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Penaeus monodon shell waste-
derived chitosan nanoparticles
show biocompatibility and broad
antimicrobial activity
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Crustacean shell waste, a mostly untapped marine byproduct, presents considerable environmental
risks while also offering a rich but underutilized source of biopolymers. Although chitosan
nanoparticles (ChNPs) have received attention for their bioactivity and biocompatibility, most
research focuses on commercial chitosan, ignoring local waste valorization, complete nanoparticle
characterisation, and cross-disciplinary applications. To bridge these gaps, the current work presents
an integrated, sustainable methodology to convert Penaeus monodon shell waste into bio-functional
chitosan nanoparticles by green ionic gelation. Physicochemical investigations (FESEM, TEM, FTIR,
XRD, TGA, and DLS) revealed crystallinity, thermal stability, and consistent nanoscale shape of the
molecule. The ChNPs showed better antibacterial efficiency against fish pathogens and antioxidant
activity (DPPH and H,0,). Additionally, cytotoxicity screening on NIH 3T3 fibroblast cells supported
their high biocompatibility. Notably, a new chitosan-carboxymethyl cellulose (CMC) hydrogel
composite was developed and evaluated as a natural covering for post-harvest fruit preservation.
While these findings are promising, more focus on antimicrobial studies, multi-cell line and in vivo
biosafety validation, optimization of hydrogel formulation and large-scale trials should be done in
future. This work establishes a circular economy model linking waste management, nanotechnology,
and biological efficacy on a single platform, bridging research gaps and opening new pathways for
sustainable applications.
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With the recent introduction of aquaculture, 6-8 million tonnes of crustacean waste are produced globally
each year!. Shrimp, being a significant portion of aquaculture’s output, its processing produces chitinous waste,
which is resistant to biological degradation; it might be harmful if disposed of unreasonably, as well as the
waste of biomaterials. Consequently, it is an excellent chance to use the waste of shrimp shells to make value-
added products like chitin, chitosan and their derivatives®. Chitosan is a natural biopolymer derived from
chitin through a chemical process that removes acetyl groups® and exhibits distinctive characteristics such as
biocompatibility, minimal toxicity, and biodegradability. These remarkable properties have led to its extensive
utilization in various industries, agriculture and the food sector*>. Furthermore, chitosan has found applications
in diverse fields, such as water treatment, where it acts as a flocculating agent and in cosmetics, where it serves as
a dehydrating agent. Its uses extend to food preservation, and additives, in the pharmaceutical industry, chitosan
is employed as a drug delivery system and hydrogel film, while its antimicrobial properties make it valuable in
combating microbial activity®. Thus, their effective utilization presents a compelling opportunity for promoting
sustainability and embracing the waste-to-wealth paradigm, an approach that converts environmental liabilities
into valuable resources through green technology and circular bioeconomy principles.
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Chitosan nanoparticles (ChNPs), representing the characteristics of natural or chemically altered chitosan
polymers, can greatly expand the functionality of chitosan due to their higher surface-to-volume ratio, improved
stability, and tailored physicochemical characteristics. Chitosan-derived nanoparticles have been extensively
researched as a biocompatible substitute for metal nanoparticles in biological uses, including pharmaceutical
delivery. There are several approaches to synthesizing ChNPs, namely electrospray, emulsification, solvent
diffusion, micro-emulsion techniques, and ionic gelation”. The current study’s adoption of the ionic gelation
method was done using an improved protocol that makes use of STPP (Sodium tripolyphosphate) as an anionic
crosslinker. The NH>* groups of the acidified chitosan form cross-links with the STPP anions, resulting in the
three-dimensional arrangements that make up the ChNPs’. Ionic gelation is uncomplicated, ecological, less
hazardous, gentle, flexible, practical, and controlled.

Despite the availability of various synthesis protocols, most previous studies have focused on commercial-
grade chitosan sources, overlooking the valorization of indigenous and locally available shrimp shell waste,
particularly from species like Penaeus monodon. This has resulted in a research gap regarding region-specific
biopolymer characterization, optimization of nanoparticle formulation, and the full spectrum of biological
activities, including antimicrobial, antioxidant and cytotoxic evaluations.

