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Sustainability Spotlight Statement DOI: 10.1039/DSFBO02T2A

The study focuses on the valorisation of broken rice, a by-product of the rice milling industry,
for the development of rice analogues fortified with dietary fibre, iron, folic acid, and
cyanocobalamin. This approach transforms an agricultural waste into a nutritionally enriched
food product, addressing food security and supporting the Sustainable Development Goals
(SDGs). Specifically, the formulation contributes to SDG 2 (Zero Hunger) through enhanced
nutrition, SDG 3 (Good Health and Well-being) via dietary fibre enrichment, and SDG 9
(Industry, Innovation, and Infrastructure) by introducing a novel processing method.
Additionally, it supports SDG 12 (Responsible Consumption and Production) by promoting

sustainable utilization of food processing by-products for human consumption.
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Incorporation of microcrystalline cellulose in extruded rice analogue: Effect on
physicochemical, technofunctional, textural, cooking, structural properties, in-vitro

digestibility and estimated glycaemic index
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Abstract

Rice is one of the staple foods that is often criticized for its low dietary fibre content. The
addition of dietary fibre to food products is gaining popularity due to its numerous health
benefits. This study aimed to investigate the impact of the addition of microcrystalline cellulose
(MCC) from 1%-5% MCC at the interval of 0.5%, on the functional and nutritional properties
of pre-extruded blends and fibre-enriched rice analogues made through extrusion technology.
The incorporation of MCC significantly enhanced functional properties such as water
absorption capacity (336.01 + 0.51%), oil absorption capacity (79.47 = 0.01%), emulsion
capacity (60.83 = 0.72%) and stability (59.58 + 0.72 %) in analogues made with 5% inclusion
of MCC. MCC incorporation increased L* (79.47 & 0.01) values, while did not significantly alter the
textural characteristics. Starch digestibility was reduced as the resistant starch increased from
11.73 to 19.52%, thereby lowering the estimated glycaemic index value from 81.43 to 79.69
from the control to 5% MCC-RA sample. These findings reveal a promising pathway for
advancing healthier, fibre-enriched rice analogues that align with the increasing consumer

preference for nutritious and health-oriented food choices.

Key words: Rice analogue, Extrusion, Micro-crystalline cellulose (MCC), Dietary fiber;
Techno-functional properties, Digestibility, GI
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28 1. Introduction DOI: 10.1039/D5FB00272A

29  Rice, a staple food for nearly two-thirds of the world's population, serve a crucial source of
30 calories and essential nutrients . Consumers widely prefer white rice for its appealing texture,
31 palatability, and appearance 2. Although white rice provide significant caloric, it is often
32 criticized for low dietary fibre, as most of the fibre is lost during milling, a essential unit
33  operation for extending shelf life of rice 3. Dietary fibre, commonly known as roughage,
34  represents the component of plant-based foods, which the human digestive system cannot
35  digest or completely break down. It comprises two primary fractions: soluble and insoluble
36  fibre % Soluble fibre dissolves in water, forms a gel that slows digestion, and has been shown
37  to lower cholesterol and glucose levels, contributing to improved metabolic health. In contrast,
38 insoluble fibre adds bulk to stool, facilitating faster passage through the digestive tract and
39 alleviating issues such as constipation °. Additionally, dietary fibre promotes satiety by
40  increasing the volume of food and retaining substantial amounts of water, which may aid in
41  weight management ©. Research shows that dietary fibre intake is inversely associated with
42  total mortality rates, particularly for cardiovascular, infectious, and respiratory deaths in
43  individuals 7. The Indian Council of Medical Research recommends that adults consume at
44  least 40g of dietary fibre daily, based on a 2000 kcal diet, highlighting the importance of

45  adequate fibre intake for overall health °.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

46  To tackle the challenge of low dietary fibre content in rice and align with dietary
47  recommendations, the fortification of rice with added soluble and insoluble fibre for

48  development of rice analogue has gained significant popularity in recent years '*13. Rice

Open Access Article. Published on 02 January 2026. Downloaded on 1/3/2026 2:05:04 AM.

49  analogues are known for their enhanced nutritional profile without compromising sensory

(cc)

50 qualities, reconstituted rice or rice analogues have emerged as an innovative solution for
51 integrating functional ingredients. Rice analogues are rice-shaped kernels that replicate the

52 taste and flavour of conventional rice, often produced using extrusion technology 4.

53 Fiber incorporation into rice analogues significantly modulate structural integrity and other
54  physicochemical properties of rice analogue primarily through distinct molecular interaction
55  in comparison with native rice starch'>'3. Soluble fibres are known to increase viscosity and

56  improve structure and texture while imparting health benefits like blood sugar control *.

57  Contradictorily, through soluble fibers aids in digestion, and promotes satiety due to their
58  fibrous nature create a fibrous network that adds bulk, hinder the molecular linking and

59  contributes to a denser texture. However, in rice analogues, insoluble fibres can interfere with
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Sustainable Food Technology

the process of gelation when dispersed in a starch or protein matrix impacting the, structiital
continuity. The full hydration and swelling potential of starch granules are also impaired
6Several studies are undertaken to study the effect of different sources of starch for the
development of rice analogue and these studies reveal that the addition of the alternative
macromolecules, mainly dietary fibers, interfere with amylose rearrangement, leading to lower
hardness of kernel which in turn causes higher gruel losses %315, Hence, insoluble fibres are
often modified to produce functionally enhanced products with improved performance and
texture. Modified fibres are developed by modifying native fibres via physical, chemical and
biological techniques for enhanced functionality '-*°. One of the most commonly used
modified insoluble fibres in the food industry is Micro-crystalline cellulose (MCC), a white,
odourless crystalline powder produced by treating alpha cellulose with mineral acids, primarily
composed of insoluble dietary fibre and can be extracted from cellulose rich agricultural waste
streams such as onion peel and sugarcane bagasse 2022, MCC, when utilized in the food
products, acts as a stabilizer, fat replacer, and emulsifier and known to significantly improve
food texture. When utilised in the rice analogue, MCC act as the bridge for linking the amylose
molecule which in turn improve the quality of rice analogue in addition to increases bulk and
enhances dietary fibre content in rice analogue -2, Furthermore, MCC'’s ability to remain
undigested in the small intestine and do not contribute to elevate blood sugar levels that in turn
reduces the glycaemic response of rice analogue. However, these fibers ferment in the large
intestine, and promote the growth of beneficial gut microflora makes it an ideal fibre additive

for rice analogues 2.

