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extruded rice analogue: effects on the
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cooking and structural properties, in vitro
digestibility and estimated glycaemic index
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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 an 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 also increased L* values (79.47 ± 0.01), but it 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 the 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.
Sustainability spotlight

This study focuses on the valorisation of broken rice, a by-product of the rice milling industry, for the development of rice analogues fortied with dietary bre,
iron, folic acid, and cyanocobalamin. This approach helps in the transformation of an agricultural waste into a nutritionally enriched food product, addressing
food security and supporting the Sustainable Development Goals (SDGs). Specically, the formulation contributes to SDG 2 (zero hunger) through enhanced
nutrition, SDG 3 (good health and well-being) via dietary bre enrichment, and SDG 9 (industry, innovation, and infrastructure) by introducing a novel pro-
cessing method. Additionally, it supports SDG 12 (responsible consumption and production) by promoting the sustainable utilization of food processing by-
products for human consumption.
1 Introduction

Rice, a staple food for nearly two-thirds of the world's pop-
ulation, serves as a crucial source of calories and essential
nutrients.1 Consumers widely prefer white rice for its appealing
texture, palatability, and appearance.2 Although white rice
provides signicant caloric value, it is oen criticized for its low
dietary bre content as most of the bre is lost during milling,
an essential operation for extending the shelf life of rice.3 Die-
tary bre, commonly known as roughage, represents the
component of plant-based foods that the human digestive
Department, Indian Institute of

302, India. E-mail: yuvrajbhosale33@

the Royal Society of Chemistry
system cannot digest or completely break down. It comprises
two primary fractions: soluble and insoluble bres.4 Soluble
bres dissolve in water, form a gel that slows digestion, and
have been shown to lower cholesterol and glucose levels,
contributing to improved metabolic health. In contrast, insol-
uble bres add bulk to stool, facilitating faster passage through
the digestive tract and alleviating issues such as constipation.5

Additionally, dietary bre promotes satiety by increasing the
volume of food and retaining substantial amounts of water,
which may aid in weight management.6 Research shows that
dietary bre intake is inversely associated with total mortality
rates, particularly deaths from cardiovascular, infectious, and
respiratory diseases in individuals.7–9 The Indian Council of
Medical Research recommends that adults consume at least
40 g of dietary bre per day, based on a 2000 kcal diet,
Sustainable Food Technol., 2026, 4, 1509–1524 | 1509
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highlighting the importance of adequate bre intake for
ensuring overall health.10

To tackle the challenge of low dietary bre content in rice
and align with dietary recommendations, the fortication of
rice with added soluble and insoluble bres for the develop-
ment of rice analogues has gained signicant popularity in
recent years.11–13 Rice analogues are known for their enhanced
nutritional prole without compromising sensory qualities.
Reconstituted rice or rice analogues have emerged as innovative
solutions for integrating functional ingredients. Rice analogues
are rice-shaped kernels that replicate the taste and avour of
conventional rice, oen produced using extrusion technology.14

Fiber incorporation into rice analogues signicantly modu-
lates structural integrity and other physicochemical properties
of rice analogues, primarily through distinct molecular inter-
actions in comparison with native rice starch.12,13 Soluble bres
are known to increase viscosity and improve structure and
texture while imparting health benets like blood sugar
control.15

Soluble ber aids in digestion and promotes satiety due to its
brous nature; it creates a brous network that adds bulk,
hinders molecular linking, and contributes to a denser texture.
However, in rice analogues, insoluble bres can interfere with
the process of gelation when dispersed in a starch or protein
matrix, impacting the structural continuity. The full hydration
and swelling potential of starch granules are also impaired.16

Several studies have been undertaken to study the effects of
different sources of starch for the development of rice analogue,
and these studies reveal that the addition of alternative
macromolecules, mainly dietary ber, interferes with amylose
rearrangement, leading to lower hardness of kernels, which in
turn causes higher gruel losses.12,13,15 Hence, insoluble bre is
oen modied to produce functionally enhanced products with
improved performance and texture. Modied bres are devel-
oped by modifying native bres via physical, chemical and
biological techniques for enhanced functionality.17–19 One of the
most commonly used modied insoluble bres in the food
industry is microcrystalline cellulose (MCC), a white, odourless
crystalline powder produced by treating alpha cellulose with
mineral acids, primarily composed of insoluble dietary bre,
and can be extracted from cellulose-rich agricultural waste
streams such as onion peel and sugarcane bagasse.20–22 MCC,
when utilized in food products, acts as a stabilizer, fat replacer,
and emulsier, and is known to signicantly improve food
texture. When utilised in rice analogues, MCC acts as a bridge
for linking the amylose molecules, which in turn improves the
quality of rice analogues, in addition to increasing bulk and
enhancing the dietary bre content in rice analogues.23–25

Furthermore, MCC remains undigested in the small intestine
and does not contribute to elevating blood sugar levels, which,
in turn, reduces the glycaemic response of the rice analogue. It
also ferments in the large intestine and promotes the growth of
benecial gut microora, making it an ideal bre additive for
rice analogues.26

The current study aims to evaluate the inuence of MCC as
a bre additive on the properties of rice analogues, specically
examining both pre- and post-extrusion effects. By investigating
1510 | Sustainable Food Technol., 2026, 4, 1509–1524
various concentrations of MCC, this study seeks to elucidate its
role in enhancing the functional and nutritional characteristics
of reconstituted rice. The ndings of this research will provide
valuable insights into the application of MCC in developing
healthier, bre-enriched rice analogues, aligning with contem-
porary trends toward health-conscious food options without
compromising the natural taste and avour of conventional
rice.

