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This study aimed to optimize a fried snack formulation comprising Tubtim Chum
Phae rice flour (RF; 60-79%), watermeal (Wolffia arrhiza, WM; 11-30%), and rice
protein isolate (RP; 5-10%) to enhance protein content and functional properties,
including total phenolic content (TPC), total flavonoid content (TFC), and antioxidant
activity (AOA). Response Surface Methodology (RSM) with an I-optimal design
was employed to predict the effects of ingredient ratios on all responses. The
optimized formulation was validated through experiments, and its microstructure
was analyzed using SEM. The amino acid profile was also determined. The RSM
models accurately predicted the effects of ingredient ratios on all responses.
Numerical optimization identified an optimal formulation consisting of 60.91%
RF, 29.70% WM, and 8.39% RP, with validation experiments confirming strong
agreement between predicted and actual values. The optimized snack exhibited
20.68% protein and improved functional properties. It showed a hardness of 14.04 N
and a porous, hon-uniform microstructure under SEM analysis. In addition, the
amino acid profile, particularly in essential amino acids, was markedly enhanced
compared to that of rice flour alone. These findings demonstrate that incorporating
WM and RP using RSM is an effective strategy to improve the nutritional and
antioxidant properties of rice-based snacks.
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1 Introduction

Deep-fried rice snacks are highly popular and commonly
consumed, especially in Asian countries. However, conventional rice-
based snacks are typically low in essential nutrients such as protein and
lack significant amounts of beneficial phytochemicals like phenolic
compounds, which contribute to antioxidant activity (Bhattacharya
and Narasimha, 2008). Therefore, numerous researchers have studied
the potential of enriching rice-based snacks with various ingredients
to enhance their nutritional and functional properties, including the
incorporation of legumes (Annapure et al., 1998; Farah et al., 2023),
herbs and spices (Sharma et al., 2024), turmeric powder (Oiveira et al,
2020), pulse seed coats (Bresciani et al., 2023), rice bran hydrolysates
(Supawong et al., 2019), and cowpea paste (Apea-Bah et al., 2017).
Although frying reduced some of these benefits, previous studies
indicated that potential health benefits, such as significant levels of
phenolic compounds and antioxidant capacity, could still be retained
in the final product (Apea-Bah et al., 2017; Sharma et al., 2024). In
addition, extruded snacks are increasingly acknowledged for their
potential to combat malnutrition, particularly in developing countries
(Shah et al, 2019). These snacks can be fortified with protein and
carbohydrates, enhancing their nutritional profile and digestibility
(Shafiq et al., 2024). Extrusion processing improves the bioactive and
antioxidant properties of snacks, although it may lead to a reduction in
total phenolic content (Dilrukshi et al., 2022; S. Wani and Kumar,
2016). Previous studies have shown that adding protein sources such
as pea, soy, and fish into rice-based extrudates can significantly increase
protein content and enhance amino acid composition (Omwamba and
Mahungu, 2014; Philipp et al., 2017; Dileep et al., 2010).

Rice flour is commonly used as the main ingredient in deep-fried
snack formulations. Therefore, selecting an appropriate type of rice
flour presents an opportunity to enhance the intrinsic nutritional
value of the snack. Thai pigmented rice varieties, particularly black
and red rice, have been shown to possess high antioxidant activities
and beneficial phytochemicals (Vichit and Saewan, 2015; Chinprahast
et al, 2016). These rice varieties contain phenolic compounds,
anthocyanins, and proanthocyanidins, which contribute to their
antioxidant properties (Melini and Acquistucci, 2017).

Tubtim Chum Phae rice, a red-pigmented Thai hybrid from Surin,
is known for its higher phytochemical content, antioxidant activity, and
nutritional value compared to white rice (Kammapana, 2023; Muntana
and Prasong, 2010). In addition to selecting a suitable base flour,
incorporating nutrient-rich ingredients is a key strategy for enhancing
the nutritional profile of snack products. Watermeal (Wolffia arrhiza (L.)
Wimm.), recognized as the smallest flowering plant, has emerged as a
promising superfood with significant nutritional advantages (Hu et al.,
2022). It contains a high level of quality protein (typically 20-30% dry
weight) encompassing essential amino acids that meet WHO standards
for child nutrition (Bhanthumnavin and McGarry, 1971; Appenroth
et al,, 2018). Furthermore, watermeal is rich in polyunsaturated fatty

Abbreviations: AOA, Antioxidant activity measured by the DPPH radical scavenging
assay; GAE, Gallic acid equivalent; N, Newton; QE, Quercetin equivalent; RF, Tubtim
Chum Phae rice flour; RP, Rice protein isolate powder; RSM, Response surface
methodology; TE, Trolox equivalent; TFC, Total flavonoid content; TGase,
Transglutaminase; TPC, Total phenolic content; WM, Watermeal (Wolffia arrhiza

(L) Wimm.) powder.
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acids, including omega-3 s, and possesses considerable antioxidant
properties derived from its natural endowment of phenolics, flavonoids,
and tocopherols (Boonarsa et al., 2024). Its rapid growth cycle and high
nutrient yield also position it as a sustainable ingredient source (Hu
et al,, 2022). Its versatility allows for incorporation into various food
products, such as noodles (Khemthong et al., 2021).

Adding a concentrated protein source is a choice used to enhance
protein in fortified snacks. Rice protein isolates (RPI) has emerged as
promising alternatives to traditional plant-based proteins. Previous
studies show that RPI contains approximately 78-92% protein by
weight, with essential amino acid profiles comparable to soy protein
(Kalman, 2014). RPI has good functional properties, including water-
binding capacity, foaming, and emulsification (Modupalli et al., 2024).
Nutritionally, RPI has been found to lower cholesterol levels in rats
more effectively than casein (Morita et al., 1996; Zawistowski et al.,
2009), meets most essential amino acid requirements for children
(Wang et al., 1999; Waksmanska et al., 2023). Moreover, rice protein
is hypoallergenic due to its lack of gluten, making it suitable for infant
formulas and gluten-sensitive individuals (Jayaprakash et al., 2022).

