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Abstract
To address the current oversupply and price decline of mushrooms, their 
nutritional and functional attributes were utilized to develop a value-added 
product from fairy mushrooms using simple and low-cost technology. 
The objective of this study was to investigate the possibility of using 
fairy mushrooms (Pleurotus sajor-caju (Fr. Singers)) to produce crispy 
tapioca crackers. This study incorporated ground fairy mushrooms at 
varying amounts (20%, 30%, 40%, and 50%) to replace tapioca flour in a 
formula for crispy tapioca crackers. Moisture content, Water activity (aw), 
and color of uncooked tapioca crispy crackers samples were measured. 
Physical characteristics (expansion, hardness, fracturability, and color) 
and sensory quality of the developed tapioca crispy crackers were 
examined using a 7-points hedonic scale by 30 semi-trained panalists. 
Results showed the tapioca crispy crackers with fairy mushrooms were 
found to be significantly darker, with less expansion, greater hardness 
and fracturability, and higher consumer acceptance compared to the 
control samples (p < 0.05). Panelists favored the 250 g substitution for 
its umami flavor and balanced crispiness. The tapioca crispy crackers 
with 250 g of fairy mushrooms obtained the highest liking scores of 
sensory evaluations and were chosen for the final product study. Analysis 
of the shelf life of the product stored in thick polypropylene bags at a 
room temperature of 30 ºC was carried out once a week for four weeks. 
Moisture content, aw, Peroxide values, and lipid oxidation (TBARS) 
increased while the hardness and fracturability of the final tapioca crispy 
crackers product decreased with increasing storage time. Peroxide 
values remained below 0.12 g/100g, indicating acceptable oxidative 
stability. The tapioca crispy crackers containing 250 g of fairy mushrooms 
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exhibited good physical and chemical properties, remaining suitable for 
consumption for up to four weeks. It offers a nutrient-dense, shelf-stable 
alternative for commercial snack production, addressing both market 
demand and mushroom utilization

Abbreviations

aw			   Water activity 
TBARS		  Thiobarbituric acid reactive substances
MDA			   Malondialdehyde
TEP			   1,1,3,3-tetraethoxypropane 

Introduction
Fairy mushrooms (Pleurotus sajor-caju (Fr. Singers)) 
or grey oyster mushrooms are popular economic 
mushrooms. This easy-to-grow mushroom can be 
cultivated throughout the year. Finimundy et al.1 
documented that it resembles abalone mushrooms 
with a white flower and a soft, light brown cap. The 
cap is dense and dark, while the flower stalk is long 
and white in color without any ring. The white fins 
of the fairy mushroom are closer than the abalone 
mushroom. The fibers of the fairy mushroom are 
fine, sweet, and fragrant.1 Fairy mushrooms are 
versatile and can be used to cook many dishes. 
They can also be processed in different ways, 
such as deep-fried fairy mushrooms, mushroom 
tapioca crispy crackers, mushroom fermented 
pork, etc. Mushrooms are classified as a vegetable 
food high in protein and vitamins, low in fat, and 
high in fiber. These vegetables, often referred to 
as the "King of Vegetables," can be consumed by 
individuals of all ages and genders. Pleurotus spp. 
are rich in medicinal and nutritional properties. It 
has anti-cancerous, anti-inflammatory, antiviral, 
antibiotic, anti-diabetic, and anti-modulator effects.1 
Nutritionally, it is rich in protein, minerals, and 
vitamins B, C, and D, as described by Panjikkaran 
and Mathew.2 Fairy mushrooms have a unique 
taste and contain the amino acid glutamic acid, 
along with various minerals that are responsible 
for regulating heart rhythm and water balance in 
the body. Wan-Mohtar3 reported that P. sajor-caju 
showed high free radical scavenging activity from 
three antioxidant assays: total phenolic content 
(TPC), ferric reducing antioxidant power (FRAP), 
and [2,2’-azinobis-(3-ethylbenzothiazoline-6-
sulfonate)] (ABTS) assays, thus showing a high 
potential for an antioxidative flour replacement in 

food technology. These nutritional and functional 
attributes highlight mushrooms as promising 
ingredients for the development of value-added 
foods. At present, an oversupply of mushrooms in 
the market has led to a decline in prices. To address 
this issue, a new product has been developed using 
simple and low-cost technology to increase the value 
of fairy mushrooms. The newly developed product, 
mushroom tapioca crispy crackers, is a snack 
intended for general consumption.

Currently, snack products are in high demand in 
the US market, worth up to 193 billion US dollars in 
2021, as reported by Grand View Research Inc..4 
According to the report of Food Intelligence Center,5 
the snack market in Thailand was worth up to 45,338 
million baht (1 US dollar ~ 34.62 baht) from 2021 
to 2022. Lusas and Rooney6 found that the desired 
snack is made from natural ingredients with less odor 
and is high in nutrients. Tapioca crispy crackers are 
a popular snack in Thailand that is easy to produce 
and cost-effective. The resulting product has unique 
characteristics. Typically, tapioca starch is used as 
the main ingredient in making tapioca crispy crackers, 
and ingredients such as shrimp, fish, and vegetables 
(such as pumpkin, corn, and mushrooms) are added 
to enhance the flavor and increase nutritional value. 
Tapioca flour was selected as the primary starch 
for producing crispy crackers due to its neutral 
flavor, high starch purity, and unique gelatinization 
properties that promote crispness and light texture. 
Compared with rice or corn starch, tapioca flour 
provides superior expansion, transparency, and 
binding ability, which are essential for achieving the 
desirable physicochemical and sensory qualities of 
crispy crackers, was found by Cankal et al.7 The 
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development of cracker products using starch from 
alternative plant sources effectively leverages local 
agricultural resources and provides consumers with 
diverse choices. Despite mushroom-based snacks’ 
popularity, no studies have assessed P. sajor-caju in 
tapioca crackers, particularly their effects on texture 
and oxidative stability. It was hypothesized that fairy 
mushroom substitution would alter the texture by 
affecting hardness and factorability, and that higher 
substitution levels would affect sensory acceptance, 
even a darker color. Thus, the study investigated the 
suitability of fairy mushrooms for producing tapioca 
crispy crackers by varying the mushroom content 
(20%, 30%, 40%, and 50% of tapioca flour) and 
analyzing the characteristic, sensory, and shelf-
life qualities of the final product. This study also 
evaluates mushroom protein and fiber content while 
maintaining shelf stability.