2 Materials and methods
2.1 Raw materials

Raw rice of the Swarna variety was procured from the local
market of IIT Kharagpur. Food-grade MCC with an average
particle size of 50 microns was procured from Ases Chemical
Works, Brahm Bagh, Jalori Gate, Jodhpur (India).

2.2 Sample preparation

Raw rice was ground into our with a particle size of less than
250 mm using a micro pulveriser (M/s. Basic Technology Private
Limited, Kolkata, India). The MCC at varying concentrations
(1%, 1.5%, 2%, 2.5%, 3%, 3.5%, 4%, 4.5%, and 5%) was mixed
into rice our through multistage mixing and then blended in
a planetary mixer (M/s. Reico Equipment & Instrument Pvt. Ltd,
Kolkata, India) at a rotational speed of 400 rpm for 30 minutes.
Rice our of the same variety, without any addition of MCC
(0%), was considered the control sample. Aer this mixing step,
a portion of the mixture (pre-extruded blend) was taken for
analysis, and the remaining sample was processed further. A
calculated amount of reverse osmosis-ultraviolet (RO-UV)
treated water was added to get a moisture content of 30% wb,
and the mixture was conditioned overnight at 4 °C to equili-
brate. The conditioned dough was extruded into rice analogues
using a pilot-scale twin-screw extruder (15 kg h−1 capacity,
fabricated locally in Kolkata, India). The extrusion conditions
were adopted from Dalbhagat & Mishra (2019) with slight
modications and were maintained consistently across all the
samples.27 The die temperature was set at 76 °C, the screw speed
was held at 50 rpm, and the feed rate was adjusted to 13 rpm.
The extruded rice analogue kernels were dried at 23–26 °C in
a forced air dryer to achieve a nal moisture content of 11–12%
wb. The dried rice analogues were polished and stored in zip-
lock pouches (low-density polyethylene) at room temperature.
Some dried samples were ground, sieved (150 mm), and stored
in zip-lock polyethylene pouches for analysis.

2.3 Physicochemical properties

2.3.1 Colour. The colour attributes of the pre-extruded
blend and extruded rice analogues were measured in terms of
Hunter lab coordinates, viz., lightness (L*), redness (a*), and
yellowness (b*), using a colorimeter (Model: CM 5, M s−1.
Konica Minolta, Tokyo, Japan).28

2.3.2 Density. The bulk density (BD) was measured by
pouring a known mass of the pre-extruded blend and the
extruded rice analogues into a 25 ml volumetric cylinder from
a consistent height. The volume occupied by the sample was
© 2026 The Author(s). Published by the Royal Society of Chemistry
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then recorded, and the BD was expressed in grams per millilitre
(g ml−1).29 To determine the tapped density (TD) of the pre-
extruded blend, the cylinder was tapped 300 times to elimi-
nate the airspaces in the pre-extruded blend, and the volume
was measured.30 The true density (TrD) of the extruded rice
analogues was measured using the toluene displacement
method as reported in the literature.31 A 25 ml graduated
measuring cylinder was lled with toluene (10 ml), and 5 g of
the rice analogue kernels were dropped into it. The volume of
toluene displaced was recorded, and the true density was
calculated by dividing the sample mass by the displaced
volume.
2.4 Techno-functional properties

2.4.1 Water absorption capacity, oil absorption capacity,
and water solubility index. The water absorption capacity (WAC)
and oil absorption capacity (OAC) were determined by adding
10 ml of distilled water (for WAC) or rened 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 nal
weight of the sample was then measured to calculate the
percentage of water or oil absorbed. Additionally, the superna-
tant obtained from the WAC measurement was dried to deter-
mine the water solubility index (WSI).27,32

WAC ð%Þ ¼ amount of water absorbed ðgÞ
sample weight ðgÞ � 100

OAC ð%Þ ¼ amount of oil absorbed ðgÞ
sample weight ðgÞ � 100

WSI ð%Þ ¼ weight of dried supernatant ðgÞ
sample weight ðgÞ � 100

2.4.2 Swelling capacity (SC). The swelling capacity of the
samples was assessed following the method outlined by Chan-
dra 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.
Aer 2 minutes, the suspension was inverted again and le to
stand for an additional 8 minutes. The volume occupied by the
sample was then measured at the end of the 8 minutes.33

2.4.3 Emulsion activity (EA) and emulsion stability (ES). EA
and ES were measured using the procedure outlined by Qadir &
Wani (2023b) with minor modications. Briey, 1 g of the
powdered sample was placed in a centrifuge tube, and 10 ml of
distilled water and 10 ml of soybean oil were added. The
mixture was homogenized using an Ultra Turrax T18 homoge-
nizer (IKA India Private Limited, India) to form an emulsion. It
was then centrifuged at 2000 rpm for 5 minutes. Emulsion
activity (EA) was calculated as the percentage ratio of the volume
© 2026 The Author(s). Published by the Royal Society of Chemistry
of the emulsion layer to the total volume of the mixture. For
emulsion stability (ES), aer centrifugation, the emulsion was
heated in a water bath at 80 °C for 30 minutes, then cooled for
15 minutes, and centrifuged again at 2000 rpm for 15 minutes.
ES was calculated as the percentage ratio of the volume of the
emulsied layer to the total volume of the mixture.34

