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rylated corn starch in the
texturization of high moisture meat analogues

R. Arjun,ab R. Keerthi,b P. Monicab and K. V. Ragavan *bc

Native corn starch (NCS) is a versatile ingredient in the formulation of a wide range of extruded food

products. Its low heat endurance, intolerance to low temperatures, anti-shearing properties and

tendency to retrograde limit its application in production of high moisture extrudates, despite its good

texturization potential. Cross-linking of corn starch by phosphorylation can improve thermal stability

during high moisture extrusion. To the best of our knowledge this is the first study reporting the

application of phosphorylated corn starch in high moisture extrudates. The corn starch was

phosphorylated using phosphorus oxychloride (POCl3) with concentrations of 0.01%, 0.04%, 0.1%, and

0.3%. The phosphate content of the PCS was found to be 0.16% and 0.31% for 0.01% and 0.04% POCl3,

respectively. Corn starch phosphorylated using 0.3% POCl3 exhibited 34.82% higher Water Solubility

Index (WSI) and 363.44% lower swelling power than native corn starch (NCS). Phosphorylated corn

starches exhibited A-type crystallinity similar to native corn starch (cI 52.8%; Tp 88 °C) but with

decreased crystallinity indices (cI: 41.52–47.06%) and low gelatinization temperature (Tp: 68–80 °C). PCS

was utilised in high moisture extrusion of meat analogues (HMMAs). High moisture meat analogues

containing PCS resulted in a highly fibrous anisotropic structure compared to extrudates containing the

native corn starch. Extrudates containing soy protein isolate (SPI) and phosphorylated corn starch (0.04%

POCl3) showcased a marginal increase (0.04%) in expansion ratio (ER), a 0.09% increase in bulk density,

a 0.02% increase in oil absorption index (OAI) and a marginal decrease of 0.27% in degree of starch

gelatinization (DSG), and a significant increase of 21.5% in water absorption index (WAI) when compared

with the extrudate (SPI–NCS) prepared using SPI and NCS. Findings from this study indicate that

phosphorylated starch is a potential and appropriate alternative to native starches for creating HMMAs

with an enhanced fibrous anisotropic structure and improved techno-functional properties.
Sustainability spotlight

Rising global protein demand stresses land, water and agricultural resources. It is directly linked to carbon emissions, climate change and other pressing issues
pertaining to the environment and health. One of the appropriate solutions is consumption of plant-based alternative products for animal derived food products
especially meat to mitigate the above issue. This study demonstrates that phosphorylation of corn starch produces a functional, food-grade structuring agent
(phosphorylated corn starch – PCS) that enhances bre formation in high-moisture meat analogues while lowering gelatinisation temperatures and enabling
replacement of costly/high-purity proteins or synthetic hydrocolloids. PCS presents a viable and alternative option for animal and plant proteins in structuring
anisotropic meat structures from locally available crops. The work aligns with the UN SDGs: Zero Hunger (SDG 2), Responsible Consumption and Production
(SDG 12), Climate Action (SDG 13) and Industry, Innovation and Infrastructure (SDG 9).
1 Introduction

The global population of humans is expected to reach approx-
imately 10.3 billion by 2084,1 which will increase the strain on
food systems to meet the growing nutritional demand,
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especially for proteins. Proteins, made up of amino acids, are
vital for muscle growth, immune system health, and various
bodily functions. Since the body cannot produce all amino
acids, it is essential to obtain them through diet.2 Currently,
animal-based proteins are the primary source of protein,3 and
they are scrutinised for their signicant environmental and
climate effects, as well as the pollution of water bodies caused
by intensive agricultural practices primarily aimed at livestock
farming.4 Food production contributes to 35% of global
greenhouse gas emissions, while nearly 60% of these emissions
are attributed to the use of animals for food and livestock feed.5

No matter what method is used or how well animal food
Sustainable Food Technol., 2026, 4, 1615–1632 | 1615
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production works, the amount of greenhouse gases, water, and
land used to grow fruits, vegetables, legumes, pulses, dry grains,
and other plant-based foods is usually higher than the amount
of meat produced.6 The same area of farmland that produces
a specic quantity of meat and by-products could be more
effectively used to generate up to 10 times more plant protein,
a variation that could potentially nourish 10 to 20 times more
individuals.7 Plant-based diets could help reduce global warm-
ing by as much as one-h of what is needed to keep temper-
atures below 2 °C.8 Thus, they have a less signicant impact on
the environment than diets high in animal meat.9 The growing
number of vegans in contemporary society has signicantly
contributed to the need for accelerated research on plant-based
alternatives to animal products.10

Plant-based animal product alternatives that mimic the
whole-muscle cut of animal meat are produced by various
processing techniques such as extrusion, shear, spinning, and
cross-linking.11 High moisture extrusion cooking (HMEC) has
been identied as the primary reconstructing approach to
mimic conventional whole-muscle cuts and form more aniso-
tropic brous structures from plant proteins. Plant proteins
may aggregate into particles and form anisotropic brils via
physicochemical interactions, imparting meat-like texture and
mouthfeel.12 In most plant-based meat alternatives, poly-
saccharides and protein isolates are used for the development
of nutritional and functionally benecial products. Soy protein
isolate (SPI) is the most frequently used protein source, but
other protein sources, such as isolates from peas, lentils,
lupine, chickpeas, fava beans, and mung beans, are also uti-
lised. Additionally, protein sources derived from oilseeds, such
as rapeseed and sunower seeds, are also being used.13 In
addition to protein sources, starches are also used in plant-
based meat analogues. Throughout the past few decades,
extensive research has been conducted on the use of starches in
meat products. It acts as a ller in meat products made from
minced meat, such as sausages and beef patties.14,15 Acquiring
protein isolates such as pea or mung bean can be expensive and
challenging in areas where they are not readily accessible. A
viable alternative is to utilise locally available soy protein and
corn starch to produce cost-effective HMMAs. This method
promotes the effective formation of bers that mimic chicken
muscle.16 The HMMAs are subjected to freeze–thaw cycles
during storage and use, which can affect the internal brous
structures. To preserve them, additives may be added to main-
tain the brous structure. Binders and other additives assist in
protecting the structure and preventing texture degeneration.13

