
Carbohydrate Polymer Technologies and Applications 9 (2025) 100730

Available online 24 February 2025
2666-8939/© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Microwave assisted extraction of chitosan from Agaricus bisporus: 
techno-functional and microstructural properties

Adity Bahndral a, Rafeeya Shams a,*, Kshirod Kumar Dash b,* , Pintu Chaudhary c,  
Ayaz Mukarram Shaikh d, Kovács Béla d,*
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A B S T R A C T

Chitosan, a copolymer of glucosamine and N-acetyl glucosamine, is primarily derived from chitin. The present 
research was conducted to generate and analyze chitosan derived from white button mushroom waste (Agaricus 
bisporus) using microwave assisted extraction. Dried mushroom waste powder was demineralized in diluted acid 
using 3 M HCl in 1:10 w/v at 540 W for 8 min and deproteinated at 180 W using 10% NaOH in 1:10 w/v for 8 
min to remove proteins and lipids. The extracted chitin was deacetylated using 50% NaOH in 1:20 w/v at 360 W 
to convert it into chitosan. Chitin from the aforesaid process was deacetylated in concentrated alkaline medium 
at 360 W for 8 min to yield chitosan by converting acetyl groups to -NH2 groups. The pH and solubility of fresh 
chitosan were 7.5 and 75%, respectively. Extracted chitosan had maximum 2,2-diphenyl-1-picrylhydrazyl 
(DPPH) free radical scavenging activity of 53.97% and reducing power of 3.58. The microwave irradiation 
method produced chitosan having degree of deacetylation of 79.94% and crystallinity index of 1.09. The spectra 
bands confirmed existence of NH2, OH, C–O, CH, and C–N functional groups. The X-ray diffraction analysis of 
the chitosan sample discovered distinct peaks at 2θ values between 10 and 20 ◦, indicating its semi-crystalline 
nature.

1. Introduction

The consumption of mushrooms has significantly expanded in recent 
years because of its high nutritional value and health benefits, which are 
attributed to the presence of proteins, vitamins, minerals, fungal poly
saccharides (particularly β-glucans), and antioxidants. Around 20 of the 
more than 35 edible mushroom species that are commercially grown 
worldwide are produced on an industrial basis (Pandey et al., 2024; 
Silva et al., 2024). Among them Agaricus bisporus is one of the most often 
consumed mushrooms worldwide (Siwulski et al., 2020). Mushrooms, 
which belong to the fungi kingdom, offer substantial nutritional bene
fits, with approximately 2000 edible species found globally (El Sheikha, 
2022). Among these, the most commonly grown varieties comprise the 
button mushroom (Agaricus bisporus), oyster mushrooms (Pleurotus spp.), 
and shiitake mushroom (Lentinula edodes). In 2018, the worldwide 
market worth of farm fresh mushrooms stood at 38 billion USD, with 
China emerging as the dominant mushroom grower in Asia, making up 

about 35% of the total global mushroom market share, as reported by 
Bhagarathi et al. (2023). Asia countries subsidize maximum mushroom 
production up to 76%, here after by Europe (17.2 %) and United States 
(5.9 %) (Yadav et al., 2021). India exhibits diverse agro-climatic con
ditions and is primarily an agrarian nation, utilizing roughly 4.37% of its 
land for cultivation and producing approximately 620 million tons of 
agricultural waste each year. In particular, the market for Agaricus bis
porus, or white mushrooms, was worth USD 16.73 billion in 2020 and is 
projected to grow to USD 27.39 billion by 2028 (Zion Market Research, 
2021). India has the potential to generate 3 million tonnes of mush
rooms and approximately 15 million tonnes of bio-compost from agri
cultural waste in context regarding mushroom cultivation (Raman et al., 
2018). Currently, industries encounter losses linked to the safe disposal 
of mushroom waste, including mushroom stems and misshapen mush
rooms whose size or shape do not meet commercial standards contrib
uting to the final production costs of products (Papoutsis et al., 2020). 
Adopting a value-addition approach has the potential to generate extra 
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revenues for industries while simultaneously reducing the costs associ
ated with the primary biotechnological product (Singh & Thakur, 2023). 
Unfortunately, the rapid expansion in industrial edible mushroom pro
duction has resulted in massive amounts of mushroom waste each year, 
notably mushroom stems and deformed mushrooms whose size or shape 
do not satisfy commercial standards. As a result, current academic and 
commercial interest in mushroom waste is increasingly focused on its 
valorisation in order to fulfil the quest of circular economy and sus
tainability principles (Pérez-Bassart et al., 2023). Mushroom stems and 
discards contain chitin and β-glucans, which could be used to create 
biodegradable products. This is a highly underexplored field, with po
tential interest in shifting the food packaging business towards envi
ronmentally friendly packaging solutions to develop bio-based and 
biodegradable polymers (Feng et al., 2022). The practice of growing 
mushrooms not only plays a role in recycling agricultural waste but also 
addresses the nutritional deficiencies prevalent among a significant 
portion of the Indian population (Thakur, 2020). Furthermore, this 
approach will bolster the economy and contribute to mitigating envi
ronmental pollution.

Edible mushrooms, comprising primarily of chitin, glucans, and 
proteins within their cell walls, serve as a valuable dietary fiber source. 
Dietary fiber holds significance as a functional component in food, 
employed for purposes such as food swelling, thickening, film forma
tion, stabilization, and overall contributing as a crucial health- 
enhancing ingredient. Hence, the dietary fibers derived from chitin 
prove beneficial in enhancing functional foods, as highlighted by 
González et al. (2020). Chitin, a natural substance present in the outer 
skeletons of most marine creatures also in an outer cellular wall of fungi 
and yeasts, holds considerable importance in this context. Glucosamine, 
an essential predecessor of proteins and lipids in living systems, acts as 
the fundamental backbone of chitin. Glucosamine linkage units occurs 
via β 1–4 glycosidic bond, as explained by Cummings (2024). Struc
turally, chitin bears resemblance to cellulose, with the distinction hav
ing hydroxyl (OH) group present in cellulose is substituted by an acetyl 
amine (NHCOCH3) group (Rahangdale et al., 2019). The efficacy of 
chitin is heavily swayed by the quantity and proportion of n-acetylated 
units. "Degree of acetylation (DA)" term refers to the count of n-acety
lated units in a macro molecule, while "degree of deacetylation (DD)" 
term denotes the number of these units within bio polymer, as explained 
(Wattjes et al., 2020). Despite its widespread presence in environment, 
the potential utilization of chitin in food industry poses certain chal
lenges. These challenges stem mainly from its resistance to dissolution in 
certain commonly used solvents and its limited biodegradability.

The physicochemical characteristics of chitin, such as high crystal
linity, acetamido content, and the hydrogen bonds present between its 
carbonyl and hydroxyl groups, contribute to these limitations 
(Korampattu et al., 2024). As a solution to these challenges, chitin un
dergoes deacetylation to yield chitosan. Chitosan, distinguished by 
improved solubility compared to chitin, along with notable bacterio
static, antimicrobial, biocompatible, and biodegradable properties, 
stands out as a significant biopolymer. The beneficial features of chito
san proves it a vital biological element with diverse implementations 
across the food production outlets (Shoueir et al., 2021; Zhan et al., 
2024). Traditionally, extracting chitosan involved methods that has 
require extended heating periods, making the process lengthy—often 
taking several hours or even days—and consuming a significant amount 
of energy (Hisham et al., 2024). To address these difficulties, it is 
essential to explore alternative extraction methods that are quick, effi
cient, and eco-friendly. Microwave technology-based extraction 
methods effectively fulfill these criteria (Liaqat et al., 2023). Unlike 
traditional extraction methods, microwave synthesis greatly shortens 
reaction times and improves both yield and product purity by reducing 
unwanted side reactions (Da Costa et al., 2023). In the last ten years, 
microwave irradiation has become a commonly employed and powerful 
method for quickly and effectively synthesizing a range of substances 
(Cheng et al., 2020). It is a crucial process for accelerating the synthesis 

of both inorganic and organic compounds, applicable across various 
fields of chemistry (Abolhasani & Kumacheva, 2023). This innovative 
technology has supplanted traditional heating methods heating of the 
reaction mixture by utilizing three-dimensional. It facilitates chemical 
changes within minutes, a notable enhancement compared to the hours 
or days typically needed with conventional approaches (Banik et al., 
2021).

Microwaves do not directly generate heat; instead, they induce heat 
indirectly through a process known as dielectric heating. Microwave 
ovens utilize microwaves, a type of electromagnetic radiation, to stim
ulate the water molecules, lipids, and sugars found in food. These sub
stances display electric dipole moments, suggesting the existence of 
separate positive and negative charges within the molecule. The mole
cules align with the electric field due to the fast oscillation of the mi
crowaves. These structural changes occur as the frequency changes, 
influenced by an alternating electric field. The molecules, once excited, 
undergo rapid movement, and the resulting friction from these move
ments generates heat (Hu et al., 2021). (Mahdy, 2019) utilized micro
wave emission application for extraction of chitosan, particularly for 
deacetylation process of chitin. Chitosan’s distinctive properties have 
led to a rapid expansion of its applications across various domains 
(Abdel-Gawad et al., 2017; Dai et al., 2023; Duan et al., 2023; Yu et al., 
2023). Considering chitosan versatility particularly in the fields of food 
manufacturing and healthcare, arises from its ability to degrade natu
rally, its compatibility with living organisms, not having any of toxicity, 
its ability to provide protection against microorganisms, its potential to 
combat tumours, and its ability to improve tumour treatment (Aranaz 
et al., 2021; Manna et al., 2023; Khubiev et al., 2023; Kritchenkov et al., 
2020; Abourehab et al., 2022; Thirugnanasambandan & Gopinath, 
2023) Microwave-assisted chitosan extraction provides numerous ben
efits, including faster deacetylation and lower energy consumption. 
However, it also has its limitations. The main drawback of 
microwave-assisted extraction is its limited ability to produce fungal 
chitosan biomass. Therefore, more efficient extraction techniques are 
required to maximize chitosan yield from the available biomass 
(Sebastian et al., 2019). While microwave-assisted extraction reduces 
energy consumption and has a lower environmental footprint, it is 
crucial to consider its overall environmental impact. Other environ
mentally friendly extraction methods might offer greater sustainability. 
The selection of an extraction method depends on factors such as 
resource availability and cost. Although microwave-assisted extraction 
is efficient, it may not always be the most economical choice (Egorov 
et al., 2023). Therefore, this work is aimed to evaluated the optimum 
conditions suitable for one of the most cultivated mushroom (Agaricus 
bisporus) waste for extracting chitin by mean of microwave assisted 
demineralization and deproteination followed by conversion of chitin 
into chitosan by mean of microwave assisted deacetylation and to 
investigate the characteristic properties of the extracted chitosan. The 
intent of this research was to extract chitosan from mushroom waste, 
which has been particularly challenging in current times as a result of 
difficulty in achieving peculiarities comparable to those of fully syn
thetic products, as fishery wastes and crustacean waste are the most 
useful source for chitosan extraction therefore by employing microwave 
treatment during extraction minimizes the time required additionally, 
the techno-functional characteristics and characterization of the extri
cated chitosan were evaluated.

