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Abstract

Biologically derived polymers, such as chitosan, have gained attention as sustainable
alternatives to synthetic materials for food and biomedical applications. Fungal-derived
chitosan offers notable advantages over crustacean-based chitosan, including a renewable
origin and lower allergenic potential. In this study, chitosan was extracted from fungal
biomass through a sequential process comprising demineralization, deproteinization, and
deacetylation. The extracted material was characterized using Fourier transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD), thermogravimetric analysis (TGA), scanning
electron microscopy (SEM), zeta potential measurement, dynamic light scattering (DLS),
and color analysis. Compared to commercial chitosan, the fungal chitosan exhibited lower
crystallinity and thermal stability, as well as a more porous surface morphology. Its degree
of deacetylation and surface charge suggest promising potential for use in biodegradable
films and functional materials. These findings highlight the feasibility of using fungal
biomass as a sustainable and valuable source of chitosan for technological applications.

Keywords: fungal chitosan; extraction; biopolymers

1. Introduction
In 1811, French researcher Henri Braconnot, while investigating fungi, was the first to

isolate chitin, which he initially termed “fungine.” Subsequently, in 1823, another French
scientist, Auguste Odier, identified a similar compound of animal origin extracted from
insect exoskeletons. Odier named the substance “chitin,” a term that continues to be used
today [1]. Chitin, one of the most abundant biopolymers in nature, is a polysaccharide
that ranks second only to cellulose in terms of prevalence. It is primarily found in yeast,
fungal cell walls, insects, and the exoskeletons of marine organisms. Despite its widespread
availability, the use of chitin in the food industry remains limited due to several inherent
challenges. Its semi-crystalline structure makes it rigid and difficult to process, and it
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also exhibits limited biodegradability and poor solubility in most organic solvents [2]. To
overcome these limitations, chitin is commonly transformed into chitosan through a process
known as deacetylation. During this chemical modification, acetyl groups are removed
from the polymer backbone, resulting in structural changes that enhance its functional
versatility. As a result, chitosan is more soluble than chitin, making it more suitable for a
broad spectrum of industrial applications [3].

Due to its low toxicity, biocompatibility, and biodegradability, chitosan is a versatile
biopolymer that is highly valued in the food, cosmetic, pharmaceutical, and agricultural in-
dustries [4]. Commercially, chitosan is typically extracted from crab exoskeletons; however,
its production involves the use of harsh chemical reagents, such as strong acids and bases,
which pose potential risks to both human health and the environment. Moreover, the raw
material is subject to seasonal fluctuations and compositional variability, and the presence
of residual proteins may provoke allergic reactions. Consequently, certain consumer groups,
particularly individuals with seafood allergies, are advised to avoid products containing
commercial chitosan [5,6].

This scenario also raises concerns regarding environmental sustainability, particularly
in the context of Sustainable Development Goal 12 (SDG12-Responsible Consumption and
Production), which aims to reduce the environmental impact of industrial processes and
promote sustainable practices across sectors. The conventional production of chitosan,
which involves harsh chemicals, contributes to pollution and waste generation, posing
risks to both human health and the environment. These challenges highlight the need for
more sustainable alternatives, such as fungal-derived chitosan, which can be produced
with a significantly lower environmental footprint.

The extraction of chitin from fungi primarily involves demineralization and depro-
teinization steps, followed by deacetylation to convert chitin into chitosan. Compared to
traditional sources, such as crustaceans, fungal cell walls contain lower concentrations
of minerals and proteins, allowing for a milder and more straightforward extraction pro-
cess. In fungi, chitin is predominantly associated with other structural polysaccharides,
such as β-glucan, forming chitin–glucan complexes. These associations directly influence
the physicochemical properties of the extracted biopolymer [3,5,7]. The composition and
structural organization of these complexes can vary significantly depending on the fungal
species, mycelial developmental stage, and cultivation conditions. These factors markedly
affect both the yield and physicochemical characteristics of the final product [4].

Conversely, fungal chitosan, derived from the chitin present in fungal cell walls, has
emerged as a promising and sustainable alternative. This biopolymer source provides
greater consistency and sustainability in production, characterized by a more consistent
composition, reduced risk of allergenic contamination, and the potential for continuous
production through controlled fungal biomass cultivation [8]. Among fungi with biotech-
nological potential, Agaricus bisporus is notable due to its widespread cultivation and
commercial availability across numerous countries. It represents a promising source for
chitosan production because of its high chitin content in the cell wall. Nonetheless, further
research is necessary to optimize extraction methods and to deepen the understanding of
the structural properties of fungal chitosan [9].

Compared to commercially derived chitosan, primarily obtained from crustaceans,
fungal chitosan has demonstrated superior performance in certain technological applica-
tions. Its main advantages include an improved film-forming ability, an enhanced capacity
for encapsulating bioactive compounds, greater suitability for controlled release systems,
superior antimicrobial properties and thermal stability [10].

