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The valorization of shrimp shell waste into functional antibacterial materials is a
promising strategy to address environmental and health challenges. Herein, chitosan
nanoparticles (CS-NPs) were synthesized from whiteleg shrimp shell waste (Litopenaeus
vannamei) and investigated for their effectiveness against antibiotic-resistant Gram-
negative and Gram-positive bacterial species. The ionic gelation method was employed
to synthesize CS-NPs by varying the starting chitosan concentration at 0.1, 0.2, 0.3, 0.4,
and 0.5% (w/v). Functional group analysis was performed to characterize CS-NPs using
an FTIR spectrophotometer, particle size distribution was analyzed using a Particle Size
Analyzer (PSA), and morphological characterization was performed using Scanning
Electron Microscopy (SEM). CS-NPs displayed a particle size distribution between 29
and 32 nm. SEM analysis indicated that CS-NPS has a smooth surface with no
agglomeration. The resulting CS-NPs were then examined for their antibacterial activity.
The antimicrobial activity assay toward Escherichia coli and Staphylococcus aureus
revealed that CS-NPs demonstrated remarkable bactericidal activity toward both E. coli
and S. aureus, demonstrating an unusual fourfold enhancement in efficacy toward Gram-
negative E. coli relative to Gram-positive S. aureus. Thus, CS-NPs from white leg shrimp

shells represent promising candidates for sustainable antibacterial.

1. INTRODUCTION

Among natural polysaccharides, chitin is the second most
widely available after cellulose, and is predominantly
contained in the exoskeletons of marine crustaceans and
mollusks, as well as in insect cuticles. Among these sources,
crustacean waste, particularly white leg shrimp shells,
represents the most commonly utilized raw material [1].
Structurally, chitin and chitosan (CS) share similarities with
cellulose, as all three polymers consist of long chains of B-
(1—4)-linked D-glucose units. In chitin, a group of acetamide
occupies the position of C-2 of the glucose unit, whereas in CS
this position is substituted by an amine group, forming pB-
(1—4)-2-amino-2-deoxy-D-glucopyranose. The conversion of
chitin to CS occurs through N-deacetylation, during which the
acetamide groups in chitin are transformed into amine groups,
yielding CS.

Shrimp shell waste accounts for approximately 50-70% of
the raw material and contains about 20—-30% chitin [2, 3]. The
production of CS comprises four main stages: deproteinization,
demineralization, decolorization, and deacetylation. Shrimp
shells were first deproteinized using a NaOH solution,
followed by demineralization with HCI. Decolorization was
subsequently carried out using acetone, after which the
material was air-dried at ambient temperature to obtain chitin.
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The chitin was then subjected to deacetylation with NaOH
solution to produce CS. Finally, CS was thoroughly washed
with running water to attain neutral pH, rinsed with distilled
water, filtered, and dried [4]. Whiteleg shrimp (Litopenaeus
vannamei) is one of the most intensively cultivated shrimp
species in Indonesia, particularly in South Sulawesi,
generating large quantities of shell waste. Differences in
habitat, feed composition, and post-harvest processing may
result in compositional variations in shrimp shells, which in
turn can affect CS yield and quality. Utilizing locally sourced
shrimp shell waste thus provides both scientific insight into
source-dependent properties and practical relevance for
regional waste management.

CS has been widely applied in multiple industries, such as
textiles, agriculture, pharmaceuticals, food, and cosmetics,
owing to its distinctive properties such as bioadhesion,
biodegradability, biocompatibility, microbial activity,
antitumor effects, and tissue-regeneration capability [5-7].
Recently, CS has been engineered into chitosan nanoparticles
(CS-NPs), whose reduced particle size leads to significant
modifications in physical properties. Compared with bulk CS,
CS-NPs exhibit superior characteristics, including nanoscale
dimensions, increased surface area, and quantum size effects
[8, 9].

Previous studies have described that the bactericidal
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efficacy of CS-NPs is largely determined by the source of CS,
such as crustacean shells (shrimp or crab) or fungal biomass
[9]. Variations in the degree of deacetylation, molecular
weight, and residual mineral content result in differences in
nanoparticle size, surface charge, and interaction with
bacterial cell walls.

