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ARTICLE INFO ABSTRACT

Handling Editor: Fabio Arico This study introduces a sustainable and efficient alternative to traditional chitosan sources
derived from crustaceans, exploring the extraction and application of insect-derived chitosan
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Efficient extraction and deacetylation methods were tested and developed between 6 h and 12
h to obtain chitosan. Chitin was isolated from T. molitor through deproteinization and deminer-
alization, with yields of approximately 5 % (w/w). Chitosan was obtained from the extracted
chitin resulting in yields of between 65.0 and 79.3 (w/w). Characterization using FTIR confirmed
structural similarities with commercial chitosan and degrees of deacetylation in the 73-75 %
range. The bioactive properties of chitosan obtained from T. molitor, including antimicrobial and
antioxidant activities, were evaluated. All the microorganisms tested were inhibited, exhibiting
minimum lethal concentrations between 2 and 8 mg/mL. In addition, chitosan showed antioxi-
dant activity in the range of 60-65 pmol Trolox equivalent/g, suggesting its viability for various
medical applications. This study additionally allowed the design of sustainable hybrid chitosan
membrane (CH-M) tailored for HD applications. The permeation characteristics of CH-M for urea
and albumin were studied in vitro to assess their suitability as HD membranes. Urea was
permeable to values of over 70 % and albumin was retained. Also, cytotoxicity assays against
1929 fibroblast cells demonstrated that the CH-M samples exhibit low metabolic inhibition
(around 15 %) The application of CH-M in HD represents a significant advance, offering the
potential for enhanced therapeutic outcomes for chronic kidney disease (CKD).

1. Introduction

The prevalence of CKD has been increasing over the years, presenting a growing public health challenge, and it is expected to
become the 5th leading cause of death by 2040 (Foreman et al., 2018). The common therapeutic approach is HD, an extracorporeal
treatment, usually administered 3 times a week for 3-4 h each time and employing semipermeable membranes. Extensive research has
been dedicated to the design and development of these membranes, aiming to enhance the speed and efficiency of dialysis processes
(Fox and Franklin). However, to date, sustainability and possible reuse have not been a priority or concern in current scientific ad-
vances. More than 90 % of dialysis membranes are fabricated from polysulfone (PSu) or polyethersulfone (PES). Udel® PSu and
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Veradel® PES have emerged as the preferred polymers for crafting these membranes (Hestekin et al., 2023). Nevertheless, due to their
plastic composition, these membranes are synthetic, non-biodegradable and designed for single use. This imposes an environmental
strain worldwide, particularly evident in the estimated 4.1 million dialysis procedures conducted annually (Fresenius Medical Care,
2023). Modern HD filters are also made of hollow fibers produced via electrospinning, which must efficiently permeate and retain key
biochemical markers in the blood, functioning as artificial kidney systems. These markers include urea and creatinine. In terms of urea,
post-dialysis levels aim to be below 100 mg/dL, with creatinine levels decreasing to around 7-12 mg/dL. These fibers must also permit
selective filtration while preserving essential blood proteins, such as albumin, which should remain within a physiological value of
approximately 5.0 g/dL. The semipermeable nature of the dialysis membranes is crucial, allowing for the diffusion of waste products
like urea and creatinine while preventing the passage of larger molecules (Bowry and Chazot, 2021).

The current investigation uniquely pioneers the study of the feasibility of using chitosan derived from edible insects, particularly
T. molitor, as a main component of dialysis membranes to promote a new bio-hybrid concept for HD. Tenebrio molitor, a species of
darkling beetle commonly known as the yellow mealworm is commercially available and already used in various food products and for
personal consumption (EFSA Panel on Nutrition et al., 2021), which underscores the practicality and accessibility of this resource for
medical applications. Also, T. molitor and other insects have, overall, a larger production of chitin material than crustaceans (Zainol
Abidin et al., 2020). Chitin (poly (B-(1 — 4)-N-acetyl-D-glucosamine), is valued for its several key properties, including biodegrad-
ability, biocompatibility, and non-toxicity (Aberoumand and Chabavi, 2024). It serves as the exoskeleton’s primary building block and
is produced when mealworm larvae transform into pupae.

Chitosan is a biopolymer composed of glucosamine and N-acetylglucosamine units (Ravi Kumar, 2000) typically produced by the
deacetylation of chitin, which involves the removal of the acetyl groups from the N-acetylglucosamine units (Kumirska et al., 2011).
Chitosan, recognized for its significant bioactivity, is a biodegradable polymer that can be chemically modified to synthesize a variety
of derivatives, thereby broadening its utility in diverse biomedical applications (Aberoumand and Muolenejad, 2024). Chitosan from
insects is widely available because of its high reproductive rate, easy reproduction, and higher tolerance to environmental changes.
Furthermore, it requires more moderate conditions of extraction, compared to the ones required for crustaceans. Due to its
anti-coagulant (Bhattarai et al., 2010), anti-inflammatory (Edo et al., 2024), and antibacterial properties (Szymanska and Winnicka,
2015), chitosan may lower the chance of coagulation, inflammation, and/or infection in subjects undergoing dialysis. These upvalues
properties make it a viable opportunity for future study and advancement in dialyzer technology, even raising avenues for possible
reuse of membranes, given their antimicrobial potential.

To address these challenges, there has been a growing interest in developing alternative materials that are both sustainable and
biocompatible (Kumar Gupta et al., 2015). Traditional materials such as PSu and PES, while effective in terms of performance, fall
short on environmental sustainability and biocompatibility (Hestekin et al., 2023). The search for alternative materials has led to the
consideration of biopolymers like chitosan, which offers several advantageous properties such as biodegradability, non-toxicity, and
the ability to be chemically modified (Aberoumand and Chabavi, 2024). These properties may be crucial for medical applications,
especially in a new era of HD where the biodegradability, reuse and biocompatibility of membranes with blood components are a
step-forward vision (Bonomini et al., 2022). Chitosan derived specifically from mealworms, such as T. molitor, offers distinct ad-
vantages over other sources. The choice of mealworm-derived chitosan is strategic, leveraging its high yield of chitin, the precursor to
chitosan, which surpasses that available from traditional marine sources. This not only reduces dependency on marine ecosystems but
also aligns with more sustainable agricultural practices (Mei et al., 2024) given the lower environmental impact of farming mealworms
compared to traditional livestock or marine harvesting (Safavi et al., 2024).

