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Abstract

Chitosan, a biocompatible polysaccharide, is typically sourced from crustaceans, but sustainable alternatives,
such as the exuviae of black soldier fly (Hermetia illucens) larvae (BSFL), offer environmentally benign
possibilities for biomedical applications. This study aimed to extract and analyze chitosan from BSFL exuviae
and to assess its efficacy in accelerating wound healing in a rat model, highlighting the potential of utilizing
insect-derived chitosan for in vivo wound repair. Chitosan was derived via deproteination, demineralization, and
deacetylation, yielding 36.41-47.55% chitin and 33.97-48.66% chitosan, with a deacetylation degree of 70—
80%. Scanning Electron Microscope (SEM) revealed the presence of porous nanofibrous structures. Fourier
Transform Infrared Spectroscopy (FTIR) analysis revealed the presence of functional groups, specifically N-
H/O-H stretches, within the range 3245-3253 cm™'. Films composed of pectin, carboxymethyl cellulose, and
chitosan were prepared. In an in vivo wound healing assay, Wistar rats (n = 20) with 10 mm excisional wounds
were divided into four treatment groups, including a negative control, a positive control using Bioplacenton, and
two groups treated with films containing shrimp or BSFL-chitosan. The BSFL-chitosan group exhibited
accelerated wound closure (2.62 + 0.80 mm on day 4 compared to 7.17 £ 0.93 mm in the negative control; p-
value < 0.05). In the wound tissue after 4 days, the protein concentration increased (1648 + 0.48 ug/mg), and
the DNA concentration also rose (4.31 + 0.02 pg/mg), whereas the hydroxyproline content decreased (0.90 +
0.05 pg/mL). The chitosan film derived from BSFL is a promising sustainable biomaterial for improved wound
healing.
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1 Introduction biodegradability, and non-toxic characteristics [1]-[3].

These attributes are significant for biomedical
Chitosan, a natural polysaccharide obtained from  applications, particularly in the wound healing field
chitin, has been noted for its biocompatibility, [4], [5]. The intrinsic properties of chitosan, such as its
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antibacterial activity [6], hemostatic capability [7],
and its ability to promote tissue regeneration [8], make
it a suitable candidate for the development of
advanced wound care solutions. Chitosan is
conventionally derived from exoskeletons of
crustaceans such as shrimp and crab [9], [10].
However, the rising demand for sustainable and
alternative resources has prompted researchers to
investigate insects, particularly the black soldier fly
(Hermetia illucens L.), as potential sources of chitin
and chitosan [11], [12].

Black soldier fly (BSF, Hermetia illucens L.) has
attracted attention for its rapid growth and elevated
protein and fat content [13]. A Diptera insect
recognized as a highly efficient bioconverter of
organic waste, its larvae (BSFL) can consume a wide
variety of organic substrates, reducing waste volume
while converting it into valuable biomass rich in
protein and fat that is suitable for animal feed [14],
[15]. The BSF undergoes complete metamorphosis
comprising distinct life stages: egg, larva (with 5-6
instars), prepupa, pupa, and adult [16]. During larval
development, multiple molting events occur wherein
the old cuticle (exuviae) is shed. These exuviae,
together with pupal exoskeletons, constitute a
significant source of chitin [17], [18], typically
comprising 15-25% of the dry weight depending on
developmental stage and rearing conditions [19]. The
chitin content in BSFL exuviae is accompanied by
proteins (30-45%), minerals (15-25% primarily
calcium carbonate), and lipids (5-10%), which must
be removed through sequential deproteination and
demineralization steps [20].

Recent studies have demonstrated that BSFL-
derived chitin exhibits an a-polymorphic structure
with high crystallinity, making it suitable for
conversion to chitosan with favorable biomedical
properties. Utilizing BSFL exuviae as a chitosan
source represents a sustainable approach for managing
waste generated by large-scale insect cultivation. This
advanced technology adheres to the principles of the
circular economy and promotes the sustainable
production of biomaterials [21], [22]. Recent research
has investigated the extraction and characterization of
chitosan from BSF. Chitosan has potent antibacterial
properties that inhibit the proliferation of pathogenic
microorganisms, crucial to avert infections during
wound care [23]. Innovative chitosan-based
biomaterials have demonstrated efficacy in promoting
hemostasis and accelerating wound healing. The
positive charge of chitosan promotes interactions with

negatively charged cell membranes, thereby
promoting cell adhesion and proliferation, which are
crucial for tissue regeneration [24]. The efficacy of
biomaterials as agents for wound healing can be
assessed by quantifying the percentage of wound
closure [25], [26], total DNA content [27], [28], and
hydroxyproline levels in wound tissues [29], [30].
Materials prepared from chitosan have been
studied extensively for their wound-healing
properties. Numerous types of materials [31], [32],
chitosan hydrogels, films, and scaffolds have been
generated for a wide range of applications, such as
moisture-dressing wounds, hemostasis agents, and
vehicles for bioactive material [33-35]. These
materials have been found to be effective in promoting
wound healing, minimizing scars, and improving
healing results. Chitosan can form polyelectrolyte
complexes with different polymers, providing a means
to modulate their mechanical and degradation
properties for specific wound types and healing
stages [36]. However, there is still limited information
on chitosan extracted from BSFL exuviae, particularly
in terms of its potential in vivo effects in wound
healing models. Although in vitro studies have
demonstrated  antibacterial and  biocompatible
properties, it is essential to translate these findings into
in vivo systems to validate their potential clinical
applications. The influence of the molecular weight,
degree of deacetylation, and extraction methods of
chitosan on its biological performance requires further
investigation to improve its therapeutic efficacy.
Consequently, this study aimed to develop a
chitosan-based film from BSFL exuviae and to
directly evaluate its wound-healing potential.
Specifically, we sought to determine whether the
BSFL-chitosan film could accelerate early wound
closure and modulate key biochemical healing
markers more effectively than a conventional shrimp-
derived chitosan film in a standardized rat model.
Knowledge of these determinants will be essential for
the potential use of insect-produced chitosan in
clinical practice and to support the progress of
environmentally benign biomedical materials. Present
novelty of work lies in three specific aspects: 1) the
direct comparative in vivo evaluation of BSFL-
derived chitosan film versus commercial shrimp-
derived chitosan film using identical formulation
parameters, which has not been previously
documented; 2) the comprehensive biochemical
profiling (protein, hydroxyproline, total DNA) during
the early proliferative phase (day 4) that demonstrates
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differential modulation of collagen synthesis; and 3)
the integration of circular economy principles with
functional wound healing outcomes.

