPs. The observed
morphology aligns with the findings from previous studies,
confirming the reliability of the synthesis method in produ-
cing consistent particle structures [19,20]. These results high-
light the potential of CSNPs for diverse applications across
various fields, including tissue engineering, environmental
remediation, biomedical imaging, and drug delivery systems.

s 4
Date: 3 Mar 2025
Time: 13:31:09

1 um EHT = 20.00 kV
WD = 7.1 mm

Signal A = InLens
Mag= 11.96 KX

Figure 3: SEM images of CSNPs prepared via the ionic gelation method
(data from authors’ own research).

This consistent particle morphology provides a strong foun-
dation for exploring the functional capabilities of CSNPs in
these domains.

3.2.4 High-resolution TEM (HR-TEM) analysis
HR-TEM analysis confirmed the size and microscopic struc-

ture of the synthesized CSNPs, prepared under optimal
conditions (Figure 4). The NPs were spherical, with sizes

Figure 4: TEM image of CSNPs prepared via the ionic gelation method

(data from authors’ own research).
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ranging from 10 to 40 nm. HR-TEM images revealed well-
defined lattice fringes, indicative of a high degree of crys-
tallinity in the samples [21]. The precise dry size of the
CSNPs was measured through this technique, providing
detailed structural insights. These findings highlight the
strong interaction dynamics between CS and TPP, which
play a crucial role in the formation and stability of CSNPs.

3.2.5 XRD measurement

XRD analysis was utilized to assess the morphological char-
acteristics and crystallite dimensions of CSNPs. The XRD
patterns of the CSNPs are presented in Figure 5. The crys-
talline quality of the CSNPs was demonstrated by a promi-
nent diffraction peak at a 26 range of 10° and 20°. The small
and less intense peak at 10° is due to the hydrated crystal-
line structure of the CSNPs, confirming the reduction in
crystallinity due to nanoscale compared to the bulk CS
[22]. The intense peak around 20° is due to the crystalline
structure of CS, showcasing the regular arrangement of the
polymeric chains [23]. The presence of a broader band

DE GRUYTER

further indicated an imperfect crystal structure, likely
due to the synthesis and processing conditions, especially
the use of TPP. These findings provide insight into the
crystalline properties and structural behavior of CSNPs.

3.3 RSM-based optimization

CCD was utilized to optimize the adsorption of Zn** ions
using CSNPs. The study focused on three independent vari-
ables: pH, contact time, and initial Zn?" concentration. The
CCD included 20 experimental runs, consisting of 6 axial
points, 6 central points, and 8 cubic points distributed
within the design space. Tables 3 and 4 provide the experi-
mental and predicted design matrices as well as the ana-
lysis of variance (ANOVA) results for the Zn** removal
process.

Design-Expert 13 software was employed to develop a
quadratic model, yielding a second-order polynomial equa-
tion (equation (3)) that defines the relationship between the
selected factors and the Zn®* removal efficiency, given by

g
19812
19.812

Intensity (a. u.)

Chitosan

5§ 8 8 3 8

Intensity (a. u.)
4

> 3 8 8

24 (degrees)

10.00 20.00 30.00 4000 50.00

60.00 70.00 8000 9000 100.00  110.00

26 (degrees)

Figure 5: XRD patterns of CSNPs prepared via the ionic gelation method. Inset: CS XRD pattern (data from authors’ own research).
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Table 3: CCD runs and % adsorption comparison with experimental and predicted values of Zn?" ion adsorption by CSNPs (data from authors’ own

research)
Factor 1 Factor 2 Factor 3 Removal %

Std Run A: pH B: Contact time (min) C: Initial concentration (mg/L) Experimental Predicted
9 1 4 75 90 29.3 327
13 2 7 75 10 99.5 96.3
4 3 9 120 30 56.2 58.8
16 4 7 75 90 93.1 93.1
17 5 7 75 90 93.2 93.1
1 6 7 10 90 47.5 51.9
20 7 7 75 90 93.2 93.1
10 8 10 75 90 37.8 33.4
7 9 5 120 150 78.4 76.5
1 10 5 30 30 52.4 48.8
3 n 5 120 30 69.5 72.2
14 12 7 75 190 79.3 80.5
5 13 5 30 150 22.9 20.7
6 14 9 30 150 37.2 34.9
15 15 7 75 90 93.1 93.1
8 16 9 120 150 64.1 68.4
19 17 7 75 90 93 93.1
12 18 7 150 90 93.2 89.2
2 19 9 30 30 55.7 58.6
18 20 7 75 90 93.1 93.7