CS-NPs are extensively employed as delivery vehicles for
drugs, vaccines, and genes [3, 10]. Various methods have been
established for CS-NPs fabrication, including cross-linking,
ionic gelation, nanoprecipitation, and emulsification [11]. The
ionic gelation method offers significant advantages owing to
its simplicity, ability to produce small-sized particles, and
capacity to encapsulate diverse molecular compounds. CS-
NPs are commonly formed through electrostatic interactions
between cationic CS and anionic polyanions, such as pectin,
sodium tripolyphosphate (TPP), and alginate [12]. Although
TPP-mediated ionic gelation is broadly applied for the
synthesis of CS-NPs, there is no established universal
agreement on the optimum CS/TPP ratio. In general, higher
CS concentrations or increased CS:TPP ratios are associated
with larger particle sizes and greater tendencies toward
agglomeration, whereas excessive TPP concentrations may
result in unstable or excessively crosslinked nanoparticle
structures [12]. Consequently, determining the suitable
concentration of CS and CS-to-TPP ratio requires
optimization based on the material source and intended
application.

In this study, CS-NPs were produced through the ionic
gelation technique by varying the concentration of CS, and
then CS-NPs will be used as antibacterial. A number of earlier

studies have documented the ability of CS-NPs as antibacterial.

Kritchenkov et al. [13] successfully synthesized CS-NPs from
commercial CS using the ionic gelation method, showing
superior antibacterial efficacy toward Staphylococcus aureus
and Escherichia coli than CS. Furthermore, a similar study
was also reported by the previous study, successfully prepared
CS-NPs from CS derived from black tiger shrimp shells via
the ionic gelation method. The study showed that the
synthesized CS-NPs had better bactericidal activity than CS
[9]. In this context, the present study focuses on CS-NPs
synthesized from whiteleg shrimp shell waste, providing
source-specific insights into particle size control and
antibacterial activity.

Although CS-NPs been extensively studied, the majority of
research utilizes commercially available chitosan or material
derived from a limited range of biological sources. The
physicochemical properties of CS, including the weight of
molecules and the deacetylation degree, are strongly
influenced by species origin, environmental factors, and
extraction methods. Consequently, source-specific studies are
still required to elucidate how locally sourced biomass affects
the characteristics and functional performance of CS-NPs.
Therefore, this study attempts to synthesize CS-NPs from
white leg shrimp shells obtained from waste in South Sulawesi
Province, Indonesia, using the ionic gelation method. The
synthesized CS-NPs were then used as an antibacterial against
Staphylococcus aureus and Escherichia coli bacteria. From a
practical perspective, converting shrimp shell waste into
functional CS-NPs offers a low-cost and sustainable
alternative to commercially available chitosan-based
nanomaterials. This approach supports circular economy
principles by transforming abundant local waste into value-
added antibacterial products. Moreover, the development of
effective antibacterial agents from local biowaste resources is
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particularly relevant in addressing the increasing prevalence of
drug-resistant bacterial infections, especially in regions with
limited access to advanced pharmaceutical materials.

2. MATERIALS AND METHOD
2.1 Reagents

CH3;COOH (Merck), NaTPP (PT. Katalis Datesa Prima),
Tween 80 (Merck), NaOH (Merck), HCl (Merck), Gram-
positive and Gram-negative bacteria were obtained from the
Laboratory of Biology Department, Universitas Negeri
Makassar, Nutrient Broth (NB) medium, and Nutrient Agar
(NA) medium.

2.2 Extraction of chitin and chitosan

The white leg shrimp shell was collected from Makassar,
South Sulawesi, Indonesia. White leg shrimp shell waste was
thoroughly washed with water to remove attached debris. The
sample was dried and mashed, then sieved through a 50-mesh
sieve. The CS was extracted from white leg shrimp shells in
three  stages: demineralization, deproteination, and
deacetylation. The demineralization stage was completed with
0.5 M HCI at 90°C for 3 hours, filtration and washing with
distilled water were subsequently performed until the pH
reached neutrality. Repeated washing with distilled water was
performed until a neutral pH of the filtrate was achieved (pH
6.8-7.2). A qualitative AgNOs; test was used as a
supplementary confirmation to ensure the absence of residual
chloride ions. The residue was dried at 60°C.