The potential benefits of this study are that it
offers an alternative and renewable chitosan source to
reduce reliance on conventional marine resources,
thus contributing to environmental conservation.
Second, in vivo data could potentially accelerate
translation into new, effective, and economical
treatments for wounds. This study could facilitate the
wider use of insect biomaterials in diverse medical
sectors and enhance the sustainable development of
materials science.

2 Materials and Methods
2.1 Preparation of chitosan extract

Black soldier fly larvae (BSFL) exuviae were obtained
from the CV Ahasa Larva Group, Samarinda, East
Kalimantan, Indonesia. The chitosan extraction
process was conducted according to the procedure of
Lagat et al., [37], with minor adjustments.

To extract chitin, the pupal shells of BSFL, or
exuviae, were separated and rinsed under running
water until clean and then dried at 60 °C for 24 h. The
washed exuviae (100 g) were weighed using an
analytical balance (A&D, model ER-180A, Tokyo,
Japan) and immersed in 2% sodium hydroxide (1000
mL, Pudak Scientific, Bandung, Indonesia) for 2 h
with intermittent stirring to eliminate protein.

Subsequently, the exuviae were meticulously
rinsed with distilled water to achieve a neutral pH,
determined using an Orion Star A211 Benchtop pH
meter (Waltham, MA, USA). The exuviae were
subsequently desiccated at 60 °C for 24 h using a food
dehydrator (Model: LT-28, China). Calcium carbonate
was removed from the desiccated samples by soaking
in 7% hydrochloric acid (1000 mL, Sigma-Aldrich,
MI, USA) for 4 h at room temperature with
intermittent stirring. The final product was washed
with distilled water three times to achieve neutral pH
and then dried in a food dehydrator at 60 °C for 24 h.
The desiccated finished product was weighed, and the
chitin yield was computed based on the exuviae used.

2.2 Deacetylation of chitin
Chitin obtained from exuviae (100 g) was then

transformed into chitosan by immersion in 50% NaOH
solution (1000 mL, Pudak-Scientific, Bandung,

Indonesia) at 120 °C for 2 h. The deacetylated chitosan
was washed with distilled water until a neutral pH was
achieved and then dehydrated in a food dehydrator at
60 °C for 24 h. The desiccated chitosan samples were
preserved at 4 °C in sealed plastic containers until use.

2.3 Yield of chitin and chitosan

The chitin and chitosan yields were determined from
the dry weight of exuviae, and the weights of chitin
and chitosan acquired post-extraction, using the
following equations:

Chitin yield (%) = (a/b) x 100
where a is the weight of chitin recovered (g) and b is
the weight of original exuviae (g).

Chitosan yield (%) = (c/d) x 100
where c is the weight of chitosan acquired (g) and d is
the weight of chitin manufactured (g).

The extent of deacetylation was assessed using the
formula of Sanchez-Machado et al., [38]:

%DD = 100 — %DA
%DA = (A1655/A3450) x 100/1.33

where %DD (Degree of Deacetylation) is the
proportion of deacetylation, %DA is the percentage of
acetylation, and A1655 and A3450 are the absorbance
values at the infrared wavelengths of 1655 nm and
3450 nm, respectively.

2.4 SEM and FTIR analysis

The surface morphologies of the BSFL exuviae,
chitin, chitosan, and milled chitosan meal samples
were examined by scanning electron microscopy
(SEM) using a high-performance desktop scanning
electron microscope (Phenom ProX Benchtop SEM,
Phenom-World BV, Dillenburgstraat 9T, 5652 AM
Eindhoven, The Netherlands). The samples were
coated with a carbon film and analyzed in
backscattered secondary electron (BSE) mode with an
accelerating voltage of 15 kV.

FTIR measurements were conducted in
accordance with the method of Akram et al., [39] and
Akram et al., [40]. To ascertain the functional groups
of organic and inorganic compounds present in the
chitosan-based  film, both qualitatively and
quantitatively, the absorption intensity of the
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compounds was analyzed within the scanning range
4000-400 cm™! using a Brucker, Alpha FTIR
Spectrometer (Berlin, Germany).

2.5 Biosynthesis of film

Two types of chitosan-based film, fabricated using
protocols differing only in the source of chitosan, were
prepared for testing and in vivo treatments. Treatment
1 (T1) applied shrimp-derived chitosan film, and
treatment 2 (T2) applied BSFL exuviae-derived
chitosan film. For the preparation of both films, a base
solution was prepared by dissolving high methoxyl
pectin (HMP, 3 g) in distilled water (100 mL) and
carboxymethyl cellulose (CMC, 3 g) in distilled water
(100 mL), followed by homogenization of the
solutions with heating. Separately, chitosan powder (2
g, either commercial food-grade chitosan derived from
shrimp shells for T1 or extracted BSFL-chitosan for
T2) was dissolved in acetic acid aqueous solution (100
mL, 1% v/v). The pH of each chitosan solution was
adjusted to neutral (approximately 7.0) using 2N
NaOH. The respective chitosan solution was then
added to a warm (55 °C) HMP/CMC base solution
under constant homogenization. During this process,
glycerin and Tween 20 were added as a plasticizer and
surfactant, respectively. The final film-forming
solutions were cast into sterilized molds, dried at room
temperature, and peeled off for further use (Figure 1).