The problem with most formulations is heat-induced gelatini-
sation of the starch and/or denaturation of the protein. Creating
a network with the starch gels is not efficient for a better degree
of ber formation.17,18 Native starches are widely used as
a gelling agent, thickener and stabiliser in the food industry.19

However, native starch has limited functionality, which hinders
its application. Its conservative structure limits its physico-
chemical properties, such as thermal decomposition, high
retrogradation tendency, low shear and thermal stability, and
low water absorption capacity and swelling power resistance.20
1616 | Sustainable Food Technol., 2026, 4, 1615–1632
The functionality of starch can be altered by physical,
chemical and enzymatic modications, which stabilise the
starch granules during processing.21,22 These modication
approaches provide an opportunity to utilise starch as a multi-
functional ingredient for the food system. Chemical modica-
tion of starches is achieved by adding a functional group or
eliminating components from the starch structure.23 The pres-
ence of three hydroxyl groups at carbon C2, C3, and C6 in glucose
makes it susceptible to substitution reactions, enabling a wide
range of possible chemical modications of starch.24 Proper
modiers, suitable starch sources, the degree of substitution in
starch, and reaction conditions (such as concentration, time,
pH, and the availability of a catalyst) must be used to produce
modied starches with preferred attributes and levels of
substitution.25 Cross-linking is a method that utilises several
cross-linking chemicals, such as sodium trimetaphosphate
(STMP), sodium tripolyphosphate (STPP), epichlorohydrin, and
phosphoryl oxychloride (POCl3), to chemically modify native
starches.26 The cross-linking technique (either the conventional
method or reactive extrusion) inuences the consistency and
stability of the paste in cold storage.27 Cross-linked starch paste
reduces the amount of time starch granules break during
cooking, does not thicken over time, does not break down when
system acidity or shear is signicantly increased, loses viscosity,
and turns into a lamentous paste.28 Phosphorylation of starch
involves substitution of hydroxyl groups with phosphate groups
at C-2, C-3, and C-6 positions of the glucose moieties present in
amylopectin fraction. This indirectly disrupts the intra-
molecular H-bonding that makes up its helical crystalline
structure, thereby promoting H-bonding with water molecules,
resulting in increased water solubility and hydration capacity.29

Phosphorylation results in increased hydration capacity of
starch pastes aer gelatinization. Because phosphate groups
are extremely polar and negatively charged at physiological pH,
they can create multiple hydrogen bonds and strong electro-
static interactions with water molecules, which increase
hydrophilicity. Water binding capacity is also increased due to
this hydrophilic nature leading to the formation of networks
that enhance shear stability.29,30 Phosphate groups also facili-
tate ion exchange, gel-forming and complexing activities and
affect starch digestibility.29 These factors provide the basis for
chemically modifying starch by phosphorylation for industrial
uses.29,31

Recent studies on chemical modication of starch have re-
ported improvement of techno-functional properties. Esteri-
cation of rice bean (Vigna umbellata) starch has resulted in
a lowering of swelling power.32 Addition of white sorghum
(Sorghum bicolor) starch improved its swelling power33 Acety-
lated distarch adipate cassava root starch exhibited improved
water binding activity and solubility.34 Acetylation and ether-
ication of African star apple fruit starch resulted in enhanced
oil absorption capacity, swelling capacity and solubility.35

Tapioca starch crosslinked using sodium trimetaphosphate and
sodium tripolyphosphate led to better thermal stability, textural
and enhanced sensory quality of soups. High-moisture extru-
dates containing peanut protein prepared using acetyl distarch
phosphate derived from cassava starch at a concentration of 6%
© 2026 The Author(s). Published by the Royal Society of Chemistry
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improved water retention, while 12% improved emulsion
activity and stability.36 However, the application of modied
corn starch with improved qualities in the production of
HMMAs is yet to be explored.

In the present study, phosphorus oxychloride (POCl3) was
used to modify cornstarch to produce distarch phosphate
(E1412). Generally, the esterication of food starch with sodium
trimetaphosphate or phosphorus oxychloride is conducted
according to good manufacturing practices. This process leads
to cross-linking, where a polyfunctional substituent, such as
phosphorus oxychloride, links two starch chains together. The
structure can be illustrated as Starch–O–R–O–Starch, with R
representing the cross-linking group and Starch indicating the
linear and/or branched structure. Additionally, distarch phos-
phate may undergo treatment with acids, alkalis, enzymes, or
bleaching agents in line with good manufacturing practices.37

The phosphorylated corn starch was subjected to biochemical
and morphological characterization. We also examined the
effects of phosphorylated corn starch (PCS) on the structural
and functional properties of HMMAs in combination with soy
protein isolate (SPI). Importantly, the objective of the work is to
evaluate whether chemically modied cornstarch using POCl3
can be utilised in the production of HMMAs with better aniso-
tropic brous structures.
2 Materials and methods

