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Abstract

Overuse of conventional antibiotics has fueled the rise of drug-resistant pathogens, creating an urgent need for novel antimicrobial platforms.
In this study, we developed a novel, green, one-pot tripolyphosphate-driven method to fabricate chitosan (CS) nanoparticles from black
soldier fly (Hermetia illucens) puparia and simultaneously deposit crystalline AgsPO4 (AgP) domains to yield a CS@AgP bionanocomposite.
Comprehensive FTIR, XRD, and UV—Vis DRS analyses confirmed successful Ag;PO4 incorporation and a narrowed direct band gap of 1.46
eV. Agar-diffusion assays against Gram-positive (L. monocytogenes ATCC 7646, S. aureus ATCC 6538), Gram-negative (E. coli ATCC
25922, Salmonella sp. ATCC 14028), and fungal (C. albicans ATCC 1023]) strains demonstrated dose-dependent inhibition zones up to 30
mm at 25 mg/mL. This dual-function nanocomposite combines sustainable, single-step production with broad visible-light absorption and
potent antimicrobial efficacy, offering a versatile platform for antimicrobial coatings and photocatalysis.

Keywords: Bio-nanocomposite; Chitosan nanoparticles (CSNPs); Green synthesis; Pathogenic microbes; Soldier fly Puparia; Silver
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1. Introduction

The emergence of resistance to synthetic pesticides and antibiotics has accelerated the search for novel therapeutic compounds,
including next-generation antibiotics, antioxidants, and biopesticides. This shift has also spurred the development of highly
effective medications [1,2]. In parallel, insect farming has gained momentum as a more sustainable alternative to conventional
food and feed production. By converting agro-industrial waste into high-value biomolecules and organic fertilizers, insects
play a vital role in circular bioeconomy models. Beyond their nutritional content, fats and proteins suitable for feed and food,
certain insects are a promising renewable source of chitin, representing between 5—15% of their dry biomass [3].

Among decomposing species, the house fly (Musca domestica) and the black soldier fly BSF (Hermetia illucens) are
particularly effective at organic waste degradation, with BSF recognized as the most extensively studied insect for this
application. Notably, the non-feeding nature of adult BSF reduces the risk of disease transmission, making it an ideal
candidate for waste conversion [4]. Black soldier fly larvae (BSFL) contain 38-56% protein, 5-28% fat, and 4-11% ash
across their 14-day development cycle. Chitin content in BSFL biomass can reach up to 9%, further highlighting their value as
a multifunctional bioresource [5].

Chitin and its derivative chitosan are naturally occurring polymers known for their biodegradability, biocompatibility, and low
toxicity. These properties have made them increasingly valuable across numerous sectors. They are widely explored for roles
in biomedical engineering, pharmaceuticals, agriculture, and chemical industries. Their utility also extends to food
preservation, nutritional supplements, cosmetics, wastewater management, paper production, and the synthesis of biofilms and
biodiesel [6].

Chitin ranks as the second most prevalent polysaccharide on Earth, following cellulose. Structurally, both biopolymers share a
similar backbone; however, chitin contains acetamide groups at the C-2 position, replacing the hydroxyl groups found in
cellulose. Its chemical formula is (Ce Hy 3 Os N) [7]. Chitosan, derived through the deacetylation of chitin, exhibits
greater solubility in acidic solutions, enhancing its versatility for various applications [8].

Chitosan is a positively charged copolymer composed of glucosamine and N-acetylglucosamine (GlcNAc, 2-(acetylamino)-2-
deoxy-D-glucose) units. It is typically derived from chitin through chemical or enzymatic deacetylation, with natural sources
including crustaceans, insects, and fungi [9,10]. Chitosan-derived nanoparticles exhibit strong electron-donating capabilities
due to the abundance of lone-pair electrons, enabling high-affinity interactions with substrates containing vacant orbitals.
These unique chemical properties have facilitated their application in drug and gene delivery systems, biosensor technologies
[11], and medical imaging, including fractionated image processing [12].
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Chitosan is widely recognized for its role as a stabilizing and protective agent in the synthesis of metal nanoparticles,
primarily due to the high reactivity of its amino groups. These groups readily interact with metal ions, forming stable
complexes that facilitate controlled nanoparticle formation. In addition to their coordination capabilities, the amino and
hydroxyl functional groups in chitosan contribute to its broad-spectrum biological activities, notably antimicrobial effects.
These properties enhance its utility in biomedical applications, including promoting disease resistance across various human
cell types [13].