% Adsorption = 93.17 + 0.22A + 14.16B — 4.69C

—26.70A% — 9.95B2 — 1.72C2 - 5.65AB 3
+1.25AC + 8.10BC.

The influence of each factor (pH, contact time, and
concentration) on Zn** adsorption by CSNPs is reflected in
the coefficients of the quadratic equation (equation (3)). Posi-
tive coefficients indicate that increasing the factor level
enhances adsorption, whereas negative coefficients suggest
a reduction in the adsorption efficiency. The equation also
accounts for interactions between factors (two-factor terms)
and the impact of these interactions on adsorption efficiency
(curvature terms). The strong correlation between predicted
and experimental results, as shown in Table 3, confirms the
validity of the selected model and demonstrates improved
Zn*" adsorption in the experiments.

The ANOVA results in Table 4 affirm the robustness of
the model for predicting Zn®** removal using CSNPs. The
extremely small p-value (<0.0001) highlights the model’s
statistical significance, indicating the results are highly
unlikely due to random variation. A high F-value of 92.77
further reinforces the model’s reliability, as larger F-values
suggest a very low probability (0.01%) of the findings
occurring by chance [24]. Moreover, the lack-of-fit F-value
exceeding 0.1 indicates minimal unexplained variation
within the model. The alignment between predicted and
actual values was assessed for accuracy, as shown in

Figure 6d. The points are randomly distributed along a
straight line, demonstrating a normal data distribution
without significant deviations, eliminating the need for

Table 4: ANOVA for the adsorption of Zn?" ions by CSNPs (data from
authors’ own research)

Source Sum of df Mean F-value p-value
squares square

Model 11846.80 9 1316.31 92.77 <0.0001
A - pH 0.6050 1 0.6050 0.0426 0.8405
B - contact time  2539.67 1 2539.67 178.99  <0.0001
C - initial 267.30 1 267.30 18.84 0.0015
concentration
AB 255.38 1 25538 18.00 0.0017
AC 12.50 1 1250 0.8810 0.3700
BC 524.88 1 52488 36.99 0.0001
A 7345.31 1 734531 517.69  <0.0001
B? 1151.20 1 151.20 81.14 <0.0001
c? 31.56 1 3156 2.22 0.1667
Residual 141.89 10 1419
Lack of fit 141.86 5 2837 56.78 0.4521
Pure error 0.0283 5 0.0057
Cor total 11988.69 19
R? 0.9882 Predicted 0.9038

R2
Adjusted R? 0.9775 Adeq 28.3943

precision
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data transformation and validating the model. Addition-
ally, correlation coefficients nearing 1 (0.988), along with
high adjusted and predicted R-squared values (0.977 and
0.903, respectively), further corroborate the model’s effec-
tiveness [25]. An adequate precision value of 28.3 under-
scores the model’s strong predictive capability.

The interaction between independent variables and
their impact on the binding of Zn®*" ions by CSNPs can be
effectively visualized using 3D surface plots, as shown in
Figure 6. These plots provide critical insights into the
adsorption process. Figure 6a illustrates the combined
effect of pH and contact time on Zn®" ion binding. It reveals

Removal (%)

Il'I;le o

L2770

LU <2

W
Vs rrrrrsssss s s sz a
/I I I s s s e
s e g

6 'IIIIIIII'IIIIIIIII S

80

IIIIIII'II‘I,IIIIIII"

Removal (%)

Initial concentration (mg/L) 9
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that as the pH and contact time increase, the binding effi-
ciency also improves, reaching its peak at pH 7. However,
beyond pH 7, the efficiency declines, even with extended
contact times. At lower pH levels, competitive adsorption
by hydronium ions on the active surface sites results in
reduced binding efficiency. As the pH increases, this com-
petition diminishes, enabling better adsorption of Zn**
ions. The improvement in efficiency with longer contact
times is attributed to the increased opportunity for Zn**
ions to interact with the CSNP surface. The 3D plot clearly
demonstrates that both pH and contact time significantly
influence adsorption efficiency.