The deproteination step was completed with 1 M NaOH,
which was refluxed at 65°C for 2 hours prior to washing with
distilled water until a neutral pH was attained, and a qualitative
test with the addition of acetic acid until no further precipitate
was observed. The residue was subsequently dried.
Deacetylation was carried out with 50% (w/v) NaOH at 90°C
for 1 hour, followed by filtration and subsequent washing with
distilled water until a neutral pH was attained [9]. The residue
was dried in an oven at 60°C. For more detail the chitin and
CS extraction from white leg shrimp shell was shown in Figure
1. Functional group analysis was conducted using an FT-IR
spectrophotometer. The KBr pellet method was employed for
sample preparation by thoroughly mixing dried CS or CS-NPs
with spectroscopic-grade KBr, followed by pressing the
mixture into pellets. Spectra were acquired over 4000—400
cm™' at a resolution of 4 cm™.

2.3 Synthesis CS-NPs

The ionic gelation method was employed for CS-NPs
synthesis. CS solutions were dissolved in acetic acid 1% with
various concentrations (0.1, 0.2, 0.3, 0.4, and 0.5%) (wt/v),
then magnetically stirred for 1 hour at ambient temperature to
ensure complete dissolution. This concentration range was
selected based on previous reports and preliminary
experiments indicating stable nanoparticle formation and
minimal agglomeration within this range. Subsequently, an
aqueous NaTPP solution (0.1% w/v) was gradually mixed with
the CS solution at a fixed volume ratio of CS:TPP = 5:1 under
constant magnetic stirring. Tween 80 (0.1% v/v) was added as
a stabilizing surfactant agent to minimize nanoparticle
agglomeration. The mixture was continuously stirred for 2 h



at ambient temperature to ensure complete ionic crosslinking
between anionic phosphate groups of TPP and protonated
amine groups of CS. The resulting CS-NPs suspension was
freeze-dried.

Polydispersity index (PI) and distribution of particle size
were determined by Particle Size Analyzer (PSA). CS-NPs
samples were dispersed in distilled water as the dispersion
medium and sonicated briefly to prevent aggregation prior to

Dry in air 24 b

measurement. Measurements were performed at ambient
temperature (25°C). The morphology of CS and CS-NPs was
examined using Scanning Electron Microscopy (SEM). Prior
to observation, Samples were mounted on conductive carbon
tape and subsequently sputter-coated with a thin layer of gold
to enhance electrical conductivity. SEM imaging was operated
at 15 kV with an appropriate working distance.
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Figure 1. The schematic illustration of chitin and chitosan (CS) extraction from white leg shrimp shell

2.4 Antibacterial activity test

The antimicrobial activity of CS-NPs was assessed using a
multi-method approach. The agar well diffusion test was
employed for preliminary screening, where diameters of the
inhibition zone were measured after a 24 h incubation period.
The minimum inhibitory concentration (MIC) was visually
assessed using the broth microdilution method, with the lowest
concentration showing no turbidity being visually detected as
MIC. A CS-NPs stock suspension (defined as 2 mg/mL) was
prepared, and serial dilutions were performed by mixing the
CS-NPs suspension and NB medium. This procedure
produced a series of final CS-NPs concentrations of 0.0316
mg/mL, 0.0636 mg/mL, 0.125 mg/mL, 0.25 mg/mL, 0.5
mg/mL, and 1 mg/mL. Each sample was subsequently
inoculated with 1 mL of bacterial suspension adjusted to 1.5 x
10® CFU/mL (0.5 McFarland standard) and incubated at 37°C
for 24 h. Subsequently, Minimum Bactericidal Concentration
(MBC) was determined by subculturing from clear wells onto
Nutrient Agar plates. Bacterial suspensions from MIC test
concentrations were serially diluted, spread plated on Nutrient
Agar, incubated, and colonies were counted to calculate CFU.
The ratio of MBC to MIC was then calculated to classify the
antibacterial activity.