Nanotechnology has become a vital strategy in modern drug delivery, offering advanced solutions for targeted release,
preservation of bioactive compounds from enzymatic or environmental breakdown, and improved retention at localized sites
[14-16]. Among the various nanoparticle platforms, polymeric nanoparticles have gained particular prominence due to their
biodegradability and accessibility through well-established formulation techniques. Their versatility has enabled the
expansion of applications across a wide spectrum of therapeutic agents and dosage forms [17,18].

Silver nanoparticles (AgNPs) have emerged as a versatile tool in biomedical research due to their distinctive physicochemical
properties. Their therapeutic potential includes broad-spectrum antibacterial activity [19-22], as well as anti-inflammatory
[23], antiviral [24], anti-angiogenic [25], and antiplatelet effects [26]. These nanoparticles exhibit potent bactericidal effects
against a range of pathogenic bacteria, including multidrug-resistant strains such as Escherichia coli, Pseudomonas aeruginosa,
and Staphylococcus aureus [19], reinforcing their relevance in combating infectious diseases and hospital-acquired infections.
This study aims to establish a green, one-pot tripolyphosphate-driven protocol for converting chitosan extracted from black
soldier fly puparia into chitosan nanoparticles decorated in situ with crystalline AgzPOs, elucidate their structural, optical, and
morphological features, and assess their antimicrobial efficacy against Gram-positive, Gram-negative, and fungal pathogens.

2. Results and discussion

2.1. Characterizations of extracted chitin and chitosan

The FTIR spectrum of the isolated puparia-derived chitin (Fig. 1i curve a) displays the fingerprint absorption bands of a-chitin:
a broad O-H/N-H stretching band overlapped at 3430 cm™'; C-H stretching vibrations at 2925 and 2889 c¢m’!; the amide 1
band (C=0 stretch) at 1631 cm’'; the amide II band (N-H bend coupled with C-N stretch) at 1562 cm'; and diagnostic
polysaccharide bands in the 1150-895 cm! region (C—O—C bridge, ring vibrations, and B-glycosidic linkages) [31-33].

Upon deacetylation to chitosan (Fig. 1i curve b), several key spectral changes occur. First, the intensities of the amide I (1631
cm!) and amide IT (1562 cm™) bands diminish markedly, reflecting the removal of N-acetyl groups. Second, the broad O—
H/N-H stretching around 3430 c¢cm' becomes sharper and slightly shifts, indicating an increase in hydrogen-bonding
interactions among free amino and hydroxyl groups [34,35].

Together, these spectral transformations unequivocally demonstrate the efficient deacetylation of chitin into chitosan. The
reduced amide-to-hydroxyl band intensity ratio (Aiess/A3430) and the appearance of the 1590 cm™' —NH; band confirm a high
degree of deacetylation (>85 %). Furthermore, the isolated chitosan exhibited >98 % solubility, and only 0.25 % ash content.
This successful conversion provides the reactive amine sites crucial for subsequent ionotropic gelation and in-situ Agi;POs
nanoparticle deposition, underpinning the performance of the final CS@AgP bio-nanocomposite.

Figure 1lii compares the XRD patterns of puparia-derived chitin (a) and its deacetylated form, chitosan (b). Chitin (curve a)
displays two sharp reflections at 20 ~ 11.2° and 18.86°, assignable to the (020) and (110) planes of a-chitin, confirming its
highly ordered crystalline lattice. After alkaline deacetylation, chitosan (curve b) loses the 11.2° peak and exhibits only a
broad, low-intensity halo centered at = 20°, characteristic of a-chitosan’s less ordered structure [36]. The disappearance of the
low-angle reflection and the pronounced peak broadening indicate the disruption of the inter- and intra-molecular hydrogen
bonds upon removal of N-acetyl groups, leading to smaller crystallite domains and increased amorphous content. This marked
reduction in crystallinity, evidenced by the shift from a two-peak to a single broad band, confirms the efficient conversion of
chitin into chitosan, a prerequisite for subsequent ionotropic gelation and uniform AgszPO4 nanoparticles deposition [37].
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Figure 1. (i) FTIR spectra and (ii) XRD patterns of puparia-derived materials: (a) chitin; (b) chitosan.
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2.2. Characterizations of Fabricated CSNPs and CSNPs @ AgP Bio-Nanocomposite