The current study aims to evaluate the influence of MCC as a fibre additive on the properties
of rice analogues, specifically examining both pre- and post-extrusion effects. By investigating
various concentrations of MCC, this study seeks to elucidate its role in enhancing the functional
and nutritional characteristics of reconstituted rice. The findings of this research will provide
valuable insights into the application of MCC in developing healthier, fibre-enriched rice
analogues, aligning with contemporary trends toward health-conscious food options without

compromising the natural taste and flavour of conventional rice.
2. Materials and methods

2.1 Raw materials
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90  Raw rice of the Swarna variety was procured from the local market of IIT Kharagpug, FS0dz5:5a05x
91 grade MCC with an average particle size of 50 microns was procured from Ases Chemical

92  Works, Brahm Bagh, Jalori Gate, Jodhpur (India).
93 2.2 Sample preparation

94  Raw rice was ground into flour with a particle size of less than 250 pm using a micro pulveriser
95  (M/s. Basic Technology Private Limited, Kolkata, India). The MCC at varying concentrations
96 (1%, 1.5%, 2%, 2.5%, 3%, 3.5%, 4%, 4.5%, and 5%) was mixed into rice flour through
97  multistage mixing and then blended in a planetary mixer (M/s. Reico Equipment & Instrument,
98  Kolkata, India) at a rotational speed of 400 rpm for 30 minutes. Rice flour of the same variety
99  without any addition of MCC (0%) was considered as controlled sample. After this mixing
100  step, a portion of the mixture (pre-extruded sample) was taken for analysis, and the remaining
101 sample was processed further. A calculated amount of reverse osmosis-ultraviolet (RO-UV)
102  treated water was added to get a moisture content of 30% wb, and the mixture was conditioned
103  overnight at 4°C to equilibrate. The conditioned dough was extruded into rice analogues using
104  a pilot-scale twin-screw extruder (15 kg/h capacity, fabricated locally in Kolkata, India). The
105  extrusion conditions were adopted from Dalbhagat & Mishra (2019) with slight modifications
106  and were maintained consistently across all the samples ?’. The die temperature was set at 76°C,
107  the screw speed was held at 50 rpm, and the feed rate was adjusted to 13 rpm. The extruded

108  rice analogue kernels were dried at 23-26°C in a forced air dryer to achieve a final moisture

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

109  content of 11-12% wb. The dried rice analogues were polished and stored in zip-lock pouches

110  (low-density polyethylene) at room temperature. Some dried samples were ground, sieved (150

Open Access Article. Published on 02 January 2026. Downloaded on 1/3/2026 2:05:04 AM.

111 um), and stored in zip-lock polyethylene pouches for analysis.

(cc)

112 2.3 Physicochemical properties
113 2.3.1 Colour

114  The colour attributes of the pre-extruded sample and extruded rice analogues were measured
115  in terms of Hunter lab coordinates viz. lightness (L*), redness (a*), and yellowness (b*) using

116  a colorimeter (Model: CM 5, M/s. Konica Minolta, Tokyo, Japan) 2.
117 2.3.2 Density

118  The bulk density (BD) was measured by pouring a known mass of the pre-extruded sample and
119  the extruded rice analogues into a 25 mL volumetric cylinder from a consistent height. The

120  volume occupied by the sample was then recorded, and the BD was expressed in grams per
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millilitre (g/mL) ». To determine the tapped density (TD) of the pre-extruded sampleys

cylinder was tapped 300 times to eliminate the airspaces in the pre-extruded sample, and the
volume was measured 3°. The true density (TrD) of the extruded rice analogues was measured
using the toluene displacement method as reported in the literature 3!. Toluene (10 ml) was
filled in a 25 ml graduated measuring cylinder and 5 g of the rice analogue kernels were
dropped into it. The volume of toluene displaced was recorded and true density was calculated

by dividing the sample mass by the displaced volume.
2.4Techno-functional properties
2.4.1. Water absorption capacity, oil absorption capacity, and water solubility index:

Water absorption capacity (WAC) and oil absorption capacity (OAC) were determined by
adding 10 mL of distilled water (for WAC) or refined oil (for OAC) to one gram of the
powdered sample in a pre-weighed centrifuge tube. The contents were vortexed for 30 min and
centrifuged at 8000 rpm for 30 minutes, the supernatant was removed, and the tubes were
inverted on a paper towel for 5 minutes. The final weight of the sample was then measured to
calculate the percentage of water or oil absorbed. Additionally, the supernatant obtained from

the WAC measurement was dried to determine the water solubility index (WSI) 2732,

Amount of water absorbed (g)

0, =
WAC (%) Sample weight (g) X 100
OAC (%) = Amount of oil absorbed (g) % 100
(%) = —ample weight (@)
Weight of dried supernatant (g)
0, =
WSI (%) Sample weight (g) 0

2.4.2 Swelling capacity

The swelling capacity of the samples was assessed following the method outlined by Chandra
et al. (2015). The powdered sample was placed in a 25 mL graduated cylinder up to the 5 mL
mark, and distilled water was added to achieve a total volume of 25 mL. The measuring
cylinder was sealed, and its contents were mixed by inversion. After 2 minutes, the suspension
was inverted again and left to stand for an additional 8 minutes. The volume occupied by the

sample was then measured at the end of the 8 minutes 3.

2.4.3 Emulsion activity (EA) and Emulsion stability (ES)
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148 EA and ES were measured using the procedure outlined by Qadir & Wani (2023b),with miiiots 5o rron
149  modifications. Briefly, 1 g of the powdered sample was placed in a centrifuge tube, and 10 mL
150  of distilled water and 10 mL of soybean oil were added. The mixture was homogenized using
151  an Ultra Turrax T18 homogenizer (IKA India Private Limited, India) to form an emulsion. It
152 was then centrifuged at 2000 rpm for 5 minutes. Emulsion activity (EA) was calculated as the
153  percentage ratio of the volume of the emulsion layer to the total volume of the mixture. For
154  emulsion stability (ES), after centrifugation, the emulsion was heated in a water bath at 80 °C
155  for 30 minutes, then cooled for 15 minutes, and centrifuged again at 2000 rpm for 15 minutes.
156  ES was calculated as the percentage ratio of the volume of the emulsified layer to the total

157  volume of the mixture 34.
158 2.5 Textural properties

159  Textural properties of rice analogues were measured before and after cooking using a texture
160 analyser (CT3, Brookfield Technologies Corporation). The hardness of uncooked rice
161  analogues was assessed with a 50 kg load cell. A single kernel was horizontally placed under
162 a 6 mm diameter TA41 probe, and compression was applied at 1.00 mm/s until breakage.
163  Texture Profile Analysis (TPA) of the cooked samples was conducted using a 25.4 mm
164  cylindrical TA11/1000 probe. Ten cooked kernels were evaluated for various textural
165 attributes, including hardness, adhesiveness, gumminess, springiness, chewiness, and

166  cohesiveness *. The textural properties were assessed in quintuplicate.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

167 2.6 Cooking properties

Open Access Article. Published on 02 January 2026. Downloaded on 1/3/2026 2:05:04 AM.