This study represents a groundbreaking advance in medical technology, as it is the inaugural effort to utilize chitosan derived from
T. molitor for the development of HD membranes. This innovative approach not only introduces a sustainable source of biomaterials
but also enhances the biodegradability and efficiency of membranes used in critical healthcare treatments. By integrating insect-
derived chitosan into HD applications, this research sets a new standard for the incorporation of eco-friendly and high-performance
materials in the healthcare industry.

2. Materials and methods
2.1. Materials

All standards and reagents, including commercial chitosan of medium molecular weight (approximate degree of deacetylation of 75
%, viscosity-based molecular weight of 190,000-310,000 Da) were obtained from Sigma-Aldrich (Sintra, Portugal), unless otherwise
noted.

2.1.1. Microbial strains used for antimicrobial activity tests

For the antimicrobial assays, Staphylococcus aureus (MRSA, DSM 11729), Candida albicans (DSM 3454), and Staphylococcus epi-
dermidis (DSM, 20044) were provided by DSM Pharmaceuticals Inc. (Durham, North Carolina, USA) and Escherichia coli (ATCC 25922),
Staphylococcus aureus (MSSA, ATCC 29213) and Pseudomonas aeruginosa (ATCC 10145) were provided from American Type Culture
Collection (Manassas, Virginia, USA). These strains were used as referenced nosocomial agents.

2.1.2. Cell lines growth conditions
A mouse fibroblast cell line, L929, was used (ECACC, U.K.). In the context of HD, fibroblasts can contribute to the study of cellular
responses to biomaterials used in dialysis membranes (Biagini et al., 1994), focusing on extracellular matrix interactions and cellular
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viability. The cells were grown as monolayer cultures in Dulbecco’s Modified Eagle Medium (DMEM; Sigma Aldrich, Germany), which
was enhanced with 1 % (10,000 U/mL) penicillin/streptomycin (Gibco, U.K.) and 10 % (w/v) fetal bovine serum (FBS; Biochrom,
Germany). At 37 °C, the cells were cultured in a CO; incubator with a 5 % CO; environment, for 24 h.

2.2. Chitin and chitosan extraction

The samples of T. molitor larvae (Gotanbug, Portugal) were grinded to obtain a powder. To extract the chitin and chitosan from the
T. molitor powder, the method presented by Shin et al. (2019) was used with modifications.

2.2.1. Chitin extraction

Two processes were tested varying the extraction time. In each, the dried insect powder (20 g) was subjected to alkaline treatment,
with 10 % (w/v) NaOH solution (Merck, Darmstadt, Germany), at 90 °C, for 2 h (E4), or 4 h (E8), to remove protein, fat, and colour.
The samples obtained were washed in distilled water until the pH value became neutral. Subsequently, samples were acid-treated with
7 % (v/v) HCl solution (Merck, Darmstadt, Germany), at 55 °C, for more than 2 h (E4) or 4 h (E8), respectively, to remove minerals, and
then they were washed with distilled water until the pH value became neutral. After drying in an air oven at 60 °C for 24 h, chitin was
obtained, with a colour corresponding to a light brown in both samples (E4 and E8). The overall procedure is schematically represented
in Fig. 1.

After weighing the dried chitin, the yields were calculated according to the following equation (Eq. (1)) (Shin et al., 2019):

_ weight of chitin

yield of chitin ( %) = weight of insect x 100 )

2.2.2. Chitin deacetylation into chitosan

Two processes were performed, varying the deacetylation time. To remove the acetyl groups, the powder of each chitin sample (E4
and E8) from T. molitor was treated with a 55 % (w/v) NaOH solution, at 90 °C, for 2 h (E4D2 and E8D2), or 4 h (E4D4 and E8D4), and
it was washed with distilled water until the pH value became neutral (Fig. 2).

After drying in the air oven at 60 °C for 24 h, the weight of the dried chitosan was evaluated, and the yields of the procedure were
calculated according to the following equation (Eq. (2)) (Shin et al., 2019):

weight of chitosan
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Fig. 1. Chitin extraction processes (i.e. extraction during 4 h and 8 h).
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Fig. 2. Chitin deacetylation for chitosan extraction - (A) chitin powder, E4; (B) chitin powder, E8.

2.3. Chitosan physicochemical characterization

2.3.1. Fourier transform infrared spectroscopy

The extracted chitin and chitosan specimens underwent analysis through Fourier-transform infrared spectroscopy (FTIR-ATR
analysis), utilizing a PerkinElmer spectrometer (Waltham, MA, USA) equipped with a diamond/ZnSe crystal and an attenuated total
reflectance (ATR) sampling accessory from PIKE Technologies (Beaconsfield, UK). Each sample underwent 32 scans, covering the
wavenumber range of 600-4000 cm !, with a spectral resolution of 4 cm™!. Additionally, baseline point correction and spectra
normalization procedures were implemented.

The degree of deacetylation (DD) in the chitosan samples was determined via the absorbance ratio (A1655/A3450), as the two
parameters exhibit a linear correlation. The following equation was employed for DD calculation (Eq. (3)) (Czechowska-Biskup et al.,
2012):

Degree of deacetylation ( %): 97.67 - [26.486 x (A1655/A3450)] 3

2.3.2. Dynamic light scattering and zeta potential

10 mg of extracted and commercial chitosan were dissolved in 1 % (v/v) acetic acid solution. The sample zeta potential (ZP) was
evaluated with a NanoZSP device (Worcestershire, UK) (Coscueta et al., 2021). All tests were performed using a disposable foldable
capillary cell with a 90° laser angle (Malvern, Worcestershire, UK) at room temperature (25 °C).