ChNPs have been synthesised from various crustacean sources, mainly Litopenaeus vannamei and crab
shells and are commonly utilised in biomedical, pharmacological and aquaculture practices. For example, Rai'®
made alginate-chitosan hydrogel beads with L. vannamei head protein hydrolysate. They were more concerned
with the distribution and stability during in vitro digestion. Eissa!! documented chitosan nanoparticles sources
from L. vannamei for film and aquafeed applications. Concurrently, research involving Portunus spp. shells
have demonstrated antimicrobial and scaffold properties'?1. Previous research restricted P. monodon chitosan
to only antibacterial and material characterization!>!°. In contrast, our study uses discarded shell waste of P
monodon, an underutilized yet abundant shrimp resource in Asian aquaculture, to synthesize ChNPs and study
its antibacterial, antioxidant, cytotoxicity screening and (CMC)-chitosan hydrogel composite for post-harvest
preservation.

Moreover, comprehensive studies integrating extraction, nanoparticle formulation, structural and functional
analysis, and biological application in a single continuum are scarce. There is also limited literature addressing
the formulation of biopolymer-based hydrogel composites for real-world applications like food preservation,
especially in topical contexts where post-harvest losses are significant.

In consideration of the significance, an attempt has been made to extract chitin and chitosan using a chemical
approach from local shrimp shell wastes, following its nano-preparation with a detailed exploration of their
physicochemical, functional, antimicrobial, antioxidant and cytotoxic properties.

Materials and methods

Preparation of chitin and chitosan

The raw shrimp shell waste materials were pre-treated to remove any dirt or debris under running tap water and
were then processed in three main steps to extract chitosan, including demineralization with (1:15 w/v) of 1IN
HCI for 2 h at 50 °C, deproteinization with 15% NaOH in a ratio of (1:15) for 3 h at 65 °C, and deacetylation
with 65% NaOH solution for 1 h at 100 °C under continuous stirring on a magnetic stirrer (REMI, 1-MLH) at
1000 rpm to obtain chitosan following oven drying. After each step, the residue was filtered by repeated washing
with distilled water until a neutral pH was achieved.

Synthesis of chitosan nanoparticles

The harvested shrimp chitosan and commercial chitosan with 1% acetic acid (5 mg/ml) were mixed properly
using a magnetic stirrer (REMI, 1-MLH), keeping the pH in the range of 3.0-6.5!7. The above-prepared chitosan
solution was then diluted with the STPP solution (3:1) and continuously stirred for 30 min to obtain uniform-
sized ChNPs (Fig. 1).

Preparation of carboxymethyl cellulose (CMC) and chitosan (CH) composite hydrogel (CMC-
CH)

Three distinct concentrations of hydrogel were formulated by combining CMC and CH solutions, denoted as
T1(1:1), T2(1:0.5) and T3(0.5: 1). The solutions with varying ratios were thoroughly mixed under continuous
stirring for 30 min at a speed of 500 rpm.

Characterization

Field emission scanning electron microscopy (FESEM) imaging of chitin and chitosan was conducted at
magnifications of 500 X to 5.0 KX (Sigma 300 from Carl Zeiss, Germany), producing images characterized by
significantly enhanced clarity, minimal electrostatic distortion, and an impressive spatial resolution reaching as
low as 1.5 nm, a notable improvement over traditional Scanning electron microscope (SEM)!8. Infrared spectral
analysis was conducted using a Frontier Spectrometer (FTIR-Spectro, PerkinElmer, Spectrum Two Version
10.4.3) equipped with a UATR Two connection. The spectra were obtained at a resolution of 4 cm’!, covering
the wavelength range from 450 to 4000 cm™!'°. Using FTIR spectroscopy, the DD of chitosan was computed
using the band at A /A, as the formula suggested by Domszy and Roberts*’, DD=100-[(A, 633 I1A,,5) X
100 / 1.33]. To assess the crystallinity of chitosan, an X-ray diffraction (XRD) pattern was obtained*'. Using a
Japanese Shimadzu DTG-60 device, Thermo-gravimetric analysis (TGA) was performed. The sample was heated
at a rate of 10 °C per minute between 30 and 600 °C in a nitrogen environment that flowed at 30 ml min™'?2 To
measure the colour of the chitin and chitosan samples, a Hunter Lab EasyMatch QC instrument was equipped
with a dual-beam xenon flash lamp. Colour assessment was conducted using a three-dimensional scale known
as Lab*. The viscosity of the homogenous chitosan solution was determined at room temperature with the help
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Fig. 1. Schematic diagram for the preparation of chitosan and chitosan nanoparticles from shrimp shell
wastes.