2.2.1. FTIR analysis

The comparison between pristine CSNPs (Fig. 2ia) and the CS@AgP nanocomposite, hereafter CS@AgP (Fig. 2ib), reveals
pronounced interactions at the molecular level. In CS@AgP, the broad O-H/N-H stretching band shifts from ~3410 cm™! in
CSNP to ~3272 ¢cm™! and broadens significantly, a clear signature of strong hydrogen-bonding and coordination between
chitosan’s hydroxyl and amine groups and the Ag;PO4 domains [16,38].

While the aliphatic C-H stretching vibrations near ~2858 cm remain essentially unchanged, confirming that the
polysaccharide backbone is intact, the amide regions undergo notable shifts. The Amide I band downshifts from ~1657 cm! in
CSNP to ~1652 cm™! in CS@AgP, indicating electron donation from the amide carbonyl into Ag-O and Ag-P bonds.

Simultaneously, the Amide II/NH;" bending mode at ~1544 cm! grows in intensity, reflecting partial protonation of amino
sites and their active engagement with phosphate anions and Ag* ions.

In the fingerprint region, CS@AgP shows a split C-N stretch/CH3 bending signal around 1375-1325 cm’!, hinting at two
distinct amine environments (free vs. Ag-coordinated). The glycosidic C-O—C and C-O stretches shift from 1084 cm™ in
CSNP to ~1063 ¢cm! in CS@AgP, illustrating close proximity of AgsPOs particles to the saccharide backbone [39]. Key
chitosan markers, the B-glycosidic vibration at ~896 cm™ and CH, rocking at ~712 cm’!, remain unchanged, testifying to the
polymer’s preserved structural integrity.

Most significantly, a new band appears at ~528 cm! in CS@AgP, absent in CSNP. This low-frequency vibration corresponds
to P-O bending of PO4* units and Ag—O lattice modes, unambiguously confirming the in-situ formation and embedding of
crystalline silver phosphate within the chitosan nanoparticle framework [22,40-42].

(

-
o’

T ransmittance (%)
Q

!

' T T T T ' T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'1)

Egypt. J. Chem. 69, No. 2 (2026)



480 Alafify A. N. et.al.

(ii)‘wt

l“
M

27.72°

493.37"
32.17°

"‘}U ‘( \hilr‘ﬂ[y {7

i

Wy, Wl

u‘H‘ M‘u\ \WH‘\“‘ il E
‘ <

' ‘M‘

‘ U\ MW“‘ l N\‘ J|\ i u

Count (a.u.)

H& 4“ ‘\ f
A mwnl)‘w. ‘”W JJ’ /“m

i \W\ |

—T T T T T T T T T T T T 1 T T T

10 15 20 25 30 35 40 45 50 55 60 65 70
29

Figure 2. (i) FTIR spectra and (ii) XRD pattern of puparia-derived materials: (a) CSNPs and (b) CS@AgP

nanocomposite.