2.5 Textural properties

The textural properties of rice analogues were measured before
and aer cooking using a texture analyser (CT3, Brookeld
Technologies Corporation). The hardness of uncooked rice
analogues was assessed with a 50 kg load cell. A single kernel
was horizontally placed under a 6 mm diameter TA41 probe,
and compression was applied at 1.00 mm s−1 until breakage.
Texture Prole Analysis (TPA) of the cooked samples was con-
ducted using a 25.4 mm cylindrical TA11/1000 probe. Ten
cooked kernels were evaluated for various textural attributes,
including hardness, adhesiveness, gumminess, springiness,
chewiness, and cohesiveness.35 The textural properties were
assessed in quintuplicate.

2.6 Cooking properties

The cooking properties of rice analogues were analyzed
according to the methods outlined by Dalbhagat & Mishra
(2019). Approximately ve grams of kernels were added to 50 ml
of boiling distilled water. Every two minutes, a few grains were
examined between glass slides to determine the cooking time
(CT) at which the white core disappeared. For solid losses (SL),
another 5 g of kernels was cooked under the CT, and the
resulting cooking water was collected, dried, and weighed to
determine the percentage of lost solids. To calculate the water
absorption ratio (WAR), 5 g of sample was cooked under the CT,
then drained, blotted dry, and weighed to determine the cooked
weight relative to the initial weight.27

2.7 Pasting properties

The pasting prole of samples was evaluated using a rheometer
(MCR52 Rheometer, Anton Paar, Graz, Austria). The canister of
the instrument was loaded with a 10% (w/v) our suspension.
The temperature prole for pasting analysis was as follows:
incubation at 50 °C for 1 minute, heating to 95 °C at a rate of
12 °C min−1, holding at 95 °C for 2.5 minutes, cooling to 50 °C
at a rate of 12 °C min−1, 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), nal viscosity (FV), setback
from peak viscosity (SPV), and setback from trough viscosity
(STV).36

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 (l = 1.5406 Å), 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
lled into a stainless-steel sample pan, and the diffractograms
Sustainable Food Technol., 2026, 4, 1509–1524 | 1511
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were recorded over a 2q angle range of 4° to 40°.37 Relative
crystallinity was determined as the ratio of areas under the
peaks to the total area of diffractograms.

Relative crystallinity ð%Þ ¼
crystalline peak area

crystalline peak areaþ amorphous area
� 100

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, Ger-
many) with a tungsten lament at 5 kV. The samples were
mounted on pin stubs with carbon tape and coated with gold–
palladium (360 Å thick). The SEM images, taken at EHT = 5 kV,
Signal A = SE2, WD = 16.8 mm to 18.2 mm, with magnication
(31×–37×), dened the detailed morphological characteristics
and changes brought by the extrusion process.

2.9 In vitro starch digestibility and estimated glycaemic
index (eGI)

Approximately 50 mg of rice analogue kernels were taken in
a 50 ml conical ask and cooked in an autoclave at 120 °C for 30
minutes with 5 ml of distilled water. Following cooking, 10 ml
of HCl–KCl 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 solu-
tion, prepared by dissolving 22 mg of pepsin (Porcine Stomach
Mucosa) in 10 ml of HCl–KCl 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). Aer incubation, tris-maleate
buffer solution (pH 6.9) was added to bring the sample
volume to 25 ml. To hydrolyse the starch present in the sample,
5 ml of an a-amylase solution, prepared by adding 2.6 UI of a-
amylase to tris-maleate buffer, was introduced to each liquid
sample. These samples were incubated at 37 °C using a shaking
water bath. During this incubation period, 0.1 ml aliquots were
collected from each tube every 30 minutes, from 0 to 180
minutes, and immediately placed in boiling water for 5 minutes
to inactivate the a-amylase. The samples were subsequently
incubated at 60 °C for 45 minutes with 0.3 ml of 0.4 M sodium
acetate buffer (pH 4.75) and 60 ml of amylo-glucosidase from
Aspergillus niger (ref. 101087442) to further hydrolyse the di-
gested starch into glucose. The glucose content was determined
by the Arkray GOD–POD kinetic assay Kit (93DP100-74). Total
starch content was found by multiplying it by a factor of 0.9. The
rate of starch hydrolysis was expressed as a percentage of total
starch hydrolysed at specied time intervals: 30, 60, 90, 120,
150, and 180 min. The hydrolysis index (HI) was calculated by
dividing the area under the curve (AUC) of each sample by the
AUC of the reference food, white bread. The eGI was estimated
using the following model:38,39

eGI = 39.71 + (0.549 HI)
1512 | Sustainable Food Technol., 2026, 4, 1509–1524
Additionally, the proportions of rapidly digestible starch
(RDS), slowly digestible starch (SDS), and resistant starch (RS) in
the sample were calculated as follows:40

RDS% ¼ 0:9� ðG20 � G0Þ
TS

� 100

SDS% ¼ 0:9� ðG120 � G20Þ
TS

� 100

RS% ¼ TS� ðRDSþ SDSÞ
TS

� 100

where G0, G20, and G120 are the contents of glucose released
within 0, 20, and 120 min of hydrolysis, respectively; TS is total
starch; 0.9 is the starch conversion factor.