3. RESULT AND DISCUSSION

3.1 Chitin and chitosan extraction from white tiger shrimp
shell

CS was extracted using a chemical process involving
sequential demineralization, deproteination, and deacetylation
steps. During the demineralization stage, inorganic minerals
such as calcium carbonate and sodium carbonate are converted
into their corresponding chloride salts and carbon dioxide, as
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described in Reaction (1) [14].

CaCO; + 2HCI1 - CaCl, + H,0 + CO; (1
Na;CO3 + 2HCI1 - 2NaCl + H,0 + CO;

The subsequent step was deproteination, which involves
cleaving the bonds between chitin and associated proteins.
This stage is particularly critical for CS intended for
modification and application in biomedical fields. The
chemical reaction occurring during this process is presented in

Eq. ).

C6H12N203 +2NaOH > 2C3H6NNa02 (2)
C10H6N2O7 + 2NaOH = 2CsHgNNaO4 + H,O
Following the isolation of chitin, a deacetylation process
was conducted to obtain CS. In this study, deacetylation was
performed using an alkaline treatment method, as illustrated in

Eq. (3).

CgHsNOg +NaOH —C¢H3NOs + C,H3NaO,» (3)

3.2 Synthesis of chitosan nanoparticles

CS-NPs were prepared by the ionic gelation method through
cross-linking of CS with NaTPP. Tween 80, as a neutral
surfactant, might reduce the particle size. Tween 80 is a
molecule that is absorbed by the particle surface to inhibit
agglomeration [15, 16]. Because the presence of surfactants
covers and stabilizes the CS particles in the solution, the
particle breakdown process is more effective, and
agglomeration does not occur. The electrostatic interaction
between positively charged CS and negatively charged TPP
underlies the production of CS-NPs. With the addition of
acetic acid, CS becomes polycationic under acidic conditions.



TPP dissociates in water to generate polyanionic P3O10° ions
and OH-, which subsequently electrostatically interact with
NHs" groups of CS [12]. Ionotropic gelation between CS and
NaTPP is shown in Figure 2.
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Figure 2. Ionotropic gelation between chitosan (CS) and
NaTPP in chitosan nanoparticles (CS-NPs) synthesis

3.3 Functional of chitosan and chitosan

nanoparticles

group

Determination of functional groups CS and CS-NPs

according to analysis results using the FTIR
spectrophotometer, shown in Figure 3. The intense and broad
absorption band observed in the range of 3500-3200 cm™!
aligns with overlapping N—H stretching vibrations of hydroxyl
and amino groups and O-H stretching, indicating extensive
intermolecular hydrogen bonding in CS. Similar stretching
vibrations of N—H bonds in primary and secondary amines
were observed overlapping with the O—H region in the range
of 3400-3200 cm™ have been previously reported [17, 18].
Absorption of CS-NPs was indicated by the shift in -NH, and
OH peak position and shape, as the amine groups become
protonated (NH3") to interact ionically with the TPP croslinker.
Sharp and weak-to-medium peaks within 2950-2870 cm™'
are attributed to the C-H bond. Since the C-H bonds are not
directly involved in the ionic cross-linking reaction, the
position and intensity of the peaks remain relatively constant
in CS and all CS-NPs spectra. The absorption band around
1650 cm™ can be attributed to the amide I band, which mainly
originates from C=O stretching vibrations of remaining N-
acetylated groups. Meanwhile, the band near 1590 cm™
corresponds to the amide II band, associated with coupled N—
H bending and C—N stretching vibrations of the amino groups.
In CS-NPs, the relative intensity of the amide I and amide II
absorption bands decreases, indicating protonation of —NH-
groups (—NHs") and their involvement in ionic interactions
with TPP. This interaction was further confirmed by the lower
intensity of the amide band in CS-NPs compared to CS [19].
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Figure 3. FTIR spectra of chitosan (CS) and chitosan nanoparticles (CS-NPs) prepared at varying initial chitosan concentrations