2. Material and methods

2.1. Materials

Standard sodium hydroxide pellets (NaOH) ≥98% and hydrochloric 
acid (HCl) 37% were obtained from Sigma-Aldrich (Sigma-Aldrich, St. 
Louis, MI, USA). All reagents utilized were of high purity grades, and 
double distilled water was employed to prepare aqueous solutions.
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2.2. Preparation of raw material

The byproducts of white button mushrooms (Agaricus bisporus) were 
acquired from Randhawa mushroom farm located in Batala, Punjab, 
India, on the same day as the mushroom harvest. The mushrooms were 
of medium size, with cap diameters typically falling between 3 and 4.5 
cm. Every batch of mushrooms was harvested in the morning by skilled 
workers. The mushroom stalks were gathered by removing the myce
lium from the bases of the stalks. After one day of harvesting, the stalks 
were washed, cut into pieces and stored overnight at 5 ± 2 ◦C. To pro
duce mushroom waste powder (MWP), 3 kg of mushroom stalks 
(Agaricus bisporous) were arranged on trays made of stainless steel and 
exposed to sun drying. The ambient temperature varied between 25±5 
◦C, with a relative humidity of 40 % over a period of around 3 days, with 
an average daily exposure time of 9 to 10 h. The dried slices were pul
verized to permeate a sieve with 80 mesh openings, leading to MWP 
(Fig. 1). To eliminate any remaining vapour, if existing, MWP was made 
susceptible to drying by domestic microwave oven (Model IFB 30BRC2, 
India) at 45±2 ◦C unless reached a stable weight, following the process 
defined by Maray et al. (2018). The initial and final moisture contents of 
the samples were measured with a moisture analyzer (MB 25, Ohaus 
Corporation, Parsippany, NJ, USA) with an accuracy of 0.001%. After 
drying, 450g of powder was collected, with an average yield of mush
room waste powder of 15.0% which was then packed in low-density 
polyethylene (LDPE) and kept in a refrigerator at 4 ± 2 ◦C prior the 
study was completed.

2.3. Methodology for isolation of chitosan from mushroom waste powder 
(MWP)

The extraction of chitosan from MWP was accomplished using three 
sequential steps: Demineralization, deproteinization, and deacetylation, 
each carried out for a fixed duration of 8 min (El Knidri et al., 2016). 
Demineralization was conducted in a glass beaker positioned within 
domestic microwave oven (Model IFB 30BRC2, India). 10g of powdered 
sample was treated with a solution of 3 M HCl at a ratio of 1:10 (sample 
to solvent) and heated for 8 min at various power levels (as shown in 
table 1), Subsequently, the mixture was filtrated and rinse off three 
times using distilled water prior being dried at 40±2 ◦C temperature. For 
deproteinization, the sample was poured in glass beaker within a home 
held microwave oven (Model IFB 30BRC2, India). Then it was blended 
with a 10% NaOH solution at 1:10 ratio (sample to solvent) and heated 
for 8 min at various power levels, as indicated in Table 1. Subsequently, 
the solution was filter out and wash off three times with distilled water 
before being dried at 40±2 ◦C temperature. Deacetylation was con
ducted in a glass beaker within a domestic microwave oven (Model IFB 
30BRC2, India). Sample was mixed with a 50% NaOH solution at 1:20 
ratio (sample to solvent) and heated for 8 min at various power levels as 
shown in Fig. 2. However, the chitosan was extracted from MWP using 
conventional method, as outlined in Table 1. For demineralization, 10g 
of MWP was treated with a 1 M HCl aqueous solution at a 1:15 

solid-to-solution ratio. This process took place in a water bath shaker 
(Memmert GmbH, Wisconsin, USA) at 30 ± 2 ◦C, with continuous stir
ring in at 200 rpm for 2 h to eliminate calcium carbonate and other 
calcium salts (Omer et al., 2019). Subsequently, for deproteination, the 
extract was treated with a 1 M sodium hydroxide solution at a 1:15 w/v 
ratio as depicted in Fig. 3. This mixture was then refluxed using mag
netic stirrer with hot plate (Model DBK 30MAG12D, India) (at 90±2 ◦C 
for 2 h to remove proteins and fats (Omer et al., 2019). The extracted 
chitin was then deacetylated using a 60 wt% NaOH aqueous solution at a 
1:15 w/v ratio. This process was conducted in a 100±2 ◦C water bath 
with agitation (Model SI- SWB/30LTPID Microprocessor, India) at 200 
rpm for 8 h. Afterwards, the mixture was strained and thoroughly 
washed with deionized water before being dried at a temperature of 40 
±2 ◦C. The extracted chitosan was packed in low-density polyethylene 
(LDPE) and kept in a refrigerator at 4 ± 2 ◦C prior the study was 
completed.

2.4. Techno-functional properties of extracted chitosan powder

2.3.1. Yield of extracted chitosan powder
The amount of chitosan prepared was evaluated and yield was 

measured employing Eq. (1) (Agarwal et al., 2018). 

% Yield =
Practical yield

Theoritical yield
× 100 (1) 

2.3.2. pH and solubility of extracted chitosan powder
pH of the cellulose solution was determined through a pH meter (LT- 

50 microprocessor pH meter, India) by placing a 5g sample into a clean 
and dry 150 ml beaker holding 40 ml of deionized water, stirring, and 
centrifuging for 5 min using centrifuge (REMI R-02, mini centrifuge, 
India), the pH of the supernatant was assessed. Chitosan powder (0.2 g) 

Fig. 1. [A] Fresh raw button mushroom waste [B] the paste of button mushroom waste prior to drying and [C] Mushroom waste powder after drying.

Table 1 
Treatment details for the extraction of chitosan from mushroom waste powder 
using different extraction techniques.

Treatment Demineralization (8 
min; 3 M HCl; 1:10 
w/v)

Deproteination (8 
min; 10% NaOH; 
1:10 w/v)

Deacetylation (8 
min; 50% 
NaOH; 1:20 w/ 
v)

T1 360W 180W 360W
T2 360W 180W 540 W
T3 360W 360W 360W
T4 360W 360W 540W
T5 540W 180W 360W
T6 540W 180W 540W
T7 540W 360W 360W
T8 540W 360W 540W
T0 

(Conventional 
extraction 
method)

2 hr; 1 M HCl 
(1:15 w/v) at 30 ◦C 
± 5

2hr; 1 M NaOH 
(1:15 w/v) at 90 
◦C ± 5

8 hr; 60% NaOH 
(1:15 w/v) at 
100 ◦C ± 5

W=Watt; M=Molar.
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excerpted was blended in a 20-mL solution of 1% acetic acid in beaker. 
This mixture was then blent on a magnetic stirrer (REMI 2 MLH mag
netic stirrer, India) at 250 rpm for 30 min at 25 ◦C temperature. Then, 
solution was strained using a Millipore 20 μ nylon membrane filtration 
assembly. Insoluble portion is known as the retardant, accumulated on 
membrane filter, was rinsed using distilled water. The percentage sol
ubility of chitosan was measured using equation (2) (Agarwal et al., 
2018). 

Solubility% = 100 −

[
Weight of insoluble fraction
Initial weight of the sample

]

× 100 (2) 

2.3.3. Bulk density, tapped density, Hasneur ratio and Carr’s index of 
chitosan powder

Take 1 g chitosan powder and pour into 10 ml measuring cylinder 
without tapping, record its bulk density and expressed in grams per 
milliliter (g/ml). To determine the tapped density, take 1 g chitosan 
powder and deposit into 10 ml measuring cylinder, mildly patt the 

cylinder for a duration of 2 min. Ratio of tapped density to bulk density 
indicate flowability and is referred to as the Hasneur ratio, as defined by 
the Eq. (3) (Jindal et al., 2013). 

Hasneur ratio =
Tapped density (mg/ml)

Bulk density (mg/ml)
(3) 

Carr’s index is the measure of compressibility and is evaluated using 
Eq. (4). 

Carŕ s index % =
Tapped density (mg/ml) − bulk density (mg/ml)

Tapped density (mg/ml)
× 100

(4) 

2.3.4. Degree of deacetylation (DD) of extracted chitosan powder
The infrared spectroscopy (IR) technique was employed to measure 

the DD of chitosan. The baseline for calculating the DD was established 

Fig. 2. Detailed steps involved in microwave assisted extraction of chitosan from mushroom waste powder.

Fig. 3. Detailed steps involved in Traditional extraction of chitosan from mushroom waste powder.
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accordingly described by Zhang et al. (2012) and the computational 
equation is presented in Eq. (5). 

DD = 100 −

[
A1655
A3450

× 100
]/

1.33 (5) 

Where A1665 and A3450 represent the absorbance values at 1655 
cm-1 for the amide-I band, indicative of the N-acetyl group content, and 
at 3450 cm-1 for the hydroxyl band, used as an internal standard to 
adjust the thickness of the film or variations in concentration of chitosan 
powder. Factor ’1.33′ represents ratio of A1665/A3450 for fully N- 
acetylated chitosan presuming that for complete deacetylated chitosan 
the ratio had a value of zero.

2.3.5. Crystallinity
Crystallinity index of chitosan powder was additionally assessed 

through FTIR analysis using a Perkin Elmer instrument (Spectrum 100, 
PerkinElmer, USA). Formula for computing crystallinity is provided in 
Eq. (6) (Agarwal et al., 2018). 