Given this context, the present study aims to extract and characterize chitosan derived
from Agaricus bisporus, comparing it with commercial chitosan in terms of production
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processes as well as physical, chemical, and structural properties. Advanced analytical
techniques were employed to enable a comprehensive evaluation of the extracted material.
This research not only underscores the potential of fungal chitosan as a sustainable alter-
native but also contributes to a broader understanding of its applications across diverse
industrial sectors.

2. Materials and Physical–Chemical Characterization
2.1. Sample Processing

The raw material used in this study was white button mushrooms (Agaricus bisporus),
purchased from a local vendor in the city of Ouro Preto, Minas Gerais, Brazil (latitude:
20◦23′58.2′′ S, longitude: 43◦30′45.3′′ W). After purchase, the mushrooms were transported
to the Food Packaging Laboratory (LABEM) at the Federal University of Viçosa (UFV),
located on the Viçosa campus and affiliated with the Department of Food Technology
(DTA). The mushrooms were classified as grade 1 and medium size, and the purchase date
was 9 March 2024.

During the extraction process, reagents, including hydrochloric acid (Alphatec brand,
São Paulo, Brazil) and sodium hydroxide (Synth brand, São Paulo, Brazil), were employed.
Washing procedures were performed using demineralized water. For comparison, commer-
cial chitosan with a degree of deacetylation greater than 75% and a viscosity of 20–300 cpsy
(1% wt. in 1% acetic acid) was purchased from Sigma.

Sample preparation followed the methodology adapted from Yen and Mau (2007) and
Rodrigues and Okura (2022) [11,12]. Approximately 1.5 kg of Agaricus bisporus mushrooms
were weighed and rinsed with deionized water. The fruiting bodies were then chopped
and dried in a forced-air oven at 45–50 ◦C for 5 h. Subsequently, the dried samples were
ground using a food processor until a fine powder was obtained.

The final moisture content of the mushrooms was 88.4 + 3.96%, as determined by
AOAC 930.04 [13]. Water activity (WA) was measured at 0.4946 + 0.00206 using Aqualab
equipment, and pH was recorded as 6.82 + 0.0265, in accordance with AOAC method
981.12 [14]. The mushroom powder was then sieved through a 60-mesh sieve (approxi-
mately 250 µm) to promote homogenization and ensure uniformity. Dry mass (dm) was
determined using an analytical balance (AUY220, Shimadzu, Philippines), and the yield
from the drying step was calculated according to Equation (1):

Yield =
Final dry mass obtained
Initial mass o f samples

× 100% (1)

The powdered material was packaged in multilayer polyethylene/nylon bags, sealed,
and stored at room temperature in a desiccator containing silica gel to preserve its properties
until the initiation of the chitin extraction process.

2.2. Chitin Extraction

Chitin isolation was performed based on a methodology adapted from Erdogan et al.
(2017), Hassainia et al. (2018), and Ospina Álvarez et al. (2014) [8,15,16]. The process
involved two main stages: demineralization and deproteinization. After each stage, the
samples were dried in an oven (NE-7918, Ethiktechnology, São Paulo, Brazil) at 40–50 ◦C for
approximately 10 h and weighed using an analytical balance (AUY220, Shimadzu, Metro
Manila, Philippines). The weights of the samples were recorded at each stage in order to
calculate the yield of chitin and chitosan, as described by Equation (1).
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2.2.1. Demineralization

The demineralization was carried out to eliminate mineral components from the mush-
room material. Approximately 35 g of mushroom powder was weighed and transferred
to a beaker. Then, 300 mL of 2 M hydrochloric acid was added, fully submerging the
sample. The mixture was stirred magnetically at 200 rpm (CE-1540/A-6, Cienlab, São
Paulo, Brazil) and maintained at 45 + 2 ◦C, for 12 h. Afterward, the samples were filtered
and washed until neutral pH was reached, as measured with a pH meter (PG 1800, Gehaka,
São Paulo, Brazil).

2.2.2. Deproteinization

The filtrate from the previous step was treated with approximately 300 mL of 2 M
NaOH solution, ensuring full submersion. The mixture was stirred magnetically at 200 rpm
(CE-1540/A-6, Cielab, São Paulo, Brazil) and maintained at 80 + 2 ◦C for 20 h. After the
reaction, samples were filtered and washed with distilled water until a neutral pH was
reached, as measured using a pH meter (PG 1800, Gehaka, São Paulo, Brazil).

2.3. Chitin Deacetylation

To produce chitosan through alkaline treatment, the methodology described by Erdo-
gan et al. (2017) was followed [15]. The chitin samples were treated with 300 mL of 60%
NaOH at 120 + 2 ◦C for 4 h. The samples were then filtered and washed with distilled
water until neutral pH was achieved, as measured using a pH meter (PG 1800, Gehaka, São
Paulo, Brazil).