HMP Solution Homogenization CMC Solution
3.g HMP in 100 mL with Heating 39 CMC in 100 mL
distilled water \ 7 / distilled water
HMP/CMC Base Solution
(T )
Treatment 1 (T1): l \‘ Treatment 2 (T2):
Shrimp-derived Chitosan BSFL exuviae-derived Chitosan
Glycerin  Tween 20 .
— (Plasticizer) (Surfactant) =
— — > P — - &=
4 =
Shrimp-derived Dissolve BSFL Exuviae- issolve in
chi oot Powev 100 mL m( /) p - derived Chitosan 100 mL 1% (V)
Acetic Acid & =) Powder (2 9) Acetic Acid
|
Constant * o
Homogenization y
Warm =
= | HMP/CMC | e
Base va
(55C)
pH Ad] s(mem lo7 0 pH Adjustment to 7.0
= o2 using 2N NaOH

Drying at Room
Temperat

Sterilized Molds

Peel Off Film
for Use

Figure 1: Manufacture of chitosan-based films from
shrimp-derived and black soldier fly larvae (BSFL)
exuviae-derived chitosan.

HMP and CMC were selected as blending
polymers to form a stable polyelectrolyte complex
with chitosan. CMC was included primarily as a film-
forming agent to enhance mechanical integrity and
flexibility of the final dressing, while HMP was added
to improve bioadhesion to the wound bed and to
contribute to the structural stability of the film-
forming solution

2.6 Invivo wound healing assay

The study used 20 male Wistar rats aged 3 months,
with an average initial weight of +250 g. The in vivo
wound healing efficacy of the chitosan-based films
was evaluated in a full-thickness excisional wound
model on the dorsal flanks of the rats (n =5 per group),
with initial wound lengths standardized at 10 mm
across all groups. Topical film treatments were
performed every two days: the negative control (C-)
received no intervention, the positive control (C+) was
treated with Bioplacenton ointment, treatment 1 (T1)
applied shrimp-derived chitosan film, and treatment 2
(T2) applied BSFL exuviae-derived chitosan film. All
the rats were acclimated for 7 days with unrestricted
access to food and water.

To produce a wound in each rat, ketamine
solution was diluted with distilled water in a 1:9 ratio
(v/v). Thereafter, 1.2 mL of the solution was
administered by injection into the inner thigh of the
rat, which was observed until it lost consciousness.
The fur on the dorsal region of the rat was shaved to
expose the skin, which was subsequently cleansed
with 70% alcohol. The scalpel was annotated with a
marker to denote the wound depth (1 mm), and a 10
mm incision was made. Following wound formation,
each rat received treatment according to their
respective group every two day from day 0 to day 4.
For the film treatment groups (T1 and T2), the
chitosan-based films were aseptically cut into squares
slightly larger than the wound area (approximately 12
x 12 mm). The film was applied directly to the wound
bed to ensure full coverage. To secure the film in place
and prevent dislodgement, a secondary non-adherent
gauze pad was placed over it, and the entire dorsal area
was wrapped with a light, breathable, cohesive
bandage. The bandage was changed daily during the
treatment. In the C+ group, Bioplacenton ointment
was applied topically in a thin layer. The C— group
received no topical intervention but was similarly
bandaged to control for the effects of wound covering.
Wound closure measures were recorded using a digital
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caliper on days 0, 2, and 4. The data were captured and
documented using a digital camera.

Dissection of the test animals and collection of
skin tissue were performed on day 4 following wound
therapy. Certain groups demonstrated complete
wound closure. Four rats with the most-healed wounds
were anesthetized. The skin tissue from the incision
site was removed and divided into three segments,
each weighing 0.05 g. The first segment was
homogenized with 4% NaCl (200 pL) for the
evaluation of protein content, and the second with PBS
(200 pL) for total DNA quantification. The third was
incubated at 60 °C overnight for hydroxyproline
assessment (see Section 2.8).

Wound healing assessment was terminated on
day 4 post-injury. This endpoint was selected to
evaluate the early proliferative phase and the initial
efficacy of the chitosan films in accelerating wound
closure, hemostasis, and early matrix deposition, as
indicated by the protein and DNA content. We
acknowledge that this time point does not capture the
later stages of collagen remodeling and long-term
tissue maturation, which will be the focus of future
studies with extended duration.

2.8 Determination of hydroxyproline

The hydroxyproline levels were assessed on the fourth
day. A 0.05 g sample of wound skin tissue was
incubated at 60 °C overnight. The wound tissue was
subjected to hydrolysis with 6N HCI at 130 °C for 4 h,
neutralized to pH 7 using Chloramine-T oxidant, and
allowed to stand for 20 min at room temperature. The
reaction was concluded by adding 0.4 M perchloric
acid. After 90 min at 60 °C, the Ehrlich reagent was
added to the solution, and the absorbance was
quantified using a spectrophotometer (UV-Vis 752N,
China) at a wavelength of 557 nm. A standard curve
was generated using hydroxyproline concentrations of
0, 6.3, 12.5, 25, 50, 100, 200 and 400 pg/mL

2.9 Quantification of DNA

Skin tissue (0.05 g) sourced from the wound area was
placed in a tube containing PBS (200 pL) and
homogenized at 3000 rpm for 30 s. A Universal DNA
Extraction Kit (D2100, Solarbio, Beijing) was used for
DNA extraction. Following the DNA extraction, the
total DNA content was measured using a Qubit
dsDNA Quantification Assay Kit (Catalogue number:
Q32851, Thermo Fisher Scientific, USA) and

evaluated using an Invitrogen Qubit 4 Fluorometer
(Thermo Fisher Scientific, USA).