CI =
A1379
A2929

(6) 

Where, A1379 and A2929 are the absorbance at 1379 cm-1 and 2929 
cm-1

2.3.6. Antioxidant activity (AA)
Scavenging activity of chitosan on 1,1-diphenyl-2-picrylhydrazyl 

(DPPH) radicals (D4313-TCI America) was evaluated using a modified 
method from Pasanphan et al. (2015). Chitosan samples (ranging from 
0.125 to 1.0 mg/ml) in 0.2% solution of acetic acid (A9705-Sigma-Al
drich) were admixed with 1 ml of a methanolic DPPH solution, resulting 
in ultimate DPPH concentration of 1.0 mM. Mixture was then vigorously 
agitated and allowed to sit in the dark for 30 min, after which absor
bance was recorded at 517 nm relative to blank. Ascorbic acid 
(PHR1008-Sigma-Aldrich) served as the reference standard. Scavenging 
capacity was then computed using formula below: 

AA % =
A517 of control − A517 of sample

A517 of control
× 100 (7) 

2.3.6.1. Reducing power assay (RP). The reducing power (RP) was 
assessed following the method of (Pasanphan et al., 2015). Chitosan 
samples (0.125 to 1.0 mg/ml) were combined with 2.5 ml of phosphate 
buffer (0.2 M, pH 6.6) (76,847-Sigma-Aldrich) and 2.5 ml of 1% po
tassium ferricyanide (P1979- TCI America). Reaction mixture was 
incubated in a water bath (STXUWB25, India) at 50 ◦C for 20 min. 
Following incubation, 2.5 ml of 10% trichloroacetic acid (T6399- 
Sigma-Aldrich) was appended, then the centrifugation of the mixture 
was completed at 3000 rpm for 10 min using centrifuge (REMI R-02, 
mini centrifuge, India). 2.5 ml of the solution from upper layer was 
combined with 2.5 ml of deionized water and 0.5 ml of 0.1% ferric 
chloride (157,740-Sigma-Aldrich). The absorbance of the resulting so
lution was recorded at 700 nm, with rise in absorbance indicating higher 
reducing power.

2.3.7. Fourier transform infrared spectroscopy (FTIR)
FTIR study of prepared chitosan powder was measured to detect and 

recognize the appearance of functional groups, components and nature 
of bonding. Various samples were analyzed using a Perkin Elmer in
strument (Spectrum 100, PerkinElmer, USA) having resolution of 4 cm-1 

within 4000 to 400 cm-1 range (Liu et al., 2013).

2.3.8. X-ray powder diffractometry (XRD)
XRD analysis of obtained chitosan powder was carried out with 

EcoX-ray diffractometer (Deutsch D8 Advance ECO-Bruker). Particle 
size was controlled to be up to 200 μm and diffraction pattern was 
examined by means of Cu-Kα radiation with a wavelength of 1.54 Å, 

covering angle ranges from 5◦ to 50◦ (Agarwal et al., 2018).

2.3.9. Thermogravimetric analysis (TGA)
Thermal stability of the samples was assessed utilizing a Thermog

ravimetric Analyzer (Q5000 series, TA Instruments, USA). Approxi
mately sample of 10 mg were heated in open alumina pans, under a 
helium atmosphere, starting at 30 ◦C up to approximately 800 ◦C with 
10 ◦C/min heating rate. % moisture content was measured from the TGA 
thermogram using TA Universal Analysis software (Hassainia et al., 
2018).

2.3.10. Differential scanning calorimetry (DSC)
Thermal property of cellulose samples was analyzed through Dif

ferential Scanning Calorimeter (DSC), model SDT Q600 from TA In
struments. Samples were weighed and laid in hermetic pans and 
subjected to heating at 25 ◦C up to 700 ◦C at a rate of 5 ◦C/min Gichuki 
et al. (2022).

2.3.11. Statistical analysis
All experiments were conducted in triplicates. The results were 

presented as mean ± standard deviation. SPSS software (version 16.0, 
IBM, Chicago, IL, USA) was used to carry out statistical analyses. Mean 
values were considered significant at 95% confidence level (p < 0.05).

3. Result and discussion

3.1. Yield and moisture content

The techno functional nature of chitosan powder obtained from 
different treatments at varied power levels were pictured in Fig. 4, in 
following Table 2 all the corresponding values are summarized. Chito
san was effectively obtained by the deacetylation process of mushroom 
chitin. The quality and techno-functional characteristics of prepared 
chitosan can significantly alter relying on quality of mushroom chitosan 
and the methods employed in its preparation. The fraction yield of 
chitosan obtained ranged from 6.18± 0.02% to 6.98± 0.10%. This 
variance can be attributed during the deproteination process where 
reduction in the acetyl group from chitin was seen when undiluted alkali 
(NaOH) solution was used, as explained by Agarwal et al. (2018). 
(Boureghda et al., 2021) reported similar results when extracting chitin 
from various segments of A. bisporous (Stipe and gills), yielding 7.4% 
and 5.9%, respectively, using acetic acid. In a parallel study investi
gating the amount of chitin of the pileus and stipes of mushroom at 
various growth stages of A. bisporus, Lentinula edodes, and Pleurotus 
ostreatus, the influence of the growing stage was examined, (Vetter, 
2007) found that A. bisporus exhibited the highest chitin levels ie., 6.94 
to 7.84% using acid (HCl) for extraction, Moreover, the entire fruit body 
yielded even higher, reaching up to 8.68%. The moisture percentage 
after extraction of chitosan under various conditions was assessed, and 
the corresponding values are presented in Table 2. The moisture per
centage was obtained in T5 i.e., 6.01±0.08% and the yield obtained to 
the respective treatment is 6.98±0.10%, whereas the yield and moisture 
content for T0 (using traditional extraction technique) was obtained to 
be 6.09±0.01% and 5.75±0.03% respectively. Moisture content plays a 
crucial role as it can influence the strength of strong NaOH needed 
during the deacetylation process. Thus, this might weaken the effec
tiveness of removing acetyl groups from chitin, accordingly affecting 
overall DD of end product shown by Novikov et al. (2023). (Malm, 2021) 
and (Ibitoye et al., 2018) extracted chitosan from grasshoppers and 
house crickets, achieving maximum yields of 5.7% and 5.8%, respec
tively, using traditional extraction methods throughout the extraction 
process. The reason for reduced mass loss primarily attributed to the 
removal of proteins and minerals during deproteinization and demin
eralization processes (Da Silva Lucas et al., 2021). As reported, inade
quate HCl concentration in traditional methods may result in reduced 
yields of ultrapure chitin. Conversely, excess acid may accelerate the 
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degradation of polymeric chains, affecting the original polymer’s mo
lecular weight (Pillai et al., 2009; Roy et al., 2017). (Mohammadi et al., 
2023) found contrasting results when comparing shrimp chitosan ob
tained via traditional and microwave-powered extracting methods. The 
research highlighted that the physico-chemical properties were notably 
affected by variations in heating process parameters. The traditional 
method produced heavy molecular weight chitosan with 12.7% yield, 
whereas microwave extraction produced medium molecular weight 
chitosan with a porous structure, yielding 11.8%. When microwave 
conditions were applied to conventional extraction, lesser molecular 
weight chitosan was obtained with the minimal yield of 10.8% and a 
reduced crystallinity index. Research conducted by Naznin, (2005) re
ported a moisture percentage ranging from 6.62 to 8.01% when 
employing various concentrations of the alkaline solution utilized in the 
deacetylation process. The research conducted out by Alishahi et al. 
(2011) indicated a moisture content of 2.5% in chitosan. The variance in 
these values may be attributed to the drying method employed in the 
current study, which involved sun drying for 6 h before oven drying. 
Implementing this approach could further decrease moisture percentage 
in both chitosan and chitin, resulting in a reduced moisture content. 
Chitosan extracted from fly pupae displayed a moisture content of 
2.46%, which contributes to increased thermal stability. The lower 
moisture content inside polymeric chains attributed to the water mole
cules being adsorbed, resulting in a plasticizing impact on both thermal 
constancy as well as structure (Dehghannya & Ngadi, 2024). In contrast, 
chitosan sourced from shrimp (Litopenaeus vannamei) shells had a higher 
moisture content of 8.95% (Zapata-Luna et al., 2023). Chitosan exhibits 
significant hygroscopic properties because it can create hydrogen chains 
with water using both its amino and hydroxyl groups. Commercial 

powdered chitosan typically exhibits a moisture range of 5.89 to 7.86% 
(w/w), a factor found to be unaffected by the DD or molecular weight, as 
highlighted by Ssekatawa et al. (2021). In Ssekatawa et al. (2021) study, 
chitosan extracted from Ugandan edible mushrooms using traditional 
methods exhibited moisture content fluctuations of up to 6.4%. This 
variation may stem from the earliest moisture % of the fresh sample 
materials and the ecological factors during storage (Wang & Zhuang, 
2022). Also, the powder compressibility is most significantly influenced 
by moisture content, as noted by Badwan et al. (2015). Elevated mois
ture content tends to reduce granule porosity and the likelihood of 
fragmentation, thereby enhancing granule strength, as explained by 
Tofiq et al. (2022). Findings from the research by Szymańska & Win
nicka, (2015) intended that maintaining a low dewiness in chitosan, 
typically ranging from 6 to 10%, is crucial for enhancing its ability to 
form hydrogen bonding. Additionally, it was highlighted that a higher 
water content within the chitosan structure accelerates the polymer’s 
degradation through hydrolysis reactions (Viljoen et al., 2014).

3.2. Solubility and pH

Solubility of chitosan performs a crucial function in evaluating the 
quality of chitosan obtained from either plant or animal sources. Greater 
solubility is indicative of higher purity and quality in the obtained chi
tosan (Bonilla et al., 2019). Chitosan’s solubility can be impacted by 
various factors during the deacetylation of chitin, such as temperature, 
duration and alkali strength (El Knidri et al., 2018). For example, 
varying the heating duration and temperatures deacetylating chitin 
from same shrimp species using a consistent concentration of concen
trated NaOH led to varying solubilities of consequent chitosan (de 

Fig. 4. Chitosan powder extracted from mushroom waste powder using microwave assisted extraction technique.

Table 2 
Techno-functional properties of prepared chitosan samples.