Materials and Methods
Materials
Fresh fairy mushrooms (pieurotus sajor-caju (Fr. 
Singers)) in the mature stage, not overly fibrous, 
were obtained from the Banmakokwan community 
in Chaibadan district, Lopburi province, Thailand. 
Tapioca flour, corn flour, sugar, salt, seasoning 
powder, fried onion, coriander root, pepper, and 
garlic were purchased from a local supermarket in 
Bangkok, Thailand.

Preparation of Mushrooms
The mushrooms were washed with water and 
drained. Then, the mushrooms were pre-cooked by 
steaming them in a steamer with boiling water for 30 
min, adapted from the method of Charoen et al.8 After 
steaming, the mushrooms were cooled, and excess 
water was removed by pressing in cheesecloth at  
5 kg for 5 min. The mushrooms were finely chopped 
and kept in thick polypropylene bags, stored at 4±2 
ºC until use.
 
Preparation of Tapioca Crispy Crackers
In this work, tapioca crispy crackers samples 
substituted tapioca flour with ground fairy mushrooms 
of 0, 100, 150, 200, and 250 (g) were studied. 
The tapioca crispy crackers without ground fairy 
mushrooms were used as a control sample. The 
ingredients and composition of the tapioca crispy 
cracker dough were adapted from the study by 
Panyoyai et al.,9 and are presented in Table 1.

From Table 1, the tapioca flour was mixed with corn 
flour and sifted through a 60-mesh sieve to ensure 
the mixture was free of lumps. Tapioca flour contents 
in the dough process were varied and partially 
replaced by ground fairy mushrooms at contents of 
0, 100, 150, 200, and 250 (g) of total tapioca flour. 
Substitution levels (20–50% of tapioca flour) were 
selected to balance nutritional enhancement with 
structural integrity. In this process, fairy mushrooms 
were added and mixed well. Then, all the ingredients 
except water were added and mixed well. The 
water was slowly added. The flour mixture and all 
ingredients were kneaded until a cohesive, non-
sticky dough was formed. The dough was then 
allowed to rest for 15 min. Roll the dough for 200 g 
into long pieces with a diameter of 1 inch and wrap 
them tightly with clear wrap. Steam the long dough 
in boiling water for 1 h. Let the steamed dough cool 
down and refrigerate it overnight. The refrigerated 
dough was cut into thin strips about 0.2 cm thick. The 
pieces of dough are called uncooked tapioca crispy 
crackers. The uncooked tapioca crispy crackers 
were baked in a hot cabinet at 60 ºC for 3 h, then 
fried in palm oil at 180 ºC for 2 min, drained the oil 
out of the tapioca crispy crackers, and packed in 
thick polypropylene plastic bags. 

Physicochemical Measurements
Moisture Content Measurement
The moisture content of mushroom samples was 
determined by the oven drying method according 
to AOAC(2025).10 

Table 1: Basic tapioca crispy crackers formula

Ingredients	                    Quantity

	 (g)	 (%)

Tapioca flour	 500	 62.03
Corn flour	 10	 1.25
Sugar	 30	 3.72
Salt	 6	 0.74
Seasoning powder	 6	 0.74
Fried onion	 30	 3.72
Chopped coriander root	 10	 1.25
Ground pepper	 4	 0.50
Minced garlic	 10	 1.25
Water	 200	 24.80
Total 	 806	 100
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Water Activity Measurement 
Approximately 2 g of each ground tapioca crispy 
crackers sample was placed in the water activity 
tray, and aw was measured using a water activity 
meter (Aqua Lab, Series 3 WA, USA), recorded, 
and reported as a ratio. Three of the tapioca crispy 
crackers were performed for each analysis according 
to the method of Maisont et al.11

Color Measurement
The typical 3 g of each ground tapioca crispy 
crackers sample was transferred into a petri dish 
and measured by reading the values at the surface 
of the ground sample using a colorimeter (Minolta, 
model CR-10, Japan). Sample color was evaluated 
in triplicate according to the method of Maisont  
et al.12 The colorimeter measured the color 
parameters of the sample in CIE chromaticity 
coordinates. Regarding lightness (L*) on a scale of 
0-100 (0 black and 100 white), redness (a*) in which 
positive values indicate undertone red and negative 
values indicate undertone green, and yellowness 
(b*) in which positive values indicate undertone 
yellow and negative values indicate undertone blue. 
The colorimeter was calibrated using a standard 
white porcelain plate (CIE Standard Illuminant D65).

Expansion Measurement
The thickness of 5 points was measured using a 
cross mark, and the center of each slice of tapioca 
crispy crackers before and after frying was measured 
with a Vernier caliper (Mitutoyo Vernier Caliper 530 
Series, Japan) and replicated three times according 
to the method of Maisont et al.12 The expansion of 
the puffed tapioca crispy crackers was calculated as 
a percentage of the difference in the average value 
of thickness before and after frying, compared to the 
average value of thickness before frying.