2.4. Characterization Analysis
2.4.1. X-Ray Diffraction (illustratedXRD)

Crystallinity was determined using an X-ray diffractometer (XRD-6000, Shimadzu,
Kyoto, Japan) equipped with CuKα radiation, filtered through nickel, with a wavelength
of 1.542 Å. The diffraction angle (2θ) range was 5◦ to 50◦, under controlled operating
conditions of 40 kV voltage and 40 mA current. Scanning was performed at a 0.020◦

step size and with a 0.20 s acquisition time per step [17]. The crystallinity index (CI) was
calculated according to the equation proposed by Segal et al., 1959 [18]:

CI =
(I002 − Iam)

I002
× 100 (2)

In Equation (2), the relative percentage of crystallinity is defined as follows:

I002 = Maximum diffraction intensity;
Iam = Amorphous diffraction intensity.

2.4.2. Scanning Electron Microscopy (SEM)

Surface morphology was assessed using scanning electron microscopy (Model TM3000,
Hitachi Hi-Tech, Santa Clara, CA, USA). Samples were fixed onto conductive carbon tape.
Analysis was conducted in low vacuum at 5 to 15 kV, without metallic coating, to avoid
charging artifacts. Images were captured at 100×, 200×, and 600× magnification [19].

2.4.3. Fourier Transform Infrared Spectroscopy (FTIR) and Degree of Deacetylation

FTIR analyses were acquired using a Nicolet 6700 spectrophotometer (Thermo Scien-
tific, Waltham, MA, USA) over the range of 4000–600 cm−1, with 8 cm−1 resolution and
32 scans per sample, following the protocol described by Moriana et al. (2016) [20]. This
technique enabled the identification of key characteristic spectral bands, facilitating the
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determination of molecular interactions and the identification of functional groups present
in the material.

The degree of deacetylation (DD) was determined based on the methodology described
by Soares et al. (2019) [21], with some adaptations, using two characteristic peaks of the
chitosan at 1320 cm−1 and 1420 cm−1. The calculation was carried out in two steps. First,
the degree of acetylation (DA) was obtained using Equation (3); second, the degree of
deacetylation (DD) was derived from Equation (4):

DA(%) =

(
A1320
A1420 − 0.3822

)
0.03133

(3)

DD (%) = 100% − DA (%) (4)

2.4.4. Thermogravimetric Analysis (TGA)

Thermal properties were evaluated using a thermogravimetric analyzer (DTG-60,
Shimadzu, Kyoto, Japan). Approximately 4 mg of each sample was heated from 25 to 600 ◦C
at a rate of 10 ◦C/min under a nitrogen atmosphere with a flow rate of 50 mL/min [19,22].

2.4.5. Zeta Potential

Zeta potential and dynamic light scattering (DLS) were conducted using a Zetasizer
(NanoZS Malvern, UK). Approximately 1.5 mg of each sample was dispersed in 2 mL of
demineralized water and sonicated with a 400 W ultrasonic probe for 10 min [23,24].

2.4.6. Color Analysis

Color measurements were made using a colorimeter (Colorquest® XE, HunterLab,
Reston, VA, USA) in the CIELAB color space described by three coordinates: L* denotes
lightness, ranging from 0 (black) to 100 (white); a* represents the red (+) to green (–) axis;
and b* corresponds to the blue (–) to yellow (+) axis. The measurements were performed
using illuminant D65 and a 10º observation angle. The device was calibrated with white
and black color standards prior to measurements [25].

2.4.7. Statistical Analysis

Chitosan yield, pH, titratable acidity, and water activity (aw) measurements were
performed in triplicate, and the results were reported as mean ± standard deviation. For
color analysis, one-way ANOVA and Tukey’s post hoc test (5% significance) were used
with Statistica 8.0 software. The remaining analyses were explored descriptively. Results
were presented in tables, graphs, and figures to highlight trends and key observations.

3. Results and Discussion
3.1. Yield

Considering the initial mass of dried Agaricus bisporus mushroom biomass (20 g) and
the final mass obtained after chitin extraction (13.7 g), a yield of 68.35% was calculated. This
value reflects the efficiency of the combined demineralization and deproteinization steps,
which effectively removed non-polysaccharide components, such as minerals and proteins,
from the fungal cell wall. The high yield can be attributed to the intrinsic characteristics of
fungal biomass, which naturally contains lower mineral content compared to crustacean
sources. These findings are consistent with those reported by Gil (2023) [26], who observed
higher yields in polysaccharide extraction from fungi, primarily due to their biochemical
composition, characterized by a lower mineral fraction and a higher proportion of structural
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polysaccharides. This feature represents a significant advantage, enabling a more efficient,
cleaner, and environmentally sustainable extraction process [8].

Based on the ratio between the initial mass of Agaricus bisporus biomass and the final
mass of extracted chitosan, an overall yield of 14.6 + 1.14% was obtained. This value reflects
the overall efficiency of the entire extraction process, from biomass preparation to the final
product. Although directly related to the chitosan, this yield also serves as an indirect
estimate of the chitin content present in the fungal cell wall. Previous studies have shown
that chitin content can vary significantly depending on the part of the mushroom analyzed.
For example, Di Mario et al. (2008) [27] identified 8.5% chitin in dried A. bisporus mycelium,
whereas Wu et al. (2004) [28] reported a higher yield of 12.44% in mushroom stipes subjected
to different post-harvest conditions, which may have influenced the chitin content. In the
present study, the final chitosan yield of 15.4% exceeded the average chitin values typically
reported in the literature. This difference may be attributed to the specific extraction
conditions employed, including sodium hydroxide (NaOH) concentration, processing
temperature, and exposure time. These results highlight the potential of A. bisporus as a
promising and viable source for fungal chitosan production.