Response surface methodology (RSM) is widely used to optimize
formulations and processing conditions for extruded snacks. Studies have
employed RSM to develop snacks using various ingredients, including
soy, sorghum, lupin, pumpkin, milk protein, barley, sweet potato,
flaxseed, and peanut flours (Seth and Rajamanickam, 2012; Alefew et al,,
2024; Yadav et al., 2021; Trevisan and Aréas, 2012; Suknark et al., 1997;
Badwaik etal., 2014). RSM has been successful in developing snacks with
improved nutritional profiles, such as increased protein, fiber, and
P-glucan content (Yadav et al., 2021; Trevisan and Aréas, 2012). While
D-optimal designs are commonly used, I-optimal designs may be more
appropriate for response surface experiments as they focus on minimizing
the average variance of prediction over the experimental region (Jones
and Goos, 2012). This study aimed to optimize the formulation of a deep-
fried rice-based snack using an I-optimal design, focusing on the
incorporation of Tubtim Chum Phae rice flour (RF), watermeal (WM),
and rice protein isolate (RP). The effects of these ingredients on the
physicochemical and functional properties of the snack were investigated
to identify the optimal formulation. Additionally, the study analyzed the
amino acid profiles of RE WM, RP, and the optimized snack prototype,
and examined the microstructure of the snack.

2 Materials and methods
2.1 Raw materials

Tubtim Chum Phae rice flour (RF), watermeal (Wolffia arrhiza
(L.) Wimm.) powder (WP), and rice protein isolate powder (RP) were
the primary ingredients in this study. RF was obtained from Ka-Tip-To
farm (Khon Kaen, Thailand), WP from Advanced Greenfram Co., Ltd.
(Nakhon Pathom, Thailand), and RP from Billion Gifts of Nature Co.,
Ltd. (Bangkok, Thailand). Transglutaminase (TGase), used as a minor
additive, was procured from Ajinomoto Co., Inc. (Nagoya, Japan).

2.2 |-optimal experimental design

An I-optimal experimental design was employed to determine the
optimal proportions of major ingredients (RE, WP, and RP) for snacks
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TABLE 1 Ingredient composition of the I1-optimal mixture design for watermeal and rice protein-isolate fortified fried rice snacks.

Ingredient Code Low value (0) High value (1)
Tubtim Chum Phae rice flour (RF) X1 60 79
Watermeal powder (WP) X3 11 30
Rice protein isolate powder (RP) X2 5 10

production, aiming for efficiency by minimizing the number of
experimental runs. The independent variables included RF (X1;
60-79%), RP (X2; 5-10%), and WP (X3; 11-30%), as shown in Table 1.
This approach facilitated the determination of ingredient ratios where
the combined proportion of RE RP, and WP was constrained to 99%
of the total mixture. The mixture design calculations treated the relative
proportions of these three components as pseudo-components,
summing to 100%. Subsequently, TGase was added at a fixed level of
1% to all formulations, resulting in a complete mixture of 100%. The
experimental design consisted of 16 experimental runs, including six
required model points, five replicate points, and five lack-of-fit points,
as shown in Table 2. The response variables determined in this study
included the physicochemical and functional properties of the snacks,
including hardness (Y1), protein content (Y2), total phenolic content
(Y3), flavonoid content (Y4), and antioxidant activity measured by
DPPH radical scavenging activity (Y5).

2.3 Production of snack

The snack production process was adapted from Musika et al.
(2024) with modifications. Ingredients were blended according to
each experimental formulation, as shown in Table 3, and processed
using a co-rotating intermeshing twin-screw extruder (Charoentat
Co., Ltd., Samut Prakan, Thailand).

The extruder was equipped with a hollow cylindrical barrel
consisting of six heating zones, set at 40, 70, 90, 100, 100, and 70°C,
respectively. The die temperature was maintained at 70°C throughout
the extrusion process. Extrusion was performed through a die with a
5.0 mm diameter at a moisture feed rate of 30% and a screw speed of
100 rpm. The extrudates were then cut into 5 cm lengths and deep-
fried in palm olein oil at 150°C for 1 min using a fryer (Union Science
Trading Co., Ltd., Khon Kaen, Thailand). After frying, the samples
were air-cooled at room temperature, packed in aluminum foil
pouches, and stored at room temperature for further analysis.

2.4 Texture

The hardness of snack samples was measured using a CT3 Texture
Analyzer (Brookfield, USA) equipped with a TA7 blade probe and a
TA-TPB fixture. Measurements were performed in compression mode
with a target displacement of 15 mm, a trigger force of 1 N, and a test
speed of 1 mm/s.

2.5 Chemical analysis

Chemical analyses included the determination of moisture, fat,
and protein. The moisture content of the ingredients was measured
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using the hot air oven method (AOAC, 2002), and the fat content was
determined by Soxhlet extraction (AOAC, 2000). The protein content
of the ingredients (RE, WM, RP) and the final snacks was determined
using the Kjeldahl method (AOAC, 2000). Following digestion and
distillation, automatic titration was performed with a TitroLine 7,000
(SI Analytics, Germany) using standardized 0.1 N HCI. Protein was
calculated using conversion factors of 5.95 for RF and 6.25 for WM,
RP, and snacks.

2.6 Functional properties

2.6.1 Extraction

The RE, WM, RP, and snack samples were extracted based on the
method of (Piayura and Itthivadhanapong, 2023), with modifications.
A 2 g portion of the ground sample was extracted with 20 mL of 70%
aqueous methanol by shaking in a refrigerated shaking incubator (NB
2-5-VL, N-BIOTEK, Republic of Korea) at 200 rpm and 4°C for 3 h.
The extract was then centrifuged at 3,000 x g and 4°C for 10 min
using a centrifuge (2-16KL, Sigma, Germany). Before further analysis,
the supernatant was collected and filtered through a 0.45pm
syringe filter.

2.6.2 Total phenolic content (TPC)

The TPC was determined using the Folin—-Ciocalteu method
(Piayura and Itthivadhanapong, 2023) with some modifications. A
125 pL sample extract was mixed with 3.0 mL of deionized (DI) water,
then 250 pL of Folin-Ciocalteu reagent (1:1, Folin-Ciocalteu: absolute
methanol) and mixed for 1 min. The mixture was then incubated in the
dark at room temperature for 6 min. Subsequently, 2.50 mL of 7%
Na,CO; 7% was added and mixed for 1 min, followed by further
incubation in the dark at room temperature for 90 min. Absorbance
was measured at 760 nm using a double-beam spectrophotometer
(Libra S70, Biochrom, UK). The TPC was calculated using a standard
curve of gallic acid (0.025-0.400 pg/mL) and expressed as mg gallic
acid equivalent (GAE)/100 g dry weight (mg GAE/100 g dw).