2.4. Invitro bioactivities of the extracted chitosan

2.4.1. Antioxidant activity

The antioxidant activity was assessed using the 2,2-azinobis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS) radical as a photo-
metric technique. The fundamental principle underlying ABTS involves the attenuation of a well-established metastable radical
(ABTS+) by antioxidant compounds. The experimental procedure, as detailed in Coscueta et al. (2020), was executed in a 96-well
microplate format. The assay was conducted using a multidetector plate reader (Synergy H1, Vermont, USA), operating under the
guidance of Gen5 Biotek software version 3.04. To generate the ABTS radical cation (ABTSe+), a reaction mixture of 2.45 mM po-
tassium persulfate and 7 mM 2,20-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt was prepared. An absorbance of
0.70 £ 0.02 at 734 nm was maintained, achieved by combining 180 pL of the ABTSe+ working solution with 20 pL of either the sample
or Trolox for the standard calibration curve (ranging from 25 to 175 M).
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The scavenging activity for the control was expressed as a percentage reduction in absorbance. Trolox concentration was deter-
mined through regression equations, and the results were presented in units of pmol TE (Trolox equivalent) per gram.

2.4.2. Antimicrobial activity

Each microbial culture was grown aerobically in Muller Hinton agar (Biokar, France), for 24 h, at a temperature of 37 °C. The assays
were conducted using a 1 % (v/v) acetic acid solution, which facilitated the dissolution of chitosan, and the pH of the solution was
maintained at approximately 4.5. The bacteria were then moved to a sterile saline solution, and their turbidity was adjusted to 0.5
MacFarland scale, which is equivalent to an optical density of 0.08-0.1 at a wavelength of 600 nm. Dilutions within a concentration
range of 1-10 mg/mL of commercial and extracted chitosan were prepared in Muller-Hinton broth. The chitosan solutions were then
mixed with 2 % (v/v) of each microbial inoculum, and the resultant mixtures were incubated at 37 °C for 24 h. These inoculum-
containing chitosan solutions were then placed onto Muller Hinton agar plates and kept incubating for an additional 24 h at 37 °C.
Controls were included, such as the growth of microorganisms in a culture medium without insect chitosan and the inhibition of
microorganisms with commercial chitosan with recognized antimicrobial activity.

The lowest chitosan concentration at which the initial viability of the microbial population was reduced by at least 99.9 %, was
identified as minimum lethal concentration (MLC).

2.5. Design and development of a bio-based HD membrane

The method of chitosan extraction E4D2 was chosen, since it was the fastest, and with the best antimicrobial and antioxidant
activities.

For membrane production, a 2 % (w/v) solution of polyvinyl chloride (PVC) in tetrahydrofuran was prepared, and then E4D2
chitosan powder was added to 1 % (w/v) concentration. This solution was mixed until becoming homogeneous (Rose et al., 2022).

The PVC/chitosan solution was transferred to a Petri dish and was left to dry at room conditions. After the membrane was dried, it
was cut into approximately 6 x 1 cm rectangles.

2.5.1. Diffusion and retention parameters for permeation studies to simulate HD

The semi-permeability of CH-M was evaluated with a permeation study of urea and albumin. The goal was to understand the ability
of the membrane to selectively allow the passage of certain molecules (urea) while restricting others (albumin), which is fundamental
to its HD application. Solutions were propelled by a Gilson Minipuls 3 peristaltic pump with PhthalateFREE® PVC pump tubes (Fig. 3)
to simulate the HD process.

The membrane was placed between the two chambers of equal volume (Fig. 4).

One of the chambers, the donor chamber, was filled with a solution of either urea at 37 mg/dL, or albumin at 8 g/dL). The other
chamber was filled with deionised water (Mesquita and Rangel, 2005) (Fig. 5).

At appropriate time intervals (2, 4 and 6 min), a 1.5 mL sample from the donor chamber was collected, and the quantification of the
solute diffused through the membrane was determined. For urea, a direct UV spectrophotometric assay, at 200 nm, was used. The
linearity of the method was verified by constructing a calibration curve with a serial dilution of a standard urea solution at 37 mg/dL.
For the quantification of albumin, the Pierce BCA Protein Assay Kit (Thermo Fisher, USA) was used.

Fig. 3. (A) Scheme of lateral view of the configuration of the chambers (Mesquita and Rangel, 2005); (B) Lateral view of the chambers without
the membrane.
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Fig. 4. (A) Scheme of top view of the configuration with a straight channel, length = 7.5 cm; (B) Top view of the chamber with the membrane
already placed.

Fig. 5. Schematic of the full process of the HD simulation.

2.6. Degradation tests

Degradation assays were carried out according to studies from Geao et al. and Conde et al. (Geao et al., 2019; Conde et al., 2024).
CH-M were trimmed into 2 x 2 cm squares and each piece was weighed. Subsequently, the membranes were submerged in 1 mL of
simulated blood fluid containing the same concentrations of urea and albumin as described in section 2.5.1. They remained immersed
for 4 h at room temperature. To assess membrane degradation, the membranes were dried in an oven at 60 °C for 24 h and subse-
quently reweighed.

2.7. Invitro cell studies

2.7.1. Cytotoxicity assay by presto blue

1929 viability assay with presto blue reagent was performed according to ISO 10993-5 (2009). The cells in suspension were seeded
at 1 x 10* cells/well in a 96-well plate. Two membranes were tested (CH-M and a PVC one, as control). Metabolic inhibition was
assessed using the indirect method, where the membranes remained in contact with the culture medium for 4 h, simulating the
standard duration of a HD procedure. Subsequently, aliquots of this medium were added to the cells to determine whether degradation
byproducts inhibited cellular metabolism. Finally, fluorescence was measured using a microplate reader after 2 h incubation, and the
results were expressed as the percentage of metabolic inhibition relative to the positive control, an inhibition rate exceeding 30 % is
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considered cytotoxic.