Expansion (%)=[((thickness after frying-thickness 
before frying))/(thickness before frying)]×100

Textural Measurement
The textural property of tapioca crispy crackers was 
measured in terms of hardness and fracturability 
using a TA.XT plus texture analyzer (Stable Micro 
Systems, Surrey, UK). A 35 mm cylindrical probe 
for a compression test was used. Texture analysis 
of the fairy mushroom tapioca crispy crackers was 
conducted by measuring the compression force (g) 
up to a 3 mm distance, with pre-test, test, and post-

test speeds set at 1 mm/s, and a trigger force of 5 
g. The peak value of the fracture force (maximum), 
at the point when the tapioca crispy crackers would 
break into two major pieces, was recorded as the 
hardness. The force at the first peak is taken as the 
fracturability for each sample. The textural property 
evolution was assessed on ten pieces of tapioca 
crispy crackers equilibrated to 25 ºC for each trial. 
The Texture Expert program version 6.1.1.0 was 
used for data analysis.

Sensory Evaluation
Sensory evaluation of the tapioca crispy crackers 
was performed with 30 panelists in a sensory 
laboratory with a separate booth design according 
to the method adapted from Maisont et al.12 The 
sensory panel consisted of undergraduate students 
(19–21 years old) from the 2nd and 3rd years of the 
Food Science and Technology Program, Phranakhon 
Rajabhat University. The panel included 5 males 
and 25 females. The study protocol was reviewed 
and approved by the Evaluation Committee of the 
Faculty of Science and Technology, Phranakhon 
Rajabhat University, Thailand. Before participation, 
informed consent was obtained from all panelists 
in accordance with ethical standards currently 
applied in Thailand, and their privacy rights were 
strictly observed. To ensure participant safety, 
allergy screening was carried out before sample 
distribution, and only individuals without mushroom 
or food allergies were enrolled. Five samples were 
each placed on white polystyrene plates labeled with 
three-digit random numbers and served to panelists 
in a randomized order. Between each sensory test, 
panelists were given water to rinse their palate to 
reduce sensory fatigue. Panelists evaluated the 
samples for appearance, color, odor, hardness, 
crispiness, taste, and overall liking using a 7-point 
hedonic scale, where score 1 represented extreme 
dislike and 7 represented the opposite extremely like.

Proximate Analysis
The proximate composition of the selected tapioca 
crispy cracker as the final product, including moisture, 
ash, protein, fat, crude fiber, and carbohydrate, was 
determined according to the methods established 
by AOAC(2025).10 The moisture content was 
determined using oven drying at 105 ºC up to 
constant weight. The ash content was determined 
in a muffle furnace at 550 ºC until a white or light 
grey ash was obtained. The protein content was 
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analyzed using the Kjeldahl technique, applying a 
nitrogen-to-protein conversion factor of 6.25. Fat 
content was measured through manual Soxhlet 
extraction. Crude fiber was assessed by igniting the 
dried residue left after sample digestion, with the 
fiber amount determined by the change in weight. 
Carbohydrates were estimated by subtracting the 
total of other measured components. All results were 
expressed as grams per 100 g of dry matter.

Carbohydrate (%)= 100-Protein (%)-Fat (%)-Crude 
Fiber (%)-Ash (%)

Shelf-Life Study
Analysis of the shelf life of the chosen tapioca crispy 
cracker sample in triplicate was carried out. Three 
replications of tapioca crispy crackers were analyzed 
at weekly intervals for 4 weeks. The samples were 
sealed in laminated aluminum foil pouches and kept 
at ambient conditions, 30±2 ºC. Therefore, various 
attributes related to texture and oxidative stability—
such as moisture content, water activity (aw), textural 
characteristics, peroxide value, and TBARS value—
were evaluated. The peroxide value indicates the 
presence of peroxides, primarily hydroperoxides, 
as initial products of lipid oxidation. TBARS 
(thiobarbituric acid reactive substances) analysis 
quantifies secondary oxidation products like carbonyl 
compounds, which can influence sensory quality. 
This test involves the reaction of malondialdehyde 
(MDA) with thiobarbituric acid, forming a pink 
complex measurable by spectrophotometry at 
wavelengths between 532 and 535 nm, according 
to the method of Maisont et al.12 A linear regression 
curve of the standard of 1,1,3,3-tetraethoxypropane 
(TEP) versus the relative light unit for each standard 

was plotted. The TBARS, as the milligrams of MDA 
per 1 kg sample, was calculated using the relative 
light unit obtained from the sample and the equation 
generated by the standard curve.

Statistical Analysis 
Tapioca crispy crackers were prepared in triplicate 
batches; mean values and standard deviations 
were calculated, and all results were expressed as 
mean ± SD. Analysis of variance (one-way ANOVA) 
was carried out using SPSS (IBM SPSS Statistics 
version 16). Duncan’s new multiple range test was 
used to find out the statistically significant differences 
in mean values between treatments at the level of 
P ≤ 0.05.

Research Ethics Certification
This study was reviewed and approved by the Ethics 
Evaluation Committee of Phranakhon Rajabhat 
University, under approval number 01.058/65.

Results
Characteristics of the Uncooked Tapioca Crispy 
Crackers 
Fairy mushrooms partially replaced tapioca flour 
contents in the dough process at contents of 0, 
100, 150, 200, and 250 (g) of total tapioca flour to 
produce uncooked tapioca crispy crackers. The 
results of the measurements of moisture content, 
water activity, and color of uncooked tapioca crispy 
crackers are given in Tables 2 and 3. Incorporating 
fairy mushrooms led to an increase in the moisture 
content of uncooked tapioca crispy crackers, rising 
from 8.33% to 8.79%. The aw of the uncooked 
tapioca crispy crackers was 0.60-0.63. 