2.6.3 Total flavonoid content (TFC)

The total flavonoid content (TFC) was determined using the
aluminum chloride colorimetric method described by Mala et al.
(2024) with modifications. A 500 pL aliquot of extract was mixed with
3.0 mL of DI water and 150 pL of 5% NaNO, solution, mixed for
1 min, and incubated in the dark at room temperature for 6 min.
Subsequently, 300 pL of 10% AICI; solution was added and left to
stand in the dark for 5 min. Afterward, 1.0 mL of 1 M NaOH was
added and incubated for 30 min in the dark at room temperature.
Absorbance was measured at 510nm using a double-beam
spectrophotometer. The TFC was calculated using a quercetin
standard curve and expressed as mg quercetin equivalent per 100 g
dry weight (mg QE/100 g dw).
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TABLE 2 Effects of ingredient composition on the physicochemical and functional properties of snacks.

10.3389/fsufs.2025.1661446

True level (%) Hardness Protein TPC (mg TFC (mg AOA (mg

(N) (%) GAE/100 g QE/100 g TE/100 g
RP dw) dw) dw)
1 63 26 10 1 1333 22.68 2,550.65 443.86 143.56
2 79 11 9 1 624 17.55 1,378.33 188.74 92.32
3 74 15 10 1 9.88 18.43 1,696.29 245.54 11117
4 60 30 9 1 1530 21.80 3,045.63 54553 173.93
5 79 15 5 1 8.66 14.92 1,788.31 31228 111.23
6 64 30 5 1 12.70 17.00 3,236.54 599.03 183.27
7 74 20 5 1 9.51 15.79 2,171.13 418.76 125.47
8 70 2 7 1 1035 18.08 2,327.61 437.37 134.70
9 68 26 5 1 11.66 17.09 2,537.05 498.58 148.11
10 60 30 9 1 16.50 21.73 3,029.68 550.35 173.48
11 70 2 7 1 9.60 18.40 2,365.92 449.89 138.66
12 70 2 7 1 11.03 18.94 2,398.85 43234 135.41
13 70 2 7 1 1029 18.66 2,279.40 444.62 132.45
14 66 23 10 1 12.72 2151 2,395.76 402.89 132.46
15 79 11 9 1 6.96 17.10 1,472.73 263.67 106.06
16 70 19 10 1 11.30 19.89 2,016.36 363.52 127.40

RE Tubtim Chum Phae rice flour; WP, watermeal powder; RP, rice protein isolate powder; TPC, total phenolic content; TFC, total Flavonoid content; AOA, antioxidant activity (DPPH radical
scavenging assay); GAE, gallic acid equivalent; QE, quercetin equivalent; TE, trolox equivalent.

TABLE 3 Chemical and functional properties of the ingredients for the snack production.

Ingredient Moisture Protein Fat content TPC (mg TFC (mg AOA (mg
content (%) content (%) (%) GAE/100 g dw) QE/100 gdw)  TE/100 g dw)
RF 10.09 +0.75 8.17+0.23 219+0.03 3,581.25 + 47.65 47628 +39.57 365.56 = 12.02
WM 7.35 +0.02 34,02 +0.43 3704026 10,277.49 + 115.61 2,089.46 + 13.79 588.90 + 21.38
RP 2.30+0.20 90.06 + 0.56 406 +0.37 412,03 +0.10 80.47 + 4.67 3136 +11.06

RE, Tubtim Chum Phae rice flour; WP, watermeal powder; RP, rice protein isolate powder; TPC, total phenolic content; TFC, total Flavonoid content; AOA, antioxidant activity (DPPH radical

scavenging assay); GAE, gallic acid equivalent; QE, quercetin equivalent; TE, trolox equivalent.

2.6.4 Antioxidant activity (AOA)

The antioxidant activity was determined using the DPPH
(1,1-diphenyl-2-picrylhydrazyl) radical scavenging assay described
by Mala et al. (2024) with modifications. A 100 pL aliquot of extract
was mixed with 3.90 mL of 1.0 mM DPPH solution in absolute
methanol and vortexed for 1 min. The mixture was incubated in the
dark at room temperature for 60 min, after which absorbance was
measured at 517 nm using a double-beam spectrophotometer. The
antioxidant activity was calculated using a Trolox standard curve
(1.25-20.00 pg/mL) and expressed as mg Trolox equivalent per 100 g
dry weight (mg TE/100 g dw).

2.7 Formulation optimization using
response surface methodology (RSM)

The relationship between the independent variables and the
response variables of snacks was analyzed using response surface
methodology (RSM). The response variables, determined from 16
experimental runs, included hardness (Y1), protein content (Y2), total
phenolic content (TPC, Y3), total flavonoid content (TFC, Y4), and
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DPPH radical scavenging activity (Y5). Different regression models
(linear, quadratic, and special cubic) were compared to determine the
best-fitting model.

Analysis of variance (ANOVA) was performed to evaluate the
significance and adequacy of the models. Model selection was
based on maximizing the adjusted coefficient of determination
(Adjusted R?) while ensuring a non-significant lack-of-fit test
(p > 0.05). Other statistical parameters, including the coefficient
of determination (R?), predicted residual sum of squares
(Predicted R?), F-value, and p-value, were also examined to assess
model fit. The optimum formulation conditions and predicted
response values were determined using Design-Expert software
(version 13, Stat-Ease, Minneapolis, USA). Three-dimensional
(3D) surface plots were generated to illustrate the interactions
between the independent variables (TF, WP, and PP) and the
response variables (Y1-Y5).

The prototype was produced using the extrusion process based on
the optimized formulation obtained from RSM. The formulation
consisted of RE, WM, RP at the optimal levels determined through the
RSM analysis. The prototype was then analyzed for physicochemical
and functional properties.
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The selected model was validated by producing a prototype snack
under the optimized conditions. The experimental results were
compared with the predicted values to assess the accuracy of the
optimization process and formulation. The percentage difference was
calculated and expressed as percentage error.