Corn (Zea mays) starch (007FGF0110123) with a purity of 83.9%
was procured from Angel Starch, Erode, India. It was found to
have a moisture content of 12.95% and a 3% starch solution has
a viscosity of 103 cP at 80 °C and 100 rpm. Amylose and
amylopectin contents were found to be 23.1% and 76.9%,
respectively. Soy protein isolate was procured from Siddhi
Vinayak Corporation, Indore, India. POCl3, hydrochloric acid,
sulphuric acid, hexane, ethanol, sodium chloride, sodium
hydroxide, potassium hydroxide, potassium sulphate, copper
sulphate anhydrous, potassium iodide, potassium bromide,
and phenolphthalein (analytical grade) were procured from
Sigma Aldrich, USA. All other chemicals were of analytical
grade, and double-distilled water was used for analysis
throughout the study.
2.1 Phosphorylation of corn starch

The corn starch was phosphorylated using POCl3 using
a procedure with slight modication.38 Briey, 100 g of NCS was
suspended in 150 mL of double-distilled water, and the pH of
the solution was adjusted to 11 using 0.1 M NaOH. Aer adding
0.1% NaCl based on the dry weight of starch, POCl3 (0.01%,
0.04%, 0.1%, and 0.3%) was added and slowly stirred into the
respective solutions at room temperature. The mixture was
stirred for 1.5 h, and the POCl3 starch reaction was stopped by
acidifying it with a 2% solution of concentrated HCl to achieve
a pH of 5. The mixture was ltered and washed twice in 200 mL
of double-distilled water and then dried for 24 h at 50 °C in a hot
air oven.
© 2026 The Author(s). Published by the Royal Society of Chemistry
2.2 Characterisation of starches

2.2.1 Estimation of phosphate content. The phosphate
content of the phosphorylated starch was estimated with
a modied39 titrimetric method.40 Briey, 1 g of phosphorylated
corn starch was mixed with 50 mL of 75% ethanol and stirred at
170 rpm for 30 min at 50 °C. Aer cooling the mixture to room
temperature, 40 mL of 0.5 M KOH was added and stirred for 24
h to achieve a homogeneous solution. The surplus alkali was
titrated with 5.0 M HCl using phenolphthalein as an indicator.
The NCS solution was used as a blank solution in the assay. The
phosphate content was calculated using eqn (1):

Phosphateð%Þ ¼

½ðblank� sampleÞ �molarity of HCI� 0:031� 100�
sample weight

(1)

2.2.2 Degree of substitution. The degree of substitution
was determined using eqn (2),39 and was computed as follows:

DS ¼ 162� P

3100� ð102� PÞ (2)

where P represents the percentage of phosphate calculated
through the titrimetric method, 162 is the molecular weight of
anhydroglucose, 31 is the atomic weight of phosphorus multi-
plied by 100, and 102 is the molar mass of the phosphate in
distarch phosphate.

2.2.3 Water solubility index and swelling power. Water
solubility index (WSI) and swelling power (SP) of the starches
were calculated with slight modication of the protocols re-
ported in the literature.41 Briey, 2.5 g (W1) of starch was
dispersed in 30 mL of double-distilled water, transferred to a 50
mL pre-weighed centrifuge tube, and placed at 80 °C in a water
bath for 30 minutes with constant stirring. The solution was
cooled to room temperature, then centrifuged at 3000 rpm for
10 min to separate the supernatant and dried at 105 °C for 1 h.
The weight of the dried supernatant was calculated and noted
as W2. The weight of the pellet/sediment was assigned as W3.
The SP and WSI of the starch were calculated using eqn (3)
and (4).

Water solubility indexðWSI%Þ ¼
�
weight of dried supernatant ðW2Þ
weight of original sampleðW1Þ

�
� 100 (3)

Swelling powerðSP%Þ ¼
�

weight of sedimentðW3Þ
weight of original sampleðW1Þ

�

� 100

(4)

2.2.4 Starch paste clarity. The paste clarity of NCS and PCS
was determined based on the following method.42 Briey, a 1%
starch solution was prepared with double-distilled water,
heated to 95 °C for an hour with constant stirring, and then
cooled to room temperature. Absorbance of the solution was
Sustainable Food Technol., 2026, 4, 1615–1632 | 1617
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measured at 650 nm using a spectrophotometer (SHIMADZU
1801, Japan). Transmittance and turbidity of the starch solution
were determined using eqn (5) and (6).

Transmittance (%) = antilog (2 − absorbance) (5)

Turbidity (%) = (100 − % transmittance) (6)

2.2.5 Differential scanning calorimetry. The Differential
Scanning Calorimetry (DSC) curves of NCS and PCSs were
recorded using a differential scanning calorimeter (Mettler
Toledo DSC821e, Columbus, Ohio, USA) with a heating rate of
10 °C min−1 in the range of 30 to 130 °C. Approximately 3 mg of
sample was taken with twice the amount of distilled water in an
aluminium DSC pan and allowed to equilibrate overnight at
room temperature. The respective thermograms were recorded
using an empty aluminium pan as a reference. From the ther-
mograms, thermal transitions of starch were interpreted and
described in terms of temperature at To (onset), Tp (peak), and
Tc (completion). The uctuation in crystalline stability is re-
ected in the value of Tc − To, and DH depicts the enthalpy of
transition (J g−1).

2.2.6 X-ray diffraction. The crystalline and amorphous
nature of NCS and PCS was analysed using an X-ray diffrac-
tometer (XRD) (Malvern analytical Empyrean 3 diffractometer,
UK and Almelo, Netherlands) with a Ni-ltered Cu-Ka (l = 1.54
Å) beam of 45 kV and 30mA. Samples were scanned in the range
of 10–90°, with a speed of 1°/min. Crystallinity index of the
samples was calculated using eqn (7) in Origin (pro) (version
8.5, OriginLab Corporation, Northampton, MA, USA).