168  The cooking properties of rice analogues were analyzed following Dalbhagat & Mishra (2019)

(cc)

169  methods. Approximately five grams of kernels were added to 50 mL of boiling distilled water.
170  Every two minutes, a few grains were examined between glass slides to determine the cooking
171 time (CT) at which the white core disappeared. For solid losses (SL), another 5 g of kernels
172 was cooked under the CT, and the resulting cooking water was collected, dried, and weighed
173 to determine the percentage of lost solids. To calculate the water absorption ratio (WAR), 5 g
174  of sample was cooked under the CT, then drained, blotted dry, and weighed to determine the

175  cooked weight relative to the initial weight 7.
176 2.7 Pasting properties

177  The pasting profile of samples was evaluated using a rheometer (MCR52 Rheometer, Anton

178  Paar, Graz, Austria). The canister of the instrument was loaded with a 10% (w/v) flour
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suspension. The temperature profile for pasting analysis was as follows: incubation.at 50°C fof
1 minute, heating to 95°C at a rate of 12°C/min, holding at 95°C for 2.5 minutes, cooling to
50°C at a rate of 12°C/min, and holding at 50°C for 2 minutes. The pasting curve of each
sample was used to calculate its peak viscosity (PV), holding strength (HS), final viscosity
(FV), setback from peak viscosity (SPV), and setback from trough viscosity (STV) 3.

2.8 Structural and analytical characterization
2.8.1. Crystallinity

Crystallinity was assessed using X-ray diffraction (XRD). An X-ray diffractometer (Bruker
AXS D2, India) with Cu K-a radiation (A = 1.5406 A), working at 30 kV and 10 mA was used
to analyse the structural properties of the extruded samples by XRD analysis.
The powdered sample was filled into a stainless-steel sample pan, and the diffractograms were
recorded over a 20 angle range of 4° to 40° . Relative crystallinity was determined as the ratio

of areas under the peaks to the total area of diffractograms.

Relati callinity (%) = Crystalline peak area 100
elative crystallinity (%) = Crystalline peak area + Amorphous area

2.8.2. SEM analysis

The surface morphology and transverse cut section of the extruded rice analogues were
analyzed using a Scanning Electron Microscope (SEM) (ZEISS EVO 60, Germany) with a
tungsten filament at 5 kV. The samples were mounted on pin stubs with carbon tape and coated
with gold-palladium (360 A thick). The SEM images taken at EHT = 5 kV, Signal A = SE2,
WD = 16.8mm to 18.2 mm, with magnification (31X-37X) defined the detailed morphological

characteristics and changes brought by the extrusion process 3.
2.9 Invitro starch digestibility and estimated glycaemic index (eGI)

Approximately 50 mg of rice analogue kernels were taken in a 50 ml conical flask and cooked
in an autoclave at 120 °C for 30 minutes with 5 ml of distilled water. Following cooking, 10
ml of HCI-KCIl buffer solution (pH 1.5) was added to the samples, which were then
homogenized for 2 minutes using a probe homogenizer (Ultra Turrax T18 homogenizer, IKA
India Private Limited, India). Subsequently, 0.2 ml of a pepsin enzyme solution, prepared by
dissolving 22 mg of pepsin (Porcine Stomach Mucosa) in 10 ml of HCI-KCI buffer, was added
to each homogenized sample, followed by incubation at 40°C for 60 minutes in a shaking water

bath (Reico Equipment and Instruments Pvt. Ltd., India). After incubation, Tris-Maleate Buffer
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209  solution (pH 6.9) was added to bring the sample volume to 25 ml. To hydrolysethe statchs;oon
210  present in the sample, 5 ml of an a-amylase solution, prepared by adding 2.6 UI of a-amylase
211 to Tris-Maleate buffer, was introduced to each liquid sample. These samples were incubated at
212 37°C using a shaking water bath. During this incubation period, 0.1 ml aliquots were collected
213 from each tube every 30 minutes, from 0 to 180 minutes, and immediately placed in boiling
214  water for 5 minutes to inactivate the a-amylase. The samples were subsequently incubated at
215 60 °C for 45 minutes with 0.3 ml of 0.4 M sodium acetate buffer (pH 4.75) and 60 ul of amylo-
216  glucosidase from Aspergillus niger (ref. 101087442) to further hydrolyse the digested starch
217  into glucose. The glucose content was determined by Arkray GOD-POD kinetic assay Kit
218  (93DP100-74). Total starch content was found by multiplying it with a factor of 0.9. The rate
219  of starch hydrolysis was expressed as a percentage of total starch hydrolysed at specified time
220 intervals: 30, 60, 90, 120, 150 and 180 min. The Hydrolysis Index (HI) was calculated by
221 dividing the area under curve (AUC) of each sample by the AUC of the reference food, white

222 bread. The eGI was estimated using the following model 3°4°:
223 eGl = 39.71 + (0.549 HI)

224  Additionally, the proportions of rapidly digestible starch (RDS), slowly digestible starch
225  (SDS), and resistant starch (RS) in the sample were calculated #':

0.9 X (G0—G
(20 O)X

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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0f =
226 RDS % T3 100
0.9 X (Gyr0—G
227 SDS % = (G120 = G2o) x 100
TS
= TS — (RDS + SDS)
= 228 RS % = x 100

TS

229  where, Gy, Gy, and Gy, are the contents of glucose released within 0, 20, and 120 min of

230  hydrolysis, respectively; TS is total starch; 0.9 is starch conversion factor.
231 2.10 Sensory evaluation

232 Sensory evaluation was carried out for cooked RA samples to determine the consumer acceptability. A
233 semi-trained panel of 30 members evaluated the samples using the 9-point hedonic scale, where 1 =
234 dislike extremely and 9 = like extremely. The main attributes that were considered were appearance,
235  aroma, texture, taste, and overall acceptability. The hedonic data was then analysed using Principal
236  Component Analysis (PCA) to understand which sensory attributes had the most influence on panel

237  scores. PCA was also used to determine the level of MCC that could be incorporated into the samples
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without causing much change in the sensory attributes as compared to the control 2.2.11, Statisti¢al

analysis

Unless otherwise specified, all analysis was performed in triplicate and data is presented as
mean + standard deviation (mean + SD, n=3). Data analysis was conducted using one-way
ANOVA, performed separately for pre-extruded blend and rice analogue, followed by Tukey’s
HSD test for post-hoc comparisons, with statistical differences indicated by Tukey's letters and
a significance level set at P < 0.05. These statistical analyses were performed using IBM SPSS
Statistics (Version 27). XRD data were processed using Origin 18 (Origin Lab Corporation,
USA).