2.8. Statistical analysis

Statistical analysis was conducted using the IBM® SPSS® Statistics 26 software. For comparing the means across multiple groups,
the analysis involved a one-way ANOVA for datasets with a normal distribution, complemented by Tukey’s HSD for post hoc analysis.
When comparing just two groups, the data underwent analysis with a Student’s t-test, if normally distributed. The threshold for
statistical significance was established at p < 0.05.

3. Results and discussion
3.1. Extraction of chitin and chitosan

The extraction methods for obtaining chitin, and subsequently chitosan, are of critical importance due to their impact on the purity,
yield, and functional properties of the final materials. Chitin, a naturally abundant biopolymer found in the exoskeletons of crusta-
ceans, insects, and fungi, requires careful extraction to preserve its structure while removing proteins, minerals, and other impurities.
Traditional methods involve demineralization and deproteinization steps, often utilizing acid and alkaline treatments. These processes
must be optimized to avoid excessive degradation or alteration of the polymer. The increasing market demand for this biopolymer has
driven researchers to look for alternative sources beyond crustaceans, which are subject to seasonal variations and geographic con-
straints, impacting their availability (Nuc and Dobrzycka-Krahel, 2021). A promising solution emerged with insects, whose exo-
skeletons are abundantly rich in chitin (Triunfo et al., 2022; Hahn et al., 2022).

The data presented in Table 1 compares the chitin yields from T. molitor at two different extraction times and reveals E4 and E8
yields of 5.2 + 0.8 % and 5.0 + 0.1 % respectively. The difference in yield is not statistically significant (p > 0.05), suggesting that the
additional time spent on extraction in E8 does not yield a proportionally higher amount of chitin. A shorter time represents an increase
in efficiency, particularly relevant when considering the scale-up of production for commercial purposes, where cost is a crucial factor.

The yield percentages were frequently lower than the reported average range (10-36 %) for crustacean chitin (crab and shrimp)
(Machado et al., 2024). For instance, the chitin yield of Pontascus leptodactylus and Faxonius limosus, two crayfish species, has been
reported as 22 + 2.7 % and 20 + 3.6 %, respectively (Nuc et al., 2023). But, in contrast, Saduria entomon, a Baltic benthic crustacean
that was recently investigated for chitin extraction and characterization, exhibited a chitin yield of 14.8 % (Rodriguez-Veiga et al.,
2022), which is higher than that of T. molitor.

In the other hand, the results presented in this study were consistent with the percentages reported for insect chitin (4.3 % Bra-
chytrupes portentosus and 4.92 %-18 % T. molitor, depending on the stage of life) (Song et al., 2018). Also, these yield results are in line
with previous studies using Beetle holotrichia and Melolontha melolontha. These reports have indicated a range of values for chitin
content from 5.3 % to 16 % (Shin et al., 2019). It is important to keep in mind that the chitin extracted from different insects might
vary, depending on the insect species, stage of development, and growth conditions (Abidin et al., 2020).

In order to obtain chitosan from E4 and E8, a deacetylation procedure was used, varying also the deacetylation time (Shin et al.,
2019). The first deacetylation lasted 2 h (E4D2, E8D2), giving a total of 6 h and 10 h process, and the second deacetylation took 4 h
(E4D4, E8D4), giving an 8 h or 12 h process, respectively.

In essence, the findings from Table 2 reinforce the hypothesis that not only is it possible to derive chitosan from insects like
T. molitor efficiently, but also that it can be done in a manner that is cognizant of economic and environmental sustainability.

From the data in Table 2, one concludes that extending the deacetylation time from 2 h to 4 h did lead to a significant increase in
chitosan yield (p > 0.05), indicating that the duration of this procedure is a more critical factor than the duration of the chitin
extraction.

The most notable increase in yield was observed when comparing the E4D4 and E8D4 samples to their E4D2 and E8D2 coun-
terparts, highlighting the importance of the deacetylation phase. A longer period for the deacetylation phase allows for a more
complete conversion of chitin to chitosan, perhaps due to a more thorough deacetylation process.

Despite the highest yield obtained with the E8D4 sample, further work will clarify whether the longer process is justified.

In conclusion, the findings suggest that optimizing the deacetylation time, rather than the chitin extraction time, may be a more
viable strategy for improving yield.

For crustaceans’ species, for example, Pontascus leptodactylus and Faxonius limosus the chitosan yields fall within the range obtained
in this study (70 &+ 13.0 % and 76 + 9.0 %) (Nuc et al., 2023). In contrast, Saduria entomon, a Baltic benthic crustacean recently
investigated for chitosan extraction and characterization, exhibited a chitosan yield of 8.2 % (Rodriguez-Veiga et al., 2022), which is
significantly lower than T. molitor.

Table 1

Comparison of chitin yield from T. molitor at different extraction times.
Sample name Extraction time (h) Chitin Yield ( %)
E4 4 5.2 + 0.8 %°
E8 8 5.0 + 0.1 %*

The same letters mean no statistically significant differences (p > 0.05).
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Table 2
Chitin to chitosan conversion efficiency at different extraction times.
Sample name Chitin Extraction time (h) Chitosan Extraction time (h) Chitosan Yield ( %)
E4D2 4 2 66.4 + 0.27
E4D4 4 4 73.2+0.1°
E8D2 8 2 65.0 + 0.8%
E8D4 8 4 79.3 £ 0.8¢

b€ Same letters mean no statistically significant differences (p > 0.05).