S. No. Chitosan sample % Moisture % Yield pH % Solubility Bulk density (g/ml) Tapped density (g/ml) Carr’s index Hasneur ratio

​ T0 5.75±0.03d 6.09±0.01c 6.6 ± 0.01a 59.04±0.03a 0.67±0.04b 0.83±0.02d 19.27±0.04c 1.24±0.03a

2. T1 7.21±0.13a 6.65±0.11a 6.7 ± 0.1a 60.45±0.11a 0.74±0.01a 0.89±0.01a 16.85±0.15a 1.20±0.01a

3. T2 7.12±0.11a 6.56±0.09a 6.5 ± 0.2a 60.39±0.12a 0.73±0.01a 0.85±0.007b 14.11±0.81b 1.16±0.01b

4. T3 7.86±0.04b 6.26±0.03b 7.0 ± 0.2b 70.19±0.29b 0.71±0.01b 0.86±0.002c 17.44±0.14c 1.21±0.02a

5. T4 7.67±0.08c 6.18±0.02c 6.8 ± 0.2b 70.83±0.81b 0.72±0.01a 0.85±0.009b 16.47±0.01a 1.19±0.02a

6. T5 6.01±0.08d 6.98±0.10d 7.5 ± 0.1c 75.98±1.23c 0.77±0.01c 0.86±0.002c 10.46±0.08d 1.11±0.01c

7. T6 5.89±0.07d 6.61±0.07e 7.4 ± 0.2c 75.21±0.82c 0.70±0.01b 0.84±0.01d 16.66±0.08a 1.20±0.01a

8. T7 6.82±0.08e 6.39±0.1f 7.2 ± 0.1b 70.62±0.89b 0.75±0.02a 0.86±0.008e 12.79±0.23b 1.14±0.01d

9. T8 6.31±0.04f 6.28±0.07f 7.0 ± 0.2b 70.51±1.09b 0.74±0.01a 0.86±0.004e 13.45±0.74b 1.13±0.02d

The values with different superscript letters in a column are significantly different (p < 0.05).
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Queiroz Antonino et al., 2017; Patria, 2013). From this Table 2 chitosan 
obtained from T5 treatment showed the best solubility (%) i.e. 75.98 ±
1.23%, however the solubility and pH content for T0 was obtained to be 
59.04±0.03% and 6.6 ± 0.01 respectively. The observed variations in 
chitosan solubility in extraction could be attributed to a high DD and the 
optimal pH are the fundamental parameters intimidating solubility. In a 
separate study by Ssekatawa et al. (2021), chitosan derived from 
mushrooms showed moderate solubility ranging from 69% to 86% when 
extracted using traditional methods. This variation in solubility could be 
caused by the existence of inorganic minerals that were not entirely 
eliminated within demineralization, which significantly influenced sol
ubility (Pellis et al., 2022). The solubility of chitosan, as documented in 
reviewed research papers ranges between 26.13% - 99.86% (Chen et al., 
2022; Cheng et al., 2020; Zapata-Luna et al., 2023; Islam et al., 2019). 
When chitosan is disintegrated in acetic acid, it gains a positive charge 
through the protonation of inherent amino groups, forming NH+3. With 
increasing pH, the amine groups lose their protonation, causing chitosan 
to lose its positive charge and become indissoluble starting from pH 6.5. 
Insolvability is evident in the visual appearance of chitosan solution, 
which turns cloudy (Zapata-Luna et al., 2023). Marine source chitosan 
such as crab, fish, and shrimp, crab and fish exhibited solubilities of 
70%, 60% and 78% respectively. Moreover, solubility is dependent on 
the operational temperature during the deacetylation process, with 
increased temperatures leading to a reduction in solubility (S. Kumari 
et al., 2016). (Hossain & Iqbal, 2014) highlighted several key factors 
that affect solubility of chitosan, viewing temperature, duration of 
deacetylating, strength of alkali, ratio of chitin to basic solution and 
particle size. As per (Zhao et al., 2023), lesser solubleness of chitosan 
suggests insufficient process of deacetylation. The complete dissolvable 
property of chitosan relies on the reduction in the acetyl groups during 
deacetylating and a DD may potentially impact the results, as empha
sized by Weißpflog et al. (2021).

Considering the influence of pH, as per (Aranaz et al., 2021)chitosan 
oligomers demonstrate solubleness throughout a wide pH spectrum, 
ranging between acidic to basic circumstances together with pH 7.4. pH 
of the mushroom debris derived chitosan in T5 treatment is 7.5 ± 0.1 
closely aligning with the acceptable pH range for standard chitosan. 
Chitosan solutions tend to undergo phase separation when the pH ex
ceeds 6.5, whereas solubility is observed at pH levels below 6.5. When in 
a soluble state, chitosan becomes positively charged because of having 
protonated amino groups (Elsabee et al., 2009). In solutions with a pH 
ranging from 6.0 to 6.5 the unbound amino groups in chitosan structure 
experience reduced protonation, leading to increased hydrophobicity 
along the chitosan chain. At pH levels below 6, chitosan chains have the 
capability to interact electrostatically with molecules or polymers that 
carry a negative charge such as anionic glycosamino glycans and pro
teoglycans. When the pH is elevated, exceeding approximately 6.5, the 
amino groups present in chitosan undergo deprotonation. This depro
tonation can result in hydrophobic interactions between chitosan and 
various substrates, such as fatty acids and cholesterol, as exhibited in the 
research done by Dash et al. (2011). Chitosan is a substance character
ized by its restricted solubility in water, alkaline solutions, and many 
commonly employed organic solutions. Nonetheless, it can partially 
solvable in diluted aqueous acid solutions, like diluted acetic acid 
(Inamdar & Mourya, 2014) (S. Kumari et al., 2016). In an aqueous acid 
solution, chitosan undergoes protonation because of the amino groups 
within its molecular framework which enhances its solubility (Inamdar 
& Mourya, 2014; Pillai et al., 2009; Roy et al., 2017) From the 
mentioned treatments, three treatments T2, T5 and T8 are selected on 
the basis of techno-functional properties like yield, moisture content, 
pH, solubility and flow properties. The T2, T5 and T8 treatments 
resulted more yield. Considering the flow properties, these treatments 
also offered insights good powder properties and good flowability 
indicating porous nature.

3.3. Degree of deacetylation (DD)

DA significantly impacts the quality of chitosan, with higher purity 
associated with an increased DD. Agarwal et al. (2018) observed that DD 
in chitosan varies relying on the variety and preparation technique, 
varying from 56% to 99%, with average around 80%. (Foster et al., 
2015) defined chitosan as chitin having a DD more or equal to 75%. 
(Aldila et al., 2020) indicated that DD is persuaded by the strength of 
NaOH, highlighting the difficulty in removing acetyl groups bound in 
chitin. Thus, a considerable concentration of NaOH/KOH and elevated 
temperatures are required, as noted by (S. Kumari et al., 2017). This 
necessity stems from the significant influence of steric hindrance on the 
deacetylation process of chitin stemming from inherent chitin structure 
(Vicente et al., 2021). The hindrance caused by the dense structure of 
chitin inhibits the accessibility of OH- ions to attack the amino group. 
Moreover, the rate of diffusion OH- ions to both the outward and the 
interior of the chitin molecule is heavily reliant on the concentration of 
alkali (Aldila et al., 2020). Furthermore, the extent of deacetylation 
observed in commercial chitosan varies among 70% to 85%, as indicated 
by (Rasweefali et al., 2022). In our investigations, the DD of chitosan 
ranged among 75.09±0.34% to 79.94±0.13%, with the optimal 
outcome observed at a power level of 180 W in T5 (Table 3), The DD in 
the process of its production from mushroom waste is liable on various 
conditions. Studies have indicated that the DD tends to decrease with a 
rise in deproteinization temperature, a trend we also observed in our 
own research. In addition, using a traditional method, another mush
room species yielded chitosan having 78.1% DD. This DD value affects 
various properties of chitosan, including biological, physicochemical, 
and mechanical traits, as discussed by (Ssekatawa et al., 2021). The 
lower energy input into the system may have led to partial deacetylation 
of chitin, preventing it from fully solubilizing in an acidic medium (Pillai 
et al., 2009; Roy et al., 2017). Elevated-temperature processing 
adversely affects the DD of chitosan, as given by (Abdou et al., 2008), 
(Aldila et al., 2020) and (Cheng et al., 2020). In a separate investigation, 
(Yarnpakdee et al., 2022) documented DD values ranging among 
73.56% to 75.56% for chitosan derived from aquatic mantis shrimp, 
which was constructed employing different deacetylation times 
(Zapata-Luna et al., 2023). Increasing the DD results in more amino 
groups being present in the C2 location of chitosan, leading to a greater 
plus charge and enhanced antimicrobial action (Thambiliyagodage 
et al., 2023). Nevertheless, deacetylation through acidic conditions and 
high temperatures is not the preferred method due to its detrimental 
impact on glycosidic bonds, polymer chain breakage, and the production 
of darker-colored chitosan. In contrast, gentler treatments result in 
chitosan with a lighter color, as observed in the findings of (Huq et al., 
2022).

3.4. Crystallinity

The crystallinity of chitosan obtained using microwave methods is 

Table 3 
Effect of treatment on Degree of deacetylation, Crystallinity and bioactive 
properties of extracted chitosan samples.