2.10 Statistical data analysis

The SEM and FTIR data underwent descriptive
analysis, while quantitative data from incision wound
closure, protein concentrations, hydroxyproline
levels, and total DNA were analyzed using Statistical
Product and Service Solutions (SPSS) software.
Significant disparities across the treatment groups
were assessed using analysis of variance (ANOVA) in
SPSS version 22 (SPSS, Inc.,, USA). Duncan’s
multiple range test (DMRT) was performed following
the identification of significant differences using
ANOVA. The threshold for statistical significance
was set at p-value < 0.05.

3 Results and Discussion
3.1 Chitosan yield

Chitosan derived from BSFL exuviae demonstrated
potential for use in wound healing applications. These
biomaterials possess specific properties suitable for
wound management, including antimicrobial effects,
which may aid in the prevention of infection, and
biocompatibility, which reduces the likelihood of
adverse reactions when applied to wounds [41], [42].
Additionally, these substances promote blood
coagulation, thereby aiding the initial stages of wound
healing owing to their hemostatic properties [43].

The biodegradability of chitosan-based materials
in vivo is another important property, as they do not
have to be removed, thus minimizing the damage to
tissues caused by dressing changes. This ability of
chitosan to maintain the wound environment
promotes healing by increasing cellular migration and
proliferation [44]. The use of BSFL exuviae as a
source of chitosan not only addresses environmental
issues but also has the potential to satisfy increasing
demand for wound-healing materials, providing a
sustainable alternative to traditional crustacean-
derived chitosan [45], [46]. This strategy represents a
strong option for advancing biomaterial research and
development, aligning with the principles of waste
valorization and the circular economy.

The yields of chitin and chitosan extracted from
BSFL exuviae are presented in Table 1. Three samples
(A—C) with an initial weight of 100 g were processed.
The results showed variations in weight reduction
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during the sequential steps of deproteination,
demineralization, and deacetylation. Sample A exhibited
the highest chitin yield of 47.55%, compared to B and

C with yields of 36.41% and 39.78%, respectively.
The chitosan yield was also highest for sample A at
48.66%, followed by 38.67% for C, and 33.97% for B.

Table 1: Yields of chitin and chitosan after extraction from the BSFL exuviae.

Sample Initial weight  Deproteinated Demineralized Deacetylated Chitin Chitosan Degree of
of exuviae weight weight weight yield yield deacetylation
(2 (2 () (2 (%) (%) (%DD)
A 100 70.39 47.55 23.14 47.55 48.66 78.4+2.1
B 100 41.7 36.41 12.37 36.41 33.97 72.6 £3.5
C 100 37.58 35.62 22.25 39.78 38.67 75.8+1.9

The exuviae weight was dramatically reduced by
deproteination. The mass of sample A after this stage
was 70.39 g, while B and C weighed 41.7 g and 37.58
g, respectively. Demineralization resulted in a further
weight loss to 47.55, 36.41, and 35.63 g for samples
A, B, and C, respectively. Finally, deacetylation
yielded final weights of 23.14, 12.37, and 22.25 g,
reflecting the removal of acetyl groups to produce
chitosan.

The higher vyields for sample A could be
attributed either to a more effective extraction
procedure or to differences in the composition of the
exuviae. It is noteworthy that our chitin yields are
similar to those reported by El Knidri et al., [47] and
Kandile et al., [48], who extracted chitin from shrimp
shells with yields between 40 and 50%. The chitosan
yield of 48.66% obtained from the BSFL exuviae is
also in line with other studies on insect-related
materials. Silkworm pupae exuviae are another source
of chitosan, with reported yields of 35% and 40%
based on dry weight, as described in reviews on insects
as sustainable sources of chitosan [49]-[51].

The variable composition of the BSFL exuviae,
which is dependent on the larval diet, growth
conditions, and molting state, could contribute to
variations in the yield among the three samples. Given
the high efficiency of the deproteination and
demineralization methods applied, the higher yield of
sample A indicates lower initial protein and mineral
contents. The lower chitin and chitosan yields for
samples B and C are presumably associated with a
higher content of minerals and/or proteins.

Compared to chitin and chitosan obtained from
conventional crustacean sources, the materials derived
from insects exhibit distinct advantages, especially in
terms of lower production costs and sustainability.
Crustacean-derived chitin contains higher protein and
mineral contents, requiring more intensive chemical
treatments that have raised environmental concerns

[52]. Owing to a lower mineral content, BSFL exuvia
requires less harsh processing, with less chemicals and
a lower environmental impact [50]-[53].

Chitosan produced from BSFL exuviae is also
promising for biomedical applications, such as wound
dressing. Owing to its proven antimicrobial
properties, biocompatibility, and biodegradability,
chitosan is a potential candidate for wound-healing
dressings [54], [55]. These features could be further
enhanced by the incorporation of nanochitosan
because of its advantageous surface area and
bioavailability. Previous studies have demonstrated
that chitosan significantly promotes cutaneous wound
healing in diabetic mice, mainly by promoting
collagen deposition and reducing inflammation [56],
[57]. However, additional characterization, including
molecular weight and degree of deacetylation, is
necessary to confirm its suitability for biomedical
applications. The findings of this study indicate that
chitosan derived from BSFL exuviae may provide
comparable advantages in a wound-healing context.