2.10 Sensory evaluation

Sensory evaluation was carried out for cooked RA samples to
determine the consumer acceptability. A semi-trained panel of
30 members evaluated the samples using the 9-point hedonic
scale, where 1= extreme dislike, and 9= extreme like. Themain
attributes considered were appearance, aroma, texture, taste,
and overall acceptability. The hedonic data were then analysed
using Principal Component Analysis (PCA) to understand which
sensory attributes had the most inuence on panel scores. PCA
was also used to determine the level of MCC that could be
incorporated into the samples without causing much change in
the sensory attributes, as compared to the control.41

2.11 Statistical analysis

Unless otherwise specied, all analyses were performed in
triplicate, and the data are 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 analogues, followed by Tukey's HSD test for
post hoc comparisons, with statistical differences indicated by
Tukey's letters and the signicance 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 the 5% MCC (95.61 ±

0.02) blend. The a* changed from more negative (green) values
to less negative (towards red) values with higher MCC concen-
trations, while b* values decreased, indicating a shi from
yellow to blue, with the most signicant change observed at 5%
MCC. The observed subtle increase in lightness may be attrib-
uted to the dilution of the rice pigments upon MCC addition by
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Color and density of pre-extruded blends and rice analoguesa

Samples

Colour
Bulk density
(g ml−1)

Tapped density
(g ml−1)

True density
(g ml−1)L* a* b* DE

Pre-extruded
blend

Control 95.56 � 0.03cde −0.59 � 0.01a 6.01 � 0.03a — 0.63 � 0.01ab 0.83 � 0.01a —
1% MCC 95.51 � 0.04ef −0.55 � 0.02b 5.95 � 0.04a — 0.63 � 0.00ab 0.82 � 0.01ab —
1.5% MCC 95.65 � 0.05ab −0.52 � 0.02c 5.58 � 0.04b — 0.62 � 0.01abc 0.82 � 0.01ab —
2% MCC 95.67 � 0.02a −0.50 � 0.01d 5.39 � 0.04c — 0.62 � 0.01ab 0.82 � 0.01ab —
2.5% MCC 95.59 � 0.09cd −0.48 � 0.02e 5.38 � 0.22c — 0.62 � 0.01ab 0.82 � 0.01ab —
3% MCC 95.61 � 0.08bc −0.44 � 0.02e 5.07 � 0.19e — 0.62 � 0.01ab 0.82 � 0.01ab —
3.5% MCC 95.53 � 0.01efd −0.47 � 0.01f 5.31 � 0.01d — 0.61 � 0.01abc 0.82 � 0.01ab —
4% MCC 95.49 � 0.01f −0.41 � 0.02g 5.03 � 0.11ef — 0.61 � 0.01bc 0.81 � 0.00b —
4.5% MCC 95.53 � 0.02ef −0.42 � 0.02g 4.98 � 0.11f — 0.60 � 0.01c 0.81 � 0.00b —
5% MCC 95.61 � 0.02 cb −0.41 � 0.02g 4.90 � 0.02g — 0.60 � 0.01c 0.81 � 0.01b —

Rice analogues Control 77.17 � 0.05a −0.13 � 0.01a 17.03 � 0.05a — 0.77 � 0.01ab — 1.42 � 0.01a

1% MCC 77.71 � 0.28b −0.12 � 0.02a 17.06 � 0.06 ab 0.54 0.78 � 0.01ab — 1.42 � 0.02a

1.5% MCC 77.80 � 0.30b −0.13 � 0.02a 17.11 � 0.05bc 0.63 0.77 � 0.01abc — 1.41 � 0.02a

2% MCC 78.02 � 0.05c 0.03 � 0.01b 17.14 � 0.03c 0.88 0.76 � 0.01bcd — 1.41 � 0.01ab

2.5% MCC 78.28 � 0.05d 0.09 � 0.01c 17.17 � 0.04cd 1.14 0.76 � 0.01bcd — 1.40 � 0.01abc

3% MCC 78.49 � 0.07e 0.12 � 0.01c 17.21 � 0.04de 1.35 0.75 � 0.00d — 1.40 � 0.01abc

3.5% MCC 78.60 � 0.10ef 0.18 � 0.01d 17.23 � 0.01de 1.48 0.75 � 0.01cd — 1.39 � 0.01abc

4% MCC 78.69 � 0.10ef 0.21 � 0.10de 17.27 � 0.02ef 1.58 0.75 � 0.00d — 1.38 � 0.01bcd

4.5% MCC 78.72 � 0.06f 0.22 � 0.10de 17.30 � 0.02f 1.61 0.75 � 0.01cd — 1.37 � 0.01cd

5% MCC 78.80 � 0.08f 0.23 � 0.01f 17.32 � 0.01f 1.69 0.75 � 0.00d — 1.36 � 0.01d

a Data in each column sharing the same superscript letter indicate no signicant difference (p < 0.05). Statistical tests were performed separately for
samples before (pre-extrusion blend) and aer extrusion (rice analogue).
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acting as a diluent. In rice analogues, 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
shi 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 increases 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 light-
ness 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 ller without affecting the colour of the
sample.20 The observed increasing lightness trend is likely due
to MCC diluting the starch matrix. While starch becomes
gelatinized and darkened during extrusion, MCC remains
colour-stable, leading to lighter nal products. The decreased
L* and increased a* and b* of samples upon extrusion may be
due to the starch gelatinization and non-enzymatic reactions,
such as Maillard reactions and caramelization.42,43