2.8 Microstructure

The prototype samples were cut transversely into slices
approximately 4-5 mm thick. The samples were sputter-coated with
platinum using a JEC-3000 FC auto fine coater (JEOL, Tokyo,
Japan) to enhance their thermoelectric conductivity. Subsequently,
they were examined with a JSM-IT200 scanning electron
microscope (JEOL, Tokyo, Japan) operated at an accelerating
voltage of 20 kV to minimize beam-induced damage. Micrographs
were captured at a magnification of 50 x for the surface and 30 x for
the cross-section.

2.9 Amino acid profiles

The quantification of amino acid composition in WM, RE RP,
and prototype snack was conducted, employing a modified
methodology derived from Ledbetter et al. (2024). Briefly,
individual samples, each weighing 100 mg, underwent a two-stage
hydrolysis process. Initially, samples were hydrolyzed with 3 mL of
6 M hydrochloric acid (HCI) at 110°C for 24 h, followed by a
subsequent hydrolysis with 3 mL of 5 M sodium hydroxide (NaOH)
at 110°C for 18 h. The resulting hydrolysates were then subjected to
centrifugation at 16,100 g for 15 min at 4°C using a refrigerated
microcentrifuge (Model 5415R, Eppendorf, Germany). The
supernatants obtained were neutralized to a pH of 7.0 using 5 M
NaOH and 6 M HCI, and subsequently filtered through 0.2 pm
filters
spectrometry (LC-MS) analysis.

membrane prior to liquid chromatography-mass

Amino acid identification and quantification were performed
using an LC-MS (model 8,030, Shimadzu Corporation, Japan)
triple-quadrupole mass spectrometer in electrospray ionization
(ESI) mode. Chromatographic separation was performed on a C18
column (2.1 mm x 150 mm, 3 pm, InertSustain, Japan), fitted with
a guard cartridge of the same stationary phase, and maintained at
30°C. mobile phase A consisted of deionized water containing 0.1%
formic acid. Mobile phase B was 50% methanol containing 0.1%
formic acid. The gradient was 88% B at 0.5 mL/min for 3.5 min,
reducing to 30% B over 5.5 min before re-equilibrating to initial
conditions over 2 min. The MS was equipped with an electrospray
ionization source and was operated in positive ionization mode. A
sample volume of 1 pL was injected into the column. The mass
spectrometer settings were as follows: spray voltage of 4.5kV,
capillary temperature at 200°C, nitrogen used as the nebulizer gas
at a flow rate of 3 L/min, and drying gas at 15 L/min. Data
acquisition and analysis were performed using LabSolutions
software (Shimadzu Corporation, Japan).

The data were presented as a mean + standard deviation (SD). An
analysis of variance (ANOVA) was performed using SPSS Statistics 22
(IBM, USA). Significant differences between means were determined
by Duncan’s Multiple Range Test.
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3 Result and discussion

3.1 Ingredient properties for snack
production

Table 3 summarizes the chemical and functional properties of RE,
WM, and RP used in snack production. The different characteristics
of each ingredient directly influence the formulation and functionality
of the final product. The moisture content varied among the
ingredients, with RP exhibiting the lowest (2.30%), followed by WM
(7.35%) and RF (10.09%), affecting powder stability and shelf life
(Barbosa-Canovas et al., 2020). Additionally, RP presented an
exceptionally high protein level at 90.06%, consistent with reported
ranges for commercial isolates (78-92%) (Kalman, 2014). This
confirms that RP significantly impacts the primary fortifying agent,
which is intended to elevate protein concentration significantly in the
final product. WM also contained substantial protein (34.02%),
consistent with values reported for Wolffia species (Appenroth et al.,
2018; Nitiwuttithorn et al., 2024; Boonarsa et al., 2024), highlighting
its potential not only as a source of various bioactive compounds but
also as a significant secondary contributor to the total protein of the
snack and potentially its essential amino acid profile (On-Nom et al.,
2023). In contrast, RF contained a relatively low protein content
(8.17%), typical for rice flours, indicating its limited contribution to
the overall protein enhancement compared to WM and especially
RP. Therefore, combining the highly concentrated RP with the
protein-rich WM appears well-suited to achieving the desired high-
protein characteristic in the final snack, substantially improving the
base RF matrix. Regarding fat content, RP showed the highest value
(4.06%), followed by WM (3.70%), while RF had the lowest fat
content (2.19%). While these percentages are not high, the lipid
component, particularly in WM, possesses nutritional significance as
Wolffia species are known to contain valuable polyunsaturated fatty
acids (PUFAs), including the essential fatty acids a-linolenic acid
(omega-3) and linoleic acid (omega-6) (Hu et al., 2022; Boonarsa
et al., 2024).

The functional properties varied significantly among the
ingredients. WM demonstrated exceptionally high levels of TPC
(10,277.49 mg GAE/100 g dw), TFC (2,089.46 mg QE/100 g dw), and
AOA (588.90 mg TE/100 g dw). These remarkably high values are
consistent with previous studies that have identified Wolffia species
as rich sources of phenolic and flavonoid compounds, which are
known to be potent antioxidants (Appenroth et al., 2018; Hu et al.,
2022; Nitiwuttithorn et al., 2024; Boonarsa et al., 2024). These
findings position WM as the principal ingredient for enhancing the
antioxidant capacity and overall functional profile of the snack.
Furthermore, RE, consistent with its nature as a pigmented rice
variety, exhibited intermediate functional properties (Table 3). These
properties are attributable to the presence of phytochemicals within
the red pericarp, as reported for Thai pigmented rice (Muntana and
Prasong, 2010; Vichit and Saewan, 2015; Kammapana, 2023). In
contrast, RP exhibited low TPC, TFC, and AOA, as expected for a
highly purified protein ingredient where most non-protein
components, including phytochemicals, have been largely removed
during processing (Patsanguan et al., 2017). Therefore, a strategic
combination of RE, WM, and RP could be highly effective in
developing a snack that is both high in protein and rich in functional,
health-promoting compounds.
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3.2 Physicochemical properties of snack

3.2.1 Hardness

Hardness is a critical textural attribute influencing the consumer
acceptance of snack products, often correlating with sensory attributes
of firmness or crispness. In this study, hardness was selected as the
primary instrumental measure for texture analysis, as it directly
reflects the structural integrity and firmness of the snack, which are
significantly influenced by our formulation changes. While fracture
tests are highly appropriate for directly measuring crispness and
crunchiness, the hardness measurement effectively captures the
structural changes resulting from ingredient optimization, particularly
the formation of a denser or more porous matrix (Salvador et al., 2009;
Philipp et al., 2017).