of an Ostwald viscometer??, and the molecular weight was determined with the method as defined prior**?°. The
Mark-Houwink equation was used to compute the average molecular weight, which was found to be n=KMa.
Here, [n] represents the intrinsic viscosity, M denotes the average molecular weight of the solution, and the Mark-
Houwink constants for a particular polymer are K (=4.74 dL gm-1) and “a” (=0.72)?*. The Transmission electron
microscopy (TEM) images of chitosan nanoparticles were taken (TEM-2100Plus, Camera used: GATAN RIO-
9) to scrutinize the size, form, and morphology of the prepared nanoparticles. Using Dynamic light scattering

(DLS), the chitosan nanoparticles’ particle size, zeta potential, and polydispersity index (PDI) were ascertained.

In vitro antimicrobial activity

Antibacterial activity

Antibacterial activity of nano chitosan of different concentrations (5 mg ml'!, 1 mg ml! and 0.5 mg ml'!) was
screened against selected fish pathogens, Aeromonas hydrophila (ATCC-7966) and Escherichia coli (ATCC-
25922) using the disc diffusion method in a triplicate manner. Prepared Muller Hinton Agar (Hi-media)
plates, and swabbing with specific concentrations of bacteria was used for screening. Sterile paper discs of
6 mm in diameter (Hi-media) were soaked with different concentration solutions. The diameter of the zone of
inhibition was measured as the average of three experiments. Two reference commercial antibiotic discs, namely
tetracycline (T) (25 mcg) and streptomycin (S) (10 mcg), were utilized for comparing the antibacterial activity
of chitosan and nano chitosan.

Antifungal activity

To evaluate radial growth, sterile ChNPs solution was incorporated into Yeast Extract Peptone Dextrose (YPED)
at 5 mgml!, 1 mg ml"! and 0.5 mg ml!. The antifungal efficacy of nanoparticles has been examined in triplicate
against two important fish fungal pathogens, Aphanomyces invadens and Saprolegnia parasitica, in the Aquatic
Environmental Biotechnology and Nanotechnology (AEBN) division, ICAR-CIFRI, Barrackpore, India. YPED
medium was produced and individually poured onto Petri plates containing different quantities of sterile
ChNPs. Mycelial agar plugs of uniform size (diameter: 7.0 mm) were extracted from the actively developing
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peripheral end of a 7-day-old culture of the test pathogens and introduced at the centre of plates supplemented
with varying amounts of ChNPs. All Petri dishes were cultured at 28 °C for 7 days, and observations of radial
mycelial expansion were recorded when the control Petri dish exhibited complete growth. A. invadens plates

were incubated for five days due to their rapid development. Each treatment included three replications®.

DPPH scavenging assay
The antioxidant activity was evaluated using the DPPH assay, following a slightly modified version of the method
described by Blois?’. All measurements were carried out in triplicate. Chitosan and DPPH-methanol solution
(1 ml, 0.1 mM) were thoroughly combined. By using a spectrophotometer, both before and following a 60-min
incubation period at 37 °C, the absorbance at 517 nm was determined. As a positive control, ascorbic acid (ASA)
was employed.

The following formula was used to express DPPH scavenging as a percentage:

(Acontrol - Asample/Acontrol) x 100

Acontrol = absorbance without extract, and
Asample = absorbance with extract at different concentrations

H,0, scavenging assay
Mukhopadhyay’s® method was used to examine the scavenging potential. Chitosan was mixed with hydrogen
peroxide (10 mM), and the combination was then left to sit at 25 °C for 30 min. Then, 0.25 ml of ammonium ferrous
sulphate (1 mM) and 1.5 ml of 1,10-phenanthroline (1 mM) were applied. The resulting solution turned crimson
red after half an hour, and the absorbance at 510 nm was determined with a UV-visible spectrophotometer in
triplicate. ASA served as a positive control.

The formula used to calculate the scavenging effectiveness as a percentage was (A test/A blank) x 100, where
A test is the absorbance of the test sample that contained H,O,, and A blank is the absorbance of the blank
sample that contained 1,10-phenanthroline and ammonium ferrous sulfate.