3.1.2 Density. BD measures the mass of particles within
a given volume, indicating the material's compactness. The
bulk density decreased slightly in both pre-extruded blends and
extruded kernels (Table 1) as the MCC concentration increased.
This reduction in BD was likely due to the brous nature and
low density of MCC,44 which introduced additional void spaces
in pre-extruded blends and interfered with starch gelatiniza-
tion, resulting in a less compact matrix in extruded kernels. The
tapped density of the pre-extruded blend also followed a similar
decreasing trend, indicating the consistent packing behaviour
of the sample. The true density of rice analogues decreased
© 2026 The Author(s). Published by the Royal Society of Chemistry
from 1.42 ± 0.01 to 1.36 ± 0.01 g ml−1 from the control to the
5% MCC-incorporated sample, indicating that the addition of
MCC resulted in a looser matrix, which is favourable for the easy
penetration of water during cooking. Supporting results were
observed in the cooking time, which decreased with increasing
MCC concentration, and in the microstructure, where an
increase in air cells was evident.

3.2 Techno-functional properties

3.2.1 Water absorption capacity (WAC). WAC is a measure
to evaluate the hydration properties of the samples and serves
as an indicator of the starch transformation degree during
extrusion.45 The WAC of pre-extruded blends exhibited a signif-
icant decrease (p < 0.05) from 130.61%± 0.43% in the control to
124.59 ± 0.11% in the 5% MCC-incorporated pre-extruded
blend with increasing concentrations of MCC (Fig. 1(A)). This
reduction in WAC is attributed to the hydrophobic nature of
MCC, which diminished the overall hydrophilicity of the rice
matrix in the pre-extrusion blends. As MCC concentration
increased, the ability of samples to absorb and retain water
correspondingly decreased. On the contrary, WAC values
increased signicantly in rice analogues (p < 0.05) with
increasing MCC concentration from 323.68 ± 0.55 in the
control sample to 336.01%± 0.51% in the 5%MCC sample. The
upward trend in WAC post-extrusion can be attributed to
insoluble bres promoting a more porous and open matrix
structure in the extrudate. This porous structure can effectively
trap water, prevent its loss, and thereby enhance the WAC of
samples.46 Similar ndings were reported by Kallu et al. (2017),47

who observed an increase inWAC in extruded starches upon the
Sustainable Food Technol., 2026, 4, 1509–1524 | 1513
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Fig. 1 Techno-functional properties of samples before (pre-extrusion blend) and after extrusion (rice analogues), including the (A) water
absorption capacity, (B) water solubility index, (C) oil absorption capacity, (D) swelling capacity, (E) emulsification capacity, and (F) emulsification
stability.
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incorporation of cellulose. Another plausible reason for the
observed downward trend in the pre-extruded blend and
upward trend in the rice analogue could be because of the
partial conversion of crystalline regions of cellulose into
amorphous regions due to the high temperatures and shearing
during extrusion,48 exposing more hydroxyl groups of cellulose
that can easily form hydrogen bonds with water.49 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 into an amorphous form that can absorb
higher amounts of water. The thermal effects of the extrusion
disrupt the hydrogen bonds in the starch, enabling more
hydroxyl groups of the polysaccharide to interact with water.50

Increased WAC upon MCC incorporation is benecial to
1514 | Sustainable Food Technol., 2026, 4, 1509–1524
humans, as it is associated with enhanced intestinal peristalsis,
reduced food intake, increased stool volume, removal of
carcinogens, and regulation of gut microbiota.51

3.2.2 Water solubility index (WSI).WSI indicates the extent
of starch disintegration during extrusion52 for starch-rich
products. WSI values are depicted in Fig. 1(B). For the pre-
extruded blend, a slight decrease in WSI with increasing MCC
might be due to the hydrophobic properties of MCC, which may
marginally reduce the solubility of the blend from 1.71% ±

0.06% to 1.48% ± 0.06% with the increase in MCC concentra-
tion up to 5%. The upward trend in WSI with increasing MCC
concentrations post extrusion can be attributed toMCC's role as
an insoluble bre, which increases friction inside the extruder
barrel, thereby facilitating the mechanical disruption of starch
into smaller fragments and thereby increasing solubility.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Similar ndings were observed in extruded instant products47

and extruded starches.53 Post-extrusion, WSI values of samples
increased due to starch gelatinization, disrupting the crystalline
structure and leaching amylose, and enhancing solubility.
Mechanical shear during extrusion further breaks starch into
soluble forms, contributing to the increased WSI.

3.2.3 Oil absorption capacity (OAC). OAC evaluates the
ability of a product to absorb and retain oils, impacting the
texture, avour, and overall quality. OAC increased with the
increasing MCC concentration from the control to the 5% MCC
incorporation in both pre-extruded (73.40% ± 0.13% to 78.77%
± 0.08%) and extruded (78.69% ± 0.02% to 79.47% ± 0.01%)
samples (Fig. 1(C)). This enhancement is likely due to the oil-
binding properties of MCC, which, combined with its brous
nature, provide additional binding sites, increasing the overall
OAC in both pre-extruded blends and extruded samples. Several
studies have highlighted the high OAC of MCC due to its porous
structure and large surface area.54,55 The observed increase in
OAC values upon extrusion is likely due to structural modi-
cations that enhance surface area and porosity. These ndings
align with those of Kesselly et al. (2023), who observed an
increase in the OAC of pulse our due to extrusion, regardless of
extrusion temperature.56 High OAC is linked to promoting
satiety and reducing overall calorie intake, which can signi-
cantly contribute to weight management and obesity
prevention.57