Moreover, the weak-to-medium absorption bands observed
at 2950-2870 cm™ correspond to aliphatic C-H (—CH and —
CH>) stretching vibrations, which remain relatively unchanged
after nanoparticle formation, as these bonds are not directly
involved in the ionic gelation process. Notably, new
absorption bands appear in the range of 1250-1200 cm™ and
1100-900 cm™ in the CS-NPs spectra, which correspond to P—
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O and P=0 stretching vibrations of the P:O10°~ ion from TPP.
The emergence of these phosphate-related bands, together
with the modification of -NHs*-related peaks, provides clear
evidence of TPP-mediated ionic cross-linking of CS during
CS-NPs formation. These spectral features provide combined
evidence for the successful formation of CS-NPs through
ionotropic gelation arising from electrostatic attraction of



protonated amine (—NHs") groups of CS and P:O10°~ anions of
TPP [20]. The formation of CS-NPs via TPP crosslinking is
consistent with previous findings [9, 16]. Additionally, the
broad region at 1150-1020 cm™ can be attributed to C—O-C
stretching vibrations of the polysaccharide backbone, which
partially overlap with P-O vibrations in CS-NPs, further
supporting the formation of CS—TPP nanoparticles.

3.4 Particle size of CS-NPS

The particle size distribution of CS-NPs was determined
using PSA. The obtained results are presented in Figure 4 and
Table 1. In addition to providing the average particle size, PSA
also yields the PI, indicating the uniformity of distribution of
particle size. A PI value below 0.5 suggests a relatively
homogeneous particle population, whereas a PI value above
0.5 signifies a highly heterogeneous distribution. Similar PI
values for CS-NPs have been reported in previous studies [3].

The average particle size of CS-NPs showed an increasing
trend as the initial CS concentration increased. Specifically,

CS-NPs synthesized using CS concentrations of 0.1, 0.2, 0.3,
0.4, and 0.5% (w/v) exhibited average particle sizes of 29.2,
30.5, 32.5, 32.4, and 32.4 nm, respectively (Table 1). Overall,
particle sizes were in the range of 29 to 32 nm across the
studied concentration range.

The particle size of CS-NPs exhibited a gradual increase
with higher initial CS concentrations, rising from 29.2 nm at
0.1% (w/v) to 32.4 nm at 0.5% (w/v). Notably, the associated
PI values remained low, ranging from 0.215 to 0.395, which
indicates a relatively narrow and uniform particle size
distribution. Consequently, the increase in particle size is
unlikely to result from particle agglomeration. Rather, this
pattern can be ascribed to the greater availability of CS
molecular chains at higher concentrations, which facilitates
the formation of a denser and more extensive crosslinked
network during ionic gelation with TPP. With an increasing
number of protonated amino groups (-NHs") that engage in
electrostatic interactions with TPP, the nanoparticles increase
in size while preserving good monodispersity.
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Figure 4. Particle size distribution of (a) CS-NPs 0.1%, (b) CS-NPs 0.2%, (c) CS-NPs 0.3%, (d) CS-NPs 0.4%, (e) CS-NPs 0.5%
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Table 1. Particle size and Polydispersity Index value correspond to Figure 4

The Average Particle Size (nm) Polydispersity Index (PI)

Sample
CS-NPs 0.1% 29.2
CS-NPs 0.2% 30.5
CS-NPs 0.3% 325
CS-NPs 0.4% 324
CS-NPs 0.5% 324

0.395
0.335
0.257
0.215
0.293

The results achieved are consistent with the previous study.
Similarly, Nguyen et al. [2] examined the effect of varying
initial CS concentration (0.3 to 2.1%) and the particle size
distribution of CS-NPs increase by the increasing of initial CS
concentration, yielding particle sizes in the range of 735.9—
1441.7 nm. The similar phenomena were also reported by the
previous study, which varied the similar initial CS
concentration of 0.1 to 0.5%, exhibiting an average particle
size of 92.89 nm to 407.0 nm using CS extracted from black
tiger shrimp shell with the same method [9]. It indicates that
the CS-NPs from white leg shrimp shell produces the smaller
average particle size.