S. 
No.

Chitosan 
sample

DD CI DPPH % RP %

1. T2 75.71 
±0.80ab

1.06 
±0.12ab

42.06 
±0.01a

2.41% 
±0.02a

2. T5 79.94 
±0.13c

1.09±0.1a 53.97 
±0.01c

3.58 
±0.02c

3. T8 75.09 
±0.34b

1.02±0.1c 51.33 
±0.01b

2.94 
±0.01b

The values with different superscript letters in a column are significantly 
different (p < 0.05).
DD: Degree of deacetylation; CI: Crystallinity index; DPPH: 1,1-Diphenyl-2-pic
rylhydrazyl; RP: Reducing power.
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outlined in Table 3. The crystallinity of chitosan produced in treatments 
T2, T5 and T8 are 1.06±0.12, 1.09±0.01 and 1.02±0.1 respectively. 
However, A notable correlation exist within DD and crystallinity of 
chitosan. The molecular chain of non-deacetylated chitin is compara
tively consistent and demonstrates a high degree of chronicity, resulting 
in elevated crystallinity. Deacetylation induces diversity in the molec
ular chain, resulting in decreased crystallinity due to increased inter
molecular hydrogen bonding and networking of polymer chains. 
Chitosan displays two primary peaks on the XRD diffractogram, typi
cally occurring around 10◦ and 20◦ 2θ angle values. The initial peak 
corresponds to the 020 plane (amine I - acetylated amine group in chi
tosan), while the second peak is associated with the 110 plane (amine II - 
free amine group in chitosan). The 020 reflections are attributed to 
acetamide groups capable of forming hydrogen bonds with water, 
leading to the formation of hydrated crystals (Dziedzic et al., 2023). In 
research conducted by Agarwal et al. (2018), chitosan samples prepared 
using a traditional method exhibited a crystallinity index of 0.95. This 
was achieved by employing a 30% NaOH in a ratio of 1:50 (w/v) for 
extraction, followed by deacetylation under 15 psi pressure at 121 ◦C for 
30 min following an autoclave. In this instance, the penetration of the 
NaOH solution amidst the α-chitin sequence may have been impeded by 
intermolecular network, resulting in a reduced DD in the sample. This 
method also exposes the sample to potential thermal and shear degra
dation common in conventional approaches. Microwave-assisted heat
ing, however, could enhance our findings by promoting improved 
solvent mixing, which aids the penetration of solvents within the poly
saccharide arrangement and facilitates the reaction (De Oliveira Silva 
et al., 2024). Nevertheless, with improved DD, the molecular chain has a 
tendency to homogenize, resulting in a corresponding rise in crystal
linity (Lopes et al., 2021). During the reaction process, chitosan pro
duced via microwave exhibited relatively high crystallinity, suggesting a 
more ordered arrangement of molecular chains. This indicates that mi
crowave radiation could enhance the uniformity and completeness of 
the deacetylation reaction. Indeed, with a high DD, chitosan possesses 
fewer acetyl groups in its structure. Consequently, there is a reduction in 
intermolecular hydrogen bonding between hydroxyl and acetyl groups 
within its parallel arrangement, resulting in a lower degree of crystal
linity (Nguyen et al., 2022).

3.5. Flow properties of mushroom waste chitosan

This research investigated the bulk density (BD) and tapped density 
(TD) along with carr’s index, and Hausner ratio, to comprehend the 
rheological characteristics of isolated chitosan powders. Bulk and tap
ped density measurements offer insights into powder flowability. By 
utilizing both these values, the Carr’s Index was determined, where a 
lower Carr’s Index indicates improved powder flowability. Carr’s values 
categorize flow properties into different ranges: 5 to 10 as excellent, 12 
to 16 as good, 18 to 21 as fair, and 23 to 28 as poor (Azubuike et al., 
2012). Conversely, for the Hausner ratio, a value below 1.20 shows 
beneficial flowability, while a value of 1.50 or above indicate deficient 
flow qualities. In this investigation, the chitosan extracted under T5 
conditions (540W:180W:360 W) demonstrated Carr’s index of 10.46 
±0.08 suggesting excellent or free-flowing features. The Hausner ratio 
for this sample was 1.11±0.01 which is underneath the threshold of 1.25 
(demonstrating excellent flowability), additional verifying its favorable 
flow traits. For T0 lesser bulk and tapped density values are obtained ie., 
0.67±0.04 and 0.83±0.02 however with respect to carr’s index and 
hausner ratio the values are 19.27±0.04 and 1.24±0.03 respectively. 
The process of synthesis significantly influences the bulk, tapped, and 
packing characteristics of chitosan powders obtained from mushroom 
waste. Elevated bulk and tapped density may arise from minimal par
ticulate irregularities, indicating a porous nature in the chitosan struc
ture, as suggested by (Yarangsee et al., 2021). This could also imply that 
the chitosan has undergone a deproteinization treatment with a lower 
alkali concentration, as described by (Iber et al., 2022). Furthermore, 

the physico-chemical properties of chitosan T5 (540W:180W:360 W), 
derived through deacetylation from chitin in mushroom waste, closely 
resemble those of commercially sourced chitosan from shrimp shells or 
crab, as indicated in the literature. The obtained values for the Hausner 
ratio line up consistently with Carr’s index. These results are consistent 
with the outcomes anticipated by Sreeharsha et al. (2024). In Olorunsola 
et al. (2017), chitosan extracted from shells of Callinectes gladiator using 
a traditional method exhibited a 62.7% DD along with 2.88 viscosity. 
The bulk density was measured at 0.60, with a tapped density of 0.74. 
Additionally, the % Carr’s index was 18.90 and Hausner’s ratio was 
1.23. According to these measures, the chitosan exhibited acceptable 
flow characteristics and exhibited the maximum true density. True 
density, which excludes all void spaces, indicates the extent to which a 
powder can be compacted. Bulk density reflects a powder’s 
compressibility—a lower bulk density suggests a greater tendency for 
densification, often due to particle irregularities and a porous structure 
(Taylor, 2021). The findings of our research aligned with those of (Iber 
et al., 2022). and (Iber et al., 2023), where bulk density mean value 
ranged among 0.19 to 0.28 g/mL, and tapped density dropped between 
0.26 to 0.35 g/mL. An Improved bulk and tapped density of chitosan 
indicates greater porosity of the material (Iber et al., 2022). While chi
tosan from certain sequences in the current study may seem to have 
varying levels of porosity, the variation observed was not deemed sig
nificant. Another study involving the extraction of chitosan from giant 
freshwater prawns reported bulk and tapped densities of 0.25 g/mL and 
0.32 g/mL, respectively, which aligns with the results of the present 
study (Iber et al., 2023).

3.6. Antioxidant activity (AA)

One important method of antioxidation involves scavenging 
hydrogen radicals. DPPH (2,2-diphenyl-1-picrylhydrazyl) has a 
hydrogen-free radical that absorbs light at 517 nm, which can be 
observed as the purple color of the solution. This color quickly fades 
when DPPH interacts with proton radical scavengers (Aradmehr & 
Javanbakht, 2020). The AA of chitosan produced in treatments T2, T5 
and T8 are 42.06±0.01%, 53.97±0.01% and 51.33±0.01% (as shown in 
Table 3) respectively with the optimal outcome observed at a power 
level of 180 W in T5 having highest DD i.e., 79.94±0.13%. Ascorbic acid 
showed moderate to high scavenging abilities of 55.14%. The RP of 
respective chitosan samples shown in Table 3 at concentration of 
1mg/ml showed moderate values of 2.41±0.02%, 3.58±0.02% and 2.94 
±0.01% for chitosan produced in treatments T2, T5 and T8. Thus, AA of 
chitosan was determined to be moderately effective at scavenging DPPH 
radicals. It appears that the scavenging abilities of chitosan improve as 
the DD increases.

These judgements align with the outcomes stated by (Samar et al., 
2013) and where the chitosan from shrimp waste having DD range of 
67.58–78.83%, 76.89–83.05% and 88.39–95.19% showed AA in the 
range of 16.14–20.54%, 21.27–25.18% and 21.03–32.76% at 1mg/ml, 
respectively. The scavenging capabilities of chitosan appear to enhance 
with higher DD due to the increased presence of amino groups on C2, 
which obstruct the oxidation of ascorbic acid, consequently boosting 
their AA. Current findings corroborate this hypothesis, indicating that 
the appearance of free amino groups plays a significant contribution in 
achieving effective antioxidant performance. Specifically, higher (DD) 
led to chitosan with improved antioxidant properties. Reducing power 
(RP) of chitosan samples at a concentration of 1mg/ml exhibited modest 
values (ranging from 1.87 to 2.28, 1.98 to 2.10, and 0.62 to 1.89) across 
the same chitosan samples. Another study highlighted the significance of 
extended deacetylation and its influence on scavenging action by 
generating highly deacetylated products (Avelelas et al., 2019). This 
study compared chitooligosaccharides (DD: 86− 93%) with aqueous 
soluble chitosan (DD: 55− 62%) and demonstrated that amino groups 
could be a significant factor in free radical scavenging action.

According to Kusnadi et al. (2022), after extracting white shrimp 
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(Penaeus indicus) chitosan, AA of the chitosan extract and commercial 
chitosan in scavenging DPPH radicals varied between 18.80% to 42.27% 
with a DD of 78.60%, and 13.45% to 33.86% having DD of 73.46%, 
respectively. Chitosan having improved DD has the potential for 
increased AA because of the higher concentration of amino compounds 
in its arrangement. Here AA can be correlated with maximum inhibitory 
concentration value (IC50). According to Chlif et al. (2021), a lower 
IC50 value indicates higher AA of the sample. The analysis results 
showed that the scavenging abilities of extracted chitosan, market based 
chitosan and ascorbic acid on DPPH radicals yielded IC50 values of 4.25 
mg/mL, 5.2 mg/mL, and 1.45 mg/mL, separately. Similar positive cor
relation is shown by the results obtained by (Hafsa et al., 2016) upon 
extracting chitosan from P. longirostris shrimp shell chitosan indicated 
DD at 73.68% and 83.55% exhibited antioxidant values of 21.25% and 
44.17%, respectively. Thus, it can be inferred that higher DD in chitosan 
leads to higher antioxidant values.

Earlier research has demonstrated that the AA of chitosan is sub
stantially influenced by its DD (Román-Doval et al., 2023). This is 
attributed to the appearance of active hydroxyl and amino groups in 
chitosan chains, which can interact with unbound radicals (Wu et al., 
2024) chitosan’s capability to scavenge radicals may arise from the 
interaction between the unbound radicals and protonated amino groups 
as implied by (Harugade et al., 2023), Numerous researchers have 
proposed the scavenging action of chitosan which involves the interac
tion of hydroxyl and superoxide anion radicals with active hydrogen 
atoms in chitosan, resulting in the formation of a strong macromolecule 
radical. Within the chitosan molecule, at C − 2 (NH2), C − 3 (OH), and C 
− 6 (OH) positions are the main hydrogen origins as described by 
(Parameswaran et al., 2024).