Table 2: Moisture content and aw of uncooked tapioca crispy crackers

Fairy mushroom (g)	 Moisture content (%)	 aw

0	 8.33a ± 0.07	 0.60c ± 0.003
100	 8.37a ± 0.21	 0.62b ± 0.002
150	 8.48a ± 0.54	 0.63a ± 0.004
200	 8.54a ± 0.21	 0.63a ± 0.002
250	 8.79a ± 0.12	 0.63a ± 0.008

Tapioca flour was substituted with ground fairy mushroom at levels of 0 g (0%), 
100 g (20%), 150 g (30%), 200 g (40%), and 250 g (50%) of the total tapioca flour.
Mean ± standard deviation values in the same column for each sample followed 
by different superscript letters are significantly different (p ≤ 0.05).
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Physicochemical characteristics of Tapioca 
Crispy Crackers
Moisture content and aw of tapioca crispy crackers 
The moisture content and the water activity (aw) of 
cooked crispy crackers with different percentages of 
mushroom substitution for tapioca flour are shown in 

Table 4. The moisture content and aw ranged from 
4.13-4.74% and 0.32-0.35. 

Color of Cooked Tapioca Crispy Crackers
The color measurement L*, a*, and b* values of 
tapioca crispy crackers are shown in Table 5. The L* 

Table 3: Color of uncooked tapioca crispy crackers

Fairy mushroom (g)	 L*	 a*	 b*

0	 50.16a ± 0.11	 8.73d ± 0.15	 24.06a ± 0.05
100	 47.76b ± 0.23	 9.33c ± 0.23	 23.36b ± 0.11
150	 45.16c ± 0.15	 9.34c ± 0.05	 21.36c ± 0.11
200	 44.36d ± 0.11	 10.60b ± 0.10	 20.13d ± 0.15
250	 39.26e ± 0.11	 11.20a ± 0.26	 17.06e ± 0.05

Tapioca flour was substituted with ground fairy mushroom at levels of 0 g (0%), 100 g (20%), 
150 g (30%), 200 g (40%), and 250 g (50%) of the total tapioca flour.
Mean ± standard deviation values in the same column for each sample followed by different 
superscript letters are significantly different (p ≤ 0.05).

Table 4: Moisture content and aw of cooked crispy crackers

Fairy mushroom content (g)	 Moisture content (%)	 aw

0	 4.13b ± 0.13	 0.32c ± 0.002
100	 4.68a ± 0.24	 0.33b ± 0.006
150	 4.69a ± 0.06	 0.34b ± 0.005
200	 4.72a ± 0.05	 0.35a ± 0.003
250	 4.74a ± 0.13	 0.35a ± 0.002

Tapioca flour was substituted with ground fairy mushroom at levels of 0 g (0%), 
100 g (20%), 150 g (30%), 200 g (40%), and 250 g (50%) of the total tapioca flour.
Mean ± standard deviation values in the same column for each sample followed 
by different superscript letters are significantly different (p ≤ 0.05).

Table 5: Color of cooked tapioca crispy crackers

Fairy mushroom content (g)	 L*	 a*	 b*

0	 53.40a ± 0.34	 4.86e ± 0.05	 18.16a ± 0.15
100	 51.73b ± 0.20	 6.53d ± 0.37	 17.36b ± 0.30
150	 48.63c ± 0.28	 6.83c ± 0.05	 16.66c ± 0.15
200	 44.40d ± 0.43	 7.70b ± 0.10	 16.56c ± 0.30
250	 40.80e ± 0.10	 10.70a ± 0.10	 15.76d ± 0.15

Tapioca flour was substituted with ground fairy mushroom at levels of 0 g (0%), 100 g (20%), 
150 g (30%), 200 g (40%), and 250 g (50%) of the total tapioca flour.
Mean ± standard deviation values in the same column for each sample followed by different 
superscript letters are significantly different (p ≤ 0.05).
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value of tapioca crispy crackers samples substituted 
tapioca flour with ground fairy mushrooms of 0, 100, 
150, 200, and 250 (g) were 53.40, 51.73, 48.63, 
44.40, and 40.80, respectively, and it was significantly 
decreased (p ≤ 0.05) when fairy mushrooms were 
increased. The a* value of cooked tapioca crispy 
crackers samples substituted tapioca flour with 
ground fairy mushrooms of 0, 100, 150, 200, and 
250 (g) were 4.86, 6.53, 6.83, 7.70, and 10.70, 
respectively, and it was significantly decreased (p ≤ 
0.05) when fairy mushroom contents were increased 
(Table 5). While the b* value tapioca crispy crackers 
samples substituted tapioca flour with ground fairy 
mushrooms of 0, 100, 150, 200, and 250 (g) were 
18.16, 17.36, 16.66, 16.56, and 15.76, respectively, 

and it was significantly increased (p ≤ 0.05) when 
fairy mushroom contents were increased. 

Expansion and Textural Characteristics of 
Cooked Tapioca Crispy Crackers
The expansion ratio, hardness, and tractability of 
tapioca crispy crackers samples substituted tapioca 
flour with ground fairy mushrooms of 0, 100, 150, 
200, and 250 (g) were shown in Table 6. From Table 
6, the expansion ranged from 129.08-133.00, and 
textural characteristics, hardness, and factorability of 
tapioca crispy crackers ranged from 356.89-576.14 
gm g and 17.14-30.69 g, respectively. Expansion 
drops similarly for all mushroom levels (129-133%, 
Table 6), but hardness varies widely (356-576 g). 