However, certain limitations must be acknowledged. Yields may vary depending on
the type of sample, preparation methods, and purification procedures. Therefore, future
studies should focus not only on yield but also on evaluating the functional properties
of the extracted chitosan and its potential applications in areas such as biotechnology,
materials engineering, and biodegradable packaging. Such investigations could broaden
the understanding of fungal chitosan’s industrial relevance and enhance the value of this
sustainable biopolymer.

3.2. X-Ray Diffraction (XRD) Data

A comparative analysis of the X-ray diffraction (XRD) patterns obtained at various
stages of the chitosan extraction process from mushroom biomass reveals significant struc-
tural transformations, particularly with respect to material crystallinity (Figure 1). The
initial diffractogram of raw mushroom powder exhibits well-defined peaks, notably a
prominent reflection near 2θ = 10◦, which is characteristic of the crystalline structure of
α-chitin, along with peaks between 2θ = 21◦ and 2θ = 23◦, associated with semicrystalline
regions composed of chitin and cellulose, two major structural constituents of the fungal
cell wall [29,30].

Additionally, a set of peaks observed between 2θ = 20◦ and 2θ = 24◦ can be attributed to
the crystallization of mannitol, a polyol commonly found in mushrooms, whose crystalline
nature is enhanced during the drying process [31]. The pattern is further complemented by
peaks corresponding to inorganic minerals, such as phosphates, silicates, and oxalates, evi-
dent in the regions of 2θ = 25–27◦ and 2θ = 36–47◦, which reflect the inherent compositional
complexity of the raw fungal material.

After the demineralization step, a substantial reduction or complete disappearance
of mineral-associated peaks is observed, confirming the efficiency of this treatment in
removing inorganic components. Interestingly, contrary to previous reports, such as those
by Poerio et al. [32] who noted an increase in crystallinity after demineralization of chitin
from cicada exuviae, our findings demonstrate a notable decrease in crystallinity. This
is evidenced by the attenuation of the peak near 2θ = 10◦ and the diminished intensity
of reflections in the 2θ = 21◦ to 2θ = 23◦ range, resulting in a predominantly amorphous
pattern. This behavior may be attributed to the action of hydrochloric acid used during
demineralization, which not only removes mineral components but may also induce
partial hydrolysis of chitin’s glycosidic bonds, thereby disrupting the crystalline lattice and
reducing the overall molecular order.
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Figure 1. XRD patterns of mushroom powder, demineralized chitin, deproteinized chitin, and fungal
and commercial chitosan.

Subsequently, the deproteinization step, carried out through alkaline treatment, led to
further structural modifications. These changes were evident in the XRD pattern, particu-
larly by the narrowing of the band around 2θ = 20◦, which indicates a partial reorganization
of the chitin chains. Although the material remained predominantly amorphous, the
removal of proteins, lipids, and hemicellulosic polysaccharides achieved via solubiliza-
tion and saponification reduced steric hindrance and allowed for improved molecular
packing. Additionally, the presence of shoulders and secondary reflections near 2θ = 9◦,
2θ = 12.5–13◦, and 2θ = 23–24◦ suggests the persistence of characteristic α-chitin structures,
even after the purification processes [33].

Finally, the deacetylation step responsible for converting chitin into chitosan resulted
in XRD patterns characterized by sharper and more intense peaks, reflecting an increase
in the semi-crystalline nature of the material. Both the chitosan derived from fungal
biomass and the commercial standard exhibited distinct diffraction peaks, confirming
the formation of organized crystalline domains. This structural reorganization is pivotal
for the functional properties of chitosan, particularly in applications such as controlled
drug delivery systems, wound healing, and biodegradable materials. The comparative
analysis of the XRD patterns underscores the significant impact of each extraction stage on
the material’s crystallinity and molecular arrangement, with deacetylation emerging as a
critical step in restoring and partially stabilizing the structural order, an essential attribute
for the effective biotechnological performance of chitosan [34,35].

3.3. Scanning Electron Microscopy Data (SEM)

The raw mushroom powder exhibited a rough and heterogeneous surface morphology,
characterized by a lumpy and relatively coarse morphology (Figure 2A). In contrast, the
deproteinized chitin displayed a smoother and more uniform surface, indicating a certain
degree of fiber alignment, molecular organization, and improved packing of the chitin
chains (Figure 2C). This structural refinement supports the effective removal of interfering
compounds, such as proteins, lipids, and other solubles.
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Figure 2. Morphology of the samples analyzed at each stage of chitosan extraction from mushroom
biomass (Agaricus bisporus) at magnification levels of 100×, 200×, and 600×. (A) mushroom powder;
(B) demineralized sample; (C) deproteinized sample; (D) fungal chitosan; and (E) commercial chitosan.

