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Abstract. Chitosan, a natural polymeric material, is widely used in packaging applications as it is good in barrier,
optical, and mechanical properties. Traditionally, crustacean shells serve as the primary source for chitosan
production using intensive acid and alkali treatments during its production. Furthermore, the commercial viability
of chitosan production is hindered by fluctuations in both the quantity and quality of available crustacean shell
waste, as well as the seasonal availability of this substrate, which can impact chitosan yield. In the current study,
Agaricus bisporus fungal mushroom was used as a source for chitosan extraction. Fungal-derived chitosan (FCH)
and cellulose nanocrystalline (CNC) biocomposite films were prepared and characterized using tensile test,
Fourier Transform Infrared Spectroscopy (FTIR) and scanning electron microscopy (SEM). However, the tensile
strength and the water resistance of fungal derived chitosan is relatively lower compared to crustacean based
chitosan. Therefore, the incorporation of cellulose nanocrystalline (CNC) has successfully improved
approximately 90% of the tensile strength using 4 wt% of CNC content. The water resistance of the composite
has increased after the addition of CNC. Upon the findings, FTIR analysis confirms the presence of fungal
chitosan’s functional group. The FTIR spectra also showed the functional group of CNC in the composites. The
micrograph of scanning electron microscopy (SEM) also indicated the good interfacial adhesion between
composites film at 4 wt% NCC content. Therefore, the enhanced fungal derived chitosan (FCH) biocomposites
could serve as suitable materials in food packaging.
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1. INTRODUCTION

Microplastic pollution, originating from discarded plastics, has become an escalating
environmental concern. Although the specific toxicological mechanisms remain largely unclear,
elevated concentrations of microplastics have been shown to adversely affect aquatic organisms and
disrupt ecological balance [1], undermining the sustainability of environmental development. In
response to this crisis, there is growing interest in developing biodegradable materials that align with
green packaging principles. The packaging industry, accounting for a substantial share of global plastic
production, often relies on short-lifespan materials, especially for products like fresh produce.
Consequently, the development of bio-based and biodegradable packaging materials is essential to
paving the way for a cleaner and more sustainable future.

Chitosan, derived from chitin, is the world's second most abundant natural polymer and it is
renowned for its ability to form films. Chitosan exhibits a range of film-forming, functional, and
biological properties [2]. Unlike marine-derived chitosan, fungal chitosan offers a vegan-friendly
alternative, free from allergens such as tropomyosin, myosin light chain, and arginine kinase. Moreover,
fungal chitosan provides enhanced control over its physicochemical properties, making it a versatile
material for diverse applications. Mushrooms, as macro-fungi, are rich sources of chitin, which can be
easily converted into chitosan. Among these, Agaricus bisporus (button mushroom) represents 40% of
global edible mushroom production. Additionally, Agaricus bisporus is a significant reservoir of
bioactive compounds, including phenols, sugars, vitamins, carotenoids, and minerals, which provide
functional benefits and reduce the risk of various diseases, enhancing overall health. However, Chitosan
has low water resistance, as well as poor mechanical and thermal properties, further restricting its use
in functional film applications [3].

To overcome these limitations, cellulose nanocrystals (CNCs) are highly regarded for their
exceptional properties, including a high length-to-width aspect ratio (10—100), a robustly interlinked
network structure, superior optical transparency, and outstanding mechanical properties such as high
tensile strength and stiffness, making them ideal as advanced reinforcement agents [4]. CNCs are
sustainable nanomaterials distinguished by remarkable tensile strength, stiffness, and versatile surface
functional groups, compatibility with chitosan, enabling a wide range of functional modifications. Their
nanoscale dimensions confer unique advantages, making CNCs superior for applications such as high-
performance nanocomposite reinforcement, polymeric emulsifiers in oil-water emulsions, and other
advanced systems that surpass traditional materials [5]. CNCs form hydrogen bonds with chitosan,
restricting polymer chain mobility, which enhances mechanical strength and improves water resistance
by increasing the tortuosity of water vapor diffusion pathways [6].