Cell viability

Mouse NIH 3T3 fibroblast cells were seeded at 3.5 X 10/ well in 96-well TC plates in Dulbecco’s Modified Eagle’s
medium (DMEM) along with 10% fetal bovine serum (FBS). The cells were incubated at 37 °C with 5% CO,.
After 24 h, samples in triplicate at different concentrations (100 pg ml™!, 200 pug ml?, 300 pg ml! and 400 pg
ml!) were added to the respective wells in duplicate. Following 72 h of incubation, WST-1 was added at 10ul/
well and the absorbance was measured at 450 nm and 620 nm. The absorbance at 620 nm was subtracted from
450 nm, and the graph was plotted. In each of the exposure groups, the reduction in cell viability was estimated.

Coating of grapes with CMC-CH hydrogel

Grapes were acquired from the fruit marketplace and surface-disinfected by dipping in 0.1% sodium hypochlorite
(NaOCl) solution for 2 min, washed and dried for 2 h at room temperature. After drying, the grapes were coated
with CMC-CH composite hydrogel of various concentrations [T1 (1:1), T2 (1:0.5), and T3 (0.5:1)]. The qualities
of coated as well as control grapes were observed for 14 days by measuring the weight loss percentage, pH, and
decay observations.

Statistical Analysis

Statistical analysis was performed using one-way Analysis of Variance (ANOVA) followed by Duncan’s post hoc
test to determine significant differences among the mean values at a significance level of P<0.05. Each sampling
and analysis were conducted in three replicates and carried out using SPSS version 22. Graphical representations
of the results were generated in Microsoft Excel, while the cytotoxicity and FTIR spectra were plotted using
Origin software.

Results and discussion

FESEM was used to examine the morphology of chitin and chitosan generated from shrimp shells, as illustrated
in Fig. 2. The virgin shrimp shell developed a lamellar-like structure with ovoidal apertures that were smooth
and sharper as it was demineralized and deproteinized. Rod-shaped formations started to develop when this
chitin was deacetylated into chitosan, some of which were fragmented and small in size, indicating incomplete
dissolution of chitin. Similar apertures and fibres on the examined chitin and chitosan were found to support
earlier discoveries in insects and crustaceans in the study*>%.

FTIR can recognize and characterize the majority of organic substances by identifying the functional groups,
side chains, and cross-links in the organic molecular groups and compounds®. The FTIR analysis (Fig. 3)
revealed a remarkable similarity in the chemical configuration and bonding trend between shrimp chitosan,
commercial chitosan and respective nano chitosan. The FTIR results of chitosan and chitosan nanoparticles
showed an absorption pattern at wavenumbers between 3500 and 2400 cm™!, which indicated a stretching bond
of the OH functional group, hydrogen intramolecular bonds and NH, bond with the OH stretching vibration.
The absorption at 1475-1600 cm! is correlated to the stretching vibration C=C. The absorption peak 1000~
1300 cm! signifies the C-N stretching set related to the amine group and stretching vibration of glucosamine,
while the absorption peak at 800-900 cm™ corresponds to ring stretching for 8-1-4 glycosidic linkage, all of
which is indicative of the saccharide structure of chitosan®"*2. The FTIR graph verified the presence of free
amine, hydroxyl, and ether groups in the chitosan nanoparticle spectrum.
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Fig. 2. FESEM images of extracted chitin, chitosan from shrimp and commercial chitosan.

Because of its advantages, including its reasonable speed and the fact that it doesn’t necessitate dissolving
the chitosan sample in any aqueous solution, the FTIR spectroscopic technique is frequently used to determine
chitosan DD values®. The degree of acetylation is one of the most important parameters impacting chitosan
quality, and it increases as chitosan purity does as well. The degree of deacetylation is thought to be a major
factor in evaluating the biological activity, polymeric and physical characteristics, and therapeutic applications
of chitosan®*. In the current study, the DD of shrimp chitosan and commercial chitosan are 74.46% and 76.01%,
respectively. According to No and Meyers*, the DD of chitosan ranges from 56 to 99%, with an average of 80%.
In addition to the source and purification method, the type of analytical techniques used, such as the method of
sample preparation and the use of instruments, has a substantial impact on the results*>. Moreover, the DD plays
a crucial role in defining the viscosity, molecular weight, solubility, and chemical reactivity of chitosan.