The fungal chitosan (Figure 2D) revealed a fibrous and highly organized morphology,
suggesting that the deacetylation step was successfully carried out. However, some surface
irregularities were still observed, potentially attributed to incomplete deacetylation or the
presence of residual fungal components [36,37]. Unlike crustacean-derived chitosan, which
typically exhibits a more even distribution of acetyl groups along the polymer chain, fungal
chitosan often exhibits clustered acetyl groups concentrated in specific regions [3].

The commercial chitosan sample exhibited the most homogeneous and well-organized
morphology among all samples (Figure 2E). Its highly ordered structure reflects a tightly
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controlled deacetylation process, resulting in a higher degree of crystallinity. This is
evidenced by the presence of small, uniform, and homogeneous particles and a stable
molecular arrangement, hallmarks of extensively purified, commercial-grade chitosan [38].

Based on the SEM analysis, chitosan derived from fungal biomass exhibited a porous
and irregular surface morphology, which may be advantageous for applications requiring
flexibility, biodegradability, and high surface area. These structural characteristics indicate
potential suitability for use in tissue engineering scaffolds, controlled drug delivery sys-
tems, and water filtration membranes, where porosity facilitates cell infiltration, regulates
release kinetics, and enhances contaminant adsorption. Nonetheless, additional physico-
chemical and biological evaluations are necessary to validate these functional attributes.
In contrast, commercial chitosan displayed a denser and homogeneous morphology, sug-
gesting a higher degree of molecular organization. This structural uniformity is favorable
for applications demanding mechanical strength and stability, such as wound dressings,
biodegradable packaging, and biomedical devices, where structural integrity and durability
are essential for performance.

3.4. FT-IR Data

As shown in Figure 3, the FT-IR spectra of raw mushroom powder, demineralized
sample, deproteinized chitin, fungal chitosan, and commercial chitosan are presented. The
spectrum of the raw mushroom powder (black line) displayed broad absorption bands
in the range of 3000–3500 cm−1 corresponding to O-H and N-H stretching vibrations,
indicative of hydroxyl and amine groups associated with the chitin structure, particularly
in N-acetylglucosamine units. A distinct peak was observed around 1650 cm−1, attributed
to the amide I band (C=O stretching), a characteristic feature of the chitin. These findings
are consistent with those reported by Hashem Rasti et al. (2017) [39], who identified similar
FT-IR patterns in chitin extracted from the chiton shell, including sharp peaks at 627.07 cm−1

(out-of-plane OH), 1036.18 cm−1 (C-O), and 1735.26 cm−1 (C=O), along with a broad band
between 3200 and 3500 cm−1 associated with N-H and O-H stretching vibrations.

 

Figure 3. FTIR spectra of the raw mushroom powder, demineralized sample, deproteinized chitin,
fungal chitosan, and commercial chitosan.
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It is also important to consider the potential contribution of mannitol, a sugar alcohol
commonly found in mushrooms, to the FT-IR spectrum of the raw powder. Mannitol tends
to crystallize during drying processes and exhibits characteristic FT-IR absorption bands
that may overlap with polysaccharide signals, particularly in the regions of 3200–3500 cm−1

(O–H stretching), 2850–2950 cm−1 (C–H stretching), and 1000–1150 cm−1 (C–O stretching).
When present in significant quantities, mannitol can influence the intensity and shape
of these bands, potentially complicating the interpretation of chitin-specific features in
unpurified samples. Therefore, the FT-IR spectrum of the raw mushroom powder likely
reflects a complex mixture of chitin, native polysaccharides, proteins, and low-molecular-
weight crystalline compounds such as mannitol [40–42].

Some alterations were observed in the demineralized sample (red line), notably
a decrease in the intensity of the broad O–H and N–H stretching bands within the
3200–3500 cm−1 region. These broad bands, typically attributed to hydroxyl groups and
hydrogen bonding, are generally prominent due to the abundance of –OH groups in chitin
and related compounds. The observed reduction in intensity suggests a weakening of
intermolecular hydrogen bonding following the removal of mineral components. The C–H
stretching bands between 2850 and 2950 cm−1, associated with –CH2 and –CH groups, as
well as the bending band near 1400 cm−1, linked to –OH bending and hydrogen bonding,
remained present but showed no substantial shifts. In the 1000–1150 cm−1 region, multi-
ple strong bands corresponding to C–O stretching vibrations of primary and secondary
alcohols were observed, indicating the persistence of polysaccharide structures.

Although the demineralized sample remained predominantly amorphous, the peak at
1650 cm−1, corresponding to the C=O stretching vibration of the amide I band, appeared
slightly sharper, suggesting the beginning of structural reorganization within the chitin
matrix. Studies on chitin extracted from the exoskeleton of Hermetia illucens larvae have
shown that demineralized chitin retains its characteristic FT-IR peaks, supporting the
notion that mineral removal does not substantially alter chitin’s molecular structure [43].
Nevertheless, in the present study, subtle spectral variations in these key regions suggest
minor conformational adjustments.