The objective of this study is to produce FCH/CNC biocomposite films and evaluate their
performance with varying CNC concentrations (0—10 wt%). The mechanical, chemical, and structural
properties of the films were analyzed using tensile testing, Fourier-transform infrared spectroscopy
(FTIR), and scanning electron microscopy (SEM). We hypothesized that incorporating CNC would
enhance the tensile strength and reduce the water uptake of the FCH/CNC biocomposite films. The
findings may contribute to advancing sustainable, bio-based materials for eco-friendly packaging
applications.

2. MATERIALS AND METHODS
2.1 Materials

The cellulose source that was used in this study was paddy straw, it was collected from paddy
fields nearby Perlis, Malaysia. The straw was ground and sieved to a particle size of 125 um. The sieved
particles were then soaked in water for 24 hours. The particles was oven dried at 80 °C. Mature fruiting

bodies of Agaricus bisporus mushrooms were collected from the coastal area of Kuala Perlis, Malaysia.
Hydrogen peroxide, glycerol, sulfuric acid were sourced from Merck (Darmstadt, Germany).
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2.2 Fungal Chitosan Preparation

The fruiting bodies of Agaricus bisporus mushrooms were washed several times, blotted dry,
lyophilized, and ground into a fine powder using a blender. The powder was stored at -20 °C until
further use. The dried Agaricus bisporus powder was then homogenized in deionized water and
sonicated. The resulting suspension was centrifuged, and the precipitate was subjected to
deproteinization by treatment with sodium hydroxide at 100 °C for 2 hours. This deproteinization step
was repeated to ensure complete removal of proteins from chitin. The mixture was subsequently washed
with deionized water and centrifuged again. Decolorization was performed using a hydrogen peroxide
solution. For N-deacetylation, the chitin was treated with a 30 wt% sodium hydroxide solution at
100 °C for 2 hours. After filtration, the chitosan was washed with deionized water until it reached a
neutral pH, then freeze-dried [7]. Figure 1 presents a schematic diagram outlining the preparation
process, which includes three main stages: extraction of chitosan from Agaricus bisporus, production
of cellulose nanocrystals (CNC) from rice straw, and the subsequent formation of the FCH/CNC
composites film.
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Figure 1: Preparation of FCH/CNC composite film

2.3 Isolation of Cellulose Nanocrystalline (CNC)

Two treatments were applied to rice straw which are alkaline treatment and bleaching treatment.
Therefore, acid hydrolysis was used to separate the CNC from the rice straw fibre.

2.4 Alkaline Treatment

The purpose of alkaline treatment is to remove the lignin dan silica in the rice straw fibre. In
this treatment, 40 g of rice straw fibre (powder) was treated with an alkaline treatment by dissolving 32
g of sodium hydroxide (NaOH) (4% w/v) in 800 ml of distilled water in a 1: 20 ratio. This treatment
was stirred for 2 hours at 80 °C at a rate of 350 rpm. Following that, the fibre was filtered and washed
with distilled water until it reached pH [8].

2.5 Bleaching Treatment
The alkaline-treated mixture was mixed and stirred in the prepared bleaching solution. An

acetic buffer, 1.7% (w/v) NaClO2, and distilled water make up a bleaching solution. First, an acetic
buffer was made with 40 g of sodium hydroxide, 75 mL of acetic acid, and 925 mL of distilled water.
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The bleaching solution was prepared by combining the acetic buffer, NaCIO», and distilled water in a
1:1:1 ratio, each with a volume of 267 ml. The alkaline treatment mixture was mixed with the bleaching
solution and stir at 350 rpm for 2 hours at 80 °C. The treated fibre was thoroughly cleaned using distilled
water. To obtain the white color form of fibre, the alkaline and bleaching treatments was cyclically
repeated for two rounds. Then, the fibre was dried in the oven for 24 hours at 60 °C [9].