The XRD diffractogram of the chitosan samples is shown in Fig. 4A. Chitosan obtained from shrimp revealed
a total of five distinct prominent peaks at 45.73°, 36.84°, 35.02°, 31.85° and 30.74°, along with several weaker
peaks. Likewise, the XRD analysis of commercial chitosan displayed a strong peak measured at 19.82°, while
the remaining peaks were comparatively weaker. Notably, the chitosan isolated from shrimp shell waste in the
present study exhibited a revealingly high crystallinity in comparison to commercial shrimp chitosan in terms of
their XRD patterns. Strong intermolecular and intramolecular hydrogen bonding can be formed by a multitude
of hydroxyl and amino groups, which contribute to the high crystallinity of chitosan. Additionally, there is some
regularity in the structure of chitosan molecules. As a result, chitosan molecules could form crystalline regions
very easily.

The thermogravimetric curves generated in Fig. 4B represent a valuable way to examine the weight loss
properties of a sample, evaluate its thermal stability, analyse reaction kinetics, and clarify weight loss trends.
According to Woranuch and Yoksan®, thermal stability is the ability of a material to adapt to changes in
temperature that occur in both environments with regulated temperatures and inert gas flows. The shrimp
chitosan and commercial chitosan showed a weight loss of 12% and 15%, respectively, during the first stage
of weight loss, which occurred between 30 and 250 °C, where the water molecules begin to evaporate, which
appears to be the cause of the initial stage of decomposition. Next comes a second period of transitional weight
loss between 250 and 400 °C, which in shrimp and commercial chitosan, respectively, accounted for 28% and
47% of the weight loss. As previously observed®>%, the second stage of degradation involves the breakdown of
the acetylated and deacetylated units of chitin as well as the dehydration of saccharide rings and polymerization.
The weight loss for shrimp chitosan and commercial chitosan in the final (3 stages) between 400 and 800 °C
was reported to be 19% and 35%, respectively. Notably, commercial chitosan showed significant thermal
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Fig. 3. FTIR spectra of shrimp chitin, chitosan, commercial chitosan and nanoparticles (NPs) of commercial
and shrimp chitosan.

deterioration as compared to shrimp chitosan, suggesting that commercial chitosan is not as thermally stable as
shrimp chitosan in high-temperature environments®.

Colour indices of shrimp chitin and chitosan, as well as commercial chitosan, are represented in Table 1. In
the current study, the shrimp chitin and chitosan have low L* and a* value as compared to commercial chitosan,
indicating a more white or pale yellow colouration than commercial. However, the values are very close to
commercial chitosan, representing low brightness and more colour intensities in shrimp extracts®. Based on
the value of the Ostwald viscometer, the viscosity of the sample was observed to be low with a poise value.
Consequently, the molecular weight of the shrimp chitosan that was obtained was 97.52 KDa. To verify the
method’s effectiveness, medium molecular weight commercial chitosan was also run in parallel. The latter had a
molecular weight of 336.256 KDa, indicating that, in comparison to high molecular weight chitosan, the extracted
shrimp chitosan with a lower molecular weight has better qualities like biodegradability, biocompatibility,
bioactivity, lower toxicity, and antibacterial activity’®. Furthermore, compared to high molecular-weight
chitosan, low molecular-weight chitosan has greater solubility and reduced viscosity, enabling a larger range of
medicinal applications®4!.

Confirmed by DLS measurement and transmission microscopy observation (Fig. 5B), the commercial
chitosan nanoparticles with a size range of 30-150 nm were obtained and well dispersed in the solution. The
polydispersity index (PDI) was 14.4%, hydrodynamic diameter 34.05+7.8 nm, and the particle size of shrimp
chitosan nanoparticles was measured as 69.3+16.7 nm by DLS (Fig. 6B), which is consistent with the TEM
observation with no severe agglomeration of the particles. A magnified TEM image (Figs. 5A and 6A) illustrates
that the nanoparticles had a spherical homogeneous structure and were consistently dispersed*>*. All the
observations are in close comparison with the commercial chitosan nanoparticles.

In vitro, cytotoxicity methods play a crucial role in evaluating the biocompatibility of new formulations. After
examining the impact of these formulations on cell growth rates in culture, clearing toxicity profiles offers both
time and cost benefits. This study utilized NTH-3T3 mouse fibroblast cells due to their presence in the body’s
matrix and connective tissue, making them a common choice for assessing the cytotoxicity and genotoxicity of
various formulations*4.