3.7. Fourier transform infrared (FTIR) spectroscopy

The FTIR spectra of chitosan samples through various treatments is 
shown in Fig. 5. FTIR analysis of mushroom chitosan revealed distinct 
peaks that match the functional groups found in chitosan extracted from 
mushrooms. Chitosan exhibits distinct peaks at particular wave numbers 
that indicate its structural constituents. The FTIR spectra of chitosan 
display peaks, including O–H stretching peak typically ascertained in 
the range between 3200 and 3600 cm-1. Peaks detected within the limits 
between 2850 and 3000 cm-1 signify the C–H expansion. Similarly, the 
existence of C = O stretching in Amide I is indicated by the appearance 
of peaks around 1650–1655 cm-1, while the presence of N–H deflection 

in Amide II is indicated by peaks around 1595–1605 cm-1. The existence 
of C–O-C expansion was displayed by the occurrence of vertices be
tween 1060 and 1150. The peaks and intensities observed in mushroom 
chitosan deviated a little based against the treatment exerted, likely due 
to differences in molecular forms and derivation methods used. The 
analysis of the FTIR spectrum facilitated the identification of these 
distinctive functional groups and the verification of the molecular 
structure of chitosan.

The FTIR analysis exhibited the representative absorption peaks of 
T2 sample at the wavenumbers of 614 cm-1, 1024, 1374 cm-1, 1554 cm-1, 
1628 cm-1, 2921 cm-1 and 3261 cm-1. The absorption vertices of T5 
sample were observed at 595 cm-1, 1063 cm-1, 1376 cm-1, 1559 cm-1, 
1653 cm-1, 2360 cm-1, 2919 cm-1 and 3261 cm-1 wavenumbers. T8 
sample displayed the characteristic absorption vertices at the wave
numbers of 843 cm-1, 1024 cm-1, 1448 cm-1, 1649 cm-1 and 3262 cm-1. 
An additional characteristic absorption peak was detected at wave
number of ~ 2360 cm-1 in the case of the T5 sample while the charac
teristic peak observed at the wavenumber (2919 – 2921) cm-1 in the case 
of T2 and T5 samples was not detected in the T8 sample. Almost all the 
characteristic peaks observed in all the samples were similar except the 
aforementioned peaks. The shifting of the peaks in the higher wave
numbers with higher peak intensities was noted in T5 sample compared 
to the T2 and T8 samples which signifies better intra and intermolecular 
bonding of the T5 sample. Lowest characteristic absorption peak in
tensities detected in the case of the T8 samples could be ascribed to the 
weaker intra and intermolecular bonding frameworks. Thus, the FTIR 
analysis demonstrated the T5 sample as the better molecular bonding 
structure or the least affected one during the microwave-assisted 
extraction of mushroom chitosan.

The depiction of chitosan using FTIR derived results alike to those 
received in earlier analyses. Specifically, the stretching of the amide I 
band, attributed to the C = O group in chitosan retrieved from crayfish 
and shrimp, was found to be at 1660.41 cm-1 and 1658.48 cm-1 corre
spondingly. (Ossamulu et al., 2023). Whereas the peaks at the wave
number 2918 cm-1 and 2921 cm-1 of the obtained Agaricus bisporus 
chitosan symbolizes the stretch vibration of CH3 group as shown by 
(Shahadha et al., 2023). (Shahadha et al., 2023) also showed the Peaks 
at 1554 and 1559 cm-1. The appearance of the vertice at around 1 in the 
relevant spectra indicates the N–H group in the second II amide bond. 
These findings regarding functional groups align with those reported by 
(Hadidi et al., 2020) where two peaks emerged at 1065 cm− 1 approves 
the existence of C–O-C stretching. However similar results ratify the 

Fig. 5. FTIR spectra of chitosan samples obtained through various treatments.
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existence of C–N stretching at 1350–1450 cm-1 by (Hadidi et al., 2020) 
where when diagnosing chitosan produced by FTIR device. Similar 
bands with comparable intensities are also noted nearly at 1550 and 
1650 cm-1 in the chitosan spectrum, corresponding to the expansion 
vibrations of N–H and C––O (in the NHCOCH3 group) accordingly 
shown in the literature by (Da Silva Lucas et al., 2021). Similar FT-IR 
band with equivalent strength was also observed in the chitosan iso
lates from C. echinulate, the carbonyl stretching displayed frequency 
range of about 1643 and 1588 cm− 1. The peak observed at 1315–1320 
cm− 1 was assigned to the amide III bands. Two absorption bands at 
roughly 1655 as well as 1625 cm− 1 are distinctive of amide groups that 
are hydrogen-bonded (Azeez et al., 2023). The findings corroborate 
previous reports regarding the production of chitosan from house cricket 
flour. Key functional groups like -NH and -OH bands, located near 3400 
and 3300 cm-1 singly, were identified. Moreover, the spectrum showed 
the lengthening of the C = O bond at 1645 cm-1, the deflection of the 
primary amine N–H bond at 1555 cm-1 and the expansion of the C–O 
bond corresponding to the five-carbon cyclic ether at approximately 
1009 cm-1 (Espinosa-Solís et al., 2024). As mentioned in previous 
literature, characteristic bands in the regions of 1020–1065 cm-1 

confirm the C–O expansion. Additionally, the band located near 890 
cm-1 is attributed to the out-of-plane vibration of the C–H β-glycosidic 
bond (Martín-López et al., 2020; Wiercigroch et al., 2017). The lack of 
the band near 1540 cm-1 in the FTIR spectrum showed successful 
removal of proteins after deproteinization step. This particular band, 
which is attribute of N-acetyl groups and conforms the N–H twisting of 
amide-II, was hardly seen in our FTIR data, consistent with previous 
findings (Da Silva Lucas et al., 2021). Inside the fingerprint zone 
(600–1500 cm-1), range 1147 and 1160 cm-1 exhibited sufficient 
absorbance intensity across all samples, demonstrating the lengthening 
of an asymmetric C–O bond and suggesting the existence of a glycosidic 
bonds among samples. depending on the wavenumbers observed, it 
could be inferred that all the extracted samples consist of chitosan (Lam 
et al., 2023). The peaks and intensities observed in mushroom chitosan 
showed slight variations relying on the treatment used. These differ
ences possibly attributed to the distinct molecular framework and 
derivation techniques operated. The analysis of the FTIR spectrum 
enabled the recognition of these distinct functional band and the 
confirmation of the molecular structure of chitosan.

3.8. X-ray powder diffractometry (XRD)

The chitosan diffractogram obtained using three different treatments 
T8, T5 and T2 is shown in Fig. 6. The crystalline framework of 
mushroom-derived chitosan was assayed through X-ray diffraction 
(XRD), revealing the influence of extraction process. The X-ray diffrac
tion (XRD) arrangement of mushroom chitosan exhibited distinct char
acteristics attributed to structural differences when equated to chitosan 
obtained from alternative sources. The XRD pattern can be swayed by 
factors like molecular weight, crystallinity and chitosan’s purity derived 
from mushrooms. The impact of the extraction technique on the crys
talline structure in these diffractograms was observed. Chitosan 
commonly displayed clear peaks in XRD as a result of its semi-crystalline 
characteristics. The primary peak attributed to chitosan was observed at 
2θ values ranging from 10 to 20 ◦. The magnitude and location of this 
peak exhibited variations relying on the level of DD of chitosan, as well 
as its molecular mass. Examining the XRD graph entitles for the finding 
of the crystalline properties, level of crystallinity, and crystallographic 
structure of the chitosan obtained from mushrooms. The XRD curve 
showed a broad amorphous peak at 2θ value of 19.2◦ in all the samples. 
The crystalline peak of T2 was found to be at a 2θ value of 26.4 while at 
26.0◦ for the T5 sample. The characteristic peaks of the T8 samples were 
observed the 2θ values of 26.3◦, 29.4◦, 32.3◦, 33.5◦ and 37.8◦. The peaks 
with improved crystallinity and larger peak intensities at the 2θ values 
of 29.4◦, 32.3◦, 33.5◦ and 37.8◦ of the T8 sample signified the more 
crystalline character compared to the remaining two (T2 and T5) sam
ples. These peaks represent typical crystal patterns of α-chitin, which is 
the most prevalent type found in chitosan. The presence of these peaks is 
associated with ordered regions that involve the acetamide groups and 
hydrogen bonds (Lopes et al., 2021). The magnitude and location of this 
peak exhibited variations depends on DD of the chitosan and its mo
lecular weight.

Rahayu et al. (2022) stated that these peaks are indicative of pure 
chitosan. However, the crystallinity index (CrI) of the chitosan got from 
these mushroom waste samples are lesser than the values documented in 
the literature. Ghasemi et al. (2021) observed that low values of the 
crystalline index indicate an abundance of amorphous glucan within the 
chitin structure further indicating that the purity of mushroom chitosan 
extracted from A. bisporous waste is lower. Comparable diffraction peaks 
were detected for the exoskeleton of White shrimp (Litopenneaus van
namei) by (Martín-López et al., 2020). where crystalline planes at 2θ ≈
19.7◦ can be attributed to origin of chitin Da Silva Lucas et al. (2021). 

Fig. 6. Chitosan X-ray powder diffractometry obtained using three different treatments.
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According to the literature, certain chitosan XRD formats show two 
distinct vertices, typically near 2θ ≈ 10◦ and 20◦, as observed for chi
tosan obtained from Agaricus bisporus (Hassainia et al., 2018).The 
emergence has also been noted as DD rises as more steps are added 
during microwave extraction, indicating the presence of hydrated 
crystalline allomorphic chitosan (Martín-López et al., 2020). Compara
ble outcomes were also documented by Triunfo et al. (2022) and Tolesa 
et al. (2019), where chitin displayed prominent sharp peaks at 9◦ and 
19◦, along with 3 to 4 weaker peaks near 13◦, 21◦, 23◦ and 26◦, depicting 
the α-form of the polymer. Equivalent representative vertices at 10.0 and 
20.0 were disclosed in chitosan samples obtained from tiger shrimp 
supporting their chitosan nature with large difference in the strength of 
the XRD pattern throughout the orders. The level of deacetylation in 
chitosan determines its crystallinity. Chitosan is classified as fully 
crystalline when it reaches 100% DD, whereas any form with partial 
acetylation is categorized as semi-crystalline (Iber et al., 2023). The 
presence of crystallites within the amorphous zone of chitosan possible 
because of residual chitin that remains unreacted within the molecules 
(Tafi, 2022). Current investigation led by (Espinosa-Solís et al., 2024). a 
comparable XRD pattern was observed, exhibiting a similar form and 
location to those identified in the sample gained in this study. This 
confirms the distinctiveness of the compounds. Moreover, the presence 
of crystalline heights at approximately 9.6, 19.6, 21.1, and 23.7 ◦ in 2θ 
provides confirmation that the chitin derived is in the α-chitin form. 
Analyzing the XRD pattern enables the determination of the crystalline 
properties, level of crystallinity and crystallographic structure of the 
chitosan obtained from mushrooms.