2.2.2. XRD analysis

Figure 2ii displays the XRD pattern of the CS@AgP composite, highlighting four distinct diffraction peaks at 26 = 27.72°,
29.37°, 32.17° and 46.05°. These reflections can be unambiguously indexed to cubic silver orthophosphate (AgzPO4; JCPDS
06-0505), confirming the in-situ precipitation of crystalline Ag;PO4 within the chitosan nanoparticle matrix [43,44]. The
intense peaks at 27.72°, 32.17° and 46.05° correspond to the (111), (210) and (310) planes of Ag3POs, respectively. Their
sharpness and relative intensities attest to a high degree of crystallinity. The low-intensity line at 29.37° matches the (211)
plane of Agi;POs, indicating either minor crystallite orientations beyond the dominant facets or a secondary population of
smaller AgsPOs grains. No diffraction signals appear at ~38.1° (Ag® 111) or at 32.8°/55.1° (Ag0 110/200), ruling out
formation of metallic silver or silver oxide by-products under the chosen conditions [22,45,46]. Instead, the exclusive
presence of AgzPO4 phases highlights the chemical role of the tripolyphosphate (TPP) crosslinker: during ionic gelation, TPP
anions react with Ag® to drive selective silver-phosphate domain formation rather than conventional AgNP growth.
Applying the Scherrer equation to the (210) reflection (32.17°) gives an average Agi;POs crystallite size of ~30 nm [47]. It
indicates that the chitosan nanoparticle matrix effectively limits AgsPO4 growth to the tens-of-nanometers scale, promoting a
high surface-to-volume ratio critical for photocatalytic and antimicrobial applications. Such nanoscale domains, uniformly
embedded within the amorphous CSNP scaffold, are expected to maximize interfacial contact, facilitate charge separation
under visible-light irradiation (AgzPO4 band-gap =2.4 eV) [48], and enhance antimicrobial action via sustained release of
Ag" species.

2.2.3. DRS analysis

The optical properties of the synthesized CS/AgzPOs nanocomposite were investigated using UV—Vis diffuse reflectance
spectroscopy (DRS), and the band gap energy was determined via Tauc plot analysis (Fig. 3a and b). The raw DRS
reflectance spectrum of the CS@AgP nanocomposite (Fig. 3a) displays a less intense absorption peak at ~266 nm. This
feature arises from m—n* transitions of the chitosan backbone [49,50]. To estimate the optical band gap, Tauc plots were
constructed for both direct and indirect transitions using the Kubelka—Munk function. The extrapolated linear regions yielded
two distinct values of E, (direct) = 1.46 eV and Eg (indirect) = 1.09 eV. These results suggest that the composite exhibits a
direct allowed transition, which is consistent with the known behavior of Ag-based phosphates. According to Klein et al.
(2023), the Tauc method is valid for crystalline materials when the appropriate exponent is selected, specifically, (n = ') for
direct allowed transitions and (n = 2) for indirect ones [51]. The direct transition model is further supported by the sharper
slope and better linearity observed in the ([F(R) ahv]?) vs. (hv) plot.

Compared with pristine Ag;PO4 (Eg = 2.4 V) [52], the CS@AgP nanocomposite exhibits a pronounced band-gap reduction
to ~1.46 eV. This narrowing arises from three synergistic effects:

1. Interfacial charge transfer: Electron donation from chitosan’s lone-pair orbitals into Ag;POs creates mid-gap
states that lower the effective excitation energy.
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2. Localized surface plasmon resonance: In situ—formed Ag°® species sustain plasmonic oscillations under visible
light, amplifying absorption in the 400-600 nm range.
3. Polymer-induced defect states: Amino and hydroxyl functionalities of chitosan introduce additional defect levels,
further reducing the energy threshold for carrier excitation.
Collectively, these phenomena extend light absorption well into the visible region, enhancing photocatalytic and antimicrobial
performance by maximizing photon utilization.
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Figure 3. (i) UV-Vis DRS reflectance spectrum of CS@AgP. (ii) direct-allowed and indirect-allowed transitions, used
to extract Eg.
2.2.4. EDAX analysis
Energy-dispersive X-ray spectroscopy of the CS@AgP bio-nanocomposite detected five elements (C, N, O, P and Ag) with
their weight and atomic percentages listed in Table 1 and Figure 4. The high atomic percentage of oxygen (61.3 at %) together
with combined C + N (27.8 at %) confirms the preservation of the chitosan scaffold (Ce Hy 1 NO, backbone) and its
hydroxyl/amine functionalities after composite formation.