3. Results and discussion
3.1 Physicochemical properties
3.1.1 Colour

Colour was analysed to assess any visual changes in the samples due to MCC incorporation.
Hunter colour coordinates of samples are presented in Table 1. In pre-extruded blends ,
lightness slightly increased with higher MCC levels from the control (95.56 + 0.03) to 5%
MCC (95.61 £ 0.02) blend. The a* was changing from more negative (green) values to less
negative (towards red) values with higher MCC concentrations, while b* values decreased,
indicating a shift from yellow to blue, with the most significant change observed at 5% MCC.
The observed subtle increase in lightness may be attributed to the dilution of the rice pigments
upon MCC addition by acting as a diluent. In rice analogue, lightness values were reduced
from 77.71 + 0.05 to 78.80 + 0.08 but showed minimal deviation with MCC incorporation. The
a* values continued to shift towards red with increasing MCC, though less pronounced than in
the pre-extruded blend, and b* values decreased further, reinforcing the trend towards bluer
tones with higher MCC concentrations. The observed increase in L*, a*, and b* values upon
the incorporation of MCC in both the pre-extruded blend and extruded kernels might be
attributed to the higher lightness and the red and yellow hues of MCC. The colour changes
observed are minimal which may be attributed to the ability of MCC to act as an inert filler
without affecting the colour of the sample 2°. The observed increasing lightness trend is likely
due to MCC diluting the starch matrix. While starch gets gelatinized and darkened during

extrusion, MCC remains colour-stable, leading to lighter final products. The decreased L* and
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268  increased a* and b* of samples upon extrusion may be due to the starch gelatinizatign and Honz:; 50 0n

269  enzymatic reactions, such as Maillard reactions and caramelization 4344,
270  3.1.2 Density

271 BD measures the mass of particles within a given volume, indicating the material's
272 compactness. The bulk density decreased slightly in both pre-extruded samples and extruded
273 kernels (Table 1) as the MCC concentration increased. This reduction in BD was likely due to
274  the fibrous nature and low density of MCC %3, which introduced additional void spaces in pre-
275  extruded blends and interfered with starch gelatinization, resulting in a less compact matrix in
276  extruded kernels. The tapped density of pre extruded blend also followed a similar decreasing
277  trend indicating the consistent packing behaviour of the sample. True density of rice analogues
278  was decreased from 1.42 +0.01 to 1.36 = 0.01 g/ml from the control to 5% MCC incorporated
279  sample, indicating that the addition of MCC resulted in a looser matrix, which is favourable
280  for the easy penetration of water during cooking. Supporting results were observed in the
281  cooking time, which decreased with increasing MCC concentration, and in the microstructure,

282  where an increase in air cells was evident.

283 3.2 Techno-functional properties

284  3.2.1 Water Absorption Capacity (WAC)

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

285  WAC is a measure to evaluate the hydration properties of the samples and serves as an indicator

286  of the starch transformation degree during extrusion 4. The WAC of pre-extruded samples

Open Access Article. Published on 02 January 2026. Downloaded on 1/3/2026 2:05:04 AM.

287  exhibited a significant decrease (p < 0.05) from 130.61+ 0.43 % in control to 124.59 + 0.11%

(cc)

288 in 5% MCC incorporated pre-extruded blend with increasing concentrations of MCC (Figure
289 1 (A)). This reduction in WAC is attributed to the hydrophobic nature of MCC, which
290  diminished the overall hydrophilicity of the rice matrix in the pre-extrusion blends. As MCC
291  concentration increased, the ability of samples to absorb and retain water correspondingly
292 decreased. On the contrary, WAC values increased significantly in rice analogue (p < 0.05)
293  with increasing MCC concentration from 323.68 + 0.55 in the control sample to 336.01 +
294  0.51% in the 5% MCC sample. The upward trend in WAC post-extrusion can be attributed to
295 insoluble fibres promoting a more porous and open matrix structure in the extrudate. This
296  porous structure can effectively trap water, prevent its loss and thereby enhance the WAC of
297  samples #’. Similar findings were reported by Kallu et al. (2017) *¥, who observed an increase

298 in WAC in extruded starches upon the incorporation of cellulose. Another plausible reason for
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the observed downward trend in pre-extruded blend and upward trend in rice analpgue, ¢Gtilds ;> x
be because of the partial conversion of crystalline regions of cellulose into amorphous due to
high temperature and shear during extrusion #°, exposing more hydroxyl groups of cellulose
that can easily form hydrogen bonds with water *°. It may be implied that the observed higher
values of WAC of the extruded sample than the pre-extruded blend could be attributed to starch
gelatinization since gelatinization will disrupt the crystalline regions and render the starch an
amorphous form that can absorb higher amounts of water. The thermal effects of the extrusion
disrupt the hydrogen bonds in the starch, enabling the more hydroxyl groups of the
polysaccharide to interact with water °!. Increased WAC upon MCC incorporation is beneficial
to humans, as it is associated to enhanced intestinal peristalsis, reduced food intake, increased

stool volume, removal of carcinogens, and regulation of gut microbiota 2.
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310 Table 1: Color and density of pre-extruded blend and rice analogue.
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Samples Colour Bulk density(g/mL) Tapped True density(g/mL)
L* a* b* AE density(g/mL)
Control 95.56 £+ (0.03¢de -0.59+0.012 6.01 £0.032 0.63 +£0.01% 0.83£0.012 -
1% MCC 95.51+0.04 <f -0.55+0.02b 5.95 £ 0.042 0.63 £ 0.002 0.82£0.012 -
1.5% MCC 95.65 + 0.05 ab -0.52 +£0.02¢ 5.58 +£0.04° 0.62 +0.012b¢ 0.82 +£0.012 -
Pre- 2% MCC 95.67 +0.022 -0.50 +0.014 5.39 £ 0.04¢ 0.62 +£0.012° 0.82£0.012 -
extruded 2.5% MCC 95.59 40,09 ¢ -0.48 £ 0.02¢ 5.38 +0.22¢ 0.62 +0.01 0.82£0.01% -
blend le 304, MCC 95.61 + 0.08 b° -0.44 +0.02¢ 5.07 +0.19¢ 0.62 +0.01% 0.82 +£0.01% -
3,59 MCC 95.53 = 0.01¢K 2047 £0.01f 5.31£0.01¢ 0.61+0.015%¢ 0.82+0.01% -
4% MCC 95.49 +0.01 -0.41 +0.02¢ 5.03+0.11¢ 0.61£0.01% 0.81 £ 0.00° -
= 4.5% MCC 95.53 +0.02 °f -0.42 +0.02¢ 498 +0.11f 0.60 % 0.01¢ 0.81 % 0.00° -
S 5% MCC 95.61 +0.02 < -0.41 % 0.02¢ 4.90 +0.02¢ 0.60 +0.01¢ 0.810.01b -
Control 77.17 £ 0.052 -0.13+0.012 17.03 £ 0.052 0.77 £0.012° - 1.42 £ 0.012
1% MCC 77.71 +£0.28b -0.12 +0.02? 17.06 £ 0.06% 0.54 0.78 £0.012> - 1.42 +0.022
1.5% MCC 77.80 % 0.30° -0.13 £0.020 17.11 + 0.05b 0.63 0.77 + 0.01zbe . 141 £ 0.020
2% MCC 78.02 £ 0.05¢ 0.03+0.01° 17.14 £ 0.03¢ 0.88 0.76 +0.01bed - 1.41 0.0l
anl:ll:;ue 2.5% MCC 78.28 + 0.054 0.09+0.01°¢ 17.17 £ 0.04< 1.14 0.76 + 0.01bed - 1.40 + 0.012be
3% MCC 78.49 £0.07 ¢ 0.12+0.01° 17.21 £ 0.04d 1.35 0.75 £+ 0.00¢ - 1.40 + 0.012bc
3.5% MCC 78.60 + 0.10°F 0.18£0.014 17.23 £0.014e 1.48 0.75+0.01<d - 1.39 + 0.0]2bc
4% MCC 78.69 £ 0.10°f 0.21 £ 0.10de 17.27 £ 0.02 °f 1.58 0.75 £+ 0.00d - 1.38 + 0.01bcd
4.5% MCC 7872+ 0.06 0.22 +0.10¢% 17.30 + 0.02° L6l 0.75 4 0.01¢ . 137 4 0.0
5% MCC 78.80 £ 0.08 f 0.23+0.01F 17.32 +£0.01f 1.69 0.75 +0.004 - 1.36 +0.01¢
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Data in each column sharing the same superscript letter indicates no significant difference (p < 0.05). Statistical tests were performed separately for samples before (pre-extrusion blend) and