2.6 Acid Hydrolysis

The bleached fibre was subjected to acid hydrolysis in order to remove cellulose and remaining
hemicelluloses and extract crystalline particles from a variety of cellulose sources. In this treatment, 2
g of cotton-like dried treated rice straw fibre was blended and add to sulfuric acid (64 wt%) at 45 °C
for 1 hour at a consistent 700 rpm stirring rate. The solution was treated with 500 ml of cold distilled
water to halt the reaction process. The suspension was obtained after the solution was kept at room
temperature for at least 30 minutes. The hydrolysis process was halted by adding cold distilled water to
the reaction mixture. The resulting suspension was centrifuged at 9000 rpm for 12 minutes in order to
eliminate the excessive sulfuric acid. This centrifugation step was repeated multiple times until the
supernatant became turbid. The pH of the supernatant reached 5 at the end of the centrifugation process.
To prevent aggregation, the cellulose nanocrystal (CNC) suspension underwent ultrasonication for 10
minutes and was subsequently stored in a refrigerator at 4 °C [10].

2.7 CNC/ FCH Film Preparation

Fungal chitosan (FSH) was extracted from Agaricus bisporus with an approximate yield of
24.5% based on the dry weight. Approximately 2.25 g of FCH powder was mixed with 150 ml of
distilled water to prepare a 1.5% (w/v) chitosan solution. The mixture was treated with 3 ml of 2% (v/v)
acetic acid and stirred for 5 hours at 700 rpm at 60 °C. During the fourth hour of stirring, glycerol at a
concentration of 10 wt% was incorporated into the solution to enhance the pliability of the chitosan
film. The beaker was wrapped in aluminum foil throughout the 5-hour stirring process. In each
preparation of FCH, varying amounts of CNC (0, 2, 4, 6, 8, and 10 wt%) were added to the FCH
solution. CNC was introduced during the fourth hour of stirring, immediately after the addition of
glycerol. After 5 hours, the mixture was subjected to sonicator for 10 minutes to remove the air trapped.
For analysis, the mixture was poured into two Petri dishes for replication. The film was subsequently
subjected to oven drying at 50 °C with a period of 48 hours without fan circulation. The film thickness
ranged from 0.036 mm for pure chitosan film to 0.060 mm for the 10 wt% FCH/CNC composite film.

2.8 Tensile Test

The tensile test was conducted using an Instron Universal Testing Machine (Instron 3366) at
room temperature, following the ASTM D882 standard. A crosshead speed of 10 mm/min was
employed. The rectangular samples were cut into a dimension of 10 cm in length and 1 cm in width.
The tensile strength, elongation at break, and Young’s modulus were measured. Five samples were
tested for each composition.

2.9 Fourier Transform Infrared Spectroscopy (FTIR) Analysis
The infrared spectra of FCH and its composites were obtained over a wavenumber range of

4000 cm ™" to 650 cm ™! using a Perkin Elmer Spectrum 10 spectrophotometer. The spectra were recorded
with 16 scans at a resolution of 4 cm™, utilizing the attenuated total reflectance (ATR) technique.
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2.10 Scanning Electron Microscopy (SEM) Analysis

The tensile fracture surfaces of CNC-reinforced FCH biocomposites were examined using a
scanning electron microscope (FEl Quanta 200F). Observations were carried out at an accelerating
voltage of 5 kV and a magnification of 500x%.

2.11 Water Absorption Test

The water absorption of the biocomposite films was investigated at 50% relative humidity and
30°C. First, each of the films were cut into 3 equal parts and their initial dry weight were taken. Then,
all of samples were submerged into distilled water overnight, and the subsequent reading was taken the
next day where the samples were then weighed periodically. Water absorption (W) of the biocomposite
film was computed as follows:

We—Wgq
Wa

W = (1)

where W is the rate at which the biocomposite films absorbs water at a given time, W, is the weight of
the wet material at a given time, and W is the weight of the dry material (g).