Crystallinity indexð%Þ ¼
�

sum of crystalline peak areas

sum of crystalline and amorphous peak areas

�
� 100 (7)

2.2.7 Fourier transform infrared spectroscopy. The Fourier
transform infrared (FTIR) spectra of NCS and PCSs were recor-
ded using an FTIR spectrophotometer (Bruker Alpha-T, Ger-
many) in the region from 400–4000 cm−1. The starch samples
were pressed into pellets with KBr.

2.2.8 Scanning electron microscopy. Morphology of the
NCS and PCS samples was investigated using a scanning elec-
tron microscope (SEM) (SEM, Zeiss EVO 18 Cryo SEM, Jena,
Germany), operated at an accelerating voltage of 15 kV. Samples
were sputter-coated and analysed at 3 distinct magnications,
viz., 2.50 KX, 3.00 KX, and 3.50 KX.
2.3 High moisture extrusion

High moisture extrudates are obtained through a lab-scale twin
screw extruder (Basic Technologies Private Ltd, Kolkata, India)
attached to an indigenously designed cooling die having three
distinct temperature zones (19 °C, 15 °C, and 11 °C). Extrusion
feed containing 60% moisture and 40% solids (80% of SPI and
20% of NCS/PCS) was extruded at a maximum barrel tempera-
ture of 120 °C, a screw speed of 350 rpm, and a torque of 4 Nm.
1618 | Sustainable Food Technol., 2026, 4, 1615–1632
Extruded samples were placed inside polythene zip-lock bags
and stored at 4 °C till further analysis.
2.4 Quality evaluation of high moisture meat analogues
(HMMAs)

2.4.1 Proximate analysis of starches and HMMAs. Nutri-
tional composition of the starches and the HMMA was analysed
according to the AOAC Official Method.43–47

2.4.2 Expansion ratio (ER). Expansion ratio (ER) of the
HMMA was calculated with slight modication using eqn (8).48

Expansion ratio ¼ b2

bdie
2

(8)

Here, b is the average breadth of the extrudate, and bdie
represents the breadth of the die.

2.4.3 Bulk density. The HMMA samples were weighed and
lled into a cylindrical container with a predetermined volume
of 1000 mL. Measurements were carried out in triplicate, and
the average was taken. The equation given below (eqn (9)) was
used to nd the extrudate's bulk density.49

Bulk density
�
g cm3

� ¼ W1

Vc

(9)

where Vc is the volume of the cylindrical container (1000 mL)
and W1 is the extrudate weight (g) taken.

2.4.4 Water absorption and oil absorption indices. Water
absorption index (WAI) of the HMMA was calculated using the
centrifuge method with slight modication.48 Briey, 2 g of
HMMA were put into a centrifuge tube with 25 mL of distilled
water, and kept for 30 min at 30 °C in a water bath, and the
suspension was centrifuged at 3700 rpm for 15 min. Aer
removing the supernatant, the weight of the precipitate was
measured, and WAI was calculated using eqn (10) given below .

WAI ¼ W2

W0

� 100% (10)

where W0 is the dried sample weight and W2 is the precipitate
weight (g).

Oil absorption index (OAI) of the HMMA was also calculated
using the same centrifuge method50 with slight modication.
Instead of water, 25 mL of oil was used, and OAI was calculated
using eqn (11):

OAI ¼ W2

W0

� 100% (11)

where W0 is the dried sample weight and W2 is the precipitate
weight (g).

2.4.5 Evaluation of colour. The colour analysis of the
HMMA was performed by using a Hunter Lab Colorimeter,
(Colour Flex EZ, CFE21536, Virginia, USA). Measured values
were expressed in the form of L* (lightness), a* (yellowness) and
b* (redness).

2.4.6 Degree of starch gelatinization. The degree of starch
gelatinization (DSG) was calculated according to the reported
protocol.51 For the analysis, 40 mg of HMMAwas dispersed in 40
mL of 0.06 N KOH and gently stirred for 20 min, and then
© 2026 The Author(s). Published by the Royal Society of Chemistry
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centrifuged at 3200 rpm for 10 min. To 1 mL of supernatant, 8
mL of distilled water was added along with 1 mL of 0.06 N HCl
and 0.1 mL of 1% potassium iodide. For the control, only 0.5 N
KOH, 0.5 N HCl, 8 mL of distilled water, and 0.1 mL of 1%
potassium iodide were added. Absorbance of the solutions was
measured at 600 nm. Measurements were done in triplicate and
averaged. DSG was then calculated using eqn (12)

DSG ¼ A1

A2

(12)

where A1 is the sample group's absorbance at 600 nm and A2 is
the control group's absorbance.
3 Results and discussion
3.1 Phosphorylation of corn starch