Nevertheless, in other studies, with differing time conditions, chitosan yields from the insects Beetle holotrichia and Melolontha
melolontha ranged from 4 % to 74 % (Kaya et al., 2014a; Chae et al., 2018), which highlights the value of the extraction processes
presented. The yield of chitosan extracted from the cuticles of T. molitor larvae was 45.1 % (Machado et al., 2024) which is lower than
that reported in this study. However, Machado et al., also reported similar chitosan yields of 75 % (Machado et al., 2024). Additionally,
the four chitosan samples obtained showed very similar macroscopic features to commercial chitosan (Fig. 6).

Comparing our results with reported studies, the method presented has a significantly reduced processing time, from 1 ' days to a
timeframe of 6-12 h. Also, by employing a hot alkali treatment for decolorization, the method demonstrates remarkable efficiency in
achieving similar macroscopic features to commercial chitosan.

3.2. Molecular characteristics of chitosan

3.2.1. Fourier transform infrared spectroscopy

FTIR spectroscopy plays a crucial role in characterizing chitin and chitosan for membrane design, as it provides valuable insights
into their chemical structures and functional groups (Pawlak and Mucha, 2003). FTIR analysis enables the identification of key
structural changes during the conversion of chitin to chitosan, particularly through the detection of the degree of acetylation and
deacetylation (Liu et al., 2006). By analyzing the characteristic absorption bands, FTIR can confirm the presence of amine, hydroxyl,
and acetyl groups, which are essential for determining the biopolymer’s solubility, mechanical strength, and biocompatibility
(Yasmeen et al., 2016)—critical factors in membrane performance. For membrane design, understanding these molecular features is
vital for tailoring the material’s properties, such as permeability, surface charge, and interaction with target molecules (Sun et al.,
2024). Therefore, FTIR analysis is vital to ensure the precise modification of chitin and chitosan, optimizing their functionality for
advanced applications in sustainable HD membranes and other biomedical technologies (Yasmeen et al., 2016).

The FTIR spectra of chitosan and chitin obtained from T. molitor, and of commercial chitosan, are compared in Fig. 7. The four
samples of chitosan from this work showed FTIR spectra extremely comparable to that of the brand chitosan.

A broad absorption peak centered around 3300 cm ! is observed in the IR spectrum of chitin (E4 and E8), indicating the presence of
hydrogen bonding associated with O-H or N-H groups, which are functional groups found in chitin. Additionally, a sharp peak at
approximately 1650 cm ! is discerned, signifying the presence of carbonyl (C=0), or potentially conjugated double bond (C=C)
groups. Two additional peaks at 1450 cm™* and 1250 cm ™! correspond to C-H bending in alkanes and C-O stretching in esters or
ethers, respectively, suggesting the existence of these functional groups within the chitin structure. Chitosan E8D4 exhibits absorption
peaks in the range of 3000-2850 cm ™, indicative of C-H stretching vibrations in aliphatic (alkane) groups. Furthermore, a distinct
peak near 1650 cm ™! is observed, implying the presence of carbonyl (C=0) groups or potential double bonds (C=C) within the
chitosan molecular framework. Chitosan E8D2 shares similarities with chitin in displaying a broad absorption peak around 3300 cm ™2,
indicating the presence of O-H or N-H groups and the associated hydrogen bonding. Peaks near 1650 cm™?, akin to chitin, signify the
existence of carbonyl (C=0) groups. The appearance of peaks at 1450 cm ™! and 1250 cm ™! suggests the presence of C-H bending in
alkanes and C-O stretching in esters or ethers, corroborating the molecular composition.

Chitosan E4D2 showcases a broad absorption peak around 3300 cm ™2, akin to other chitosan samples, suggesting the presence of
O-H or N-H groups and associated hydrogen bonding. Chitosan E4D4 manifests sharp peaks within the 3000-2850 cm™! range,
signifying C-H stretching vibrations in aliphatic (alkane) groups. The sharpness of these peaks may suggest a more ordered or

Fig. 6. Macroscopic features of the four chitosan samples. (A) - E4D2; (B) - E4D4; (C) - E8D2; (D) - E8D4.
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Transmittance (%)

Wavenumbers (cm?)

Fig. 7. FTIR spectra of the chitosan and chitin obtained from T. molitor: a) chitin (E8); b) chitosan (E8D4); c¢) chitosan (E8D2); d) chitin (E4); e)
chitosan (E4D2); f) chitosan (E4D4); g) commercial chitosan.

crystalline structural arrangement in comparison to other samples, possibly due to differences in processing (Yasmeen et al., 2016;
Mahmoud et al., 2014; Varma and Vasudevan, 2020).

3.2.2. Degree of deacetylation

Chitosan is produced through deacetylation, a chemical modification where acetyl groups are removed to increase solubility and
bioactivity (Aranaz et al., 2021). The effectiveness of the deacetylation process directly influences the DD, which in turn governs the
performance of chitosan in various applications, including biomedical and environmental technologies (Ul-Islam et al., 2024).
Therefore, refining extraction and deacetylation methods are essential to improve efficiency, sustainability, and the quality of chitin
and chitosan for advanced membrane development and other biotechnological uses (Yi et al., 2024).

In general, the amount of alkali solution, reaction temperature, reaction time, and solid chitin structure (Yao et al., 2012) affect the
DD. There are two different ways to modify chitin to obtain chitosan: chemically (using intense alkali solutions, alkali catalysis, alkali
fusion, and hydrazine hydrate techniques) (Kaya et al., 2014b), and biologically (using enzymes). Since the concentrated alkali so-
lution technique is the most well-known and regularly used due to reduced cost and efficiency, it was selected in this study. To produce
chitosan, raw materials were heated in a NaOH solution for 2 h or 4 h. The DD of the four samples of chitosan obtained from T. molitor
was determined using FTIR and is presented in Table 3.

The E4D2 sample exhibits the highest DD at 75.1 %. Increasing the deacetylation time from 2 h to 4 h had a negligible effect on
deacetylation, given that the extraction conditions remained the same.