The hardness of snacks varied considerably depending on the
ingredient composition, ranging from 6.24 to 16.50 N across the
16 experimental runs (Table 2). The lowest hardness values were
observed in runs with the highest proportion of RF and lowest
WM (e.g., Run 2 and Run 15), while the highest hardness values
were found in formulations with the lowest RF and highest WM
(e.g., Run 10 and Run 4). This observed trend suggests that
increasing the levels of WM and RP while decreasing RF
contributes to a harder snack texture. The incorporation of higher
protein content, derived from both the substantial amount in WM
and RP, likely leads to the formation of a denser, more rigid matrix
structure during the extrusion and frying processes, thereby
increasing hardness (Chaiyakul et al., 2008; HewaNadungodage
et al., 2021). Protein interactions can form networks that resist
fracture, an effect potentially enhanced in this study by the
inclusion of TGase, an enzyme known to promote protein cross-
linking (dos Santos et al., 2023). Moreover, studies incorporating
Wolffia into noodles have also reported increased hardness at
higher inclusion levels (Khemthong et al., 2021), supporting its
role in structure formation. The higher proportion of RF in the
lower-hardness snacks likely contributes to a less dense texture due
to the high starch content of RF. This may be explained by starch
gelatinization and expansion during extrusion, which typically
result in a more porous, less dense structure and, consequently,
lower hardness values (Gat and Ananthanarayan, 2015; Sharma
etal., 2015).

The relationship between ingredient levels (RF, WM, and RP) and
snack hardness was effectively modeled using RSM, resulting in a
significant linear model (p <0.0001) with high coefficients of
determination (R? = 0.92, Adjusted R* = 0.91), as shown in Table 4.
The adequacy of the model was further confirmed by a non-significant
lack-of-fit test (p > 0.05) and good predictive capability (Predicted
R’ =0.86), validating model suitability (Bakhaidar et al., 2022).

10.3389/fsufs.2025.1661446

A linear regression model was developed to predict the hardness
of the snacks based on the percentage of X1, X2, and X3. The resulting
equation was:

Hardness (N)=-0.014325(X1)+0.409179(X2)+

0.429567(X3)

The model exhibited a strong correlation between the predicted
and observed hardness values, with R? of 0.92. The regression equation
provides insights into the influence of each ingredient on the hardness
of the snacks. The negative coefficient for RF suggests an inverse
relationship, where increasing the proportion of RF may lead to
decrease in hardness. However, the positive coefficients for both WM
and RP indicate that increasing the percentage of these ingredients
contributes to a more complex snack structure. The contour plot
(Figure la) demonstrated that snack hardness decreased as the
proportion of RF increased. This trend reflects the structure-forming
contributions of protein from WM and RP, contrasting with the
expansion effect of RF starch.

3.2.2 Protein content

Recognizing the common limitation of low protein content in
traditional rice-based snacks, a primary objective of this study was to
enhance the protein level in the fried rice snack formulation. The
results show that protein content varied significantly among
formulations, ranging from 14.92 to 22.68% (Table 2). Formulations
with the lowest level of RP (5%) resulted in the lowest snack protein
content (e.g., Runs 5, 6, 7, and 9). In contrast, the highest protein levels
were observed in formulations with increased proportions of RP and
WM and correspondingly reduced RF levels (e.g., Runs 1, 4, 10, and
14). The results demonstrated that incorporating high-protein
ingredients like RP and WM effectively increased the overall protein
content compared to the RF base. These protein enrichment strategies
using protein isolates or protein-rich plant ingredients were commonly
employed and had been proven effective in enhancing the nutritional
value of extruded or snack products (Philipp et al., 2017; On-Nom
etal., 2023).

Model fitting analysis indicated that a quadratic model provided
the best fit for the protein data (Table 4). The ANOVA results showed
that the quadratic model was statistically significant (p = 0.0224). The
model exhibited an excellent lack of fit, as evidenced by the high
coefficient of determination (R’ =0.98) and adjusted R’ (0.97),
indicating that the model explains approximately 97 to 98% of the
variability in protein content. Furthermore, the high predicted R’
value (0.95), which is in close agreement with the adjusted R? suggests
strong predictive power (Bezerra et al., 2008). The adequacy of the

TABLE 4 Model fitting and ANOVA results for physicochemical and functional properties of snack.

Properties Model R? Adjusted R? Predicted R? p-value F-value Lack of fit
Hardness Linear 0.92 0.91 0.86 <0.0001 2.19 0.20 ™
Protein Quadratic 0.98 0.97 0.95 0.0224 2.29 0.19™
TPC Special Cubic 0.99 0.98 0.86 0.0369 2.78 0.15™
TFC Linear 0.97 0.96 0.94 <0.0001 0.71 0.68™
AOA Quadratic 0.97 0.95 0.89 0.0419 158 031

"non-significant, R’ coefficient of determination; TPC, total phenolic content; TFC, total flavonoid content; AOA, antioxidant activity (DPPH radical scavenging assay).
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FIGURE 1

Contour plot showing the effects of RF (Tubtim Chum Phae rice
flour), WM (watermeal powder), and RP (rice protein isolate powder)
on the physicochemical properties of snacks. (a) hardness (N) and (b)
protein content (%).

quadratic model was further validated by the non-significant lack-
of-fit test (p > 0.05), confirming that the quadratic terms significantly
improved the model fit compared to simpler models and accurately
captured the relationship within the experimental domain
(Montgomery, 2017).

A quadratic regression model was developed to predict the protein
content of the snacks based on the percentage of X1, X2, and X3. The
resulting equation was:

Protein  -0.062099 (X1)-0.168505(X2)-4.59603(X3)+
content (%) 0.004379(X1X2)+0.060041(X1X3)+
0.090889 (X2X3)

Figure 1D illustrated the effect of varying proportions of RE, WM,
and RP on the protein content of the fried snack. The highest protein
content was observed in formulations containing low levels of RF and
high levels of both WM and RP. An increase in RF led to a reduction
in protein levels, as RF was relatively low in protein. Among all
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components, RP had the strongest positive effect on protein content;
formulations with high RP and WM and low RF yielded the highest
protein values. Increasing WM alone resulted in a moderate rise in
protein content, but when WM was increased in combination with RP,
the protein content increased more sharply. Conversely, the negative
impact of RF on protein content became more affected when both WM
and RP were present at low levels. These interactions suggested that the
combined use of high-protein ingredients (WM and RP) led to
significantly higher protein levels in the snack formulation. Overall,
these findings underscored the importance of ingredient interactions
in maximizing the protein content of the final product.