Starch phosphates are prepared through an esterication
reaction with the following reactants: ortho-phosphoric acid,
sodium or potassium ortho-phosphate, and sodium tri-
polyphosphate, to obtain mono-starch phosphates. In contrast,
STMP or phosphorus oxychloride (POCl3) is used as a reactant
to obtain distarch phosphates. The phosphorylation of corn
starch was performed using phosphorus oxychloride (POCl3) at
different concentrations of 0.01%, 0.04%, 0.1%, and 0.3% (w/w,
based on the dry weight of the starch). These concentrations
were chosen to optimise the level of phosphorylation while
adhering to regulatory limits. The process of preparing distarch
phosphates restricts the use of sodium trimetaphosphate to
a maximum concentration of 1% or allows for up to 0.1%
phosphorus oxychloride.52 Therefore, the selected POCl3
concentrations were intended to achieve efficient starch cross-
linking without exceeding the allowable residual phosphate
levels. The phosphate content in the phosphorylated corn
starch (PCS) samples was then measured calorimetrically using
the specied method (Fig. 1a). POCl3 reacts rapidly with starch,
leading to the formation of di-starch phosphate, a crosslinked
starch structure.53 Upon introduction into the aqueous starch
system, POCl3 undergoes hydrolysis. The rst chloride ion is
displaced within a very short half-life of 0.01 s, forming
Fig. 1 Bar graph representing (a) phosphate (%) and (b) degree of substi
differences (P # 0.05) among phosphate (%) and degree of substitution

© 2026 The Author(s). Published by the Royal Society of Chemistry
phosphoryl dichloride (POCl2), the primary reactive interme-
diate responsible for starch crosslinking.54 This phosphoryl di-
chloride intermediate has a longer lifetime of approximately 4
min and further hydrolyses in the presence of water, displacing
the remaining chloride ions. For efficient crosslinking to occur,
POCl3 must interact with starch granules before complete
hydrolysis, allowing the in situ generated phosphoryl interme-
diates to react with hydroxyl groups on the starch, thereby
forming phosphate bridges between starch chains.55,56
3.2 Characterization of phosphorylated corn starch

3.2.1 Phosphate content. The extent of phosphorylation of
corn starch by POCl3 was measured and found to increase with
increasing concentration of the reactant. It ranged from 0.16 to
0.93% for a reactant concentration of 0.01 to 0.3% (Fig. 1a).
According to Commission Regulation (EU) No. 231/2012 and
JECFA 2016a, the maximum permitted phosphate content in
terms of phosphorus is 0.5% for wheat and potato starches,
while for starches from other sources, including corn, it is
0.4%.57 It was evident from the table that POCl3 concentrations
of 0.01% and 0.04% resulted in phosphate contents of 0.16%
and 0.31% in the nal product, which were below the
prescribed regulatory limits for di-starch phosphate. The
phosphorylation of sago starch with 4% POCl3 at different pH
levels (8, 9, 10, and 11) produced distarch phosphate with
phosphate levels of 0.02%, 0.28%, 0.29%, and 0.35%, respec-
tively. This increase in pH from 8 to 11 resulted in a total
phosphorus content rise of over 100% in the nal product.58

This trend aligns with previous research suggesting that the
substitution predominantly occurs at the hydroxyl groups on
the C6 position of the anhydroglucose units.59 Additionally, the
reactivity of these C6 hydroxyl groups is affected by the alka-
linity of the reaction environment.60 In the current experimental
setup, phosphorylated corn starch can be synthesised using
much lower concentrations of POCl3 (0.01–0.04%) at pH 11
while ensuring that the phosphate content remains under the
regulatory limit of 0.4%.

3.2.2 Degree of substitution. The degree of substitution
(DS) is the average number of functional groups conjugated per
tution of PCSs. The uppercase letters (A to D) represent the significant
values analysed by the post hoc Tukey HSD test.
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glucose unit in the starch. The DS of the phosphorylated corn
starch is represented in Fig. 1b. It is evident that, with
increasing concentration of POCl3, the DS of the PCS was
increasing with a maximum DS of 0.05 for 0.3% POCl3. The
degree of substitution (DS) for phosphorylated sago starch
prepared with POCl3 tended to increase as the pH level rose
from 8 to 11. The ndings verify that the DS was inuenced by
the pH of the reaction mixture.61 This outcome was anticipated
since a higher pH promotes starch phosphorylation.62 The rise
in DS could be attributed to the enhanced reactivity of OH
groups at C6, which depended on the alkalinity of the reaction
mixture.60 The presence of sodium ions in the reaction media is
also reported to contribute to the reaction kinetics.63

3.2.3 Water solubility index and swelling power. Water
solubility index (WSI) and swelling power (SP) are two critical
parameters controlling the techno-functional and sensory
attributes of HMMAs. WSI and SP of the NCS and PCS were
evaluated to formulate the feed for high moisture extrusion
(Fig. 2). The water solubility index (WSI) exhibited a slight
increase following the phosphorylation of native corn starch
(NCS), except for the sample treated with 0.3% POCl3, which
showed a notable rise in WSI. NCS recorded the lowest WSI at
3.56%, whereas the phosphorylated corn starch (PCS) treated
with 0.3% POCl3 achieved the highest value of 38.38%. This
pattern contrasts with earlier studies, which indicated that the
WSI of phosphorylated sago starch was lower than that of its
native form.58 The difference could be due to variations in the
starch source, the type of phosphate reagent used, and the
structural changes that occur during the esterication process.

In case of swelling power, a different trend was observed for
the phosphorylated corn starch compared to WSI. NCS had the
highest swelling power of 882.9%, which gradually decreased
with phosphorylation and PCS with 0.3% POCl3 had the lowest
value of 519.46%. It is evident that phosphorylation decreased
the swelling capacity of corn starch, and the trend is consistent
with the reported literature.64 In the above study, the swelling
power of cross-linked oat starch was found to be inversely
proportional to the extent of cross-linking. It is well known that
cross-linking restricts the dynamic movement of starch chains,
enabling them to resist swelling. The development of intermo-
lecular bridges by phosphorus residue following the cross-
Fig. 2 Bar graph representing (a) WSI and (b) SP of NCS and PCSs. The u
among WSI and swelling power values analysed by the post hoc Tukey

1620 | Sustainable Food Technol., 2026, 4, 1615–1632
linking reaction would, in turn, explain the lower swelling
factor.26 It is expected that lower swelling power might assist in
retaining the anisotropic brous structure of the high moisture
extrudates.