Table 1: EDX elemental composition of CS@AgP nanocomposite

Element Weight % Atomic %
CK 11.77 20.38
NK 5.01 7.43
oK 47.16 61.29
PK 8.24 5.53
AgL 27.82 5.36

Phosphorus, originally introduced via TPP crosslinker, appears at 5.53 at % alongside silver at 5.36 at %. In ideal Ag;PO4 the
Ag:P atomic ratio is 3:1, but EDX inherently undercounts light elements compared to heavy ones. The near-unity P:Ag ratio
nonetheless strongly indicates that silver is predominantly present as phosphate rather than metallic Ag or oxide. This

Egypt. J. Chem. 69, No. 2 (2026)



482 Alafify A. N. et.al.

conclusion dovetails with XRD: no reflections appear at 38.1° (Ag® ) or 32.8°/55.1° (Ag,0), whereas peaks at 27.72°, 29.37°,
32.17° and 46.05° 20 unambiguously match the (210), (211), (300) and (400) planes of cubic AgzPOs.

While silver comprises only ~5.4at %, it accounts for 27.8 wt % of the composite due to its high atomic mass. This
substantial mass fraction underlies the pronounced surface plasmon resonance band observed in DRS spectroscopy, while
XRD confirms its chemical form as AgsPOs rather than Ag® .
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Figure 4. EDAX spectrum of CS@AgP nanocomposite.
2.2.5. SEM analysis
The SEM micrographs (Fig. 5) of the CS@AgP nanocomposite reveal a clear evolution of surface morphology from the
microscale to the nanoscale. At 3,000x magnification (panel a), the sample exhibits a textured, globular chitosan network with
intertwined strands and micrometer-sized agglomerates. This macroporous texture is indicative of effective solvent—
nonsolvent phase inversion during nanoparticle formation and suggests ample void space for functional loading.
Increasing the magnification to 6,000 (panel b) uncovers nascent silver nanoparticle clusters anchored onto the chitosan
scaffold. Small protrusions, tens to a few hundred nanometers in diameter, interpose in the polymer matrix.
At 12,000% (panel c), these protrusions resolve into distinct granular domains. Individual CSNPs (~200-300 nm) appear
densely decorated by silver nuclei, forming a rough, high-surface-area composite. This feature is crucial: increased roughness
correlates with enhanced interaction sites for antibacterial action or catalytic turnover, bolstering the material’s functional
performance.
The finest detail at 50,000% confirms near-spherical AgizPO4 particles with a narrow size distribution and minimal
agglomeration, underscoring chitosan’s chelating role in controlling nucleation and preventing coalescence. These
morphological features image the one-pot reaction chemistry: acidic protonation of chitosan’s amines enables TPP*
crosslinking to form a CS—TPP network rich in immobilized phosphate sites, which upon mild heating partially hydrolyzes to
orthophosphate. Localized Ag® coordination to both phosphate oxygens and chitosan’s free amine/hydroxyl groups then
drives in situ Agi;POs nucleation directly on the nanoparticle surface. Steric and electrostatic stabilization by the CS-TPP
matrix confines crystal growth to 20-50 nm domains, forging robust coordination and hydrogen-bonding networks that
underpin the composite’s structural integrity, enhanced visible-light harvesting, and sustained antimicrobial activity.

2.3. Antimicrobial test

Data in Figures (6 & 7) show that different concentrations of CS@AgP bio-nanocomposite showed significantly inhibited
bacterial growth. By increasing the concentration of CS@AgP bio-nanocomposite from 6.25 to 25mg/mL, the inhibition
efficiency for different pathogenic bacteria also increased. All the tested isolates were inhibited by CS@AgP bio-
nanocomposite. Divergence in the extent of the inhibition area among the diverse groups of bacteria can be relatively
disclosed. The highest inhibition zone was observed for L. monocytogenes, which showed 26, 27, and 30mm using CS@AgP
bio-nanocomposite (6.25, 12.5, 25 mg/mL), respectively. On the other hand, the minimum inhibition zone was detected for
Salmonella sp., which gave 0, 12, and 13mm using CS@AgP bio-nanocomposite (6.25, 12.5, 25 mg/mL), respectively.
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Figure 5. SEM micrographs of CS@AgP nanocomposite at (a) 3000x, (b) 6000x, (c¢) 12000x, and 50000x magnifications.
The antibacterial action of CSNPs is primarily attributed to their interaction with bacterial cell walls or membranes. A
commonly proposed mechanism involves electrostatic attraction between the positively charged amino groups in glucosamine
units and the negatively charged components of bacterial membranes [53]. This contact disrupts membrane integrity,
increasing permeability and causing an imbalance in osmotic pressure, which leads to the leakage of intracellular contents and
eventually cell death [54]. Additionally, AgNPs play a significant role in antimicrobial action by promoting the generation of
reactive oxygen species (ROS), which cause oxidative damage to bacterial membranes, disrupt respiratory enzymes like
lactate dehydrogenase, damage DNA, and ultimately lead to cell death [55]. More recently, Al-Shemy et al. [19] demonstrated
that carboxylated cellulose nanocrystals—silver nano-biohybrids (CCN—-Ag) exhibited strong antibacterial effects against
various strains of Listeria monocytogenes. These biohybrids produced inhibition zones ranging from 16 to 19 mm, and
concentrations between 0.25 and 1 ng/mL were sufficient to fully suppress bacterial growth.