In the FT-IR spectrum of the deproteinized chitin (blue line), the band near 1550 cm−1,
associated with the amide II vibrations (N–H bending and C–N stretching), remained
evident, albeit with slightly lower intensity than in previous stages. This suggests that the
alkaline treatment did not entirely remove residual proteins. The N–H stretching band
around 3300 cm−1 also persisted, as expected, due to its fundamental presence in the
chitin structure. The 1650 cm−1 peak (amide I) corresponding to C=O stretching appeared
somewhat sharper, potentially reflecting initial molecular reorganization within the chitin
chains. However, a notable reduction in the amide II band was only observed in the spectra
of fungal and commercial chitosan, indicating that protein removal was more effectively
accomplished during deacetylation rather than in the deproteinization step. This finding
suggests that the standard alkaline deproteinization process may be insufficient for the
complete elimination of protein content from the biomass.

The FT-IR spectrum of fungal chitosan (green line) showed no detectable bands near
1650 cm−1 (amide I) and 1550 cm−1 (amide II), indicating that most acetylated structures
were removed during processing. However, no distinct absorption band was observed near
1590 cm−1, commonly attributed to the bending vibration of free amino groups (–NH2) and
often used as a chitosan marker. This suggests that, although acetyl groups were removed,
the formation or detection of free amine groups was not evident under the experimental
conditions employed. A clear peak near 1450 cm−1 was observed, corresponding to CH2

bending in the polymer backbone. In contrast, commercial chitosan exhibited a weak amide
I band and a pronounced peak at approximately 1590 cm−1, consistent with the presence
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of primary amines and a more complete deacetylation process. These findings imply that
fungal chitosan underwent partial or structurally distinct deacetylation compared to the
commercial counterpart [44–46].

The degree of deacetylation (DD) is a critical parameter that directly affects the physic-
ochemical and biological properties of chitosan. In this study, DD values were determined
via Fourier transform infrared spectroscopy (FTIR), calculated based on the ratio of the
absorbance intensities at 1320 cm−1 and 1420 cm−1. The results for both fungal-derived
and commercial chitosan samples are summarized in Table 1.

Table 1. Degree of acetylation and deacetylation.

Sample DA (%) DD (%)

Fungal Chitosan 38.43 61.57
Commercial Chitosan 22.73 77.27

The DD of the commercial chitosan was found to be 77.27%, which is lower than
the value reported by the manufacturer (DD ≥ 95%). This discrepancy may be attributed
to factors such as the sensitivity of the analytical method for sampling moisture content,
sample thickness, and instrumental signal variations [37]. As noted by Hosseinnejad
and Jafari (2016) [47], industrial-scale extraction is performed under strictly controlled
conditions, including temperature regulation, filtration, and successive washing steps,
which can lead to the removal of highly deacetylated fractions. This phenomenon likely
contributes to the slight reduction in DD observed in the final commercial product.

The discrepancy observed between the experimental and theoretical values under-
scores the importance of accurately determining the degree of deacetylation, particularly in
samples subjected to multiple purification steps, as in this study. The results demonstrate
that, despite slight variations in DD, the extraction process effectively induced structural
modifications in chitin derived from mushrooms. Nonetheless, the methodology could be
optimized to achieve higher DD values. This conversion yielded chitosan with physico-
chemical properties comparable to those of commercial chitosan, thereby supporting the
feasibility of using alternative sources, such as fungi, for the production of high-quality
chitosan [48].

3.5. Thermogravimetric (TGA) Data

Thermogravimetric analysis (TGA), complemented by derivative thermogravimetric
analysis (DTG), was employed to characterize the thermal stability of samples obtained
at various stages of the chitosan extraction process from fungal biomass, and to compare
them with commercially available chitosan. The comparison of thermal profiles revealed
significant differences in thermal stability and composition among the samples, reflecting
the structural changes induced by the purification steps. Figure 4 displays the TGA
and DTG curves for the different samples: mushroom powder, demineralized sample,
deproteinized chitin, fungal chitosan, and commercial chitosan. The weight loss (%) was
plotted against temperature (◦C), ranging from 25 ◦C to 600 ◦C.

The raw mushroom powder exhibited an initial mass loss of approximately 8% be-
low 150 ◦C, attributed primarily to the evaporation of adsorbed water and volatile con-
stituents. This was followed by a major degradation event between 220 ◦C and 350 ◦C,
with an estimated mass loss of 55%, corresponding to the thermal decomposition of
primary organic constituents, including chitin, cellulose, proteins, and non-structural
polysaccharides [49–51]. Beyond 350 ◦C, a gradual residual mass loss was observed, ac-
cumulating to over 70% total mass loss by 600 ◦C, with the residual mass composed of
mineral content and thermally stable carbonaceous compounds.
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Figure 4. Thermogravimetric curves (TGs) and their derivatives (DTGs) for mushroom powder,
demineralized chitin, deproteinized chitin, fungal chitosan, and commercial chitosan.

In the demineralized chitin sample, the initial mass loss up to 150 ◦C was decreased
to approximately 6%, indicating a lower water and volatile content due to the removal of
hygroscopic salts [52,53]. The primary degradation event occurred between 250 ◦C and
350 ◦C, resulting in a mass loss of around 50%, mainly attributed to the decomposition of
partially purified chitin. Additionally, the residual mass above 400 ◦C was lower compared
to that of the mushroom powder, confirming the effective removal of inorganic components
during the demineralization step.