3.3 Functional properties

3.3.1 Total phenolic content (TPC)

The total phenolic content (TPC) in the snacks, indicating the
level of a major group of antioxidant compounds, varied significantly
depending on the formulation, ranging from 1,378.33 to 3,236.54 mg
GAE/100 g dw (Table 2). Formulations with more WM had higher
TPC values, while those with higher RF content showed lower
TPC. This trend was due to the naturally high TPC found in WM,
which was much higher than the moderate levels in RF and the very
low amounts in RP (Table 3). This finding agrees with previous reports
identifying Wolffia as rich sources of phenolic compounds (Hu et al.,
2022; Boonarsa et al., 2024), as well as the contribution of pigmented
rice to phenolic content (Kammapana, 2023).

RSM modeling identified a significant special cubic model as the
best fit for predicting TPC (Table 4). The model demonstrated
excellent validity with high R? (0.99), adjusted R’ (0.98), adequate
prediction (Predicted R? = 0.86), and a non-significant lack-of-fit test.
The requirement for a cubic model suggests that complex, non-linear
interactions between the three ingredients significantly influence the
final TPC. The resulting predictive equation was:

TPC =48.07027 (X1)+606.23255(X2)+91.18420(X3)-
9.23609(X1X2)-5.67827(X1X3)-
57.29190(X2X3)+1.00696 (X1X2X3)

The contour plot (Figure 2a) illustrated the complex relationship
between ingredient proportions and TPC, with the highest values
found in formulations containing high levels of WM. This confirmed
that WM played a major role in increasing TPC, even though the
special cubic model indicated some interaction effects. Using a high
proportion of WM was therefore considered the most effective
strategy to enhance the phenolic content of the snack, despite possible
partial degradation during processing (Sharma et al., 2024).

3.3.2 Total flavonoid content (TFC)

Total flavonoid content (TFC), representing another important
class of antioxidants, ranged from 188.74 to 599.03 mg QE/100 g dw
across the experimental runs (Table 2). Similar to TPC, the highest
TFEC values were achieved in formulations rich in WM and low in RE,
while the lowest values corresponded to high-RE low-WM
combinations. This result again reflects the ingredient properties,
particularly the very high flavonoid levels inherent to WM (Hu et al.,
2022; Boonarsa et al., 2024).
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For TFC, RSM modeling indicated that a significant linear model
provided an excellent and adequate fit (R? = 0.97, Adj R’ = 0.96, Pred
R?=0.94, and lack of fit: p = 0.68) (Table 4). The suitability of the linear
model suggests predominantly additive effects of the ingredients on
TFC within the experimental range. The predictive linear equation was:

TFC =1.30971(X1)-10.24242(X2)+18.75314(X3).

The contour plot for TEC (Figure 2b) revealed that the highest
total flavonoid content was predicted in the region with the highest
proportion of WM. The nearly linear contour lines indicated a good
fit with the linear model and visually confirmed a strong positive
relationship between WM concentration and TFC levels. These
findings suggest that WM is the principal ingredient contributing to
the enhancement of flavonoid content in the snack formulation.

3.3.3 Antioxidant activity (AOA)

The antioxidant activity (AOA) content (DPPH radical scavenging
assay) varied significantly among formulations, ranging from 92.32 to
183.27 mg TE/100 g dw (Table 2). Formulations with the highest level of
WM (30%) resulted in the highest AOA content (e.g., Runs 4, 6, and 10).
In contrast, the lowest AOA levels were observed in formulations with
decreased proportions of WM (e.g., Runs 11 and 15). The trend closely
followed that of TPC and TFC, with higher AOA values strongly
associated with higher WM proportions and lower RF content. This
correlation is expected, as AOA is largely dependent on the concentration
and types of phenolic and flavonoid compounds present (Kammapana,
2023). The high AOA inherent to WM (Table 3) was the most significant
contributor to the overall AOA of the snacks (Boonarsa et al., 2024).

A significant quadratic model was found to best describe the AOA
response (Table 4). The model demonstrated excellent fit and
predictive capability (R* = 0.97, Adj R? = 0.95, Pred R’ = 0.89) and was
validated by a non-significant lack-of-fit test. The quadratic nature
implies that interactions between the ingredients influence the overall
AOA. The predictive quadratic equation was:

AOA =0.630550(X1)-17.81911(X2)+12.15679(X3)+
0.247130(X1X2)-0.111027 (X1X3)-
0.006913(X2X3)

The contour plot of AOA (Figure 2¢) illustrated that the highest
AOA values were observed in the region corresponding to the highest
proportion of WM and the lowest level of RE In contrast, the lowest
AOA was found in formulations with a high proportion of RF and low
WM content. These results were consistent with previous findings
indicating that WM is rich in phenolic and flavonoid compounds, which
are known for their antioxidant properties (Boonarsa et al., 2024). Thus,
WM was identified as a key functional ingredient responsible for
enhancing the antioxidant capacity of the snack formulations.

3.4 Formulation optimization and model
validation

The optimization of the snack formulation was performed using
the numerical optimization feature of Design-Expert software (version
13), aiming to achieve a balance of desired physicochemical and
functional properties. Specific goals were set for each response variable

Frontiers in Sustainable Food Systems

10.3389/fsufs.2025.1661446

(a) Component Coding: Actual A:RF

TPC (mg GAE/100 g dw)
@ Design Points.