Our results also showed that CS@AgP bio-nanocomposite demonstrated significant antifungal activity against Candida
albicans, with inhibition zones increasing from 20 mm to 22 mm as the concentration rose from 6.25 to 25 mg/mL. This dose-
dependent trend suggests enhanced disruption of fungal cell integrity at higher nanoparticle levels. Chitosan’s antifungal
mechanism is primarily attributed to its polycationic nature, which allows it to bind to negatively charged fungal cell
membranes, increasing permeability and causing leakage of intracellular components [56]. Additionally, Ags PO,
contributes silver ions and reactive oxygen species (ROS), which interfere with fungal respiration and DNA replication,
amplifying the antifungal effect [57].

The observed synergy between chitosan and silver phosphate aligns with previous reports on chitosan-metal nanocomposites,
which have shown broad-spectrum antimicrobial properties and potential for biomedical applications [58].

Salmonellasp. ATCC 14028

5. aureus ATCC 43300 £. monocytogenes ATCC 19155 C. albicans ATCC 10231

Figure 6. Antimicrobial activities of three concentrations (a) 6.25, (b) 12.5, and (c¢) 25 mg/ml CS@AgP against several
pathogenic microorganisms.
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pathogenic microorganisms. *° values in the above column with the same letter do not differ significantly according to
Duncan's test at the 5% level. Bar indicated to + standard deviation.

3. Experimental

3.1. Materials

Puparia of the black soldier fly (Hermetia illucens) were harvested from a local farm, washed thoroughly with distilled water
to remove ash and surface contaminants, and dried overnight at 50°C. The dried puparia were then milled to ~10 mm particles
using a mechanical grinder. Figure 8 presents a schematic of the Black Soldier Fly (Hermetia illucens) life cycle: egg (=4 d),
larva (=14 d), pupa (puparium encasement ~7—14 d), and adult (=5-8 d), alongside the subsequent puparia pre-processing
workflow. Analytical-grade sodium hydroxide (NaOH) and hydrochloric acid (HCI) were purchased from Abco-Chem and
used as received, while anhydrous sodium tripolyphosphate (TPP) was obtained from Alpha Chemika.

3.1.1. Extraction of Chitosan

The chitosan extraction protocol, adapted from Dutta et al., [27] proceeded as follows: Hermetia illucens puparia powder was
demineralized in 1 M HCI for 24 h, washed to a neutral pH, and oven-dried. The dried material was then deproteinized in 1 M
NaOH for 24 h and decolorized with KMnQO4 and oxalic acid to isolate pure chitin. Finally, the chitin was deacetylated under
reflux in 50 % NaOH; this deacetylation step was repeated to maximize conversion to chitosan.

3.1.2. Preparation of CSNPs and CS@AgP Bio-Nanocomposite

Chitosan nanoparticles (CSNPs) were prepared by ionotropic gelation. In brief, 0.5 g of chitosan was dissolved in 100 mL of
1 % (v/v) acetic acid under stirring and the pH was adjusted to 4.6—4.8 with 1 N NaOH. CSNPs formed spontaneously when 3
mL of this chitosan solution was added dropwise into 1 mL of 0.25 % (w/v) TPP at room temperature (chitosan:TPP = 3:1 by
mass). The resulting 200 mL suspension (0.3 % w/v) was sonicated for 5 min to ensure homogeneity. Neat CSNPs were
isolated by centrifugation at 9 000 x g for 20 min, washed to a neutral pH and lyophilized [28].