3.2.4 Percentage of transmittance and turbidity. There is
a clear correlation between starch gelation and turbidity,
a measurement of light scattering in a liquid. Amylose mole-
cules leach out, as starch granules swell and decompose during
the gelatinization process, creating networks resulting in
increased turbidity. The size of starch granules, swelling,
granule remains, and the molecular weight of amylose and
amylopectin are all factors that affect turbidity.65 The
percentage of transmittance and turbidity of native and phos-
phorylated corn starches were obtained spectrophotometrically,
and are given in Fig. 3: (a) percentage of transmittance and (b)
turbidity. The light transmittance values of the starches were in
the range of 42.34% to 59.43%, with NCS having the lowest and
PCS (0.04% POCl3) having the highest values. Only PCS (0.01%
POCl3) had a lower transmittance, 42.34%, than NCS. In turn,
PCS (0.01% POCl3) had the highest turbidity of 57.7%. The
conditions of the starch suspension during dispersion and the
starch propensity for retrogradation directly affect paste
clarity.58 According to Yang et al.,66 2016 and Zheng et al.,67 2017,
the negatively charged phosphate groups' attraction to neigh-
boring starch molecules appeared to minimise inter-chain
connections while increasing the number of hydrated mole-
cules and, consequently, the paste clarity. A poor transmittance
indicates that the majority of light entering the sample is
scattered by coacervate droplets or other particles suspended in
the sample.42 Such samples will show a clear hazy appearance.
The phosphorylated corn starches (PCSs) developed in this
study displayed greater transmittance and reduced turbidity in
comparison to native corn starch (NCS), except the PCS treated
with 0.01% POCl3. When applied in the production of high-
moisture meat analogues (HMMAs), these PCSs – due to their
superior gelatinization characteristics – facilitated the creation
of a more distinct anisotropic brous structure relative to
HMMAs made with NCS or other PCS variants.

3.2.5 DSC. Starch undergoes a unique sequence of events at
the molecular level when heated with water, bringing in drastic
changes in its rheological properties. It is essential to
ppercase letters (A to E) represent the significant differences (P# 0.05)
HSD test.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Bar graph representing (a) transmittance and (b) turbidity of NCS and PCSs. The uppercase letters (A to D) represent the significant
differences (P # 0.05) among transmittance and turbidity values analysed by the post hoc Tukey HSD test.
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understand the role of starch during the high moisture extru-
sion process to optimise the process to control the brous
structure of the extrudates.68 Phosphorylation induces changes
in the starch structure, and the newly introduced phosphate
group is expected to impact its gelatinisation behaviour, which
is analysed through DSC, and it was found to exhibit signicant
changes in the DSC thermograms (Fig. 4 & Table 1). The
gelatinisation temperature (Tp) of NCS was found to be 88 °C,
whereas the gelatinization temperature (Tp) of the modied
starches was found to be lower in the range 68–80 °C. This
indicates that the modied starches are easily gelatinized than
the native starch. It was also observed that with an increase in
phosphorylation content, the gelatinization parameters (T0, Tp
and Tc) of corn starch were decreasing. Phosphorylation of
starch involves substitution of –OH groups at the C-2, C-3, and
C-6 positions of the glucose moieties present in the amylopectin
fraction of corn starch.29 This indirectly disrupts the starch
structure and crystal stability by obstructing the intramolecular
hydrogen bond formation required for the establishment of
double helices.69 The destabilization of starch structures
brought about by steric hindrance and repulsive force from
newly introduced negatively charged phosphate groups alters
the starch granule morphology and causes relatively easy
uncoiling of amylopectin double helices.66,67 It leads to an
amorphous starch structure, which requires less energy for
gelatinization (enthalpy of gelatinization – DH)70,71 and
Fig. 4 Differential scanning calorimetry (DSC) curves of NCS and
PCSs.

© 2026 The Author(s). Published by the Royal Society of Chemistry
plasticization. Expanded structures of starch will have higher
randomness and increased possibilities for intramolecular
hydrogen bonding and network formation. Moreover, the
reduction in gelatinization temperature was found to correlate
with the reduction in overall crystallinity index of the phos-
phorylated corn starch analysed through XRD (discussed in the
next section). Similar trends in gelatinization parameters were
reported during phosphorylation of chestnut70,72 and waxy rice
starch.73 Degree of substitution and granule rigidity are other
factors that affect the thermal properties.72 Low enthalpy and
gelatinization temperature reduce energy consumption and
production cost during food processing.66 Overall, phosphory-
lation of NCS is expected to have lower and mild extrusion
conditions for the production of HMMAs.