3. RESULTS AND DISCUSSION

3.1 Tensile Properties

The tensile strength of FCH/CNC composites film with different CNC content is shown in
Figure 2. Tensile strength of the films was steadily increasing up to 4% and thereafter decreased. There
were numerous parameters, including the type of reinforcement fiber, fiber aspect ratio, fiber—matrix
interfacial adhesion, and fiber orientation within the composites, influence the mechanical properties of
the materials [11]. The increase in tensile strength in the presence of CNC was anticipated due to the
high surface area of CNC. In addition, the increase in tensile strength may be due to the effective
dispersion of the CNC filler within the chitosan polymer matrix, which strengthens the interfacial
adhesion and filler-matrix interaction [12,13]. The stress was transferred to the filler as a result of the
excellent dispersion between the matrix and filler, enhancing the crosslinking process, and in turn
creating a more robust network between the crosslinker and matrix. Talebi et al. [ 14] similarly reported
that incorporating CNC into chitosan films led to a 52% increase in tensile strength, highlighting CNC's
significant reinforcing effect on mechanical properties.

As the CNC content higher than 4 wt%, the CNC particles might aggregated and serve as stress
concentrators. When the aggregated regions form, stress concentrators, where stress is concentrated
form as well, which frequently results in failure [15]. Therefore, these regions bear a disproportionate
share of the load when an external force is applied, which causes the composite to defect and reduces
its overall tensile strength

Figure 3 displays the effect of the CNC on the elongation at break of FCH/CNC biocomposites.
The elongation at break offers information on the material's toughness and flexibility because a higher
elongation at break means that the material may bend more before breaking, which is considered
advantageous for a variety of plastic applications. The elongation at break of the FCH/CNC
biocomposites raised up to 2 wt% CNC content and thereafter decreased. According to Ha et al. [16],
the CNC aggregation by Van der Waal's forces and resulted the formation of voids or air bubbles during
casting procerss. Kusmono et al. [ 17] reported similar findings, where the elongation at break increased
at 2% and 4% CNC content, but decreased at higher concentrations due to reduced polymer chain
mobility CNC aggregation.
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Figure 2: Tensile strength of FCH/CNC composites film with various CNC content
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Figure 3: Elongation at break of FCH/CNC biocomposites with different CNC content

These factors affect the flexibility of the composites because stress transfer to the filler results
in inefficient performance and may reduce its ductility. Gan et al. [18] revealed that the reduction in
elongation at break was attributed to the stiffening effect of the CNC. Therefore, the mobility and
flexibility of composites' polymer chains have been restricted by the inclusion of filler.

208



Kuan Eng Hoe et al. / Malaysian Journal of Microscopy 2025 21(1) 203-213

3.2 Morphological Analysis

Figure 4(a) to (d) presents the SEM micrographs of the tensile-fractured surfaces of FCH/CNC
biocomposites with varying CNC content. Figure 4(a) shows a smooth surface for neat chitosan, while
Figure 3(b) reveals a rougher fractured surface in the 4 wt% CNC biocomposite, indicating good surface
interaction between FCH and CNC. With increasing CNC content, the surfaces appear progressively
rougher and displayed the presence of pores (Figures 4(c)-(d)), which correlates with a reduction in
elongation at break at higher CNC content. These findings align with the elongation at break data shown
in Figure 3.

- U Agglomeration ™. holes

-

Figure 4: SEM micrographs of FCH/CNC biocomposites with (a) CNC 0 wt%, (b) CNC 2
wt%, (c) CNC 6 wt%, and (d) CNC 10 wt%

3.3 FTIR Analysis

Figure 5 shows the FTIR spectra of FCH/CNC biocomposites. In general, the peaks at 3200-
3600 cm™ were related to O-H stretching vibrations. The peaks are present at about the same range for
all of the samples, indicating consistent hydroxyl group presence. As can be seen from pure CNC, the
O-H peak is assigned at 3274.90 cm™, while it slightly decreases to 3261.09 cm™ for 10 wt% CNC, and
it continues to shift downwards to 3190.69 cm™ for 2 wt% CNC. This shift suggests interaction bonding
between CNC and chitosan matrix in the sample that plays a vital role for the availability of hydroxyl
groups. Meanwhile between 2 wt% CNC and 10 wt% CNC, the peak's O-H intensity rose, suggesting
that there might have been structural changes or the emergence of extra hydroxyl groups. These could
have resulted from interactions between CNC and FCH that exposed or produced new hydroxyl groups
[19].