The E8D2 sample shows a further reduced DD at 73.1 %, indicating that prolonging the chitin extraction time to 8 h may not be
optimal for maximizing deacetylation. Also, the E8D4 sample reflects a deacetylation degree of 73.4 %, which is slightly higher than

Table 3
Degree of deacetylation of chitosan samples.
Sample name Degree of deacetylation ( %)
E4D2 75.1
E4D4 74.8
E8D2 73.1
E8D4 73.4
Commercial 70.2
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that of E8D2 but still lower than the E4 series.

This could suggest that while extending chitosan extraction time does increase deacetylation, the initial 8 h chitin extraction may
limit the potential for higher deacetylation levels.

The commercial sample presents the lowest degree of deacetylation at 70.2 %, which could be due to various factors, including the
source of chitin, and industrial processing techniques.

The results obtained are consistent with data previously reported in the literature, which indicates that the DD of medium-
molecular-weight commercial chitosan (from crustaceans) ranges from 70 to 85 % and from other insects, such as Blaps luthier,
Pimelia fernandezlopezi, Musca domestica rages from 86.9 to 88 % (Amor et al., 2023).

3.2.3. Zeta potential

Zeta potential is a key parameter for characterizing chitin and chitosan in membrane design, as it provides critical information
about the surface charge and electrostatic behavior of these biopolymers. Measuring the zeta potential helps determine the stability of
chitin and chitosan dispersions in solution and their interaction with other charged species. For membrane applications, surface charge
influences properties such as adsorption, fouling resistance, and selective permeability. A positive zeta potential, often observed in
chitosan due to the presence of protonated amine groups, enhances its interaction with negatively charged molecules or ions, which is
vital for applications like ion exchange, and HD. By understanding the zeta potential, it can be optimize the electrostatic properties of
chitosan membranes, fine-tuning their functionality for improved performance in filtration, selective transport, and biocompatibility.
Hence, zeta potential analysis is essential for designing membranes with enhanced efficiency and tailored surface interactions for
advanced HD uses (Athavale et al., 2022).

It stands for the electric surface charge that, as a result of the electrostatic attraction, has a substantial impact on the stability of
particles in suspension. A high mutual repulsion between the particles in the medium will prevent particle aggregation when they all
have either a noticeably negative or positive zeta potential. Typically, entities with zeta potential greater than +30 mV or lower than
—30 mV are regarded as being stable (Warsito and Agustiani, 2021).

The zeta potential of chitosan is a key indicator of its colloidal stability, with higher positive values generally correlating to better
electrostatic repulsion, which reduces the risk of aggregation and sedimentation. The high zeta potential value observed in both the
commercial (65.5 mV) and produced chitosan samples (average of 58.1 mV) suggests a strong positive surface charge, promoting
stability in suspension (Benamer Oudih et al., 2023). This stability is particularly valuable in applications such as drug delivery, wound
healing, and tissue engineering, where consistent dispersion and functionality are crucial (Benamer Oudih et al., 2023).

The slight difference between the commercial and produced chitosan zeta potentials could arise from variations in molecular
weight, DD, or differences in the processing methods. Produced chitosan with a slightly lower, yet still high, zeta potential (58.1 mV)
may offer unique benefits by allowing for customization in applications that demand moderate stability with potential for targeted
interactions, such as in responsive drug delivery systems or in formulations where controlled interaction with biological cells is desired
(Németh et al., 2022).

3.3. Biological activities of chitosan from Tenebrio molitor

3.3.1. Antimicrobial activity

The antimicrobial activity of chitosan is a critical feature in membrane design, especially for applications in biomedical technol-
ogies (Ke et al., 2021). Chitosan’s inherent antimicrobial properties arise from its positively charged amine groups, which interact with
negatively charged microbial cell membranes, leading to cell disruption and death (Mawazi et al., 2024). This capability is particularly
valuable in designing membranes for HD, wound healing, and filtration systems, where preventing bacterial contamination and
biofouling is essential (Nguyen et al., 2012). By incorporating chitosan into membrane structures it can be enhance the material’s
ability to inhibit microbial growth, extending the membrane’s lifespan, maintaining its efficiency, and reducing the need for chemical
disinfectants. The antimicrobial function also makes chitosan an attractive choice for developing sustainable, biocompatible mem-
branes, minimizing the risks of infection and contamination in clinical and environmental applications (Mawazi et al., 2024).
Therefore, the antimicrobial activity of chitosan not only improves the membrane’s performance but also contributes to safer and more
sustainable filtration and dialysis systems.

The extracted chitosan was evaluated for antimicrobial activity against a wide range of microorganisms associated with infections.

Table 4
MLC values, in mg/mL, of the chitosan samples from T. molitor and of commercial chitosan.

MLC (mg/mL)

Microorganisms E8D2 E8D4 E4D2 E4D4 Commercial
MRSA 6 4 4 6 4
MSSA 4 4 2 6 4
Staphylococcus epidermidis 6 2 2 6 4
Escherichia coli 4 4 6 6 4
Pseudomonas aeruginosa 6 6 8 6 6
Candida albicans 2 4 2 4 4

Note: Microbial growth was observed in the tested controls of culture medium and culture medium with acetic acid (1 % v/v).
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It was proved that all four chitosan samples are active against E. coli, S. aureus (MSSA and MRSA), C. albicans, S. epidermidis, and
P. aeruginosa. Table 4 summarizes the MLC values found for each chitosan, including the commercial one.

The MLC is the lowest broth dilution of an antimicrobial compound that prevents the growth on an agar plate. The failure to
develop on the plate means that only nonviable microorganisms are available (Abedon et al., 2011).

The antimicrobial agent exhibiting the highest potency is characterized by possessing the lowest MLC value. While all extracted
chitosan showed antimicrobial properties similar to the commercial sample, the analysis highlighted E4D2 as having the most sig-
nificant inhibitory effects, requiring the lowest MLCs against a wide array of microorganisms. It is noted that E4D2 also exhibited a
higher DD, aligning with literature that suggests a higher DD correlates with increased antimicrobial activity.