Table 6: Expansion ratio, hardness, and fracturability of cooked tapioca crispy crackers

Fairy mushroom content (g)	 Expansion ratio	                            Characteristics
		
		  Hardness (g)	 Fracturability (g)

0	 133.00a ± 0.54	 356.89c ± 25.65	 17.14d ± 1.63
100	 129.48b ± 1.20	 457.40b ± 31.55	 23.85c ± 1.15
150	 129.40b ± 1.48	 460.63b ± 26.41	 26.47b ± 1.19
200	 129.23b ± 0.86	 550.07a ± 11.36	 28.35b ± 1.11
250	 129.08b ± 1.45	 576.14a ± 9.33	 30.69a ± 0.74

Tapioca flour was substituted with ground fairy mushroom at levels of 0 g (0%), 100 g (20%), 150 g (30%), 
200 g (40%), and 250 g (50%) of the total tapioca flour.
Mean ± standard deviation values in the same column for each sample followed by different superscript 
letters are significantly different (p ≤ 0.05).

Fig. 1: Sensory analysis of cooked tapioca crispy crackers

Sensory Analysis Results
The sensory attributes in terms of appearance, color, 
flavor, taste, crispiness, and overall acceptability 

for tapioca crispy crackers are presented in Figure 
1. Tapioca flour was substituted with ground fairy 
mushroom at levels of 0 g (0%), 100 g (20%), 
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150 g (30%), 200 g (40%), and 250 g (50%) of 
the total tapioca flour. The results showed that 
there were significant differences (p ≤ 0.05) in the 
appearance, color, flavor, taste, crispiness, and 
overall acceptability of the tapioca crispy crackers 
samples. The highest scores in appearance, color, 
flavor, taste, crispiness, and overall acceptability 
were found in tapioca crispy crackers where tapioca 
flour was substituted with fairy mushrooms at a 
content of 250 g. 

Characteristics of the Final Product
Proximate Composition
Tapioca crispy crackers samples with fairy 
mushrooms substituted for 250 g were analyzed for 
proximate composition according to the AOAC(2025) 
method.10 The results of the measurements of 

Table 7: Chemical composition of 
the final product

Compositions	 Content (%)

Moisture	 4.74 ± 0.13
Protein	 2.39 ± 0.11
Fat	 23.31 ± 0.07
Crude fiber	 0.24 ± 0.01
Ash	 2.49 ± 0.06
Carbohydrate	 67.06 ± 0.09

moisture, protein, fat, fiber, ash, and carbohydrate 
content in the final tapioca crispy crackers product 
were 4.74±0.13, 2.39±0.11, 23.31±0.07, 0.24±0.13, 
2.49±0.01, and 67.06±0.09, respectively (Table 7). 

Table 8: Color of tapioca crispy crackers during storage

Weeks	 L*	 a*	 b*

0	 40.76e ± 0.11	 7.06a ± 0.05	 16.36ab ± 0.51
1	 41.53c ± 0.15	 6.90ab ± 0.26	 16.46a ± 0.15
2	 41.20d ± 0.10	 7.00ab ± 0.20	 16.16ab ± 0.23
3	 41.80b ± 0.17	 6.90ab ± 0.10	 15.90b ± 0.10
4	 42.48a ± 0.50	 6.73b ± 0.11	 15.86b ± 0.11

Mean ± standard deviation values in the same column for each sample 
followed by different superscript letters are significantly different (p ≤ 0.05).

Fig. 2: Hardness; [a] and fracturability; [b] of tapioca crispy crackers during storage

Shelf-Life
Analysis of the shelf life of tapioca crispy crackers, 
with 250 g of fairy mushrooms substituted, was 
conducted weekly over four weeks. The samples 
were packed in thick polypropylene plastic bags 
and stored at a room temperature of 30±2 ºC. The 

shelf-life studies on physicochemical characteristics 
were carried out on tapioca crispy crackers during 
storage, and the color results are given in Table 8. 
The color measurement L*, a*, and b* values of 
the tapioca crispy crackers with fairy mushrooms 
substituted 250 g are shown in Table 8. The L* value 



1372OUMAREE et al., Curr. Res. Nutr Food Sci Jour., Vol. 13(3) 1364-1379 (2025)

of the tapioca crispy crackers significantly increased  
(p ≤ 0.05) when storage time increased. In contrast, 
the a* and b* values significantly decreased  
(p ≤ 0.05) with increased storage times.

The hardness analysis of the tapioca crispy crackers 
with fairy mushrooms substituted 250 g was showed 
in Figure 2[a]. It was observed that the product's 
hardness decreased with an increase in storage 
period. The hardness of the product at the start of 
storage (0th week) was 580.32 g. Following four 
weeks of storage, the hardness of the crispy crackers 
decreased to 414.24 g. The crispiness of the tapioca 
crispy crackers with fairy mushrooms substituted 
250 g was evaluated from the fracturability value, 
showing that as time passes, the product loses 
its crispiness Figure 2[b]. The fracturability of the 
product during the first week of storage was 45.44 
g. However, after being stored for four weeks, the 
fracturability decreased to 24.82 g.

Figure 3[a] and 3[b] show that the moisture content 
and the water activity in the tapioca crispy crackers 
with fairy mushrooms substituted 250 g, increased 
with increasing storage time. During the first two 
weeks, an increase in water activity was observed, 

ranging from 0.33 to 0.40. During the second to 
fourth weeks, the water activity of these samples 
showed no significant change, remaining in the 
range of 0.40 to 0.43. 

The results of the measurement of peroxide value 
are shown in Figure 3[c]. It was found that the 
peroxide value during storage of the fairy mushroom 
tapioca crispy cracker was presented with an initial 
value of 0.05 g/100g sample, the peroxide value 
sharply increased after three weeks of storage 
to 0.07, 0.09, and 0.11 g/100g sample, and the 
peroxide value was 0.12 g/100g sample for four 
weeks of storage.