3.2.4 Emulsication capacity (EC) and emulsication
stability (ES). EC refers to the ability to form and stabilize the
initial emulsion of two immiscible liquids by reducing surface
tension, and ES is the ability of the emulsion to be stable
throughout time without phase separation. Both EC and ES
demonstrated a signicant increase (p < 0.05) with higher
concentrations of MCC in both pre-extruded and extruded
samples (Fig. 1(E and F)). 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 ndings were
attributed to MCC's ability to form Pickering emulsions.58 MCC
enhanced the emulsifying properties of both pre-extruded
blends and extruded rice analogues by increasing the avail-
able 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.59–61 An increased emulsication capacity may
enhance the binding of bile acids to cholesterol, thus prevent-
ing its absorption and thereby helping to lower the risk of
cardiovascular diseases.62

3.2.5 Swelling capacity (SC). Swelling capacity refers to the
ability of starches to absorb water and increase in size.63 As
shown in Fig. 1(D), SC decreased by 3.85% from the control to
the 5% MCC sample in the pre-extruded blends, while it
increased by 2.5% following the extrusion process. The reduc-
tion in swelling power in the pre-extruded blends may be
© 2026 The Author(s). Published by the Royal Society of Chemistry
attributed to the hydrophobic nature of MCC, which does not
absorb water and dilutes the starch matrix, resulting in
diminished swelling capacity. Supporting ndings were noted
in WAC, which also exhibited a decrease in the pre-extruded
blend. This may be due to the crystalline nature of cellulose,
which has extensive hydrogen bonding within the molecule64

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
ndings of a previous study, which reported an increase in the
swelling power of the insoluble fractions of rice bran upon
extrusion treatment.65 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.66 Increased swelling capacity is
associated with enhanced satiety, resulting in a decrease in
excess calorie consumption.57

3.3 Textural properties

The incorporation of MCC into rice analogues signicantly
impacted some of the textural attributes (Table 2). As MCC
concentration increased, the hardness of uncooked kernels
decreased (486.53 ± 3.59 to 423.29 ± 4.90), indicating a matrix
soening of the rice analogues. This reduction in hardness is
likely due to the brous nature of MCC, which created a porous
matrix by hindering starch gelatinization during extrusion.
Supporting results are evidenced by the decreasing peak
viscosity in the pasting prole. As a result, the starch granules
became less densely packed, leading to a soer texture in the
extruded product, as indicated by the reduction in density. Baek
et al. in 2014 and Na-Nakorn et al. in 2021 also observed a soer
product when they incorporated corn bran into extruded rice
noodles and extruded rice, respectively.67,68 In contrast, the
hardness of cooked kernels increased slightly with higher MCC
concentrations; however, this increase was statistically insig-
nicant. Adhesiveness and gumminess remained relatively
similar across all MCC treatments, suggesting that the addition
of MCC did not signicantly alter the stickiness of the rice
analogues. Cohesiveness values also remained stable, with no
signicant differences across the various treatments, indicating
the ability of rice analogues to maintain structure and resist
fragmentation, which is essential for product quality. Notably,
springiness values slightly increased from the control to
a higher MCC concentration, indicating enhanced recovery
from deformation. Furthermore, the chewiness increased from
17.26 ± 0.64 in the control sample to 18.42 ± 0.20 in the 5%
MCC sample. This may be attributed to the brous nature of
MCC and its higher water retention capacity that enhances
chewiness.

3.4 Cooking properties

The cooking properties of extruded rice analogues were evalu-
ated to determine their practical usability. The results demon-
strated a signicant decrease in cooking time with increasing
Sustainable Food Technol., 2026, 4, 1509–1524 | 1515
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concentrations of MCC (Table 2). This reduction in cooking
time is likely due to the enhanced porosity of the rice analogues
and the disruption of the native starch structure, which
promotes more efficient water penetration, thereby reducing
the cooking time. Rheological analysis supported these nd-
ings, revealing a decrease in peak viscosity corresponding to the
increased concentration of MCC. The inclusion of green pea
bre, corn bre and polydextrose had a signicant effect on
cooking time. As the concentration of the soluble bers from
given sources increased, a decrease in cooking time was
observed. This indicates that the level of bres inuences the
water absorption and texture of the nal product.69 Cooking
losses, which are indicative of structural integrity,27 slightly
increased with MCC incorporation due to MCC hindering the
gelatinization process. This increase can be attributed to
reduced integrity due to MCC hindering the gelatinization
process. Supporting results were observed in the rheology,
where the peak viscosity and nal viscosity decreased with the
increase in MCC concentration. The physical presence of MCC,
because of its brous nature, interferes with the gelatinization
of starch by creating physical barriers that prevent the starch
granules from fully swelling and gelatinizing during extrusion.70

This can result in a less cohesive structure that is more
susceptible to leaching during cooking. The WAR of the
extruded products indicates the ability of the products to absorb
water during cooking without disintegrating.71 It was found to
slightly decrease with the increasing MCC concentration. The
observed slight decrease may be attributed to the leached solids
as the MCC concentration increased. The increase in solid
losses is signicant and is well above the acceptable limit of
only 10%.
3.5 Pasting properties