In addition, peak that are shown in between 3200 cm™ to 3100 cm™ are usually an indicator for
C-H stretching vibration and it appears in both cellulose and chitosan. From the spectra, the peak
intensity of neat FCH (0 wt% CNC) are lower than the biocomposites with CNC. The peak presents in
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between 1470 cm™ to 1570 cm™ represents amide II, in which it corresponds to the N-H group of
secondary amines. In proteins and peptides, it is mainly linked to the N-H bending vibrations combined
with the C-N stretching vibrations. Therefore, it acts as a functional peak of the presence of chitosan
[20]. However, the similar peak can also be observed in neat CNC sample, at 1542.20 cm™. The
absorption peak or band between 1000 cm™ to 1150 cm™ represented the C-O group. The B-1,4-
glycosidic bond in the cellulose polymer chain is thought to be the source of the C-O-C stretching
vibrations that give rise to the peak of 1028.95 cm™ for pure CNC, which is frequently observed in
cellulose materials. The subsequent drop in intensity peak between the biocomposites with 2 wt% CNC
and 10 wt% CNC can be a sign of exposure to previously shielded C-O groups. Additional interactions
or reactions between the system's components contributed to the intensity reduction [21].
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Figure 5: FTIR spectra of (a) neat FCH, (b) 2wt% CNC and (c) 10wt% CNC biocomposites

3.4 Water Absorption

Water absorption is the measurement of the water-absorbing capacity of the biocomposites,
demonstrating the films' capacity to take in water from the surrounding environment. Figure 6 depicts
the water update of FCH/CNC biocomposites with different CNC content. The figure indicated that
neat chitosan (0 wt% CNC) exhibited the highest initial water uptake, recorded nearly at 900% on day
1. From there onwards, there was a noticeable decline in water uptake over 9 days, before it stabilized
around 300% at the end of the water absorption test period. The reduction can be related to the
significant water loss or desorption over time due to evaporation of water. On the other hand,
biocomposites with 2 wt% CNC and 4 wt% CNC acts almost the same as both content uptake spikes
up to 500% on day 1 and remains relatively stable for the whole 9 days, fluctuating but staying in the
range of 450 — 500%. This stability indicates that these percentage are ideal for consistent water
absorption and retention behavior. Overall, the increase of CNC content had subsequently reduced the
water uptake of FCH/CNC biocomposites.

According to Chi et al. [22], the enhanced interfacial bonding between CNC and chitosan
introduced a more convoluted pathway in the composite films, significantly impeding water vapor
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diffusion. As illustrated in Figure 5, the addition of CNC formed a complex interconnected matrix,
further increasing the tortuous diffusion pathway for water vapor through the chitosan composite film.
As a result, the water absorption of the FCH/CNC films was significantly reduced. Mao et al. [6], who
reported that the incorporation of 5 wt% CNC into chitosan membranes resulted in approximately a
50% reduction in swelling, attributed to increased crystallinity and strong interfacial interactions that
hinder water permeation.
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Figure 6: Water uptake of FCH/CNC biocomposites varying with CNC content

4. CONCLUSIONS

In conclusion, the FCH/CNC biocomposite films demonstrated the optimal tensile strength at
a CNC content of 4 wt%, achieving a ~90% increase in tensile strength and improved water resistance.
Whereas the composites with 2 wt% CNC showed the highest elongation at break. SEM micrographs
strong interfacial adhesion at 4 wt% CNC, supporting the structural integrity of the films. Furthermore,
biocomposites with higher CNC content displayed pores on the fractured surface. Additionally, the
water absorption of the FCH/CNC composites film was lessened with the addition of CNC, enhancing
the water resistance of the composites. These findings suggest that FCH/CNC biocomposite films
possess enhanced mechanical and water-resistant properties, making them promising candidates for
applications in biodegradable packaging materials and other environmentally friendly solutions. These
FCH/CNC biocomposites are renewable, biodegradable, and non-toxic, making them superior to
conventional petroleum-based plastics. However, CNC agglomeration at higher loadings may reduce
composite performance.
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