Various parameters, including chitosan concentration, molecular weight, and DD may influence the cytotoxic
activity of ChNPs. Cytotoxicity testing was conducted on commercial chitosan extracted from shrimp and their
respective nano chitosan in 3T3 cells. Across exposure concentrations ranging from 100 to 400 ug/ml, neither
chitosan nor chitosan nanoparticles exhibited any cytotoxic effects (Fig. 7), which strengthens the proposition
that shrimp chitosan nanoparticles are harmless. The concentrations employed in our cytotoxicity study were
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Fig. 4. (A) XRD diffraction pattern and (B) TGA spectra of shrimp and commercial chitosan.

Sample L* a* b*

Shrimp chitin 78.04 2.66 | 13.98
Shrimp chitosan 8524 | —0.02 | 13.68
Commercial chitosan | 87.32 0.80 | 17.36

Table 1. Colour characteristics of extracted shrimp chitosan and commercial chitosan. The three variables, L*
represent the brightness (L* =0, black to L* =100, white), a* for green (- 60) to red (60), and b* denotes blue
(= 60) to yellow (60).

chosen based on previous literature studies*, and the results are expressed as cell viability percentages. Both
nanoparticle types exhibited high cell viability across all tested concentrations with minimal deviation from
the control. Shrimp nano chitosan maintained cell viability consistently around 95-100% even at the highest
concentration (400 pg/ml), and commercial nano chitosan also displayed high viability with no significant
decrease with increasing concentration. The findings show that they are safe in vitro, setting the groundwork for
biological and pharmacological investigations.

The authors proposed that particle size exerted a greater impact on cytotoxicity in Caco-2 cells compared
to positive surface charge, attributed to the enhanced cellular uptake of smaller particles over larger ones*® This
finding aligns with the study by Zheng?’, which demonstrated that chitosan nanoparticles, despite accumulating
intracellularly to a greater extent than chitosan molecules, maintained good viability of Caco-2 cells. The MTT-
based cytotoxic analysis also demonstrated the non-toxic characteristics of CS-NPs/NAR towards normal 3T3
fibroblast cells*®. The toxicity of chitosan extracted from tiger prawn shell waste on BHK-21 cell culture revealed
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Fig. 5. (A) TEM micrographs and (B) particle size distribution of commercial chitosan nanoparticles.
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Fig. 6. (A) TEM micrographs and (B) particle size distribution of shrimp chitosan nanoparticles.

that chitosan concentrations from 0.25 to 1% did not induce toxicity in BHK-21 cells. All novel shrimp chitosan-
containing nanoparticles still need to undergo a comprehensive cytotoxicity test on normal and cancer cell
lines to determine their suitability for use in clinical, tissue engineering, drug delivery applications and other
biomedical research®-*.

Research on the protective effects of chitosan and its derivatives against free radicals, including hydroxyl,
superoxide, peroxide, and DPPH, has been conducted extensively over the years. Antioxidant qualities can be
attributed to deacetylated low molecular-weight chitosan, which is in particular®. The antioxidant potential
of chitosan and its nano form was evaluated using DPPH and H,0, assay, demonstrating the dose-dependent
characteristics as illustrated in Fig. 8. The current investigation shows that as concentrations rise, so does the
scavenging rate of chitosan and ChNPs, with 200 pg showing the maximum level of inhibition. One-way ANOVA
followed by Duncanss test revealed significant differences among treatments and concentrations (P <0.05).

Fruits can become infected with bacteria while being transported and stored, which can cause them to lose
weight, lose quality, or even experience physiological decline. Table grapes are a valuable dessert fruit with
significant economic value. However, once harvested, they lose quality quickly, as evidenced by rapid weight
loss, colour changes, accelerated ripening and softening, rachis browning, and a high incidence of berry decay™.
As a result, their shelf life is reduced. Manufacturing edible, naturally biodegradable coverings to preserve
fruit quality after harvest is gaining popularity as an alternative to commercially available synthetic waxes. We
investigated the ability to preserve table grape postharvest quality using a recently developed edible bilayer
covering based on polysaccharides, including chitosan and CMC. The coating’s ability to preserve morphological
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Fig. 7. Viability of cells treated with chitosan nano solution, tested in the 3T3 cell line, was assessed after
incubating with different concentrations (100-400 ug ml!) for 72 h before assessing cell viability.