Until now, the antimicrobial activity of insect chitosan has been explored by a limited number of studies, however, there is already
some evidence for insects such as T. molitor (Shin et al., 2019). The notable antimicrobial properties underscore the potential utili-
zation of chitosan in crafting biodegradable membranes for HD.

3.3.2. Antioxidant activity

The antioxidant activity of chitosan is a significant attribute in membrane design, particularly for biomedical applications where
oxidative stress can degrade membrane performance or harm surrounding tissues (Xia et al., 2022). Chitosan’s antioxidant properties
are primarily due to its ability to scavenge free radicals and inhibit lipid peroxidation, which is vital in preventing oxidative damage
(Ivanova and Yaneva, 2020). In HD, membranes are exposed to reactive oxygen species (ROS) that can compromise the functionality of
the membrane and contribute to inflammation in patients (Wang et al., 2024). By incorporating chitosan, which neutralizes ROS,
membranes can be designed to protect against oxidative stress, enhancing their durability and biocompatibility (Ivanova and Yaneva,
2020). Therefore, the antioxidant activity of chitosan not only improves membrane stability but also offers protective benefits in
applications that require long-term use and high oxidative resistance (Herdiana et al., 2023).

Using the ABTS method, the antioxidant activity was assessed, with results shown in Table 5.

The chitosan E8D4, E4D2 and commercial chitosan showed that their antioxidant activities are not significantly different (p >
0.05).

The results suggest that the extraction and deacetylation times have no impact on the antioxidant activity of the chitosan.

In conclusion, variations in processing times did not affect the antioxidant properties of chitosan. The antioxidant activity of the
commercial chitosan falls within the range of the extracted samples, suggesting that the extraction methodology used for the T. molitor
samples was not more deleterious.

Also, the observed values are within the range described in the literature, which ranges from 48.5 to 80.9 pmol Trolox equivalent/g
for crustacean chitosan (Munoz-Tebar et al., 2023).

3.4. Membrane development and HD simulation

Simulating HD to monitor key blood biochemical markers, such as urea and albumin, is essential in the design of CH-M for dialysis
applications. HD aims to mimic kidney function by efficiently removing waste products, like urea, while retaining essential proteins,
such as albumin. In this context, testing the performance of CH-M under simulated HD conditions allows to evaluate their selective
permeability, adsorption capacity, and ability to maintain a critical balance between toxin removal and protein retention. Chitosan’s
natural affinity for specific biomolecules and its tunable surface properties make it a promising material for designing membranes that
optimize this filtration process. By simulating real dialysis conditions, it can be assess the membrane’s capacity to achieve efficient
urea clearance while minimizing albumin loss, thus ensuring that the membrane supports effective toxin removal without compro-
mising patient health. Such simulations are crucial for refining the membrane’s structure, improving its clinical performance, and
advancing sustainable and biocompatible alternatives for long-term HD treatments (Lee et al., 2022).

It is crucial to note, also, that this setup did not entirely replicate the typical HD process. The membrane used is not of the hollow
fiber type, and the experiment did not involve blood contact, nor were hemocompatibility tests conducted. These are important
distinctions from the clinical setting and should be taken into consideration when interpreting the results.

As far as our understanding extends, this is the sole flow model (dynamic and counter-current) validated for albumin and urea for
simulating HD.

3.4.1. Stability and membrane permeation

For the urea permeation, over a time range of 2-6 min, the analysis demonstrated a consistent permeation of urea across the
membrane, with concentrations ranging from 0.27 to 0.31 mg/mL (Table 6), once the initial solution presented a concentration of 0.37
mg/mL.

Table 5
Values of the ABTS antioxidant activity of the produced and commercial chitosan, in pmol TE/g.

ABTS pmol TE/g

E8D2 E8D4 E4D2 E4D4 Commercial

62.97 + 1.35° 65.53 + 1.42% 65.62 + 3.22% 60.91 + 1.45° 64.17 + 2.61°

ab game letters mean no statistically significant differences (p > 0.05).
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Table 6
Urea permeation through the CH-M.
Time (min) Urea Permeated (mg/mL) Urea Permeated ( %)
2 0.29 £+ 0.02 77.6 + 5.24
4 0.31 +0.01 82.6 + 3.72
6 0.27 + 0.00 72.8 +£0.87

After 2 min, the urea permeated was measured at 0.29 + 0.019 mg/mL, which equates to 77.6 + 5.2 %. This high permeation in
such a short time underscores the membrane’s rapid response to urea diffusion, a critical aspect of HD.

Subsequently, at 4 min, there was a slight increase in both the concentration and percentage of urea permeated, reaching 0.31 +
0.01 mg/mL and 82.6 + 3.7 %, respectively. This can suggest that the membrane maintains its permeability over time, allowing for
continued diffusion of urea without saturation or loss of function.

After this, at the 6-min interval, there was a slight decrease in urea permeation to 0.27 + 0.003 mg/mL, which corresponds to 72.8
+ 0.9 % permeation. This reduction could be attributed to the approach towards an equilibrium state, where the concentration
gradient between the two sides of the membrane diminishes over time (Suri, 2016).

During a real HD process, approximately 60-70 % of urea is typically removed from the blood. While it is challenging to specify a
definitive percentage for adequate dialysis, it is observed that patients tend to have a longer lifespan and fewer hospital admissions
when the urea reduction ratio (URR) - a critical measure of the dialysis treatment ability to remove urea from the blood - is 60 % or
higher (Suri, 2016).

The choice of these specific time intervals was strategic, aiming to capture the initial efficiency and progression towards equi-
librium of the membrane filtration capacity. Nonetheless, the permeability rate is directly proportional to the filtration surface (i.e.
filter and/or membrane). In this case, the surface with size 6 x 1 cm allows a test permeability of low volumes and flow rates (i.e. 1.5
mL/min), and consequently a few minutes (i.e. less than 10 min), until establishing its equilibrium. Therefore, this was a pilot
permeability test that is still far from real dialysis conditions.