Removal (%)

100 —{

Predicted
3
|

20 40 60 80 100

Actual

Figure 6: 3D surface plots of independent variable interactions: (a) pH vs contact time, (b) pH vs initial concentration, (c) initial concentration vs
contact time, and (d) predicted vs actual values (data from authors’ own research).
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Table 5: ZolI of CSNPs toward E. coli and S. aureus bacterial strains and
comparison with standards (data from authors’ own research)

Species Concentration (pL) Zol (mm)
E. coli 20 25
S. aureus 20 24
Streptomycin disc — 21

Figure 6b illustrates the interaction between pH and
initial concentration. At the optimal pH of 6, the removal
efficiency decreases with an increase in initial Zn** con-
centration. This decline occurs because the surface active
sites on CSNPs become saturated as the concentration
increases, reducing the percentage of ions bound. Figure
6c shows the synergistic effect of initial concentration and
contact time on Zn*" ion adsorption. While prolonged con-
tact time enhances the adsorption efficiency, increasing the
initial concentration diminishes it due to limited avail-
ability of active sites.

3.4 Antimicrobial investigation of CSNPs

The antimicrobial activity of the CSNPs synthesized in this
study was evaluated against E. coli and S. aureus, with the
results summarized in Table 5. The findings indicate that
CSNPs demonstrated significantly superior antimicrobial
activity with 25 and 24 mm of Zol against both E. coli and
S. aureus compared to the standard antibiotic streptomycin
at 20 uL. concentration. This enhanced activity at low con-
centrations can be attributed to the interaction of the NPs
with the microbial cell membrane, which leads to mem-
brane disruption and leakage of intracellular contents, ulti-
mately compromising the viability of the microbes [9,11].

Chitosan nanoparticles and their applications =—— 9

3.5 Growth and feed conversion efficiency of
0. niloticus

Table 6 highlights that the CSNP-formulated feed signifi-
cantly enhanced the growth performance of O. niloticus
compared to both commercial and control basal feeds.
Fish fed with the CSNP-formulated diet exhibited a higher
feed intake (40.43 + 0.75) compared to those on the control
feed. Throughout the experimental period, the CSNP-supple-
mented group demonstrated excellent health and growth
efficiency, with a 100% survival rate, consistent across all
diet groups, including the control and commercial feeds.
The improved growth performance was attributed to better
intestinal villi development, enhanced nutrient absorption,
increased specific growth rate (SGR), and higher feed con-
sumption in the CSNP-formulated diet group [26]. These fac-
tors collectively contributed to the observed superior growth
in O. niloticus. Additionally, the dietary supplementation with
CS-enriched feed improved the feed conversion efficiency
and overall productivity, consistent with similar findings
reported for Dicentrarchus labrax [27]. This demonstrates
the efficacy of CSNPs as a dietary supplement for enhancing
fish growth and health.

3.6 Hematological analysis

The red blood cell (RBC) and white blood cell (WBC) counts
in the control group increased gradually from the first to
the third week but showed a significant rise after being fed
with an enriched diet formulated in this study starting
from the first week. The RBC levels improved notably
due to the loaded CSNP diet. While the control group
showed gradual improvement, fish treated with the

Table 6: Growth performance and feed utilization of Nile tilapia fed with different diets, including commercial feed, formulated feed, and CSNP

formulated feed (data from authors’ own research)

Parameters Control Commercial feed Formulated feed CS formulated feed
Initial weight (g) 17.45 £ 0.19 1771 £ 0.21 17.56 + 0.12 17.62 £ 0.22