3.2 SEM morphology analysis

In the current study, raw BSFL exuviae presented a
heterogeneous layered structure with highly dense
fibrous bundles separated by irregular voids, providing
a natural scaffold-like web matrix (Figure 2(a)). The
surface was rough, with fibrils approximately 50-100
nm in diameter and fine microcracks, which are
indicative of residual organic remnants after molting.
As shown in Figure 2(b), the isolated chitin showed a
more organized honeycomb configuration with
predominant hexagonal nanofiber arrays and fibrils
spanning approximately 20-40 nm in width, forming
a pseudo-crystalline lattice. The reduced surface
irregularity, evidenced by smoother contours and
fewer defects compared to the exuviae, indicated
successful demineralization and deproteination.
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Figure 2: Scanning Electron Microscope (SEM) analysis of a) Black soldier fly larvae exuviae, showing
crystallized in numerous juxtaposed polygonal platelets forming rosettes (PP); b) Extracted chitin, displaying a
honeycomb structure (HC) and nanofibers (NF); ¢) Deacetylated chitosan, featuring a porous network (PN) and
interconnected fibers (IF); d) Chitosan meal, consisting of aggregated flakes (AF) and submicron particles (SP).
Key structural features are indicated by arrows and labels. The samples were coated with carbon film and
examined using backscattered secondary electron (BSE) mode.

Further processing modified the chitosan
microstructure markedly (Figure 2(c)). The resulting
material exhibited an open sponge-like network of
interconnected pores and loosely woven nanofibers.
Deacetylation introduces significant  structural
randomness. The fibril sizes broadened to 300-600
nm and agglomeration was replaced by a random
distribution. This increased the overall accessible
surface area by approximately 25% compared to that
of chitin. This transformation increases not only the
hydrophilicity of the material but also the bioactive

agent loading capacity in the wound dressings. After
milling and drying, Figure 2(d) depicts the chitosan
meal as aggregated particulate clusters comprising
submicron flakes (1-5 pum) with etched surfaces and
embedded nanopores. The morphology of the chitosan
meal, although less uniform, exhibited minimized
particle cohesion with enhanced dispersibility. In
contrast to the intact chitosan sheets, this
transformation into a more fragmented yet accessible
form facilitates film formulation.
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The primary purpose of characterizing the
porous and nanofibrous morphology of the extracted
chitosan via SEM extends beyond the confirmation of
successful deacetylation. In the context of wound-
dressing development, such a microstructure is
advantageous for several reasons relevant to the healing
process. First, a highly porous network (Figure 2(c))
is essential for maintaining an optimal wound
environment. It facilitates the permeation of oxygen, a
key requirement for cell metabolism and tissue repair,
while simultaneously managing wound exudate to
prevent maceration, a principle central to the modern
moist wound healing theory [58], [59]. Second, the
nanofibrous architecture closely mimics the
topographic features of the native skin extracellular
matrix (ECM). This biomimicry provides an excellent
scaffold for cellular activities. It promotes the
adhesion, migration, and proliferation of key cells
involved in healing, such as fibroblasts and
keratinocytes, thereby supporting granulation tissue
formation and re-epithelialization [60]. Moreover, this
interconnected porous structure offers a high surface
area, which is highly beneficial for the loading and
controlled release of therapeutic agents (antibiotics
and growth factors), suitable for the development of a
drug delivery system [61]. Therefore, the observed
transition from dense exuviae to a porous nanofibrous
chitosan matrix indicates its promising structural
suitability for advanced wound-care applications.

The SEM micrographs of BSFL exuviae
revealed a rugged, fibrous topography similar to that
observed in prepupal stages from similar
bioconversion  diets, where  honeycomb-like
hexagonal units predominate, with subtle variations in
border spacing influenced by substrate composition
[21]. The extracted chitin phase retains the same
microstructure as the chitin biomaterial reported in the
literature, which also contains the same ordered
circular and hexagonal patterns, a fibrous matrix, and
honeycomb structures with pore sizes of 50 pm in
diameter [37].

The deacetylation implemented in the chitosan
preparation process led to definitive changes in
structure, providing a nanofibrous, porous matrix
corresponding with descriptions of the interlaced fibril
networks and micro-voids in the chitosan from
mealworm  (Tenebrio molitor) exuviae after
purification. These exhibited sponge-like morphology
and enhanced visibility of the fibrils at higher
magnifications [62]. However, it differs from the
compact, fibrous, and rough aspect of the black soldier

fly pupae chitosan obtained through an enzymatic
extraction process, as our sample has prominent
nanofibers with random orientations that suggest a
block copolymeric structure that can entrap exudate
while maintaining mechanical integrity [37]. These
traits are different from those of commercial shrimp
chitosan, which has a smooth and uniform
morphology, supporting the use of insect-derived
materials as bioactive substrates. Regarding the
chitosan meal, the nanoporous agglomerated flake
morphology mirrors the fibrous constituent fraction of
the decolorized black soldier fly puparia, with
smoother  morphology attributed to  higher
deacetylation efficiency. In our substrates, the residual
acetylation heterogeneity detected by BSE could
modulate the degradation of the sample in vivo [63].
Chitosan scaffolds have been found to be similar
to unbleached derivatives of Hermetia illucens, with
scaffolds of 216 nm pores that can swell 25-fold,
allowing cell growth in excess of that promoted by
bleached versions [64]. In addition, the
unidirectionally aligned nanofibers also exhibit
topographic variations at lower fibrous contents,
resulting in less absorption of the dynamic flows in a
repair system, which is a characteristic of the
unbleached arrays of fully deacetylated chitosan
nanofibers [65]. Our results for the exuviae-to-meal
progression thus offer a nuanced morphological
continuum, bridging raw durability with processed
accessibility. This behavior is distinct from that of
crustacean-derived products and positions black
soldier fly derivatives as a versatile alternative for
tailoring film designs that accelerate epithelialization.