after extrusion (rice analogue).
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313 3.2.2 Water Solubility Index (WSI) DOI: 10.1039/D5FB00272A

314  WSI indicates the extent of starch disintegration during extrusion >3 for starch-rich products.
315  WSI values are depicted in Figure 1 (B). Pre-extruded blend, a slight decrease in WSI with
316 increasing MCC might be due to the hydrophobic properties of MCC which may marginally
317  reduce the solubility of the blend from 1.71 £+ 0.06% to 1.48 + 0.06% with the increase in MCC
318  concentration up to 5%. The upward trend in WSI with increasing MCC concentrations post
319  extrusion can be attributed to MCC's role as an insoluble fibre which increases friction inside
320 the extruder barrel, thereby facilitating the mechanical disruption of starch into smaller
321  fragments and thereby solubility. Similar findings were observed in extruded instant products
322 “* and extruded starches >*. Post-extrusion, WSI values of samples increased due to starch
323 gelatinization disrupting the crystalline structure and leaching amylose, enhancing solubility.
324  Mechanical shear during extrusion further breaks starch into soluble forms, contributing to the

325 increased WSIL.

326  3.2.3 Oil absorption capacity

327  OAC evaluates the ability of a product to absorb and retain oils, impacting texture, flavour, and
328 overall quality. OAC increased with the increasing MCC concentration from control to 5%
329 MCC incorporation in both pre-extruded (73.40+0.13% to 78.77+0.08%) and extruded
330 (78.69+0.02%to 79.47+ 0.01%) samples (Figure 1 (C)). This enhancement is likely due to the

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

331  oil-binding properties of MCC, which, combined with its fibrous nature providing additional

Open Access Article. Published on 02 January 2026. Downloaded on 1/3/2026 2:05:04 AM.

332 Dbinding sites, increased the overall OAC in both pre-extruded and extruded samples. Several

(cc)

333  studies have highlighted the high OAC of MCC due to its porous structure and large surface
334  area % The observed increase in OAC values upon extrusion is likely due to structural
335  modifications that enhance surface area and porosity. These findings align with Kesselly et al.
336 (2023), who observed an increase in the OAC of pulse flour due to extrusion, regardless of
337  extrusion temperature °’. High OAC is linked to promoting satiety and reducing overall calorie

338  intake, which can significantly contribute to weight management and obesity prevention .
339  3.2.4 Emulsification Capacity and Emulsification Stability

340  EC refers to the ability to form and stabilize the initial emulsion of two immiscible liquids by
341  reducing surface tension and ES is the ability of the emulsion to be stable throughout time

342  without phase separation. Both EC and ES demonstrated a significant increase (p < 0.05) with
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higher concentrations of MCC in both pre-extruded and extruded samples (Figure L¢E and F)).55007on

EC increased from 44.17 + 0.72% to 46.67 + 0.72% in the pre-extruded blend and from 53.3 +
0.72 % to 60 = 1.25% in the extruded sample when comparing the control to the 5% MCC
sample. ES was enhanced from 42.08% to 45.83% in the pre-extruded blend and from 52.92%
to 59.58% in the extruded sample from the control to the maximum MCC incorporated sample.
These findings were attributed to MCC's ability to form Pickering emulsions 3°. MCC enhanced
the emulsifying properties of both pre-extruded blends and extruded rice analogues by
increasing available surface area and stabilizing emulsions. The observed rise in ES and EC
upon extrusion could be attributed to the thermal and mechanical effects of the extrusion
process, which increase the gelatinized starch content that has good emulsifying properties®-
92, Increased emulsification capacity may enhance the binding of bile acids to cholesterol,

preventing its absorption and thereby helping to lower the risk of cardiovascular diseases .
3.2.5 Swelling Capacity (SC)

Swelling capacity refers to the ability of starches to absorb water and increase in size %. As
shown in Figure 1 (D), SC decreased by 3.85% from the control to 5% MCC sample in the pre-
extruded blends, while it increased by 2.5% following the extrusion process. The reduction in
swelling power in the pre-extruded blends may be attributed to the hydrophobic nature of MCC,
which does not absorb water and dilutes the starch matrix, resulting in diminished swelling
capacity. Supporting findings were noted in WAC, which also exhibited a decrease in pre-
extruded blend . This may be due to the crystalline nature of cellulose, which has extensive
hydrogen bonding within the molecule % and cannot bind with other water molecules. Post-
extrusion, the observed increasing trend of swelling power with increasing MCC might be
attributed to the formation of a porous matrix that can retain water, leading to a corresponding
rise in swelling power as evidenced by an increase in WAC. This aligns with the findings of
who reported an increase in the swelling power of rice bran insoluble fractions upon extrusion
treatment. The increased swelling capacity of extruded samples is due to starch gelatinization,
which disrupts crystalline structures and exposes hydroxyl groups, enhancing water absorption
and swelling 7. Increased swelling capacity is associated with enhanced satiety, resulting in a

decrease in excess calorie consumption 3.