and microstructural characteristics was shown by the results in Table 2 and Fig. 9, suggesting that it may be
applied to table grapes to increase their shelf life and preserve their quality®>%. The observed reductions in
weight loss and decay in coated grapes are consistent with recent findings that composite edible films can better
preserve fruit quality than single polymer coatings. Chang® and Chen®® demonstrated that modified starch-
chitosan and CMC-CS films, respectively, delay deterioration in grapes and strawberries. Unlike these studies,
which relied on starch or bulk chitosan, our work enhances both antimicrobial efficacy and moisture barrier
properties. However, these results are preliminary evidence of potential usefulness in post-harvest preservation
and important aspects such as consumer acceptability, sensory quality, scalability for commercial fruit processing
and cost effectiveness were not evaluated in this study.

As shown in Table 2, coating grapes with CMC-chitosan hydrogels significantly reduced weight loss and
delayed changes in pH compared to the control (P <0.05).

Chitosan is a versatile material with proven antimicrobial activity. The inhibition of bacterial growth could
be that the microorganisms’ anionic groups bonding to the cationic amino groups of chitosan. Furthermore, tiny
chitosan molecules may directly bind to DNA and prevent DNA transcription and mRNA translation once they
have penetrated bacterial cell walls. The study results indicated (Table 3) that the maximum zone of inhibition
observed in shrimp nano chitosan (SN1), and commercial nano chitosan (CMN1 & CMN2) was to be (12 mm
and 17 mm) respectively. These discoveries offer a fresh strategy to improve antibacterial activity against A.
hydrophila and E. coli. However, a variety of factors affect its activity, such as the bacterial target and growth, in
addition to its concentration, pH, zeta potential, molecular weight, and acetylation level®’. The primary cause
of chitosan’s antimicrobial activities is thought to be interference with cell membrane permeability; as a result,
internal components will be externalized, resulting in cellular death. Similar to the way pH affects chitosan’s
solubility, it also has an impact on the electrical charges that each chitosan molecule carries. Chitosan molecules
may bond together by electrical interactions due to this characteristic®®. The statistical analysis confirmed that
higher concentrations produced significantly larger inhibition zones.

The antifungal efficacy of various ChNPs was assessed against fish pathogenic fungus, revealing that the
nanoparticles suppressed the radial proliferation of pathogens at varying concentrations compared to the control
treatment (Fig. 10). Nevertheless, there is little study regarding the antifungal mechanisms of the A. invadens and
S. parasitica strains on chitosan nanoparticles, the results indicate that an increase in concentration correlates
with a greater growth inhibition rate compared to the control and STPP. The radial growth of S. parasitica was
entirely suppressed at 5 mg ml™! and 1 mg ml’!, indicating a wide-ranging applicability for the control of fish
diseases.

The inhibitory zones found against A. hydrophila and E. coli, in addition to the suppression of A. invadans
and S. parasitica, indicate that ChNPs exhibit significant in vitro antibacterial activity. However, the current
findings must be regarded as preliminary, necessitating more validation prior to the establishment of practical
applications in aquaculture disease management.

When compared with earlier work, our approach differs in both the raw and application endpoints.
Previous studies emphasized material characterization, drug delivery, scaffold preparation or aquaculture
nutrients, whereas the present study demonstrates a complete picture of how P. monodon shell waste ChNPs
can be a sustainable alternative while valorizing a regionally important aquaculture byproduct for antibacterial,
antioxidant, cytotoxicity screening and (CMC)-chitosan hydrogel composite for post-harvest preservation
altogether.
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Fig. 8. (A) DPPH scavenging potential and (B) Hydrogen scavenging potential of chitin, chitosan and
nanoparticles at different concentrations. Data expressed as mean = SD (n=3).