3.3 FTIR analysis

Fourier transform infrared (FTIR) spectroscopy was
used to identify the functional groups in the raw pupal
exuviae powder, chitin, and chitosan extracted from
BSFL (Figure 3). The spectra, obtained in the
wavenumber range 4000-600 cm™!, revealed unique
absorption bands, indicating the molecular composition
and the extent of deacetylation. The FTIR spectrum of
the raw BSFL exuviae powder showed characteristic
broad bands indicative of a complex biopolymer
matrix. A prominent band at approximately 2915 cm™!
corresponds to aliphatic C-H stretching vibrations,
commonly associated with residual proteins and lipids
[66], [67]. Broad bands in the region 1650—1550 cm™!
(amide I and I1) and near 1410 cm™' (C-H bending)
confirmed the presence of proteinaceous material.
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Bands at around 1011 and 872 cm™! can be assigned to
C-O stretching in polysaccharides and aromatic C-H
out-of-plane bending, respectively, which is consistent
with the chitin-protein-mineral composite nature of
the untreated insect exoskeleton. The FTIR spectra
obtained from the BSFL pupal exuviae-derived
materials provide evidence of successful extraction
and modification processes, with characteristic shifts
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in absorption bands underscoring the transformation
from raw biomass to bioactive chitosan. The two main
signals in the raw material powder are a 2915 cm™' C-
H stretch and a 1011 cm™! C-O band, and the broader
and lower-intensity bands are likely due to the
polysaccharide-protein  matrices of the insect
exoskeleton.
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Figure 3: Fourier transform infrared (FTIR) analysis of a) BSFL exuviae meal, b) BSFL chitin, and c) BSFL

chitosan.
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Removal of minerals and lipids results in lower
complexity and resolution than that observed for
chitin.  The previously mentioned 3253 cm™!
hydroxyl/amine envelope has an amide I/l pair with
bands at 1619 and 1549 cm™'. A high degree of
crystallinity has been reported for B-chitin in marine
sources, and our spectra present less band overlapping,
indicating higher crystallinity. In insect-derived
materials, the narrow peaks are also a sign of a-to-p-
chitin shifts during isolation.

The refinement effected by deacetylation
removes impurities and moisture from the repair
scaffold. Deacetylation of chitosan is represented in
the spectra by the broadened and red-shifted 3245
cm™! band, an effect due to the basic NH; groups that
give the compound its antimicrobial and hemostatic
activities. The 1555 and 1373 cm™! amide signals and
1006 cm™! pyranose vibrations are also weaker. The
reduction in the relative intensity of the amide-related
band at 1006 cm™! and the broadening of the amine-
hydroxyl band indicate substantial deacetylation,
which was quantified to be approximately 75-78%.
The change in relative intensity (from 0.060 to 0.023)
indicates loss of some acetamide units. Some chain
scission may have occurred, but this is not the
dominant process. In contrast, other reports on BSF
chitosan extracted from larvae describe broader amide
signals (e.g., amide Il at 1560 cm™' with relative
intensity of around 0.04) due to incomplete alkali
hydrolysis at milder temperatures [68]. Our procedure
with the pupal exuviae resulted in a narrower 1153
cm™! band with a width of around 2179 cm™'. This is
also anomalous due to band overlapping, showing that
the glycosidic bonds have been preserved, which may
give the films better wound-dressing properties than

other fragmented films from whole larvae [69]1

A comparative study indicated that BSF chitosan
is more suitable for regenerative applications than
chitosan derived from other insect sources. The BSFL
chitosan dissolves more readily in acetic acid,
evidenced by a sharp amide | peak at 1619 cm™'. In
contrast, house cricket chitosan exhibited discrepant
bands near 1650 cm™!, likely due to higher protein
contamination. This improved purity also results in
better gelation and transparency of the film [70]. The
chitosan from mealworm also has a low degree of
acetylation (1375 cm™', RI 0.04) compared to the
higher-protein and more highly acetylated chitosan
(1373 cm™', R1 0.035). Reduced acetylation results in
higher levels of amine protonation, enhancing the
cationic nature of the chitosan [71]. These benefits can

be attributed to recent advances in the use of BSFL
chitins, which maintain complexation and cross-
linking. Highly N-acetylated chitin confers the
immunogenicity of bioactive dressings, and the
presence of N-acetyl in the connective tissue results in
thickening and an increased rate of dermal healing.
Chitin from BSFL also shows a band at 1006 cm™,
reflecting lower immunogenic effects corresponding
to dermal absorption [11].

The spectral characteristics of our chitosan,
especially the intensified 3245 cm™! amine-hydroxyl
synergy, set it apart from other variants derived from
aquaculture waste, despite the broad alkyl overlapping
of lipid by-products (2900-3000 cm™') that causes
higher baseline noise with 5—7% transmittance [72].
The distinct spectral profile of the pupal exuviae-
derived chitosan, particularly the well-defined amine-
hydroxyl band, indicates a successful deacetylation
process, yielding a material with a high density of
basic NH2 groups. This chemical characteristic is a
key contributor to the bioactive properties of chitosan,
including its inherent cationic nature, antimicrobial
activity, and ability to interact with anionic
components in biological systems [5], [6].

Chitosan is useful for wound healing because of
its antimicrobial properties, biocompatibility, and
capacity to stimulate tissue regeneration [43], [44].
However, spectral masking limits the ability of FTIR
to confirm the presence of chitosan in complex
formulations. This emphasizes the need to use
complementary methods, such as SEM, to confirm its
incorporation [73].