3.9. Thermogravimetric analysis (TGA)

Outcome of TGA conducted on chitosan extracted from mushroom is 
demonstrated in Fig. 7. TGA results of chitosan derived from mushrooms 
demonstrated the variation in weight of the chitosan sample in relation 
to temperature. The curve exhibits indications of weight reduction 
occurring in three distinct phases. The initial phase of weight reduction, 
amounting to 13.61% of the total weight, takes place between 10 and 
150 ◦C. At first, there was a little decrease in weight caused by the 
evaporation of moisture or volatile components in the chitosan sample. 
This phenomenon took place at lower temperatures. Next stage begins at 
around 150 ◦C and extends up to 350 ◦C with weight reduction of 
48.08%. Hence, the primary deterioration transpired at elevated tem
peratures. During third stage, a significant weight loss of 38.03% within 

a temperature range of 350–450 ◦C occurred. This weight reduction is 
mostly because of breakdown of saccharides in the molecular structure 
of organic material and the subsequent final destruction of organic 
matter. The TGA curve exhibited a substantial reduction in weight, 
indicating the heat decomposition of the chitosan polymeric structure. 
Following the breakdown process, a residue bulk remained. The residue 
is composed of ash or non-volatile components that remain unaffected 
by the heating process. The contention is further supported by a residual 
percentage of 0.1372%, which confirms the absence of organic materials 
at temperatures above 500 ◦C suggests that the biopolymer does not 
contain any metal or inorganic components. The TGA curve yielded 
insights into the temperature stability and degradation behavior of the 
chitosan derived from mushrooms. TGA thermogram exhibited the three 
thermal decomposition phases of all the samples. The first stage 
occurred at ≤170 ◦C whereas the second and the third stages occurred at 
201–500 ◦C and 500–800 ◦C separately.

Mass losses during the first stage were 12.9 %, 11.4 % and 24.1 % 
respectively for T2, T5 and T8 samples, which could be attributed to the 
moisture/water loss. The mass losses in the second stage were 55.4 %, 
54.9 % and 57.3 % respectively for T2, T5 and T8 samples which can 
have assigned due to the chitosan degradation. The residual masses 
during the last stage of the thermal degeneration which was mainly 
inorganic material were 17.9 %, 19.8 % and 9.4 % for T2, T5 and T8 
samples respectively. The relatively greater thermal stability of the T5 
sample in the microwave-assisted extraction of mushroom chitosan was 
confirmed by the TGA curves of all samples. (Liyanage et al., 2022) 
obtained chitosan from white leg shrimp (Litopenaeus vannamei) with a 
thermal stability of 360 ◦C. The initial stage of degradation for both 
chitin and chitosan occurred between 30 and 100 ◦C, primarily because 
of the water disappearance from the samples. The subsequent stage of 
decomposition took place within the scope of 250–500 ◦C, resulting 
from the reduction of the saccharide framework of the molecules 
through evaporation or deamination processes. Another TGA curve 
displayed a comparable two-stage degradation pattern for chitosan, with 
an initial weight loss of 6.58% occurring at approximately 100 ◦C due to 
water removal. A significant weight reduction of 51.47% observed be
tween 297 and 450 ◦C is attributed to the partitioning of chitosan and 
the breakdown of its amine group (Dalhatu et al., 2023). Similarly, 
Tolesa et al. (2019), depicted that the mass loss of shrimp shell chitosan 
occurred in three steps. In the first stage, a 3–5% mass loss was noted at 
temperatures around 120 ◦C due to the evaporation of water. Above 170 
◦C, the heat retention of ingrained chitin step by step drops, and its 

Fig. 7. Thermogravimetric analysis (TGA) of chitosan extracted from mushroom waste.
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deterioration is completed at 441 ◦C. Moreover, the thermal profile of 
commercial α-chitin begins to decline at 267 ◦C and attain its decom
position at 406 ◦C. These results are steady with the results given by Ijaz 
et al. (2022), Huang et al. (2022) and Da Silva Lucas et al. (2021). 
Despite that this is linked to enhanced heat resistance for chitin. 
Following the deacetylation of chitin’s branch chain, the order of crys
talline level diminishes. Hence, the thermal resistance of the resulting 
chitosan is inferior to the original chitin. TGA spectra of chitosan 
extracted from mealworm cuticles exhibited similar thermograms, as 
presented in our study. It was noted that the thermogram of the polymer 
exhibits two primary stages of decomposition. The first decomposition 
occurs at 60–70 ◦C, leading to decrease in 11.1% of the earliest weight of 
both chitin and chitosan, followed by 70.9% at 210–270 ◦C, and was 
completely decomposed at nearly 400 ◦C. The TGA curve provided in
sights into the temperature stability and degradation behavior of the 
chitosan derived from mushrooms.

3.10. Differential scanning calorimetry (DSC)

DSC quantifies the transfer of heat (either into or out of) a sample in 
comparison to a reference material, with respect to temperature varia
tions. Chitosan frequently undergoes a glass transition, transitioning 
from a amorphous form to a rubbery or viscous one. The transition 
temperature offered worthy insights concerning flexibility and mobility 
of the chitosan polymer chains. Chitosan can exhibit melting or crys
tallization peaks, which indicate changes between different solid states, 
depending on its purity and molecular structure. This knowledge is 
essential for comprehending its stability and prospective applications in 
controlled-release formulations or scaffold creation. DSC detected 
endothermic peaks associated with the liberation or uptake of moisture 
within the chitosan specimen. Differences in the DSC curve relative to 
pure chitosan may suggest modifications resulting from chemical 
changes or the use of additives during the extraction or processing of 
chitosan from mushrooms. The utilization of DSC for thermal study of 
low molecular weight chitosan, derived from mushrooms, revealed a 
broad endothermic peak in the temperature reach around 80–120 ◦C 
because of dehydration process of water.

Moreover, the observed rise in exothermic enthalpies of chitosan 
resulting from various treatments suggests variations in the molecules’ 
intramolecular bonding strength, likely due to chain shortening. The To, 
Tm, Tc and ΔH of all the analyzed samples are shown in the Fig. 8. The 
To values were 59.8 ◦C, 65.0 ◦C and 91.0 for T2, T5 and T8 samples 
accordingly. Tm and Tc values were 82.4 ◦C, 87.5 ◦C and 99.1 ◦C; and 

97.5 ◦C, 98.2 ◦C and 114.1 ◦C respectively for T2, T5 and T8 samples. 
ΔH values of all the samples were 0.046 J/g, 0.011 J/g and 0.791 
respectively for T2, T5 and T8 samples. Higher values To, Tm, Tc and ΔH 
of the T8 samples indicated better thermal characteristics contrasted to 
the T5 and T2 samples. However, the concentration of NaOH employed 
in the deacetylation and deproteinization phases impacts the thermal 
stability of the samples. A gain in the strength of the NaOH results in a 
slender improvement in heat resistance. This observation is further 
supported by comparing the temperatures and heat change at the point 
of disintegration with those of market based chitosan (Soon et al., 2018). 
The application of DSC for thermal study of low molecular weight chi
tosan, derived from mushrooms, revealed a wide endothermic peak in 
the temperature reach of 87–100 ◦C, this process can be imputed to the 
dehydration process of water.

According to Da Silva Lucas et al. (2021) market-based chitosan 
showed an exothermic having Tmax of 110.18 ◦C, akin to that discov
ered in chitosan extracted from mealworm’s cuticles (111.96 ◦C). Above 
temperature drift is typical of the transition in the agglomeration phase, 
suggesting the removal of remained vapour within the sample, along 
with the initiation of material combustion as also noted in other studies 
(Hadidi et al., 2020; Ijaz et al., 2022; Molina-Ramírez et al., 2021). 
Likewise, thermogram derived from DSC analysis of chitosan extracted 
from cricket flour exhibits an exothermic rise at 185 ◦C, indicating the 
crystallization temperature (Tc). This suggests that the thermic aspects 
of chitosan align with its crystalline nature (Espinosa-Solís et al., 2024). 
In a different DSC thermogram of chitosan, two peaks are observed. The 
initial peak (endothermic, below 100 ◦C) is linked to the removal of the 
vapour. Second signal (exothermic, around 300 ◦C) is connected to the 
breakdown of the chitosan pyranose ring. The melting temperature of 
chitosan determined through DSC analysis is approximately 110 ◦C 
(Dziedzic et al., 2023). Thermal breakdown necessitates heat gain to 
disrupt hydrogen binding, a reaction recognized as an endothermic 
height, with the energy required for the reaction to happen. It is crucial 
to emphasize that for polysacharides melting situation (highest tem
perature) represents general melting point of crystallites. This is not a 
actual value for sample but quite rely on the molecular weight 
(Molina-Ramírez et al., 2021). Moreover, the observed rise in 
exothermic enthalpies of chitosan resulting from various treatments 
suggests variations in the molecules’ intramolecular bonding strength, 
likely due to chain shortening.