In addition, the Thiobarbituric acid reactive 
substances (TBARS) of tapioca crispy crackers 
with fairy mushrooms substituted 250 g were also 
measured. The results of the measurement of 
TBARS values (expressed as absolute OD) are 
given in Figure 3[d]. During storage at 30 ºC, the 
increase in TBARS values of the fairy mushroom 
tapioca crispy crackers is presented with an initial 
value of 1.92 g/100g sample. The TBARS values 
increased to 2.32, 2.70, 3.27, and 3.92 g/100g 
sample after four weeks of storage. 

Fig. 3: Moisture content; [a], water activity; [b], peroxide value; [c], and TBA; 
[d] of  tapioca crispy crackers during storage
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Figure 4 presents the sensory analysis of the tapioca 
crispy crackers with fairy mushrooms substituted 
for 250 g during storage. It was carried out with one 
sample at each storage time across five separate 
evaluation sessions. As the storage time increased, 

the panelists' liking scores of all attributes tended 
to decrease. Although their scores for appearance, 
color, rancidity, crispness, taste, and overall likability 
decreased, the panellists were still able to accept the 
tapioca crispy cracker.

Fig. 4: Sensory analysis of tapioca crispy crackers during storage

Discussion
Characteristics of the Uncooked Tapioca Crispy 
Crackers 
According to Table 2, it was found that the moisture 
and aw of the uncooked tapioca crispy crackers 
increased with an increase in fairy mushrooms. The 
increase in moisture content and water activity of the 
uncooked tapioca crispy crackers with higher levels 
of fairy mushroom incorporation may be attributed to 
the residual moisture present in the steamed ground 
mushroom. According to Finimundy et al.,1 although 
the mushrooms were squeezed to remove excess 
water after steaming, some moisture remained 
within the mushroom tissue due to its porous and 
fibrous structure, contributing to the higher moisture 
and aw values in the formulated crackers. The 
color characteristics of uncooked tapioca crispy 
crackers are presented in Table 3. The L* and a* 
values of the uncooked tapioca crispy crackers 
sample y increased (p ≤ 0.05), whereas the b* value 
decreased with the addition of fairy mushrooms to 
the tapioca crispy crackers recipe.

Physicochemical characteristics of Tapioca 
Crispy Crackers
Moisture content and aw of tapioca crispy crackers 
The moisture content and aw of tapioca crispy 
crackers were lower than 10.0% for moisture and 
less than 0.6 for aw, indicating it is very dry, a 

factor that inhibits microbial growth and suggests 
it is shelf-stable, as reported by Mathlouthi,13 which 
is consistent with the experimental results found 
by Pichaiyongvongdee et al.,14 in calcium-fortified 
vegetable crispy waffles with riceberry. Uncooked 
samples show significant differences (0.60 - 0.63, 
Table 2), but post-frying aw is similar (0.32 - 0.35, 
Table 4). Attribute this to the dehydrating effect of 
frying, but note that mushroom-rich samples retain 
slightly higher aw. Moisture content and aw of the 
tapioca crispy crackers, formulated by partially 
replacing tapioca flour with fairy mushrooms at 
0, 100, 150, 200, and 250 g levels, significantly 
increased with higher levels of mushroom substitution 
(p ≤ 0.05). Nevertheless, microbial growth was 
effectively controlled, as described by Larrauri.15 The 
moisture content increases with the amount of fairy 
mushrooms due to the water-retaining properties of 
proteins in the mushroom. Therefore, an increase in 
ground fairy mushrooms results in higher moisture 
levels. This is because the increased moisture 
content in the tapioca crisp crackers causes the aw 
of the tapioca crisp crackers to increase accordingly.

Color of Cooked Tapioca Crispy Crackers
Color is an important quality attribute of fried food. 
The findings of Othman,16 who reported that the ideal 
color for fried food is light golden brown, which is due 
to the browning reaction during frying. The L* value of 
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tapioca crispy crackers samples substituted tapioca 
flour with ground fairy mushrooms was significantly 
decreased (p ≤ 0.05) when fairy mushrooms were 
increased. The crispy crackers were darker. This 
might be because the use of more fairy mushrooms 
decreased the expansion rate of the fairy mushroom 
tapioca crispy crackers. A higher expansion rate 
produces a more porous, aerated structure with 
larger air pockets. These air pockets scatter light 
more effectively, making the cracker appear brighter 
(higher L*).12 This decrease in the expansion rate of 
the tapioca crispy crackers affected the brightness 
value, causing it to decrease as well.

The a* value of cooked tapioca crispy crackers 
samples substituted tapioca flour with ground fairy 
mushrooms was significantly decreased (p ≤ 0.05) 
when fairy mushroom contents were increased 
(Table 5). While the b* value tapioca crispy crackers 
samples substituted tapioca flour with ground fairy 
mushrooms was significantly increased (p ≤ 0.05) 
when fairy mushroom contents were increased. This 
was due to the color of ground fairy mushrooms 
being brown; thus, when brown mushrooms are 
added and the amount of flour is reduced, the 
tapioca crispy crackers turn to a dark brownish and 
lower yellow color compared to the control tapioca 
crispy crackers. The brown color can be caused by 
the Maillard reaction and the degradation of heat-
sensitive pigments, which occurs between amino 
acids in the mushrooms and sugars in the flour 
during high-heat cooking, as reported by Jiapong and 
Ruttarattanamongkol.17 Furthermore, the samples 
underwent milling and were then analyzed for color 
using the Hunter Lab colorimeter. It is important to 
note that the color of the milled material may differ 
from that of the surface due to the exposure of the 
inner material. Also, the study of Sarawong et al.,18 
who reported that substituted wheat flour with whole 
leaf and chloroplast-rich rice grass caused cookies 
to become darker (lower L*) and greener (higher 
a-negative) due to chlorophyll content. Darkening of 
the product's color when plant-based materials are 
added, likely due to natural pigments and Maillard 
reaction effects during heating. It was reported by 
Ayustaningwarno et al.,19 that the homogenization 
process involves mixing the light and dark color 
areas, as well as blending the surface material with 
the internal tissue and oil in vacuum-fried fruits.