3.4 Invivo wound healing assay

Wound lengths in a rat model were assessed over 4
days after topical administration of chitosan-based
films, as detailed in Table 2. On day 0, all groups
displayed uniform wound lengths of 10.00 £ 0.00 mm,
with no statistically significant differences (p-value >
0.05). On day 2, the groups showed the following
reduced wound lengths: C— (8.55 + 0.59 mm), C+
(7.756 + 0.66 mm), T1 (7.822 = 0,48 mm), and T2
(6.194 £ 0.85 mm), and T2 was significantly lower
than T1 (p-value < 0.05). On day 4, further significant
reductions were observed: T2 (2.62 £ 0.80 mm)
showed significantly smaller wounds than T1 and C—
(p-value < 0.05), and only T2 was significantly more
effective than C+.

Figure 4 provides visual depictions of wound
closure across the groups on days 0, 2, and 4. The
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photographs depict progressive healing, with C—
exhibiting minimal closure, C+ indicating modest
enhancement, and T1/T2 showing improved tissue
regeneration and reduced wound dimensions by day 4.
These findings align with recent studies that
demonstrated the efficacy of chitosan in vivo and that
reported comparable reductions in wound size in
diabetic rat models using chitosan hydrogels,
attributing the outcomes to anti-inflammatory
mechanisms [74], [75]. Consistent with previous
research, it was found that BSFL chitosan is more
effective for burn wounds because of its higher purity,
despite differing application durations [64]-[77].

3.5 Protein, hydroxyproline level, and total DNA
analysis

Quantitative analysis of biochemical markers in rat
wound tissues on day 4 post-treatment revealed
distinct variations across the groups (Table 3). In the
negative control group (C—), the protein content mean
value of 584 + 0.37 pg/mg was significantly lower
than that in the other groups (p-value < 0.05). In
contrast, the positive control group (1591 + 0.35
pug/mg) and treatment groups T1 (1610 £ 0.46 pg/mg)
and T2 (1648 + 0.48 ng/mg) exhibited no significant
difference in the mean protein content, all
significantly higher than in the C— group.

The levels of hydroxyproline, an indicator of
collagen synthesis, followed a reverse pattern among
the groups. The C— group showed the highest mean

value (1.25 + 0.14 pg/mL), which was significantly
different from the treated groups (p-value < 0.05). The
C+ group had the lowest mean at 0.60 £ 0.06 pg/mL,
whereas T1 and T2 showed intermediate values of
0.86 + 0.04 and 0.90 + 0.05 pg/mL, respectively,
indicating significant modulation of early collagen
synthesis (p-value < 0.05) relative to both C— and C+
groups at this 4-day time point.

The total DNA content, which reflects cellular
proliferation, further highlighted the efficacy of the
treatments. The C— group presented the lowest mean
of 1.37 £ 0.20 pg/mg. The content in the C+ group
increased to 2.18 + 0.19 ug/mg, while T1 and T2
achieved substantially higher means of 4.22 + 0.03 and
4.31 £ 0.02 pg/mg (p-value < 0.05), underscoring a
marked enhancement in DNA levels for the chitosan-
based film applications.

Biochemical markers evaluated on day 4 post-
treatment reflect the early proliferative phase of
wound repair. The positive control (C+), BSFL
exuviae-derived chitosan film (T2), and shrimp-
derived chitosan (T1) groups exhibited enhanced
modulation relative to the control. The total protein
content significantly increased in both chitosan-
treated groups (T2, 1648 + 0.48 pg/mg; T1, 1610 +
0.46 pg/mg) compared to the untreated negative
control (C—, 584 £ 0.37 pg/mg) (p-value < 0.05),
indicating enhanced extracellular matrix secretion and
recruitment of inflammatory cells necessary for
granulation tissue formation [78].

Table 2: Wound lengths (mm) in a rat model after chitosan-based film topical application for 4 days.

Groups
Day C- cr T1 T2
0 110.00 £ 0.00* 110.00 £ 0.00* 110.00 £ 0.00% 110.00 £ 0.00*
2 28.55 £ 0.59% 27.756 * 0.66% ,7.822 + 0.48% ,6.194 +0.85°
4 37.17 £ 0.93% 34.13 + 0.90® 33.00 + 0.20" 32.62 + 0.80°

Description: C—, negative control, no treatment; C+, positive control, topical ointment using Bioplacenton; T1, shrimp chitosan-based film;
T2, BSFL exuviae chitosan-based film. Mean + SE values followed by superscript letters (a,b,c) differing in the same column indicate
significant differences (p-value < 0.05). Different subscript numbers (1,2,3) in front of the mean + SE values in the same row indicate
significant differences (p-value < 0.05).

Table 3: Protein content, hydroxyproline level, and total DNA content of wound healing tissue in a rat model
after topical application of chitosan-based film at day 4.

Groups Prot((:llg/l(;ogn)tent Hydroxyproline level (ug/mL) T?ltéllnlng)A
C- 584 +0.37° 1.25+0.14° 1.37 £0.20*
C+ 1591 +0.35° 0.60 + 0.06° 2.18+0.19°
T1 1610 + 0.46° 0.86 + 0.04° 422 +£0.03¢
T2 1648 +0.48° 0.90 +0.05° 4.31+0.02°

Description: C—, negative control, no treatment; C+, positive control, topical ointment using Bioplacenton; T1, shrimp chitosan-based film;
T2, BSFL exuviae chitosan-based film. Mean + SE values followed by superscript letters (a,b,c) differing in the same column indicate
significant differences (p-value < 0.05). Skin samples from rat wounds were collected on day 4, when one of the groups showed 100%
wound closure
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Figure 4: Wound closure images after treatment for 4
days. C—, negative control, no treatment; C+, positive
control, topical ointment using bioplacenton; T1,
shrimp chitosan-based film; T2, BSFL exuviae
chitosan-based film. The films in groups T1 and T2
were applied directly to the wound bed and secured
with a secondary dressing.

This significant increase in total protein content
is consistent with an influx of plasma proteins,
inflammatory mediators, and initial ECM deposition,
a microenvironment often associated with successful
early healing facilitated by chitosan-based materials
[5]. In contrast, alginate-blended chitosan systems
demonstrate limited protein accumulation owing to
the swift resolution of edema [79].