In this study, when analyzing the samples collected at 2, 4, and 6-min intervals, it was observed a complete absence of albumin in
the filtrate. This was conclusively verified through BCA assay, which displayed no deviation from the baseline, clearly indicating the
CH-M effectiveness in retaining albumin molecules.

The ability of the membrane to selectively filter solutes while preventing the passage of larger molecules like albumin is of
paramount importance in its application in HD.

In typical HD processes, not all albumin is retained and, according to the literature, dialysis-related albumin loss is up to 26.4 g/4 h.

The ability of a dialyzer to sieve or reject solutes during dialysis has been known as a marker for the clinician to determine the
suitable dialyzer for the patient. The sieving coefficient (that indicates the potential of different solutes to pass across a particular
dialyzer membrane) is < 0.001 for albumin for the most common commercial PSu dialyzers (Said et al., 2019).

The study revealed total albumin retention by the CH-M, suggesting a very high level of selectivity. Also, a degradation of 12.5 %
was observed within the HD conventional simulated time of 4 h. Although this does not indicate cytotoxicity levels (as shown in
Section 3.5), it underscores the need for further optimization studies to enhance chitosan crosslinking within the membrane, ensuring
improved structural integrity and performance. Within this and despite these promising results, several limitations must be recognized.
Firstly, the time frame of the analysis was relatively short, restricted to intervals of 2, 4, and 6 min. This duration may not fully capture
the membrane performance over the extended periods typical of HD treatments, as mentioned previously. Secondly, while the focus on
albumin retention was critical, it does not cover the entire spectrum of molecules that are involved in HD, thereby necessitating a more
comprehensive range of testing for a thorough evaluation. Furthermore, the study was conducted under laboratory conditions, which
may not completely reflect the complexities encountered in a clinical HD setup.

Another significant limitation was the absence of actual blood contact in the performance tests, a factor that is essential in real-
world HD scenarios and can significantly impact the performance of the membrane. Lastly, the study did not include hemocompat-
ibility tests, which are crucial for assessing how the membrane interacts with blood components in clinical applications (Ji et al.,
2023).

Understanding these limitations is vital for interpreting the results within the appropriate context and for guiding future research
aimed at optimizing the membrane design and functionality for practical HD applications.

Nonetheless, this study provides us with a conceptual examination validating the semi-permeable capacity of the membrane for
molecules with both higher and lower molecular weights.

3.5. Citotoxicity

Cytotoxicity testing was conducted on L929 cells to assess the impact of the samples on cell metabolism, utilizing a viability dye.
Fig. 8 assesses the metabolic inhibition induced by two types of membrane samples: CH-M and a PVC-based control. The metric of
metabolic inhibition serves as an indicator of cytotoxicity, CH-M sample exhibited 20.36 + 8.11 % metabolic inhibition. This suggests
some impact on cell metabolism, yet it remains well below the cytotoxic threshold. On the other hand, the PVC sample did not
demonstrate metabolic inhibition, effectively close to zero, with minimal variability, underlining its high biocompatibility.

According to ISO 10993-5 (2009) standards, a sample is considered cytotoxic if it causes metabolic inhibition greater than 30 %
(International Organization of Standardization, 2009). Given that, neither the CH-M nor PVC membranes exceed this threshold, they
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Fig. 8. Analysis of cytotoxic effects in CH-M and PVC membranes on L929 fibroblast cells.

are not classified as cytotoxic.

Nevertheless, the presence of chitosan in the CH-M membrane correlates with increased metabolic inhibition compared to the PVC
membrane. In fact, chitosan is known for its bioactive properties, which can interact with cellular components leading to higher
metabolic inhibition (Croisier and Jérome, 2013). Also, this interaction can be due to chitosan’s inherent biological activities which
include antimicrobial effects and its ability to induce minimal inflammatory responses, affects cell metabolism (Dai et al., 2011).

The CH-M sample, despite showing some level of metabolic inhibition, does not reach a level that would raise concerns over its
biocompatibility, potentially allowing for its use in applications where minimal interaction with cells is crucial, such as in components
of HD membranes. This initial data supports the potential of these materials in medical applications, warranting further investigation
to fully assess their suitability for specific medical uses as HD (Bhattarai et al., 2010).

4. Conclusions

This work serves as a foundation for future investigations and advancements in the field, encouraging the continuation of research
efforts to innovate in sustainable medical HD technologies.

Hereupon, chitin extraction from T. molitor and conversion to chitosan were carried out with significantly reduced processing
times. The analyses of the extraction times for obtaining both chitin and chitosan show that a longer time does not necessarily result in
a higher yield. This finding is particularly relevant for the industrial scalability of chitosan production, where time efficiency directly
correlates with economic viability.

The physicochemical characterization of chitosan, along with the bioactive assessments through antimicrobial and antioxidant
activities, has provided a diverse overview of the material properties. Chitosan derived from T. molitor demonstrated noteworthy
activity against a variety of microorganisms, including bacteria Gram-positive, bacteria Gram-negative, and yeast. This antimicrobial
activity alongside its antioxidant capacity evaluated through ABTS radical scavenging, shows chitosan potential in biomedical ap-
plications, particularly in the realm of sustainable HD membranes. These membranes, given their antimicrobial ability, open the range
of possible reusable membranes in the HD area, which promises to be sustainably disruptive.

Despite some permeation tests being conducted, the study did not fully explore expanding permeability tests for other components
beyond urea and albumin. Extending these tests over longer periods could also provide a more comprehensive understanding of the
membrane’s performance under varied conditions. This research on insect-derived chitosan, particularly from T. molitor, represents a
highly sustainable and renewable resource that is not commercially available, contrasting with traditional sources such as crustaceans,
which face environmental and supply chain limitations. Furthermore, it holds the potential to recast the existing paradigm of HD
membranes.
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