3.3 Textural properties

B00272A
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373 The incorporation of MCC into rice analogues significantly impacted some of the, textiitals ;S oon
374  attributes (Table 2). As MCC concentration increased, the hardness of uncooked kernels
375  decreased (486.53 £3.59 t0 423.29 + 4.90), indicating a matrix softening of the rice analogues.
376  This reduction in hardness is likely due to the fibrous nature of MCC, which created a porous
377  matrix by hindering starch gelatinization during extrusion. Supporting results are evidenced by
378  the decreasing peak viscosity in the pasting profile. As a result, the starch granules became less
379  densely packed, leading to a softer texture in the extruded product, as indicated by the reduction
380 in density. Baek et al., (2014) and Na-Nakorn et al., (2021) also observed a softer product
381  when they incorporated corn bran in extruded rice noodles and extruded rice respectively 369,
382  In contrast, the hardness of cooked kernels increased slightly with higher MCC concentrations;
383  however, this increase was statistically insignificant. Adhesiveness and gumminess remained
384  relatively similar across all MCC treatments, suggesting that the addition of MCC did not
385  significantly alter the stickiness of the rice analogues. Cohesiveness values also remained
386  stable, with no significant differences across the various treatments, indicating the ability of
387 rice analogues to maintain structure and resist fragmentation which is essential for product
388  quality. Notably, springiness values slightly increased from the control to a higher MCC
389  concentration indicating enhanced recovery from deformation. Furthermore, the increase in
390 chewiness from 17.26 + 0.64 in the control sample to 18.42 + 0.20 in the 5% MCC sample.
391  This may be attributed to the fibrous nature of MCC and its higher water retention capacity that

392  enhances chewiness.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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393
394 Figure 1: Techno functional properties of samples before (pre-extrusion blend) and
395 after extrusion (rice analogue), including (A) water absorption capacity, (B) water

396 solubility index, (C) oil absorption capacity, (D) swelling capacity, (E) emulsification
397 capacity, and (F) emulsification stability.

398 3.4 Cooking Properties
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399  The cooking properties of extruded rice analogues were evaluated to determine theis practicals;hon
400  usability. The results demonstrated a significant decrease in cooking time with increasing
401  concentrations of MCC (Table 2). This reduction in cooking time is likely due to the enhanced
402  porosity of the rice analogues and the disruption of native starch structure, which promotes
403 more efficient water penetration thereby reducing the cooking time. Rheological analysis
404  supported these findings, revealing a decrease in peak viscosity corresponding to the increased
405  concentration of MCC. The inclusion of green pea fibre, corn fibre and polydextrose showed
406  significant effect on cooking time. As concentration of the soluble fibers from given sources
407 increased, a decreased in cooking time was observed. This indicates the level of fibres influence
408  the water absorption and texture of final product 7°. Cooking losses, indicative of structural
409 integrity 27, slightly increased with MCC incorporation due to MCC hindering the
410  gelatinization process. This increase can be attributed to reduced integrity due to MCC
411  hindering the gelatinization process. Supporting results were observed in the rheology, where
412 peak viscosity and final viscosity decreased with the increase in MCC concentration. The
413  physical presence of MCC because of its fibrous nature interferes with the gelatinization of
414  starch by creating physical barriers that prevent the starch granules from fully swelling and
415  gelatinizing during extrusion ’!. This can result in a less cohesive structure more susceptible to
416  leaching during cooking. WAR of the extruded products indicates the ability of the products to

417  absorb water during cooking without disintegrating 2. It was found to be slightly decreasing

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

418  with the increasing MCC concentration. The observed slight decrease may be attributed to the
419  leached solids as the MCC concentration increased. The increase in solid losses are significant

420 and are well above the acceptable limit as the acceptable limit is 10% only.
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Table 2: Textural and cooking properties of rice analogues added with MCC.

Texture Cooking properties
Uncooked Cooked
Sample Cooking time Solid Losses
Hardness Hardness Adhesiveness  Gumminess Chewiness Cohesiveness Springiness (min) %) WAR
min o
™) N) (mJ) ™) (mJ) (mm)
Control 486.53 £3.59* 31.96+3.44* 1.06+0.07 16.53 £0.328  17.26 + 0.64¢ 0.48 +£0.032 1.10 + 0.062 15.27+0.04*> 3248 +0.17° 2.89 +0.00?
1% MCC 474.57+£1.94> 32.03+£1.29* 1.03+0.032 16.39+£0.332  17.54 +0.49b° 0.48 +0.022 1.11 +£0.012 15.16 £0.032> 32,66 + 0.35b 2.86+0.012
1.5% MCC  464.40+4.82¢ 32.57+0.67* 1.05+0.022 16.38 £0.242  17.66 =+ (0.24b° 0.49 £ 0.01° 1.09 £ 0.04° 15.14£0.02b¢ 3293 +£0.16%c  2.86+0.012°
459.69 +

3346+0.76°  1.08 £0.032 16.14£0.24*  17.93+0.18%¢  0.49 +0.02? 1.11 £ 0.05% 15.12£0.10°4 3299+ 0.26%c  2.85 +0.002b¢

2% MCC 2.8]1¢d
453.84 +

33.84+0.78  1.08 +0.032 16.51+0.38  17.94+£0.31%c  0.49 +£0.022 1.14 £0.012 15.10+£0.019% 33,06 +£0.212¢  2.85+0.012°
2.5% MCC 2.61%
3% MCC 44745 +3.88° 3422+040* 1.11+0.022 16.51+0.122  18.05+0.31% 0.48+0.012 1.14 £ 0.022 15.06 £0.03F  33.13+£0.312c 2,84 +0.062¢
3.5% MCC 438.54+1.41f 3431+0.282 1.11+0.022 16.55+0.212  18.00 £ (0.222 0.49 £ 0.01° 1.16 £ 0.012 15.02+£0.068  33.29 + (.24 2.83 & 0.002b°
4% MCC 437.69 £7.52f  3435+0.53* 1.10+0.012 16.48+0.182  18.09 £0.27% 0.49+0.012 1.15 £ 0.022 14.58 £0.02¢"  33.39 +£0.36% 2.82 £ ().032be
4.5% MCC 42746 +4.15¢  34.40+0.48  1.09+0.012 16.43+0.15*  18.16+0.32% 0.49£0.012 1.15+0.022 14.49 £ 0.07"  33.45+0.26 2.79 £ 0.02b¢
500 MCC 423.29+490¢ 34.16+0.812  1.04+0.022 16.08 £0.30®  18.42 +0.20? 0.51+£0.012 1.13 £0.022 14.52 £0.045  33.56+0.242 2.78 £0.03¢

0

Samples with different letters in the same column are significantly different at p < 0.05.
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424 3.5 Pasting properties DOI: 10.1039/D5FB00272A

425  The pasting parameters for the pre-extruded blends and extruded kernels are presented in Table
426 3, while the corresponding pasting curves are shown in Figure 2. Peak viscosity indicates the
427  maximum viscosity reached during the heating and swelling phase of the starch granules. Peak
428  viscosity (PV) values decreased with increasing MCC concentration in both pre-extruded
429  blends (from 2060 + 11.31 to 1700 + 39.60 cP) and extruded kernels (626.40 + 32.95 to 458.95
430 £ 11.53 cP). This reduction can be attributed to the dilution of starch by MCC particles, which
431  disrupt the continuous phase of the starch paste and result in pastes with lower viscosity
432  compared to the control. Holding strength, or trough viscosity, is the viscosity at the end of the
433 holding period at high temperature, indicating the paste's ability to withstand heat and
434 mechanical shear. There was a slight increase in holding strength with 1% MCC but a gradual
435  decrease was observed as MCC concentration increased beyond 1%. The observed trend is
436  indicative of the reduction in the stability of paste under thermal and mechanical stress. The
437  setback values, which indicate the degree of retrogradation, also decreased with increasing
438  MCC concentration in both pre-extruded and extruded samples, likely due to the interference
439 of MCC in the reassociation of starch chains, thereby reducing the extent of starch
440  retrogradation. Final viscosity (FV) is measured after the cooling phase and indicates the re-
441  association of starch molecules. FV decreased significantly (p < 0.05) from 2962.5 + 36.06 to
442 2493 £ 60.10 cP in the pre-extruded blend and from 993.35 + 51.83 to 743.40 = 16.97 cP in

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

443  the extruded samples with increasing MCC concentration up to 5%. A decreasing trend in FV

444  with increasing MCC concentration might be attributed to MCC interfering with the

Open Access Article. Published on 02 January 2026. Downloaded on 1/3/2026 2:05:04 AM.