3.5 Morphology of chitosan and chitosan nanoparticles

Morphological characterization of the samples was
performed using SEM, as presented in Figure 5. Pristine CS
showed irregular, rough, and agglomerated structures, which
are characteristic of bulk CS powder. In contrast, the CS-NPs
exhibited well-defined nanoscale morphologies that varied
according to the initial CS concentration. The localized
clustering evident in the SEM micrographs is likely due to the
sample drying procedure and does not necessarily indicate
aggregation in aqueous dispersion.

At lower CS concentrations (0.1-0.2%), CS-NPs exhibited
relatively discrete, bead-like or dendritic structures. As the CS
concentration increased (0.3-0.5%), the particles tended to

form clustered assemblies with less uniform morphology. This
apparent aggregation is likely associated with increased
interparticle interactions during solvent evaporation and
freeze-drying prior to SEM observation.

It should be noted that SEM images represent the
morphology of dried samples under high vacuum conditions.
Therefore, the observed particle clustering does not
necessarily reflect aggregation in aqueous dispersion. This
interpretation is supported by the low PI values obtained from
PSA analysis, which indicate relatively homogeneous particle
size distributions in suspension.

The dendrimer morphology of the sample was identified in
the CS-NPs 0.2%, while the bead morphology was identified
in the CS-NPs 0.1% and CS-NPs 0.4% samples. The
morphological structure of the CS-NPs sample is larger than
that of CS-NPs 0.4%, indicating the occurrence of
agglomeration, which is in line with the average particle size
in Table 1. An anomaly is shown in the CS-NPs 0.4% and CS-
NPs 0.5% samples; both have the same average particle size
but show very different morphologies. It is expected because
the PI value in the CS-NPs 0.5% sample is very high (Table
1), so that the morphology shown is not homogeneous with a
smooth surface. Previous studies on CS-NPs synthesized from
black tiger shrimp shells reported similar morphologies [9].
Thus, PSA and SEM results are complementary, where PSA
reflects particle behavior in dispersion, while SEM reveals
structural organization in the dried state.

Figure 5. Morphology of (a) CS, (b) CS-NPs 0.1%, (c) CS-NPs 0.2%, (d) CS-NPs 0.3%, (e¢) CS-NPs 0.4%, (f) CS-NPs 0.5%,
using SEM at 15 kV

3.6 Antibacterial activity of CS-NPs

The microbial activity of CS-NPs is shown in Figure 6. The
CS-NPs exhibited weak to moderate microbial activity with a
diameter of inhibition zones of 13.67 mm toward S. aureus and
9.25 mm toward E. coli. These values were significantly
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smaller than the positive control (tetracyclin), which has a
diameter of inhibition zone of 22.472 mm toward S. aureus
and 16.295 mm toward E. coli, suggesting limited diffusion or
lower potency of CS-NPs under the tested conditions. This is
in line with the previous study, which also examined the
microbial test of CS-NPs toward S. aureus and E. coli [21].



Figure 6. Antibacterial test of CS-NPs toward (a) E. coli and (b) S. aureus
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Figure 7. MBC test of CS-NPs toward (a) E. coli and (b) S. aureus

Table 2. Minimum inhibitory concentration (MIC) of CS-
NPs toward S. aureus and E. coli

Concentration of CS-NPs (mg/mL) S. aureus E. coli

0.0316 + +

0.0636 + -

0.125 + -

0.25 - -

0.5 - -

1 - -

2 - -

Note: A positive result (+), observed as turbidity or cloudiness in the
solution, indicates active bacterial growth. Conversely, a negative result (-),
observed as a clear solution, indicates that bacterial growth has been
inhibited.

MIC values of CS-NPs toward Escherichia coli and
Staphylococcus aureus were determined via turbidimetric
analysis (Table 2). Minimum growth inhibition was observed
at 0.25 mg/mL for S. aureus and 0.0636 mg/mL for E. coli.