Limitations

Although the study offers valuable insights into the extraction, characterization and biological assessment of
shrimp-derived chitosan nanoparticles, several limitations must be recognized. First, the antimicrobial assays
were conducted only against selected bacterial (A. hydrophila, E. coli) and fungal (A. invadens, S. parasitica)
strains. Conducting tests against a broader range of pathogens would provide a more complete picture of how well
antimicrobials work. Second, cytotoxicity evaluation was limited to a single fibroblast cell line (NIH-3T3), which
may not fully represent responses in other mammalian or fish cell lines. Third, the grape coating experiment was
conducted in controlled laboratory conditions, and therefore, factors such as consumer acceptability, scalability
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Weight loss percentage (%)

T1 - 10.78+0.158° | 42.44+0.216" | 54.18+0.275"
T2 - 13.81+0.182° | 36.81+0.284¢ | 48.43+0.208°
T3 - 13.59+0.162° | 30.58+0.161¢ | 33.95+0.218¢
Control - 16.14+0.220° | 43.42+0.189° | 64.54+0.208°
pH

T1 3.7£0.100* | 4.5+0.100 | 4.7+0.100* | 4.4%0.100°
T2 3.6+0.100* | 4.0+0.100° | 4.1+0.100° | 4.8+0.100*
T3 3.7£0.100* | 3.9+0.100° | 3.8+0.100° | 4.2+0.100°
Control 3.7£0.100* | 4.7+0.100° | 4.2+0.100° | 4.9+0.100*

Table 2. Effect of carboxymethyl cellulose (CMC) and chitosan coating on the weight loss percentage and pH
of table grape during its 4, 9 and 14th days of storage period at 28 +2 °C. T1 (1:1), T2 (1:0.5) and T3 (0.5:1)—
Carboxymethyl cellulose (CMC) and Chitosan ratio; n-values =03 samples for each treatment.

Fig. 9. Appearance of grapes coated with various concentrations of chitosan (T1: 1:1); T2:(1:0.5); T3 (0.5:1)
CMC and chitosan.

and cost effectiveness were not evaluated. These limitations suggest that while the findings are promising, further
in vivo research and application-based validations are necessary to confirm their wider applicability.

Conclusion

This study provides significant contributions to the field of aquaculture by showcasing an innovative approach
to sustainably utilize shrimp waste, particularly from black tiger shrimp, Penaeus monodon, highlighting the
extraction of chitosan from shrimp shells, transforming what would otherwise be waste into valuable bio-based
nanoparticles with numerous potential applications. The benefits for the aquaculture industry are multifaceted.
First, by converting shrimp shell waste into chitosan nanoparticles, this work presents an eco-friendly solution
to one of the industry’s major waste disposal challenges. These address environmental concerns associated with
the accumulation of crustacean waste in aquaculture and provide a means to reduce its environmental footprint.
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Shrimp chitosan (NP) 11.670£0.058* | 10.50+0.100° | 10.00+0.100° | 10.50+0.100° - -

Commercial chitosan (NP) | 17.166+0.058" | 16.666 +0.058" | 16.00+£0.100¢ | 14.166+0.057* 12.5£0.100° | 12.333+0.152°
Tetracycline(T) 30 mcg 13 mm 15

Streptomycin(S) 10 mcg 18 mm >15

Table 3. Antibacterial Activity of chitosan nanoparticles of different concentration. n-values =03 samples for
each.
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Fig. 10. Antifungal activity of chitosan nanoparticles plate assay of an important fish fungal pathogen.

Moreover, the study’s findings on the antimicrobial and antioxidant properties of chitosan nanoparticles
have direct implications for improving health and disease management in aquaculture. The nanoparticles
demonstrated potent antimicrobial activity against common aquatic pathogens, which are often responsible
for significant mortalities. The in vitro results suggest that ChNPs could be used as an alternative to traditional
antimicrobials; however, it is too soon to say that they can be a direct substitute for antibiotics and antifungals
in aquaculture. Further in vivo validation, including trials in aquatic organisms, evaluations of long-term safety,
and investigations into scalability and cost-effectiveness, is essential to substantiate their practical usefulness.
Additionally, the biocompatibility of chitosan nanoparticles, as evidenced by cytotoxicity testing, suggests
their safe use in various applications, including the development of functional coatings for food products,
enhancing shelf life and reducing post-harvest spoilage. This could improve the overall sustainability of
aquaculture production, contributing to better economic returns. Crucially, by offering a whole pathway from
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raw waste to functional nanoparticles together with in-depth structural, biological, and application study, this
work closes earlier research gaps. It provides a scalable framework for repurposing local aquaculture waste,
improving economic feasibility and sustainability.
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