Expansion and Textural Characteristics of 
Cooked Tapioca Crispy Crackers
The textural properties in fried products result from 
chemical changes in the frying process. An indicator 
of crispiness was determined by measuring the 
force required to break the fried tapioca crispy 
cracker samples, where a lower breaking force 
reflects higher crispiness, as described by Su et 
al.20 From Table 6, expansion drops similarly for 
all mushroom levels (129-133%, Table 6), but 
hardness varies widely (356-576 g). At 250 g, 
protein may dominate over starch, limiting expansion 
but increasing hardness. It was observed that the 
addition of fairy mushrooms to the tapioca flour 
reduced starch content in the mixture, causing 
poor water absorption and producing smaller and 
less crispy tapioca samples. This was due to the 
interaction between the substituted fairy mushroom 
and the starch granules, which inhibited expansion. 
More mushrooms substituted for tapioca flour, less 
protein content, thus less water absorption. The 
results of this study are consistent with those of 
Mathlouthi13 and Faridah et al.,21 confirming starch 
granules require water absorption and gelatinization 
to create air cells that contribute to the product's 
expansion. The results are in good agreement 
with the findings of Prapasuwannakul et al.22 The 
functional properties of flour are important in the 
production of snack products. Mushrooms have a 
higher bulk density value, meaning they take up 
less space per unit weight. However, Mihiranie et 
al.23 documented that flour is lighter and easier to 
transport; thus, flour occupies more space due to 
its lower bulk density. The amount of amylopectin in 
the flour affects the expansion, with higher amounts 
resulting in better expansion and less hardness. In 
this experiment, as shown in Table 6, the reduced 
degree of expansion led to fewer air cells forming, 
increasing the hardness. High porosity, or the 
presence of a lot of air, can decrease hardness, as 
described by Kumar et al.24 Moreover, incorporating 
fairy mushrooms in tapioca dough improved the fiber 
content (Table 6), influencing the dough’s rheological 
characteristics and, consequently, contributing to the 
high hardness and fracturability of the sample, which 
is consistent with the experimental results found by 
Mouminah and Althaiban.25 The studies show that 
fiber- or protein-rich ingredients can alter the texture 
negatively or positively, depending on the target 
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product.18,25 Higher hardness may be acceptable 
or desirable, as in tapioca crispy crackers. Similar 
data was obtained by Matidza et al.,26 whereby 
the incorporation of unripe banana flour increased 
the hardness of the wheat final product. However, 
findings are limited to lab-scale batches; commercial 
frying may alter texture.

Sensory Analysis 
Crispiness is a crucial sensory quality that determines 
the acceptability of snack products for consumers. 
Using fairy mushroom content can affect the 
crispiness of the product in different ways (Figure1). 
Among all formulations, the 250 g substitution 
level provided the most favorable balance of 
sensory and physicochemical attributes. Although 
higher mushroom content reduced expansion and 
increased hardness, panelists preferred the 250 g 
sample for its umami flavor and crispiness, giving 
it the highest overall liking scores. This formulation 
was therefore selected as the final product for further 
analysis. 

Characteristics of the Final Product
Proximate Composition
Tapioca crispy crackers samples with fairy 
mushrooms substituted for 250 g were analyzed 
for moisture content (Standard oven dry method), 
protein content (Kjeldahl method), fat content 
(Soxhlet method), fiber content (Weende method), 
ash, and carbohydrate contents according to 
the AOAC method.10 The 250 g substitution was 
selected because it balanced sensory appeal and 
physicochemical properties; higher mushroom 
levels reduced expansion and brightness, but 250 g 
maintained crispiness, umami flavor, and overall 
acceptability. Protein only increased to 2.39% (Table 
7) negligible compared to the daily requirements 
(~50 g/day) for the Thai recommendation.

Shelf-Life
The color measurement L*, a*, and b* values of 
the tapioca crispy crackers with fairy mushrooms 
substituted 250 g are shown in Table 8. The L* 
value of the tapioca crispy crackers significantly 
increased (p ≤ 0.05) when storage time increased. In 
contrast, the a* and b* values significantly decreased  
(p ≤ 0.05) with increased storage times, indicating 
the stored samples became brighter, redder, and less 
yellow compared to the fresh tapioca crispy crackers 
sample. Thus, the product color was brown with a 

brighter. The lowest percentage decrement in L* 
value is desirable because the product will undergo 
a frying process in which the browning reaction will 
occur and cause the product to become darker. 
The b* values of the samples increased gradually 
with storage time. These results align with those 
reported by Othman et al.,16 who studied the effects 
of different batter coating formulations composed 
of wheat flour, rice flour, corn flour, crispy flour, 
and spicy flour on the production of crispy chicken 
burger patties. 