Deproteinized chitin exhibited a more distinct thermal profile, characterized by an
initial mass loss of approximately 5% below 120 ◦C, followed by a sharp degradation event
between 280 ◦C and 350 ◦C, resulting in a mass loss of about 58%. The absence of multiple
degradation events in the intermediate temperature range suggests increased sample
homogeneity, reflecting the effective removal of proteins, lipids, and other interfering
compounds during the alkaline treatment.

The fungal chitosan sample showed an initial mass loss of 8% up to 150 ◦C, attributed
to the elimination of residual moisture. The primary decomposition occurred between
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250 ◦C and 350 ◦C, with an estimated mass loss of 55%. This earlier onset of degrada-
tion, along with the relative decrease in thermal stability compared to chitin, aligns with
structural modifications caused by deacetylation, which reduce hydrogen bonding density
within the polymer matrix and increase susceptibility to thermal degradation.

Commercial chitosan exhibited a thermal profile similar to that of fungal chitosan,
with an initial mass loss of 3% up to 120 ◦C, followed by a main degradation event between
250 ◦C and 350 ◦C, resulting in approximately 50% mass loss. The lower degradation rate
intensity observed in the commercial sample may be attributed to differences in the degree
of deacetylation, molecular weight, or purity compared to the fungal-derived chitosan.

Overall, the comparative analysis of TGA and DTG curves indicates a progressive
reduction in residual mass at elevated temperatures as the extraction and purification
advanced, confirming the efficient removal of minerals and proteins. Furthermore, the
primary thermal degradation event became increasingly concentrated within a narrower
temperature range, a feature typical of more homogeneous and structurally refined biopoly-
mers. Both fungal and commercial chitosan exhibit thermal stability suitable for industrial
and biomedical applications, albeit lower than that of native chitin due to the loss of acetyl
groups and associated molecular reordering during deacetylation.

3.6. Zeta Potential Data

Zeta potential analysis (ζ-potential) was conducted to evaluate the surface charge
and colloidal stability of biopolymers, such as chitosan samples, in aqueous suspension
(Figure 5). These measurements provide insight into the electrokinetic behavior of the
particles, which plays a crucial role in determining their interactions with other molecules
and surfaces. In colloidal dispersions, high absolute ζ-potential values (either positive
or negative) generally indicate strong electrostatic repulsion between particles, which
enhances stability and prevents aggregation [54,55].

Figure 5. (A) Schematic representation of ζ-potential across different processing stages: mushroom
powder, demineralized chitin, deproteinized chitin, fungal chitosan, and commercial chitosan. (B) Av-
erage hydrodynamic diameter (nm) of samples at each stage, illustrating a progressive decrease in
particle size and improved homogeneity with purification steps.

The initial ζ-potential measured for the unprocessed mushroom powder was
−18.0 ± 1.04 mV, indicating a relatively low negative surface charge. This suggests limited
colloidal stability, likely attributable to the presence of impurities and the heterogeneous
composition of the raw biomass. These findings are consistent with previous studies;
for example, phenol-functionalized silver nanoparticles synthesized using mushroom ex-
tracts exhibited zeta potential values around −20 mV, indicative of moderate colloidal
stability [56]. Likewise, investigations on chitin–glucan nanofibers derived from mush-
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rooms have demonstrated that raw materials initially display low ζ-potential values, which
increase markedly following purification [57].

Following demineralization, the absolute value of the ζ-potential increased to
−24.3 ± 0.63 mV. This enhancement in negative surface charge can be attributed to the
removal of mineral ions, such as Na+, Ca2+, and Mg2+, which reduce ionic shielding effects
and improve colloidal stability. During the deproteinization step, the ζ-potential slightly
decreased in magnitude to −19.96 ± 0.88 mV, possibly due to the partial adsorption of Na+

ions from the sodium hydroxide solution used in this process, which may have limited fur-
ther increases in negative charge [58,59]. For example, a study on chitin nanofibers derived
from shrimp shell waste reported a significant increase in ζ-potential after demineralization,
indicating enhanced dispersion stability [60].

The conversion of chitin into chitosan through deacetylation markedly improved the
surface charge characteristics, as observed in both fungal and commercial samples. Fungal-
derived chitosan exhibited a ζ-potential of −27.76 ± 0.91 mV, reflecting a higher exposure
of amino groups and greater purity, both of which contribute to enhanced colloidal stability.
This finding is consistent with previous studies demonstrating that increased deacetylation
correlates with an increase in negative surface charge, thereby improving the suspension
stability of chitosan [2,61].

Commercial chitosan exhibited the highest negative ζ-potential value of −30.93 ± 0.69 mV,
reflecting its higher degree of deacetylation and industrial-grade purity. These results un-
derscore the critical role of deacetylation in modulating the electrokinetic and colloidal
properties of chitosan. Increased deacetylation enhances molecular uniformity and repro-
ducibility, key attributes for advanced functional applications, while also strengthening
electrostatic repulsion between particles, thereby reducing aggregation [62].