3.2.6 XRD. It is a well-known phenomenon that changes in
the native starch structure and composition inherently impact
its crystalline integrity with an increase in amorphous regions.
To understand the role of phosphorylation in the crystalline
structure of native corn starch, X-ray diffraction studies were
carried out. Both the native and the phosphorylated starches
exhibited characteristic A-type crystalline peaks at 15°, 17°, 18°
and 23°.74,75 The XRD pattern of modied starches indicated
that phosphorylation did not affect the characteristic pattern of
corn starch (A-type). However, the intensities of some of the
diffraction peaks of phosphorylated corn starch were found to
be reduced when compared to those of native corn starch
(Fig. 5). This could be attributed to the substitution of hydroxyl
groups with phosphate groups during modication of the
crystalline and amorphous regions.72 This reduction in peak
intensities further led to a decrease in the crystallinity index of
phosphorylated corn starch (41.52–47.06%) when compared
Table 1 DSC analysis containing gelatinization temperature (Tp), initial
temperature (T0), final temperature (Tf), and enthalpy of gelatinization
(DH) of NCS and PCSs

Starch Tp (°C) T0 (°C) Tf (°C) DH (J g−1)

NCS 88 34 106 88.97
PCS 0.01 80 36 95 76.87
PCS 0.04 71 37 97 77.99
PCS 0.1 68 33 112.25 94.63
PCS 0.3 71 35 94 70.74

Sustainable Food Technol., 2026, 4, 1615–1632 | 1621
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Fig. 6 (a) FTIR spectrum of starches: NCS, PCS 0.01%, PCS 0.04%, PCS
0.1% and PCS 0.3%; (b) the peak in the 1400 range, which is found only
for PCSs.
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with native corn starch (52.8%). Phosphorylation decreased the
crystallinity of the starch granule without affecting its A-type
structure.66 It might have reduced the intra/inter-molecular
hydrogen bond formation, thereby disrupting the helical crys-
talline structure of the starch granules.72 The stability of starch
granules is directly proportional to their gelatinization
enthalpy.76 A decrease in crystallinity and thermal stability
reduces the energy needed for starch gelatinization during
high-moisture extrusion, which improves its meltability, aids in
chain alignment, and encourages more effective ber formation
in meat alternatives. This interpretation is supported by the
reduction in gelatinization enthalpy (DH) that was observed
with an increase in degree of phosphorylation in the DSC
analysis. A decrease in crystallinity of corn starch aer phos-
phorylation, without affecting its A-type crystallinity, was re-
ported.74 This claries why phosphorylated starch, even though
it retains its A-type structure, is more successful in creating
anisotropic textures in HMMA applications.

3.2.7 FTIR. The impact of phosphorylation on the molec-
ular structure of NCS and PCSs was evaluated using FT-IR
analysis. FTIR spectra of NCS and PCS were almost similar, with
the latter exhibiting the characteristic peaks of the phosphate
group (Fig. 6a & b). Wide bands observed between 3000 and
3500 cm−1 could be attributed to O–H stretching vibrations.66 A
weak band around 2900 cm−1 indicates asymmetric stretching
of C–H bonds. Vibrations in H–O–H bonds are denoted by
a sharp peak around 1650 cm−1.70 This peak could also indicate
absorption of water in the amorphous region of starch.77 C–H
stretching of the alkane group was indicated by the narrow
bands around 1330 cm−1 and 1370 cm−1.74 A narrow band
around 1000 cm−1 could be attributed to the stretching vibra-
tion of C–O bonds. Stretching vibrations of C–O–C could be
attributed to bands around 1140 cm−1. A small sharp band
around 850 cm−1 indicated D-pyran glucose.70 The absence of
bands between 1530 and 1630 cm−1 (attributed to amide (II)
bonds) indicated that the starch was pure and devoid of any
protein contamination.77 A characteristic band around 1400
Fig. 5 X-ray diffraction patterns for NCS and PCSs and their respective
crystallinity.

1622 | Sustainable Food Technol., 2026, 4, 1615–1632
cm−1, which was observed only in the phosphorylated corn
starches, can be attributed to P]O stretching vibrations.72 The
diffraction peak at 1019 cm−1, indicating P–O–C symmetrical
stretching, was not observed in any of the phosphorylated corn
starch samples, which could be due to a low degree of substi-
tution in the PCS.70 Similar observations for the absence of
bands indicating P–O–C symmetrical stretching due to a low
degree of substitution in phosphorylated glutinous rice starches
are reported in the literature.66 Overall, FTIR spectra indicate
the phosphorylation of NCS with low DS. Even though the level
of phosphorylation is minimal, the addition of phosphate
groups improves interactions between starch and water while
decreasing molecular order, which is indicated by wider O–H
and H–O–H absorption bands. These alterations can promote
gelatinisation and increase molecular mobility during high-
moisture extrusion, which facilitates better alignment and
entanglement of starch chains – essential for creating brous,
meat-like textures in HMMAs. Therefore, the FTIR ndings
conrm the functional effectiveness of phosphorylated corn
starch in high-moisture extrusion applications, even with low
degrees of substitution.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.2.8 SEM. The impact of phosphorylation on the
morphology of starch granules was examined through SEM
analysis (Fig. 7). The granule surface morphology of NCS was
smooth and devoid of any pores or cracks (Fig. 7a). However, the
surface morphology of the phosphorylated starch granules is
found to be porous to some extent (Fig. 7b to e). Porosity in the
starch granules may be attributed to the alkaline reaction
conditions. Moreover, the reaction was carried out well below
the gelatinization temperature, which indicates that the
porosity of the starch granules is due to the phosphorylation
reaction. A reactant with a very low lifetime can react only with
the surface OH groups of the starch granule. Furthermore, the
surface of the granules will most likely sustain damage in
alkaline environments, as observed in other studies.78 The
improved surface porosity aligns with the noted rise in the water
solubility index (WSI) since the altered surface of the granules
facilitates a greater discharge of soluble components. The weak
binding force between the crystalline and non-crystalline layers
during crosslinking makes it susceptible to damage and causes
Fig. 7 SEM images of (a) NCS, (b) PCS 0.01%, (c) PCS 0.04%, (d) PCS 0.1%
on the surface of starch granules.