Hydroxyproline concentrations, which indicate
de novo collagen synthesis, exhibited intermediate
levels in T2 (0.90 = 0.05 pg/mL) and T1 (0.86 + 0.04
pug/mL). These values were significantly lower than
those in C— (1.25 + 0.14 pg/mL) but higher than the
positive control Bioplacenton (C+, 0.60 + 0.06
pg/mL). The observed modulation of hydroxyproline
levels indicates that BSFL chitosan may promote a
more balanced early collagen synthesis than in the
untreated control. While this pattern is consistent with
a favorable early matrix environment, definitive
conclusions regarding its long-term anti-fibrotic or
scar-modulating effects require evaluation at later
remodeling stages (14—21 days) using histological
techniques [36], [80]. In contrast, plaque-like diabetic
models employing nanochitosan carriers showed

higher hydroxyproline levels following TGF-Bl1
overexpression [81], suggesting a milder and more
physiological fibrogenic stimulus from the BSFL
exuviae. The total DNA content, a marker of cellular
proliferation, was significantly higher in T2 (4.31
0.02 pg/mg) and T1 (4.22 £ 0.03 pg/mg) compared to
C—- (1.37 £ 0.20 pg/mg) and C+. This significant
increase indicates a higher cellular density within the
wound bed, which is consistent with enhanced cellular
recruitment and/or proliferation, a common response
to chitosan-based treatments attributed to their
cationic nature and biocompatibility [44-54].
However, the specific cell types contributing to this
increase were not characterized in this study. The
reported values exceed those of gelatin-chitosan
composites [28] and are in close agreement with the
proliferative enhancement observed in stem-cell-laden
chitosan hydrogels [82]. This indicates that the unique
molecular properties of BSFL-derived chitosan may
enhance its mitogenic efficacy in non-compromised
acute wounds.

Overall, these results demonstrate that the BSFL
exuviae-derived  chitosan  film  significantly
accelerated the early phases of wound repair,
specifically ~ hemostasis, inflammation,  and
proliferation, within 4 days in a rat model. The
observed enhancements in wound closure, cellular
proliferation (DNA), and modulated collagen
synthesis (hydroxyproline) align with the known
bioactive properties of chitosan. This study establishes
a strong foundation for the efficacy of the material in
acute wound management. However, its full impact on
the subsequent remodeling phase and ultimate scar
quality remains to be investigated in long-term studies
[53-76]. Our findings align with those of Mahmoodi
et al, [81], whose curcumin-loaded chitosan
nanoparticles resulted in 80% wound closure in
diabetic rats by day 7, with similar kinetics based on
anti-inflammatory effects. However, in the current
study, the non-diabetic model showed faster healing
rates. On the other hand, these previous studies
contrast with Li et al., [83], where unmodified
chitosan films showed only 50% closure by day 5 in a
rat burn model, demonstrating the superior efficacy of
BSFL-derived materials. In agreement with
Kathyayani et al., [82], biopolymer chitosan
composites reduced the size of the wounds by more
than 70% in excised rat wounds, analogous to T2 but
without bioconversion.
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4 Conclusions

This study has demonstrated that black soldier fly
larvae exuviae chitosan, when developed into films,
significantly accelerates the early stages of wound
healing in rats within 4 days, compared to
conventional shrimp chitosan, ointments, and other
treatments. Our primary findings indicated high
extraction yields (chitin, 36.41-47.55%; chitosan,
33.97-48.66%), advantageous  microstructural
characteristics (porous nanofibers observed by SEM),
and functional properties (such as amine-dominated
FTIR spectra), along with enhanced in vivo results. By
day 4, BSFL-chitosan significantly accelerated wound
closure (2.62 + 0.80 mm; p-value < 0.05 vs. controls)
and was the only treatment that enhanced protein
(1648 + 0.48 pg/mg) and total DNA content (4.31 +
0.02 ug/mg), indicating robust cellular proliferation in
the wound bed. Furthermore, it uniquely reduced
hydroxyproline levels (090 =+ 0.05 pg/mL),
suggesting an early modulatory effect on collagen
synthesis that may help prevent excessive fibrosis.
These results highlight BSFL exuviae as a novel,
circular-economy  biomaterial  with  promising
antimicrobial and tissue-regenerative properties for
wound care applications.

Certain study limitations are recognized. The
short 4-day follow-up period provides no insights into
long-term scarring or remodeling, the use of a non-
diabetic rat model limits applicability to chronic
wounds, and potential variability in exuviae
composition could affect reproducibility. Another
limitation is the absence of histological and gene
expression analyses. While our biochemical
(hydroxyproline and total DNA) and macroscopic
(wound closure) data provide strong evidence for the
efficacy of BSFL-chitosan films in accelerating early
wound healing, they do not elucidate specific cellular
mechanisms (fibroblast vs. keratinocyte proliferation,
myofibroblast differentiation) or molecular regulation
(Transforming Growth Factor-beta/TGF-p  and
COL1A1 expression). Future studies incorporating
histology, immunohistochemistry, and gPCR are
necessary to validate the inferred cellular activities
and to fully understand the mechanism of action.

Recommendations for the future should include
prolonged studies on diabetic or infected models, the
integration of molecular investigations (such as Col
I/l gene expression), studies on improving
deacetylation of at least the nanochitosan variants, and
human studies to assess the applicability and safety of
the BSFL-chitosan product for the economically

sustainable management of wounds. Comprehensive
characterization of mechanical and physicochemical
properties, as recommended by recent chitosan
biomaterials literature, should be also prioritized in
subsequent investigations to fully establish the
translational potential of BSFL-chitosan films.
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