445  retrogradation process of starch molecules, leading to lower viscosities upon cooling. These

(cc)

446  findings align with the observations made by Dey et al (2023), who reported a similar pasting
447  profile in corn extrudates following the incorporation of MCC 7!. Additionally, the observed
448  decrease in peak viscosity, holding strength, setback values, and final viscosity of the extruded
449  samples compared to the pre-extruded ones is due to the disruption of the crystalline structure
450  of the starch granules during extrusion. This disruption, along with the extent of retrogradation,
451  reduces their ability to swell and thicken when mixed with water leading to a decrease in the

452  viscosity profile.
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453  Table 3: Pasting properties of rice flour added with MCC.
Pre-extruded blend Rice analogue
Samples Peak viscosity Holding Final viscosity Setback from Setback from Peak viscosity Holding Final viscosity Setback from Setback from
(cP) strength (cP) (cP) peak (cP) trough (cP) (cP) strength (cP) (cP) peak (cP) trough (cP)
1294.50 =
Control 2065.0 = 11.312 17,682 2962.5 +36.06° 897.8 + 24.89° 2217.0 +£26.87° 626.40 £ 32.952 417.55 +25.81* 993.35 +51.832 366.85 +18.742 784.40 + 44.55°
1% MCC 1959.5+60.10®  1310.50 £0.71¢>  2842.5 + 54.45% 882.95 +5.30° 2194.0 +4.242 548.55+18.46>  357.55+10.82% 901.25 + 3.46> 352.70 + 14.99 710.25 +4.17°
1215.50 £
1.5% MCC 1944.0 + 11.31% 21 9ped 2754.5 & 3.54b 811.0 + 7.64% 2026.5 + 14.85¢ 565.10 = 1.41° 369.90 + 3.54° 925.00 £ 6.36% 359.85+7.71° 729.75 £ 4.17
1195.50 +
2% MCC 1891.0 + 4.24b¢ 28 95ed 2688.5+£21.92%d  798.0 + 25.74bc 1993.5 +3.54¢4 521.80 +2.265 352.05 +2.90 878.70 + 6.93% 356.95 + 4.60? 709.05 + 7.57°
2.5% MCC 1864.5 +£19.09%¢  1249.00 +4.24>  2711.0 + 18.38< 846.55 +(0.35% 2095.5 +4.95> 510.10 + 1.56% 343.40 £ 0.42b<d 887.30 £ 3.11% 377.25+1.63 720.55 £ 1.20%
2665.5 +
3% MCC 1850.0 + 18.38%¢  1178.00 + 4.24° 37 agedt 815.5 + 18.95b 1993.5 +23.33¢d 496.65 + 6.43¢c¢ 330.85 + 1.48¢de 864.45 +9.26 352.60 + 8.632 679.60 + 6.22°
2608.5 +
3.5% MCC 1776.0 £ 15.56%F  1179.00 £ 7.07¢¢ 33,236 832.2 +18.53b 2011.5 + 12.02¢¢ 490.00 + 1.274 308.50 + 2.974f 817.85 + 7.85¢de 310.15 £ 1.63° 642.45 + 13.65
. clg
4% MCC 1739.5 + 13.44f 1164.50 £4.95¢  2545.0+41.01¢ft 77745+ 11.81% 1963.0 + 12.73% 433.00 + 11.17f 299.35+0.219f 789.95 + 8.27% 286.80 + 5.23% 586.20 + 5.37%
) 1163.50 £ ) A .
4.5% MCC 1743.5 +£ 27.58¢ 10,614 2554.5 £ 4.95% 786.8 + 11.88% 1967.5 +£2.12% 478.50 + 12.30% 307.20 £ 9.90¢ 755.50 £ 16.69¢ 277.00 + 4.38%¢ 584.20 + 14.28%
5% MCC 1700.0 + 39.60° 1137.00 +9.90¢ 2493.5 + 60.10¢ 793.3 +£20.22¢ 1930.0 +9.90¢ 458.95 + 11.53¢f 288.95 +2.62f 743.40 £ 16.97¢ 261.85 +4.45¢ 564.60 + 14.99¢
454  Means of three replicates + standard deviation. Samples with different letters in the same column are significantly different at p < 0.05.
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456 Figure 2: Pasting profile of samples (A) pre-extruded blend and (B) rice analogue

457 3.6 Invitro starch digestibility and estimated glycaemic index (eGI)

458  The contents of Rapidly Digestible Starch (RDS), Slowly Digestible Starch (SDS), and
459  Resistant Starch (RS) were determined by measuring the glucose released during starch
460  hydrolysis within the 0-20 minute and 20—120-minute intervals, with RS representing the starch
461  that remains undigested at the end of 120 minutes. The eGI was calculated in comparison to
462  the reference sample (white bread). The values for RDS, SDS, RS, and eGI and the in vitro
463  starch digestibility curve are shown in Figure 3. The incorporation of MCC into rice analogues
464  has demonstrated a gradual reduction in the eGI from 81.43 to 79.69 as the concentration of
465 MCC increased. The addition of MCC, an insoluble fibre increased the RDS (53.24% to
466  56.11%) and RS (11.73% to 19.52%) but decreased the SDS (35.03% to 24.37%) of rice

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 02 January 2026. Downloaded on 1/3/2026 2:05:04 AM.

467  analogues. The increase in RDS might be attributed to the increased soluble solids with the

468  MCC incorporation as seen in an observed increase in WSI. The decrease in SDS and increase

(cc)

469 in RS content in extrudates with the addition of MCC might be attributed to the formation of a
470  physical barrier created by the fibre around starch particles, which reduces the contact between
471  digestive enzymes and starch 73. Supporting results from the XRD analysis also demonstrated
472 an increase in V-type crystallinity, indicative of resistant starch. The incorporation of MCC
473 into rice analogue kernels showed a gradual reduction in the eGI as the concentration of MCC
474  increased. Zhang et al., (2022) also found that dietary fibre can act as a physical barrier,
475  reducing starch digestibility through its effects on viscosity, maintaining cell wall integrity,
476  and physically embedding starch particles 7*. Parallel findings were reported by T. Liu et al.,
477  (2021) and Sozer et al., (2014), who observed a decrease in starch digestibility upon the

478 inclusion of insoluble dietary fibre 7>-76. This consistent trend of decline in starch digestibility
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icle Online

thus suggests that the inclusion of MCC successfully brings about a reduction in, glyeeiics o ron
response through dilution of starch matrix and lessening the tendency of the starch to be
affected by the action of digestive enzymes. Despite decrease in GI with increased MCC
addition, insoluble dietary fibres has weak impact on GI in comparison with soluble dietary
fibres. Similar results were found by He et al., as addition of guar gum increase the
complexation with starch significantly reducing GI, whereas in current study, MCC showed

slight GI deviation 7.
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Figure 3: (A) In vitro starch digestibility curve, (B) RDS, SDS, and RS fractions, and

(C) estimated glycaemic index of rice analogues.