4. Conclusion

The mushroom species, namely A. bisporous, produce significant 
amounts of waste, leading to appreciable yields of chitosan. However, if 
properly cultivated, mushrooms can become a dependable substitute 
origin for chitosan production in spite of primarily relying on aquatic 
sources. Techno-functional properties of the obtained chitosan demon
strate their viability as bio based polymers in biological system appli
cations. Chitosan obtained using microwave heating reduces the 
deacetylation time (after two stages of weakening HCl solution for acid 
hydrolysis and diluting NaOH for deproteinization) from hours to just a 
few minutes (24 min), resulting in chitosan with a higher yield of 6.98% 
and improved degree of deacetylation up to 79.94% when compared to 
the traditional method. The current findings suggest that the extracted 
chitosan was solublize in a 1% acetic acid solution. The chitosan ob
tained during T5 treatment exhibited an optimal pH of 7.5, higher sol
ubility up to 75% and a thicker crystalline configuration. This can be due 
to homogenization of the chitin molecular chain during deacetylation 
which tends to raises crystallinity accordingly. The extracted chitosan 
exhibited moisture content lower than 10% and ash content less than 
1%, meeting the quality grade requirements for chitosan in various food 
and medical applications. With a maximum DPPH free radical scav
enging activity of 53.97% at 1 mg/ml and a reducing power of 3.58% at 
1 mg/ml, extracted chitosan (T5) demonstrates that chitosan’s 

Fig. 8. Differential scanning calorimetry (DSC) of chitosan extracted from 
mushroom waste showing To, Tm, Tc and ΔH of all the samples.
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scavenging capabilities get better as deacetylation increases. This clearly 
demonstrated that microwave assisted extraction of chitosan from 
mushroom waste is suitable for enhancing the antioxidant activity. The 
process of synthesis significantly influences the bulk, tapped, and 
packing characteristics of chitosan powders obtained from mushroom 
waste. The Carr’s index of 10.46 for the chitosan extracted under T5 
conditions indicated that it has good or free-flowing characteristics. This 
sample further demonstrated its excellent flow properties with a Haus
ner ratio of 1.11, which is below the threshold of 1.25 (showing 
remarkable flowability). Additionally, the Carr’s index and Hausner 
ratio of 10.46 and 1.11 respectively for the chitosan extracted under T5 
conditions indicated that it has good or free-flowing characteristics. This 
could also imply that the chitosan has undergone a deproteinization 
treatment with a lower alkali concentration. This eco-friendly safe 
method is significantly shorter, around sixteen times faster, than the 
conventional method, while still achieving the highest quality grade. 
This advancement opens up potential applications in medical and agri
cultural fields, including food packaging, pharmaceuticals, drug de
livery systems, and water treatment.

Funding

Project No. TKP2021-NKTA-32 was implemented with support from 
the National Research, Development, and Innovation Fund of Hungary, 
financed under the TKP2021-NKTA funding scheme, and supported by 
the University of Debrecen Program for Scientific Publication.

List of abbreviations

DA- Degree of acetylation
DD- Degree of deacetylation
MWP- Mushroom waste powder
LDPE- Low density polyethylene
BD- Bulk density
AA- Antioxidant activity
DPPH- 2,2-diphenyl-1-picrylhydrazyl
RP- Reducing power
TD- Tapped density
FTIR- Fourier Transform Infrared Spectroscopy
CI- Crystallinity index
XRD- X-ray powder diffractometry
TGA- Thermogravimetric analysis
DSC- Differential scanning calorimetry

Data availability statement

The data supporting the outcomes of this research are available from 
the corresponding author against acceptable demand.

CRediT authorship contribution statement

Adity Bahndral: Writing – original draft, Validation, Software, Re
sources, Methodology, Investigation, Formal analysis, Data curation, 
Conceptualization. Rafeeya Shams: Writing – review & editing, Writing 
– original draft, Validation, Supervision, Software, Resources, Method
ology, Investigation, Funding acquisition, Formal analysis, Data cura
tion, Conceptualization. Kshirod Kumar Dash: Writing – review & 
editing, Writing – original draft, Visualization, Validation, Supervision, 
Software, Resources, Project administration, Methodology, Investiga
tion, Funding acquisition, Formal analysis, Data curation, Conceptuali
zation. Pintu Chaudhary: Visualization, Validation, Software, 
Investigation. Ayaz Mukarram Shaikh: Writing – review & editing, 
Visualization, Validation, Software, Investigation, Funding acquisition. 
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Martín-López, H., Pech-Cohuo, S. C., Herrera-Pool, E., Medina-Torres, N., Cuevas- 
Bernardino, J. C., Ayora-Talavera, T., Espinosa-Andrews, H., Ramos-Díaz, A., 
Trombotto, S., & Pacheco, N. (2020). Structural and physicochemical 
characterization of chitosan obtained by UAE and its effect on the growth inhibition 
of Pythium ultimum. Agriculture, 10(10), 464. https://doi.org/10.3390/ 
agriculture10100464

Mohammadi, P., Taghavi, E., Foong, S. Y., Rajaei, A., Amiri, H., de Tender, C., Peng, W., 
Lam, S. S., Aghbashlo, M., Rastegari, H., & Tabatabaei, M. (2023). Comparison of 
shrimp waste-derived chitosan produced through conventional and microwave- 
assisted extraction processes: Physicochemical properties and antibacterial activity 
assessment. International Journal of Biological Macromolecules, 242(Pt 2), Article 
124841. https://doi.org/10.1016/j.ijbiomac.2023.124841

Molina-Ramírez, C., Mazo, P., Zuluaga, R., Gañán, P., & Álvarez-Caballero, J. (2021). 
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Niedzielski, P., Mleczek, P., & Mleczek, M. (2020). Worldwide basket survey of 
multielemental composition of white button mushroom Agaricus bisporus. 
Chemosphere, 239(124718), Article 124718. https://doi.org/10.1016/j. 
chemosphere.2019.124718

Soon, C. Y., Tee, Y. B., Tan, C. H., Rosnita, A. T., & Khalina, A. (2018). Extraction and 
physicochemical characterization of chitin and chitosan from Zophobas morio larvae 
in varying sodium hydroxide concentration. International Journal of Biological 
Macromolecules, 108, 135–142. https://doi.org/10.1016/j.ijbiomac.2017.11.138

Sreeharsha, N., Gajula, L. R., Srikruthi, K. S., Bhavani, P. D., Goudanavar, P., 
Rakshitha, A., … Sreenivasalu, P. K. P. (2024). Enhancing flowability of lamivudine 
through quasi-emulsion solvent-diffusion (QESD) crystallization: A comprehensive 
study on surfactant impact, particle morphology by QbD concepts and tablet 
compression challenges. European Journal of Pharmaceutical Sciences. , Article 
106835. https://doi.org/10.1016/j.ejps.2024.106835

Ssekatawa, K., Byarugaba, D. K., Wampande, E. M., Moja, T. N., Nxumalo, E., Maaza, M., 
Sackey, J., Ejobi, F., & Kirabira, J. B. (2021). Isolation and characterization of 
chitosan from Ugandan edible mushrooms, Nile perch scales and banana weevils for 
biomedical applications. Scientific Reports, 11(1), 4116. https://doi.org/10.1038/ 
s41598-021-81880-7

A. Bahndral et al.                                                                                                                                                                                                                               

https://doi.org/10.13057/biodiv/d230310
https://doi.org/10.3390/polym15102328
https://doi.org/10.1016/j.indcrop.2023.117372
https://doi.org/10.1016/j.indcrop.2023.117372
https://doi.org/10.1016/j.foodhyd.2013.03.003
https://doi.org/10.4038/sljas.v27i2.7600
https://doi.org/10.1016/j.ces.2020.116124
https://doi.org/10.21608/jbaar.2019.109402
http://refhub.elsevier.com/S2666-8939(25)00069-6/sbref0072
https://doi.org/10.1021/acsbiomaterials.2c01297
https://doi.org/10.1021/acsbiomaterials.2c01297
https://doi.org/10.1111/jfpp.13352
https://doi.org/10.3390/agriculture10100464
https://doi.org/10.3390/agriculture10100464
https://doi.org/10.1016/j.ijbiomac.2023.124841
https://doi.org/10.3390/polym13132079
https://doi.org/10.3923/pjbs.2005.1051.1054
https://doi.org/10.1155/2022/2288892
https://doi.org/10.3390/polym15071729
https://doi.org/10.22159/ijpps.2017v9i10.20788
https://doi.org/10.22159/ijpps.2017v9i10.20788
https://doi.org/10.1016/j.ijbiomac.2019.08.169
https://doi.org/10.2478/auoc-2023-0004
https://doi.org/10.2478/auoc-2023-0004
https://doi.org/10.1016/B978-0-443-19049-0.00010-4
https://doi.org/10.1016/j.tifs.2020.03.005
https://doi.org/10.11113/amst.v28n1.288
https://doi.org/10.11113/amst.v28n1.288
https://doi.org/10.1016/j.radphyschem.2014.08.023
https://doi.org/10.1016/j.radphyschem.2014.08.023
http://refhub.elsevier.com/S2666-8939(25)00069-6/sbref0088
http://refhub.elsevier.com/S2666-8939(25)00069-6/sbref0088
http://refhub.elsevier.com/S2666-8939(25)00069-6/sbref0088
https://doi.org/10.3390/gels8070393
https://doi.org/10.1016/j.foodhyd.2023.108861
https://doi.org/10.1016/j.foodhyd.2023.108861
https://doi.org/10.1016/j.progpolymsci.2009.04.001
https://doi.org/10.1007/978-981-15-0263-7_1
https://doi.org/10.1016/j.ijbiomac.2021.11.137
https://doi.org/10.1016/j.ijbiomac.2021.11.137
https://doi.org/10.14480/JM.2018.16.4.239
https://doi.org/10.1016/j.abst.2022.03.001
https://doi.org/10.1016/j.abst.2022.03.001
https://doi.org/10.3390/polym15132867
https://doi.org/10.3390/polym15132867
https://doi.org/10.5772/intechopen.71385
https://doi.org/10.1016/j.aoas.2013.01.006
https://doi.org/10.1016/j.carbpol.2019.05.047
https://doi.org/10.1016/j.aoas.2013.01.006
https://doi.org/10.1016/j.ijbiomac.2020.11.072
https://doi.org/10.1016/j.ijbiomac.2020.11.072
https://doi.org/10.3390/foods13101464
https://doi.org/10.3390/foods13101464
https://doi.org/10.1007/978-981-19-9103-5_1
https://doi.org/10.1007/978-981-19-9103-5_1
https://doi.org/10.1016/j.chemosphere.2019.124718
https://doi.org/10.1016/j.chemosphere.2019.124718
https://doi.org/10.1016/j.ijbiomac.2017.11.138
https://doi.org/10.1016/j.ejps.2024.106835
https://doi.org/10.1038/s41598-021-81880-7
https://doi.org/10.1038/s41598-021-81880-7


Carbohydrate Polymer Technologies and Applications 9 (2025) 100730

16
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