3.7. Color Analysis Data

The colorimetric characteristics of the samples were evaluated to assess the visual
changes occurring throughout the stages of fungal chitosan extraction, as illustrated in
Figure 6. The corresponding colorimetric data are summarized in Table 2.

Figure 6. Image of samples along the process of fungal chitosan production.
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Table 2. Color attributes of mushroom powder and chitosam samples.

Sample L* a* b*

Commercial Chitosan 86.90 ± 0.28 a 0.87 ± 0.07 c 14.75 ± 0.14 a

Fungal Chitosan 71.97 ± 0.44 b 3.35 ± 0.04 b 13.03 ± 0.12 ab

Deproteinized Chitosan 47.92 ± 0.83 c 5.96 ± 0.12 a 14.99 ± 0.34 a

Demineralized Chitosan 23.11 ± 0.02 d 3.21 ± 0.27 b 6.77 ± 0.24 c

Mushroom Powder 30.50 ± 3.36 e 5.36 ± 0.70 a 11.36 ± 2.19 b

Legend: Values are expressed as mean ± standard deviation of triplicate. Different lowercase letters within
the same column indicate statistically significant differences (p ≤ 0.05) according to Tukey’s test for the color
parameters of powdered samples.

The L* color coordinate of fungal-derived chitosan was 71.97 ± 0.44, indicating that
it was significantly darker than commercial chitosan (p ≤ 0.05). This difference may be
attributed to the presence of intrinsic fungal pigments, as the extraction process employed
in this study did not include additional purification or decolorization steps. Supporting
this observation, Pellis et al. (2022) [62] reported that lower L* values (L* < 30) in fungal-
derived chitosans are often associated with the presence of melanin and other typical
pigments found in fungi. Regarding a* and b* coordinates, we observed that the a* value
was 3.35 ± 0.04, indicating a slight red tint, while the b* value of 13.03 ± 0.11 suggests a
yellowish hue. The calculated chroma (C*) was 13.45 ± 0.11, reflecting a moderate color
saturation. These results indicate a noticeable presence of chromophoric compounds, which
are typically more prevalent in chitosans derived from marine sources [63].

The demineralized sample exhibited a low lightness (L*) value of 23.11 ± 0.02, in-
dicating a dark coloration similar to that of the original mushroom biomass [64]. The
deproteinized sample showed a slightly higher L* value of 47.92 ± 0.83, although it re-
mained in a similar range of lightness. The a* parameter was 5.96 ± 0.12, reflecting a
continued tendency toward red, while the b* value increased to 14.99 ± 0.34, suggesting a
more intense yellow hue. The observed increases in both a* and b* parameters following
protein removal may indicate that the deproteinization process promoted the oxidation of
phenolic compounds present in the fungal matrix.

The mushroom powder exhibited a lightness (L*) value of 30.50 ± 3.36, indicating a
darker coloration compared to commercial chitosan. This result suggests that the deminer-
alization and deproteinization steps contribute to the reduction of darker color compounds.
These findings are consistent with those reported by Mapari et al. (2006), who observed L*
values ranging from 30 to 40 in untreated fungal raw materials [65].

Commercial chitosan exhibited the highest lightness among all evaluated samples,
with an L* value of 86.90 ± 0.28 (p ≤ 0.05), indicating a clear and homogeneous appearance.
The a* (0.87 ± 0.07) and b* (14.75 ± 0.14) values reflected a slight reddish-yellowish hue.
According to Kita (2022) [66], a lighter color in chitosan is typically associated with lower
impurity levels and a higher degree of deacetylation. These characteristics make commercial
chitosan particularly suitable for applications where visual appearance is critical, such as
in the pharmaceutical and cosmetic industries [66–68].

4. Conclusions
In this study, chitosan was successfully extracted from Agaricus bisporus biomass

through a sequential process involving demineralization, deproteinization, and deacetyla-
tion. Comprehensive characterization techniques—including XRD, FTIR, TGA, SEM, zeta
potential, and colorimetric analyses—confirmed the structural and physicochemical conver-
sion of fungal chitin into chitosan. Compared to commercial chitosan, the fungal-derived
material exhibited lower crystallinity and thermal stability but presented a more porous
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and fibrous morphology, favorable surface charge, and a moderate degree of deacetylation.
These characteristics enhance its potential for use in biodegradable films, active packaging,
and biomedical applications, where properties such as flexibility, porosity, and biocompati-
bility are essential. The results underscore the viability of fungal biomass as a sustainable
and renewable source of chitosan, aligning with circular economy principles and offering
a promising alternative to crustacean-derived biopolymers for applications in the food
and healthcare industries. Future studies should focus on assessing the bioactivity of
the extracted chitosan, particularly its antimicrobial and antioxidant properties, and on
benchmarking its performance against commercial standards. Furthermore, optimizing
extraction parameters for larger-scale production and exploring its application in food
packaging, agriculture, or biomedical fields would provide a broader understanding of its
potential as a biobased alternative.
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