For in-situ silver loading, 45 mL of 0.01 N AgNO; was added dropwise to the sonicated CSNP suspension at 50 °C under
continuous stirring; the reaction was held for 2 h. The CS@AgP bio-nanocomposite was recovered by centrifugation at 10 000
x g for 15 min, rinsed with deionized water to remove residual reagents, and lyophilized.

3.2. Characterizations

Diffuse reflectance spectra (190-2500 nm) of CSNPs and CS@AgP bio-nanocomposite were recorded using a Jasco V-570
diffuse reflectance spectrophotometer (DRS mode). FT-IR spectra were acquired using a JASCO FT-IR 6100 (400-4000 cm'!
range, 4 cm! resolution, 64 scans). XRD patterns of the as-prepared materials were collected on a Malvern Panalytical
Empyrean diffractometer (Cu Ka radiation, 26 = 5-80°). Sample morphology and elemental composition were examined by
FE-SEM (Quanta FEG-250, 20 kV) coupled with energy-dispersive X-ray spectroscopy (EDX).

3.3. Antimicrobial test

The antimicrobial activity of CS@AgP bio-nanocomposite at three concentrations, (a) 6.25, (b) 12.5, and (c) 25 mg/mL, was
evaluated against Gram-positive bacteria (Listeria monocytogenes ATCC 7646, Staphylococcus aureus ATCC 6538), Gram-
negative bacteria (Escherichia coli ATCC 25922, Salmonella sp. ATCC 14028), and unicellular fungi (Candida albicans
ATCC 10231) using the agar diffusion method, following the procedure [29,30]. The bacteria were grown in a nutrient-liquid
medium on a shaker bed at 200 rpm for 24 h at 37°C. The bacteria (1.5 x 108 CFU) were swabbed on Mueller-Hinton agar
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plates; subsequently, 200 pL of the tested samples was deposited in wells (diameter of 7 mm) cut into agar plates. Then, agar
plates were incubated at 37°C for 24 h. All the conducted studies were carried out in triplicate for all tested strains, where the
inhibition zones surrounding the discs were quantified in millimeters.

Larva

Pupa Puparium

Figure 8. Schematic of the black soldier fly (Hermetia illucens) main life cycle and bioconversion of pupal chitin into
chitosan nanoparticles.

3.4. Statistical analysis
Data were statistically determined using the IBM® SPSS® Statistics software version 21 on the premise of Duncan’s multiple
range test at the 5% level. All analyses were performed in triplicate.

4. Conclusions

The present study demonstrated a green, one-pot, tripolyphosphate-driven synthesis of Ag3PO4-decorated chitosan
nanoparticles using black soldier fly puparia as a sustainable chitosan source. FTIR and XRD confirmed high-degree
deacetylation of chitosan and in situ formation of crystalline Ag3P0O4, while UV-Vis DRS/Tauc-plot analysis revealed a
marked band-gap narrowing to 1.46 eV. EDX mapping further verified the chitosan matrix (C, N, O signatures), TPP
crosslinking (P signature), and high-mass loading of silver, predominantly as phosphate domains, underscoring the robust
coordination and hydrogen-bonding networks that stabilize the composite.

The resulting hierarchical CS@AgP architecture, with nanoscale Ag3PO4 domains uniformly embedded within an amorphous
chitosan scaffold, enhances visible-light absorption, promotes efficient charge separation, and sustains Ag* release. These
features translate to broad-spectrum, dose-dependent antimicrobial efficacy against Gram-positive, Gram-negative, and fungal
pathogens, with inhibition zones up to 30 mm at 25 mg/mL. This dual-functional bio-nanocomposite holds promise for
antimicrobial coatings and visible-light photocatalysis. Future studies will address cytotoxicity, photocatalytic pollutant
degradation, and scale-up strategies to facilitate real-world applications.
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