According to the hardness analysis of the tapioca 
crispy crackers with fairy mushrooms substituted 
250 g from Figure 2[a], it was observed that the 
product's hardness decreased with an increase in 
storage period. This softening corresponded with 
an increase in moisture content over time (Figure 
3[a]). This behavior has also been documented 
by Morais et al.27 The changes undergone by food 
hardness are directly linked to structural changes 
undergone during its storage. All samples were 
kept in the same condition in thick polypropylene 
plastic bags. Water, due to its plasticizing effect, 
is one of the main elements responsible for these 
changes; thus, increasing moisture resulted in a 
consequent reduction of the cracker hardness. It 
may be due to the crackers absorbing moisture from 
the atmosphere, which usually leads to the softening 
of the crackers, and the speed of moisture pick-up 
is related to the ambient conditions, as reported by 
Romeo et al.28 

The force required to break the crispy tapioca 
crackers was used as an indicator of crispiness, 
where a lower breaking force signifies higher 
crispiness as can be observed from Figure 2[b], the 
crispiness of the tapioca crispy crackers with fairy 
mushrooms substituted 250 g, as evaluated from the 
fracturability of the tapioca crispy crackers, showed 
that as time passes, the product loses its crispiness. 
The moisture content in the tapioca crispy crackers 
with fairy mushrooms substituted 250 g, increased 
with increasing storage time (Figure 3[a]). This 
result was correlated with Romeo et al.28 This 
phenomenon was probably due to water migration 
from the environment, documented by Chowdhury 
et al.29 These findings demonstrate that variations 
in storage conditions lead to differences in moisture 
content. The low moisture content of the products 
is important for prolonging their shelf life. However, 
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in this study, the moisture content in tapioca crispy 
crackers must not exceed 12% by weight under the 
regulation of Thai Community Products Standards 
107/2554: Crispy Snack.30

 

From Figure 3[b], the aw in the tapioca crispy 
crackers with fairy mushrooms substituted 250 
g, increased with increasing storage time. The 
results follow the moisture results in Figure 3[a]. 
Romeo et al.28 observed that the decrease in aw 
was correlated to the moisture content in cookies, 
and this decrease was less at 30 ºC compared to 
cookies at 20 ºC. During the first two weeks, an 
increase in aw was observed. During the second to 
fourth weeks, the aw of these samples showed no 
significant change. Considering typical household 
storage conditions for crispy crackers, the samples 
were stored in thick polypropylene plastic bags under 
the same conditions. However, it was found that 
this type of packaging allows both gas and water 
vapor to permeate, which can negatively affect 
product quality. If there is too much moisture in the 
food, it can lead to spoilage and cause changes 
in chemical reactions catalyzed by enzymes. This 
can result in the growth of microorganisms, which 
is the main cause of food spoilage. However, it 
has been observed that the aw of fairy mushroom 
tapioca crispy crackers is below 0.5, meaning no 
microorganism can grow on it, as documented by 
Mathlouthi.13 

It was found that the peroxide values of fairy 
mushroom tapioca crispy crackers during storage at 
temperatures of 30 ºC increased as the storage time 
increased (Figure 3[c]). The increase in peroxide 
values during storage of the fairy mushroom tapioca 
crispy crackers is presented, then sharply increased 
after three weeks of storage. 

In addition, during storage at 30 ºC, TBARS values 
of fairy mushroom tapioca crispy crackers tended 
to increase as the storage time increased (Figure 
3[d]). Raiyan et al.31 got TBARS values for seaweed-
formulated crackers in initial storage time, 1.12 - 1.85 
mg/kg sample, similar to this study. This implies 
that as storage time increases, there is a greater 
formation and development of secondary oxidation 
products. Bunkar et al.32 found that the TBARS value 
of instant Kheer mix powder also increased during 
storage and that this increase was dependent on 
temperature.

Fat is the second largest ingredient in snacks, and 
the presence of free fatty acids indicates lipase 
activity or other hydrolytic actions. This can lead 
to the development of rancidity, resulting in an 
unpleasant taste and odor during storage. Currently, 
an oversupply of mushrooms in the market has led 
to a decline in prices.19 Based on the sensory quality 
assessment of the tapioca crispy crackers with fairy 
mushrooms substituted 250 g, it was found that 
as the storage time increased, the panelists' liking 
scores tended to decrease  (Figure 4). Although their 
scores for appearance, color, rancidity, crispness, 
taste, and overall likability decreased, the panellists 
were still able to accept the tapioca crispy crackers in 
the 4th week of storage. Therefore, fairy mushroom 
tapioca crispy crackers can be stored for more than 
four weeks in thick polypropylene bags at a room 
temperature of 30 ºC. However, though chemically 
stable, sensory scores dropped by 20% after 4 
weeks, suggesting a 3-week shelf life for premium 
quality.

Conclusion
The tapioca flour was substituted with fairy 
mushrooms to produce the tapioca crispy crackers. 
The color and texture of tapioca crispy crackers 
were influenced by the addition of fairy mushrooms 
as a raw material. Crackers formulated with fairy 
mushrooms exhibited a darker color, increased 
hardness, and greater fracturability compared to 
those without mushroom substitution. These results 
indicate that the inclusion of fairy mushrooms 
affected both the physical and sensory properties of 
the product. The texture of tapioca crispy crackers 
is a key quality attribute influenced by the addition 
of fairy mushrooms. While hardness increased by 
61%, expansion dropped by 3% - a key consideration 
for industrial production. Among the formulations, 
the sample containing 250 g of fairy mushrooms 
received the highest sensory acceptance scores 
and was selected as the final product. The quality 
of the selected fairy mushroom–fortified crackers 
is affected by storage duration; however, they 
maintained acceptable physical and antioxidant 
properties for up to four weeks when stored at 30 ºC. 
Based on these findings, fairy mushroom tapioca 
crispy crackers show potential as a high-quality 
snack formulated for higher protein content. Since 
the product is fried, alternative packaging methods, 
such as vacuum sealing or nitrogen flushing, could 
be investigated for further study to enhance the 
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shelf stability of tapioca crispy crackers with fairy 
mushroom. Evaluating different storage conditions 
in combination with these packaging approaches 
could further extend product quality and consumer 
acceptability.
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