Final weight (g) 29.26 + 0.31 29.97 £ 0.38 34.64 + 0.31 36.7 + 0.43

Weight gain (g) 11.81+ 0.23 12.26 £ 0.52 17.08 £ 0.19 19.08 + 0.38

Weight gain (%) 40.36 + 1.31 40.90 £ 1.92 49.30 £ 1.04 51.9 £1.21

Specific growth rate (g) 25.71 £ 0.09 29.51 £ 0.07 42.64 + 0.1 47.27 £ 0.07

Feed conversion ratio (g) 0.26 £ 0.31 0.23 £ 0.21 0.17 £ 0.19 0.16 £ 0.08

Total feed intake (g) 100 100 100 100

Protein conversion ratio (g) 0.40 + 0.05 0.47 + 0.06 0.61 + 0.09 0.68 + 0.31

Survival rate 100 £ 0.00 100 £ 0.00 100 + 0.00 100 + 0.00
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CSNPs/kg diet exhibited a substantial boost in RBC and
WBC levels of 20.0 x 105/uL and 3.2 x 10%/pL, respectively
(Figure S1). WBCs are an essential component of innate immu-
nity in fish and release humoral chemicals like cationic anti-
microbial peptides, complement system components, lectins,
and cytokines [28]. The higher WBC count exhibited by fish
fed with CSNP diet suggests the improved immunity compared
to other diets, and this can be attributed to the enhanced
activity and proliferation of lymphocytes and macrophages.
Further, the cytokine production may be stimulated that pro-
motes immune cell activation. The stress reduction and nutri-
tional enhancement of CSNPs improved the RBC production
compared to other diets supplied to the fish. Similar results
were reported for adding the nanochitosan/zeolite composite
to rainbow trout’s diet, which resulted in an increase in serum
protein levels [29].

3.7 Future directions

The findings of this study highlight the potential of CSNPs
for addressing Zn** ion contamination in water in a sus-
tainable manner. Furthermore, Zn?* ion-bound CSNPs can
be evaluated for their antimicrobial properties, leveraging
the synergistic effects of Zn** ions and CSNPs. The incor-
poration of Zn®* ion-bound CSNPs into aquatic environ-
ments can reduce pathogen loads, improving fish health
by minimizing infections. The application of CS formula-
tions in fish feed has already shown benefits, such as pro-
moting healthier growth in O. niloticus. The inclusion
of Zn** ion-bound CSNPs in feed formulations can further
enhance the production and activation of immune cells, sti-
mulate macrophage activity, and increase the resilience of
O. niloticus to diseases and environmental stress. However,
optimizing the Zn** ion loading onto CSNPs is critical to pre-
vent zinc toxicity and ensure a balanced approach to fish
health management. Current investigations are underway
to determine the optimal Zn*" ion loading levels that contri-
bute to the overall growth and health of O. niloticus, paving
the way for a sustainable and effective practice.

4 Conclusions

The present investigation synthesized the CSNPs via the
gelation method and characterized for its surface mor-
phology. The nanoscale of CS was confirmed by SEM and
TEM techniques, and the particles were found to be in the
range of 10-40 nm with a spherical shape. The CSNPs were

DE GRUYTER

evaluated for their ability to adsorb Zn** ions from aqueous
solution by RSM. The developed model was found to be sig-
nificant with p-value < 0.0001 with higher F-value and correla-
tion coefficients. The optimal conditions of pH 7, 60 min
of contact time, and 100 mg/L initial concentration resulted
in 156.2 mg/g loading capacity of Zn** ions onto CSNPs. The
antimicrobial efficacy was noted to be high compared to the
standards, suggesting the potential applications of CSNPs in
biomedicine. The exploration of CSNPs in dietary supplements
of O. niloticus proved to be prolific with improved health and
growth and enhanced WBC and RBC counts. In conclusion,
CSNPs offer diverse applications. With careful design, CSNPs
can be sustainably utilized to capture zinc ions from aqueous
solutions and incorporate them for fortification of diets for
fisheries, thereby promoting improved health and growth in
aquatic organisms.
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