The pasting parameters for the pre-extruded blends and
extruded kernels are presented in Table 3, while the corre-
sponding pasting curves are shown in Fig. 2. Peak viscosity
indicates the maximum viscosity reached during the heating
and swelling phase of the starch granules. Peak viscosity (PV)
values decreased with increasing MCC concentration in both
pre-extruded blends (from 2060 ± 11.31 to 1700 ± 39.60 cP) and
extruded kernels (626.40 ± 32.95 to 458.95 ± 11.53 cP). This
reduction can be attributed to the dilution of starch by MCC
particles, which disrupts the continuous phase of the starch
paste and results in pastes with lower viscosity compared to the
control. Holding strength, or trough viscosity, is the viscosity at
the end of the holding period at a high temperature, indicating
the paste's ability to withstand heat and mechanical shear.
There was a slight increase in holding strength with 1% MCC,
but a gradual decrease was observed as MCC concentration
increased beyond 1%. The observed trend is indicative of the
reduction in the stability of the paste under thermal and
mechanical stress. The setback values, which indicate the
degree of retrogradation, also decreased with increasing MCC
concentration in both pre-extruded and extruded samples,
likely due to the interference of MCC in the reassociation of
starch chains, thereby reducing the extent of starch
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Pasting profiles of samples: (A) pre-extruded blend and (B) rice analogues.
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retrogradation. Final viscosity (FV) is measured aer the cooling
phase and indicates the re-association of starch molecules. FV
decreased signicantly (p# 0.05) from 2962.5± 36.06 to 2493±
60.10 cP in the pre-extruded blend and from 993.35 ± 51.83 to
743.40 ± 16.97 cP in the extruded samples with increasing MCC
concentration up to 5%. A decreasing trend in FV with
increasing MCC concentration might be attributed to MCC
interfering with the retrogradation process of starch molecules,
leading to lower viscosities upon cooling. These ndings align
with the observations made by Dey et al. (2023), who reported
a similar pasting prole in corn extrudates following the
incorporation of MCC.70 Additionally, the observed decrease in
peak viscosity, holding strength, setback values, and nal
Fig. 3 (A) In vitro starch digestibility curve, (B) RDS, SDS, and RS fraction

1518 | Sustainable Food Technol., 2026, 4, 1509–1524
viscosity of the extruded samples compared to the pre-extruded
ones is due to the disruption of the crystalline structure of the
starch granules during extrusion. This disruption, along with
the extent of retrogradation, reduces their ability to swell and
thicken when mixed with water, leading to a decrease in the
viscosity prole.
3.6 In vitro starch digestibility and estimated glycaemic
index (eGI)

The contents of Rapidly Digestible Starch (RDS), Slowly
Digestible Starch (SDS), and Resistant Starch (RS) were deter-
mined by measuring the glucose released during starch
hydrolysis within 0–20 minute and 20–120-minute intervals,
s, and the (C) estimated glycaemic index of rice analogues.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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with RS representing the starch that remains undigested at the
end of 120 minutes. The eGI was calculated in comparison to
the reference sample (white bread). The values for RDS, SDS, RS,
and eGI, and the in vitro starch digestibility curve are shown in
Fig. 3. The incorporation of MCC into rice analogues demon-
strated a gradual reduction in the eGI from 81.43 to 79.69 as the
concentration of MCC increased. The addition of MCC, an
insoluble bre, increased the RDS (53.24% to 56.11%) and RS
(11.73% to 19.52%) but decreased the SDS (35.03% to 24.37%)
of rice analogues. The increase in RDS might be attributed to
the increased soluble solids with the MCC incorporation, as
seen in an observed increase in WSI. The decrease in SDS and
increase in RS content in extrudates with the addition of MCC
might be attributed to the formation of a physical barrier
created by the bre around starch particles, which reduces the
contact between digestive enzymes and starch.72 Supporting
results from the XRD analysis also demonstrated an increase in
V-type crystallinity, indicative of resistant starch. The incorpo-
ration of MCC into rice analogue kernels showed a gradual
reduction in the eGI as the concentration of MCC increased.
Zhang et al. (2022) also found that dietary bre can act as
a physical barrier, reducing starch digestibility through its
effects on viscosity, maintaining cell wall integrity, and physi-
cally embedding starch particles.73 Parallel ndings were re-
ported by T. Liu et al. (2021) and Sozer et al. (2014), who
observed a decrease in starch digestibility upon the inclusion of
insoluble dietary bre.74,75 This consistent trend of decline in
starch digestibility thus suggests that the inclusion of MCC
successfully brings about a reduction in glycemic response
Fig. 4 X-ray diffractograms of the extruded rice analogues; * denotes
the relative crystallinity.

© 2026 The Author(s). Published by the Royal Society of Chemistry
through dilution of the starch matrix and lessening the
tendency of the starch to be affected by the action of digestive
enzymes. Despite the decrease in GI with increased MCC
addition, insoluble dietary bres have a weak impact on GI in
comparison with soluble dietary bres. He et al. reported that
the addition of guar gum increased the complexation with
starch, signicantly reducing GI, whereas in the current study,
MCC showed only slight GI deviation.76

3.7 XRD

The X-ray diffractograms of the extruded samples are presented
in Fig. 4. The samples exhibited a typical A-type pattern, char-
acterized by peaks at 15°, 17°, 18°, and 23°, similar to native
cereal starch.77,78 Additionally, they displayed a V-type pattern,
identied by a small peak at 20°, indicative of the amylose–lipid
complex formed upon extrusion.35 The incorporation of MCC
into rice analogues led to a decrease in A-type crystallinity,
indicating a disruption of the native starch crystalline structure.
This nding 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 intensied 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 avail-
able amylose.35 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.