The observed disparity, where CS-NPs exhibit a larger
inhibition zone toward S. aureus yet a lower MIC toward E.
coli, is not an anomaly but a documented phenomenon for
nanoparticle-based antimicrobials [22, 23]. This observation
can be explained by two key factors: the method-dependent
diffusibility of nanoparticles in solid agar versus liquid broth
[24, 25], and the differential interaction mechanisms with
Gram-positive and Gram-negative cell envelopes [26, 27]. The
agar diffusion assay, influenced by particle size and agar
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interaction, may favor the presentation of activity toward S.
aureus, whose porous peptidoglycan layer may trap
nanoparticles, creating a larger zone. In contrast, the broth
microdilution method, which ensures direct contact, reveals
the superior membrane-disrupting potency of cationic CS-NPs
toward the outer membrane with a high negative charge
density of E. coli, resulting in lower MIC values [28].

The MBC test of CS-NPs toward E. coli and S. aureus is
shown in Figure 7. The quantitative microbial activity of the
synthesized CS-NPs was assessed and summarized in Table 3.

Table 3. MIC, MBC, and MBC/MIC ratio values of CS-NPs

Parameters S. aureus E. coli
MIC 0.25 mg/mL  0.0636 mg/mL
MBC 0.5 mg/mL  0.125 mg/mL

MBC/MIC ratio 2 1.97

The differential MBC values (0.125 mg/mL for E. coli vs.
0.5 mg/mL for S. aureus) robustly demonstrate that the Gram-
negative bacteria E. coli present greater susceptibility to the
bactericidal action of CS-NPs under the tested conditions. This
phenomenon is mainly ascribed to high-affinity electrostatic
attraction of cationic CS-NPs and the anionic
lipopolysaccharide (LPS) layer of E. coli, leading to efficient
outer membrane disruption, followed by damage to underlying
structures. The thick, absorptive peptidoglycan layer of S.



aureus provides a more significant physical and electrostatic
barrier, necessitating a higher concentration to achieve
equivalent lethal damage. These findings align with the
general trend observed for many cationic antimicrobial
polymers and peptides, highlighting the critical role of initial
cell surface interaction in determining antibacterial efficacy,
as previously reported by research [22, 28]. These findings
position the synthesized CS-NPs as particularly promising for
combating problematic Gram-negative infections and warrant
investigation into their mechanism and potential against
multidrug-resistant strains.

The consistent MBC/MIC ratio of approximately 2 for both
bacterial  strains  indicates  concentration-dependent
bactericidal activity with a narrow window between inhibition
and killing. This ratio, significantly below the 4-fold cutoff for
bactericidal classification, demonstrates that a mere doubling
of concentration above the MIC is sufficient to achieve >
99.9% bacterial eradication. This aligns with the fundamental
pharmacodynamic principle that bactericidal agents kill
pathogens, a property distinct from mere growth inhibition.
The result obtained is in accordance with previous findings
[29, 30]. The consistency across phylogenetically distinct
bacteria (both Gram-positive S. aureus and Gram-negative E.
coli) further suggests a common lethal mechanism, likely
through rapid and irreversible membrane disruption facilitated
by the CS-NPs' nanoscale dimensions and high positive charge
density.

4. CONCLUSION

The particle size of the CS-NPs showed a significant
increase from 29.2 nm to 32.4 nm with an increase in the initial
concentration of CS from 0.1% to 0.5%, which is attributed to
enhanced crosslinking and polymer chain availability.
Although SEM images show apparent aggregation, this may
be attributed to drying effects during sample preparation, as
indicated by low PI values confirming good dispersion in
suspension. The resulting CS-NPs were then examined for
their antibacterial activity. The microbial activity assay toward
Escherichia coli and Staphylococcus aureus revealed that CS-
NPs were more active in inhibiting Gram-negative bacteria (E.
coli) than Gram-positive bacteria (S. aureus). Therefore, CS-
NPs from white leg shrimp shells can be developed for
antibacterial use in human daily life. Despite the promising
antibacterial activity observed, certain limitations of this study
merit acknowledgment. The antibacterial mechanism of CS-
NPs was inferred based on existing literature and was not
experimentally investigated. In addition, cytotoxicity
assessment toward mammalian cells was not conducted, which
is essential for evaluating potential biomedical applications.
Future studies should focus on elucidating the antibacterial
mechanism, evaluating cytotoxicity and biocompatibility,
expanding antibacterial tests to a broader range of clinically
relevant  bacteria, and assessing the long-term
physicochemical stability of CS-NPs to support their practical
application.
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