137833 [ 323654
X1=A
X2=8
x3=¢C

3366 60.39 27.72
B: WM C:RP

(b) Component Coding: Actual

TFC (mg QE/100 g dw)

@ Design Points

16874 [ 59203

X1=A

X2=8

X3=C
3366 6039 21.72
B: WM C:RP

TFC (mg QE/100 g dw)
(C) Component Coding: Actual A:RF

83.16
AOA (mg TE/100 g dw)
@ Design Points

9233 -VBKZT
X1=A
X2=8
X3=C

33.66 6039 27.72
B:WM C:RP

AOA (mg TE/100 g dw)

FIGURE 2

Contour plot showing the effects of F (Tubtim Chum Phae rice flour),
WM (watermeal powder), and RP (rice protein isolate powder) on the
functional properties of snacks. (a) total phenolic content (TPC), (b)
total flavonoid content (TFC), and (c) antioxidant activity (AOA; DPPH
radical scavenging assay).

based on the experimental ranges and desired outcomes presented in
Table 5. Protein content, TPC, TFC, and AOA were maximized.
Hardness was set to be within its acceptable experimental range to
ensure consumer appeal while maintaining structural integrity. For
each response, an individual desirability function (ranging from 0 to
1) was generated. This function transforms the response into a
dimensionless scale, where a value of 1 represents the most desirable
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TABLE 5 Predicted and experimental values of independent variables and responses at optimal formulation of snacks.

Variables Goal Lower limit =~ Upper limit Desirability Predicted Actual value* % Error
RE (%) in range 60.39 79.20 1.00 60.91 - -
WM (%) in range 10.89 29.70 1.00 29.70 - -

RP (%) in range 4.95 9.90 1.00 8.39 - -
Hardness (N) in range 6.24 16.50 1.00 14.89 14.04 + 089 5.71
Protein (%) maximize 14.92 22.68 1.00 21.47 20.68 £0.28 3.68
TPC (mg GAE/100 g dw) maximize 1,378.33 3,236.54 0.98 3,094.93 2,897.15 + 87.65 6.39
TEC (mg QE/100 g dw) maximize 188.74 599.03 0.98 550.79 521.48 + 14.16 5.32
AOA (mg TE/100 g dw) maximize 92.33 183.27 0.95 173.67 160.87 + 6.82 7.37

*Results are expressed as mean values + SD.

RE, Tubtim Chum Phae rice flour; WP, watermeal powder; RP, rice protein isolate powder; TPC, total phenolic content; TFC, total Flavonoid content; AOA, antioxidant activity (DPPH radical

scavenging assay); GAE, gallic acid equivalent; QE, quercetin equivalent; TE, trolox equivalent.

outcome and 0 represents an undesirable outcome. These individual
desirability functions were then combined into a single, overall
composite desirability function. Design-Expert software used the
stored regression models (Table 4) to estimate the predictor settings
that optimize the values of all response variables simultaneously. The
optimal formulation was identified by maximizing this overall
desirability value, thereby finding the ingredient proportions that best
met all predefined criteria (Ain et al., 2023; Sheibani et al., 2018).

The individual desirability values obtained for the optimal
formulation of hardness and protein were 1.00; TPC, TFC, and AOA
were 0.98, 0.98, and 0.95, respectively. The optimization procedure
predicted a single optimal formulation of 60.91% REF, 29.70% WM,
and 8.39% RP (Table 5). A verification experiment was conducted
using this optimal formulation to validate the predictive accuracy of
the developed RSM models. The experimentally determined values for
hardness, protein content, TPC, TFC, and AOA were then compared
against the values predicted by their respective models.

The comparison revealed a close agreement between the predicted
and actual experimental values for all five responses. The percentage
error (%Error), calculated as the absolute difference between predicted
and actual values relative to the actual value, was found to be low for all
properties: 5.71% for hardness, 3.68% for protein, 6.39% for TPC, 5.32%
for TFC, and 7.37% for AOA (Table 5). This essential step of comparing
model predictions against experimental data serves to validate the
accuracy and reliability of the RSM models generated (Bezerra et al.,
2008; Ain et al., 2023). The low percentage of errors observed, generally
falling below the commonly accepted threshold of 10% for adequate
model fit in food science applications (Lomauro et al., 1985; Zhang et al.,
2022), strongly indicates that the developed models accurately represent
the influence of ingredient proportions on the snack properties. This
excellent agreement between predicted and experimental results
confirms the suitability and reliability of the RSM approach for modeling
the snack system and reliably predicting its characteristics within the
investigated formulation space. Therefore, the identified optimal
formulation (Table 5) can be confidently considered to produce snacks
with the desired balance of physicochemical and functional properties.

3.5 Microstructure of prototype snack

The surface microstructure (Figure 3a, 50x magnification)
appeared irregular and non-uniform, lacking a smooth, continuous
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film and some aggregated or particulate features. This surface
morphology might result from the interaction of different components
during extrusion, the rapid moisture loss and oil interaction during
frying, or less fusible components like fiber or protein aggregates at
the surface.

Examination of the cross-section (Figure 3b, 30x magnification)
revealed a non-uniform, with relatively low porosity of extruded and
fried snack products but with distinct features reflecting the composite
nature of the formulation. In contrast to large, uniform, thin-walled air
cells typical of highly expanded low-protein snacks, the snack exhibited
a matrix with variable porosity. Some larger, irregular voids were
distributed within a dense matrix containing smaller pores and thicker
cell walls in many areas. This denser, less expanded structure is
consistent with snacks formulated with significant levels of protein and
fiber (HewaNadungodage et al., 2021; Adibah et al., 2024). The texture
characteristics of extruded food product are closely linked to their
expansion behavior and internal cell structure (Oliveira et al., 2018).
For extruded snacks to be appealing to consumers, they should exhibit
good expansion and an appropriate bulk density. The distribution of
air spaces within the product matrix contributes to its overall porosity,
which in turn enhances crispness, an attribute often associated with a
greater degree of expansion. Hirunyophat et al. (2022) reported that
breakfast cereals with uneven porosity distribution and thick, compact
cell walls exhibited higher hardness and reduced crispness compared
to products with more porous and uniformly expanded structures. In
this study, the substantial protein content derived from both WM and
RP likely formed extensive networks, potentially strengthened by
TGase, which limited the degree of starch expansion from the RF base
and contributed to the formation of thicker, more robust cell walls
(Madhavan and Sreekantaiah, 2025; Liu et al., 2024). Furthermore, the
dietary fiber contributed by WM may have interrupted the continuous
starch matrix and limited puffing, contributing to the observed denser
structure. While starch gelatinization and steam formation during
extrusion and frying create porosity (Gat and Ananthanarayan, 2015),
the presence of high levels of protein and fiber restricts this expansion
compared to purely starch-based snacks.