3.7 XRD

The X-ray diffractograms of the extruded samples are presented in Figure 4. The samples
exhibited a typical A-type pattern, characterized by peaks at 15°, 17°, 18°, and 23°, similar to
native cereal starch 7879, Additionally, they displayed a V-type pattern, identified by a small
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peak at 20°, indicative of the amylose-lipid complex formed upon extrusion .35 THES S ron
incorporation of MCC into rice analogues led to a decrease in A-type crystallinity, indicating
a disruption of the native starch crystalline structure. This finding is corroborated by the
increase in WSI values, suggesting the breakdown of the starch network. Additionally, an
increase in V-type crystallinity was observed, as indicated by the intensified peak at 20°, which
is attributed to the formation of an amylose-lipid complex. This peak intensity increased with
higher MCC content, likely due to the greater availability of amylose resulting from the
breakdown of the starch network. Related results were reported by Nithya et al., (2024) who
observed a reduction in V-type crystallinity with reduced available amylose 3°. Overall, a
decline in total crystallinity was observed, indicating that the incorporation of MCC disrupts

the original crystalline structure of the starch in the rice analogues.
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Figure 4: X-ray diffractogram of the extruded rice analogues; *denotes the relative

3.8 SEM Analysis

crystallinity.

SEM micrographs of the extrudates incorporated with MCC are displayed in Figure 5,

providing a qualitative analysis of the microstructure, including air cell size and continuity of

the matrix. The inclusion of MCC demonstrated a nucleating effect on the extrudates by

increasing the number of air cells (Figure 5). The presence of cellulose or other insoluble fibres

can disrupt the continuous phase of molten starch, resulting in a diminished capacity to expand

and form aerated structures within the extrudate. A similar observation was reported by Dey et
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al., (2023) in corn extrudates with MCC incorporation *. Additionally, Jiang et al. (201 9)#nd
Robin et al., (2011) reported analogous findings, noting an increase in air cell formation with

fibre inclusion 88, This phenomenon may result from fibre inclusion disrupting the continuity
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Figure 5:

Scanning electron micrographs of the cross-section of rice analogues.
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520 3.9 Sensory Evaluation DOI: 10.1039/D5FB00272A

521  The sensory evaluation of RA samples showed that panellists rated overall acceptability in the
522  range of 5.8 to 7.0 on the 9-point hedonic scale, depending on the level of MCC incorporated.
523  The control, 1% and 1.5% MCC samples scored similarly (6.6—6.8), while 2—3% MCC showed
524  the highest liking (7.0-7.02). Acceptability declined at 3.5-4.5% MCC (6.5-6.6) and was
525  lowest at 5% MCC (5.85), indicating that higher MCC levels reduced consumer preference.
526  PCA of'the sensory attributes of RA explained about 89% of the total variation in the data. The
527  first component (PC1, 73.5%) mainly represented overall product quality, combining
528  appearance, taste, mouthfeel, and acceptability, while the second component (PC2, 15.5%)
529  contrasted aroma against mouthfeel. The pattern seen in the PCA scores was consistent with
530 the observed hedonic ratings (given in supplementary). The control, 1% and 1.5% MCC
531  samples, with overall acceptability scores around 6.6—6.8, were grouped close together and did
532 not differ much in sensory terms. Samples with 2% to 3% MCC, however, shifted positively
533 along PC1 and also showed the highest liking (7.0-7.02), suggesting these levels enhanced the
534 sensory quality of the RA. The samples with higher MCC (3.5-4.5%) gave moderate
535 acceptability scores (around 6.5—6.6) and was separated in the positive PC2 direction, which
536  can be linked with stronger aroma but at the same time lower mouthfeel. At 5% MCC the
537  product was clearly separated, with the lowest hedonic rating (5.85), showing that too much

538 MCC reduced the consumer liking. Overall acceptability was most strongly related to

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

539  appearance (r = 0.84), mouthfeel (r = 0.78) and taste (r = 0.77), while aroma (r = 0.60) had less
540 influence. Sensory analysis suggests that an MCC level of about 2-3% is optimal for

Open Access Article. Published on 02 January 2026. Downloaded on 1/3/2026 2:05:04 AM.

541  maintaining balance in sensory attributes, while higher levels (3.5% and above) tend to lower

(cc)

542  consumer acceptance mainly due to undesirable mouthfeel.
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Figure 6: a) Spider chart for sensory evaluation of MCC incorporated rice analogue, b) PCA

analysis for sensory evaluation of rice analogue
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547 4. Conclusion DOI: 10.1039/D5FB00272A

548  The incorporation of MCC into rice analogues significantly enhanced their functional and
549  nutritional properties while modifying the quality parameters, addressing the low dietary fibre
550  content of typical traditional rice. This study demonstrated that, varying MCC concentrations
551  (1%-5%) positively influenced physicochemical attributes, including color, density, and
552  texture, while also improving techno-functional properties such as water and oil absorption
553  capacities and emulsification ability. Although a slight increase in cooking losses and reduced
554  hardness was observed, the minimal deviation indicated no significant impact on the overall
555  sensory, physicochemical, functional and nutritional properties of cooked rice analogue . The
556  changes in water absorption capacity and solubility index underscore the role of MCC in
557  forming a more porous matrix, enhancing hydration properties post-extrusion. Additionally,
558 the incorporation of MCC led to reduced starch digestibility, contributing to a lower glycaemic
559 index. However, the deviation in the estimated GI is relatively low. The addition of MCC
560  provides the active sites for water and oil to bind improving the WAC, OAC. Contrary, increase
561  concentration of MCC in rice analogue, interfere with intramolecular interaction of starch
562 reducing the density, cooking time, water solubility, hardness, peak viscosity, final viscosity
563  and setback. Furthermore, The addition of MCC contribute the crystalline cellulose in the rice
564 analogue increasing overall A-type crystallinity. However, the interference with starch also

565 increases the solid losses in rice analogue. Thus, utilizing MCC as a fibre additive offers a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

566 promising strategy for developing healthier, fibre-enriched rice analogues that align with

567  consumer preferences for nutritious food options. However, the studies considering the storage
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568  stability of the rice analogue, mass consumer acceptance and its scaling-up feasibility will be
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569  of great scope for further commercialization.
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