3.8 SEM analysis

SEM micrographs of the extrudates incorporated with MCC are
displayed in Fig. 5, providing a qualitative analysis of the
microstructure, including the 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 (Fig. 5).
The presence of cellulose or other insoluble bres can disrupt
the continuous phase of molten starch, resulting in a dimin-
ished capacity to expand and form aerated structures within the
extrudate. A similar observation was reported by Dey et al.
(2023) in corn extrudates with MCC incorporation.70 Addition-
ally, Jiang et al. (2019) and Robin et al. (2011) reported analo-
gous ndings, noting an increase in air cell formation with bre
inclusion.79,80 This phenomenonmay result from bre inclusion
disrupting the continuity of the starch matrix, leading to bre
aggregation47,81 and the formation of air spaces.

3.9 Sensory evaluation

The sensory evaluation of RA samples showed that panellists rated
overall acceptability in the range of 5.8 to 7.0 on the 9-point
hedonic scale, depending on the level of MCC incorporated. The
control, 1% and 1.5% MCC samples scored similarly (6.6–6.8),
while 2–3% MCC showed the highest liking (7.0–7.02). Accept-
ability declined at 3.5–4.5% MCC (6.5–6.6) and was lowest at 5%
MCC (5.85), indicating that higher MCC levels reduced consumer
Sustainable Food Technol., 2026, 4, 1509–1524 | 1519
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preference. PCA of the sensory attributes of RA explained about
89% of the total variation in the data. The rst component (PC1,
73.5%) mainly represented overall product quality, combining
appearance, taste, mouthfeel, and acceptability, while the second
Fig. 5 Cross-sectional scanning electron micrographs of rice analogue

1520 | Sustainable Food Technol., 2026, 4, 1509–1524
component (PC2, 15.5%) contrasted aroma againstmouthfeel. The
pattern seen in the PCA scores was consistent with the observed
hedonic ratings (given in the SI). The control, 1% and 1.5% MCC
samples, with overall acceptability scores around 6.6–6.8, were
s.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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grouped close together and did not differ much in sensory terms.
Samples with 2% to 3% MCC, however, shied positively along
PC1 and also showed the highest liking (7.0–7.02), suggesting
Fig. 6 (a) Spider chart for the sensory evaluation of the MCC-incorpora
analogues.

© 2026 The Author(s). Published by the Royal Society of Chemistry
these levels enhanced the sensory quality of the RA. The samples
with higher MCC (3.5–4.5%) gave moderate acceptability scores
(around 6.5–6.6) and were separated in the positive PC2 direction,
ted rice analogues. (b) PCA analysis for the sensory evaluation of rice

Sustainable Food Technol., 2026, 4, 1509–1524 | 1521
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which can be linked with stronger aroma but at the same time
lower mouthfeel. At 5% MCC, the product was clearly separated,
with the lowest hedonic rating (5.85), showing that too muchMCC
reduced the consumer liking. Overall acceptability was most
strongly related to appearance (r= 0.84), mouthfeel (r= 0.78), and
taste (r = 0.77), while aroma (r = 0.60) had less inuence. Sensory
analysis suggests that an MCC level of about 2–3% is optimal for
maintaining balance in sensory attributes, while higher levels
(3.5% and above) tend to lower consumer acceptance mainly due
to undesirable mouthfeel (Fig. 6).

4 Conclusion

The incorporation of MCC into rice analogues signicantly
enhances their functional and nutritional properties while
modifying the quality parameters, addressing the low dietary
bre content of typical traditional rice. This study demonstrated
that varying MCC concentrations (1–5%) positively inuenced
physicochemical attributes, including color, density, and
texture, while also improving techno-functional properties,
such as water and oil absorption capacities and emulsication
ability. Although a slight increase in cooking losses and reduced
hardness was observed, the minimal deviation indicated no
signicant impact on the overall sensory, physicochemical,
functional and nutritional properties of cooked rice analogues.
The changes in water absorption capacity and solubility index
underscore the role of MCC in forming a more porous matrix,
enhancing hydration properties post-extrusion. Additionally,
the incorporation of MCC led to reduced starch digestibility,
contributing to a lower glycaemic index. However, the deviation
in the estimated GI is relatively low. The addition of MCC
provides active sites for water and oil to bind, improving the
WAC and OAC. On the contrary, increased concentrations of
MCC in rice analogues interfere with the intramolecular inter-
actions of starch, reducing the density, cooking time, water
solubility, hardness, peak viscosity, nal viscosity and setback.
Furthermore, the addition of MCC contributes to the crystalline
cellulose in the rice analogues, increasing the overall A-type
crystallinity. However, the interference with starch also
increases the solid losses in rice analogues. Thus, utilizing MCC
as a bre additive offers a promising strategy for developing
healthier, bre-enriched rice analogues that align with
consumer preferences for nutritious food options. However, the
studies considering the storage stability of the rice analogues,
mass consumer acceptance and its scaling-up feasibility will be
of great scope for further commercialization.
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