3.6 Amino acid profiles

The amino acid composition, particularly the essential amino
acid (EAA) profile, is a critical determinant of the overall nutritional
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FIGURE 3
Microstructure of the prototype fried rice-based snack produced from Tubtim Chum Phae rice flour (RF) supplemented with watermeal (WM), rice
protein isolate (RP), and Transglutaminase (Tgase) powders. (a) surface and (b) cross-section.

TABLE 6 Amino acid profiles of Tubtim Chum Phae rice flour (RF), watermeal powder (WM), rice protein isolate powder (RP), and prototype snack.

Amino acid (g/100 g Raw materials Prototype snack
WM

sample)

Essential amino acid

Tryptophane 0.98 +0.00° 0.75+0.03 1.49£0.05* 0.77 £0.06
Phenylalanine ™ 0.04 £ 0.00 0.04 +0.00 0.04 £ 0.00 0.04 £0.00

Methionine 0.38+£0.01°¢ 0.39+0.01°¢ 572+0.33* 0.95+0.00"°
Valine 0.05+0.00 ¢ 0.08 +£0.01° 1.32+0.033* 0.05+0.00¢
Lysine 1.29+£0.11°¢ 1.14 £ 0.05¢ 7.50 £0.04* 2.76 +£0.30°
Leucine 0.08£0.01°¢ 17.64£0.15¢% 0.06 £ 0.00 ¢ 6.31+0.82"
Isoleucine 0.02 +0.00° 0.01+0.00° 0.04 £0.00* 0.01+0.00°
Histidine 0.06 +0.00 ¢ 0.53+0.00a 0.32+0.01° 0.32+0.01°
Threonine 1.98 +0.13° 0.66 +0.01 ¢ 6.30+£0.36° 3.02+0.16*°
Total essential amino acid 4.88+0.17¢ 2124 £0.16*° 22.79+0.49* 14.23+£0.89°

Non-essential amino acid

Aspartic acid 0.02+£0.00¢ 0.13+0.00° 0.17 £0.00° 0.08 +0.01°¢
Proline ™ 0.15 + 0.00 0.15 + 0.00 0.15 +0.00 0.15 +0.00
Arginine 0.05 £ 0.00° 0.07 £0.00 0.05 +0.00° 0.04 £0.00°
Glutamine ™ 0.06 + 0.00 0.06 + 0.00 0.06 + 0.00 0.06 + 0.00
Asparagine 0.02 +0.00 ¢ 0.24+0.02° 0.04 +0.00 © 0.12+0.01°
Glutamic acid 0.18 £0.00°¢ 0.04+0.00¢ 1.64 £0.17° 0.51+0.00°
Serine 0.13+0.00°¢ 1.61£0.15° 0.35+0.07° 0.22+0.00°
Cysteine 1.24+0.06¢ 5.14+0.40° 3.13+0.07° 243+092°¢
Tyrosine 0.02+0.00¢ 0.23+0.01° 0.06 +0.00 < 0.12+0.00°
Alanine ™ 0.07 + 0.00 0.07 +0.00 0.07 £ 0.00 0.07 +0.00
Glycine 0.13+0.01°¢ 0.07 +0.00 ¢ 0.38+0.02° 0.16 +0.02°
Total non-essential amino acid 2.07 £0.06 ¢ 7.81+0.43* 6.1+02° 3.96+0.92°¢

Results are expressed as mean values + SD. Means within the same row with different letters are significantly different (p < 0.05). "Non-significant.
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quality of protein sources. Table 6 presents the amino acid profiles
(g/100 g sample) of the raw materials (RE, WM, RP) and the final
snack prototype. Significant differences (p < 0.05) were observed in
the concentrations of most individual amino acids among the raw
materials. RP generally exhibited the highest concentrations for
several EAAs, including methionine, valine, and lysine. WM
displayed a characteristic profile with an exceptionally high
concentration of leucine and the highest level of histidine. Although
individual EAA concentrations varied, the total EAA content was
statistically similar and highest in RP and WM. In contrast, RF
consistently showed significantly lower levels of most EAAs and the
lowest total EAA content. For non-essential amino acids, WM had
the highest total content, followed by RP, with RF again showing
the lowest.

The amino acid profile of the snack prototype reflected the
combined contributions of the ingredients. The total EAA content of
prototype snack was significantly higher than that of RF alone,
although lower than the concentrated sources WM and RP (Table 6).
Specific EAA levels in the prototype were clearly influenced by the
ingredients, such as leucine, which was substantially elevated due to the
high contribution from WM, while lysine and methionine were
significantly boosted compared to RE primarily due to fortification
with RP.

Improving the EAA profile is a key benefit of protein fortification,
particularly for cereal-based products like rice snacks. Rice protein is
essentially limited in lysine, which is often considered its first limiting
essential amino acid (Lahiri et al,, 2021). The results demonstrate that
fortification with RP, rich in lysine (Table 6), successfully addressed
this limitation in the snack prototype. Furthermore, including WM
contributed significantly to the overall EAA content, which was
comparable in total amount to RP and offered exceptionally high
levels of leucine. The EAA profile of Wolffia species has been reported
to be well-balanced and meet or exceed WHO/FAO requirements for
specific age groups (Appenroth et al., 2018; Boonarsa et al., 2024). The
synergistic amino acid profiles of RP and WM contributed to a final
snack prototype with a significantly improved EAA profile compared
to the RF base. This enhancement contributes considerably to the
overall nutritional value, consistent with findings from other studies
using protein isolates or plant-based fortifiers (HewaNadungodage
et al., 2021; Sahoo et al., 2022).

4 Conclusion

This study demonstrated the optimization of a fried rice-based
snack by incorporating watermeal (WM) and rice protein isolate (RP)
into a Tubtim Chum Phae rice flour (RF) base, resulting in improved
protein content and functional properties. Response Surface
Methodology (RSM) effectively modeled the effects of ingredient
proportions on snack hardness, protein, TPC, TFC, and AOA. The
optimized snack contained ~20% protein, an enhanced essential
amino acid profile, and significantly higher levels of TPC, TFC, and
AOA compared to the RE The SEM analysis revealed a relatively
dense, non-uniformly porous structure. These results highlight the
potential of WM and RP as functional ingredients for developing
nutritious rice-based snacks with greater consumer appeal. Further
studies should investigate the sensory acceptability, shelf life, and the
bioactive compounds in the optimized product.
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