© 2026 The Author(s). Published by the Royal Society of Chemistry
minute cracks and porous structures (Fig. 7). The degree of
damage and crystallization of the granules increase with
increasing degree of substitution.62 The increased porosity
helps granules absorb more water. In the cooling zone, porous
starch particles can serve as llers, weaken the continuous
protein phase, and result in a soer texture and less extrudate
expansion.79 These changes in morphology and hydration can
be benecial during high-moisture extrusion, as the increased
solubility and partial breakdown of granules may improve
starch mobility and promote cross-linking under shear, leading
to the development of a brous texture in meat analogues.
3.3 High-moisture meat analogues

High moisture meat analogues (HMMAs) were extruded with an
indigenous cooling die (SI, Fig. S1) with the following formu-
lations. A feed containing 80% SPI and 20% NCS did not yield
a signicant brous structure in the extrudate. Instead,
a homogeneous so gel-like mass with a limited brous struc-
ture resembling strips or aps was obtained. It conrms the
, and (e) PCS 0.3%. Yellow dotted circles indicate the degree of fissures

Sustainable Food Technol., 2026, 4, 1615–1632 | 1623
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Fig. 8 (a) HMMAs from SPI–NCS (80 : 20) showing a moderate fibrous structure. (b) SPI–PCS (0.04% POCl3, 80 : 20) showing less fiber
formation. (c) SPI–PCS (0.01% POCl3, 80 : 20) with a distinct, thin fibrous structure. (d) Schematic illustration of the hypothesised mechanism.
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lack of bre-forming functionality of native starches during the
high moisture extrusion process. It is observed to interfere with
the brous protein alignment in the extrudate (Fig. 8a). In
contrast, replacing NCS with phosphorylated corn starch (PCS)
resulted in an extrudate with a visibly improved brous struc-
ture. The presence of PCS promoted better alignment of protein
and enhanced anisotropic structuring, likely due to its modied
morphology and hydration behaviour. The increased water
absorption index observed in PCS (Section 3.4.4) and hydro-
philic nature led to the formation of a network that enhances its
shear stability.29,30 The negatively charged phosphate group of
the starch might interact with charged amino acids of the SPI,
while the hydrophilic nature of the phosphate group can
inuence the water mobility leading to better brous structure
formation. However, increasing the degree of phosphorylation
beyond a certain threshold did not proportionally improve the
brous texture (Fig. 8b & c). The extrusion experiments
distinctly demonstrate that phosphorylated porous corn starch
provides superior functionality compared to native starch in
maintaining or enhancing the formation of anisotropic brous
textures in HMMAs.
1624 | Sustainable Food Technol., 2026, 4, 1615–1632
3.4 Quality evaluation of high moisture meat analogues
(HMMAs)

3.4.1 Proximate analysis of starches and HMMAs. The
proximate composition of the NCS and PCS was evaluated to
understand the changes in their nutritional composition. The
majority of the parameters of the NCS and PCS showed no
signicant changes, except for the ash content, which was
observed to increase as the POCl3 concentration increased
during the esterication process (Table 2).

The proximate composition of the three HMMAs extruded
with SPI, NCS and two different PCSs is reported in Table 2. The
moisture content of the HMMAs was found to be in the range of
49 to 56%, which is appropriate for a plant-based HMMA.80 The
HMMA with 0.01% POCl3 had the highest moisture content of
55.8%. The highest fat percentage of 3.54% was observed in the
HMMA with SPI–NCS. As for the protein content, the HMMA
made with PCS (0.04% and 0.01% POCl3) had values of 33.26%
and 34.26%, respectively, which were lower than the protein
content of HMMAs produced with SPI–NCS (35.76%). But the
protein contents of all HMMAs produced in the study were of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Proximate analysis of starches and HMMAs (n = 3)a

Moisture (%) Fat (%) Ash (%) Protein (%) Carbohydrate (%)

Starch
NCS 12.95 � 0.02 2.11 � 0.04 0.26 � 0.02 0.77 � 0.026 83.9 � 0.08
PCS (0.3%) POCl3 10.24 � 0.1 2.12 � 0.17 0.8 � 0.06 0.070 � 0.021 86.13 � 0.16
PCS (0.1%) POCl3 14.41 � 0.19 2.19 � 0.14 0.59 � 0.03 0.713 � 0.021 82.1 � 0.17
PCS (0.04%) POCl3 9.71 � 0.39 2.23 � 0.21 0.49 � 0.02 0.716 � 0.015 86.84 � 0.62
PCS (0.01%) POCl3 7.03 � 0.12 2.27 � 0.22 0.39 � 0.04 0.74 � 0.03 89.58 � 0.27

HMMA
SPI–NCS 49.92 � 0.091 3.54 � 0.008 2.66 � 0.064 35.76 � 0.1514 7.1 � 0.152
SPI–PCS with (0.04%) POCl3 57.52 � 0.089 2.85 � 0.01 2.79 � 0.095 33.26 � 0.026 3.58 � 0.182
SPI–PCS with (0.01%) POCl3 55.8 � 0.109 2.54 � 0.015 3.27 � 0.015 34.62 � 0.04 3.77 � 0.077

a NCS-native corn starch and PCS-phosphorylated corn starch; data are expressed as mean ± SD.
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similar values and the change may be caused due to the mixing
of dry ingredients and parameters affecting the extrusion. The
HMMA produced with SPI–PCS (0.04% and 0.01% POCl3) had
the carbohydrate contents of 3.58% and 3.77%, respectively,
which were lower than the HMMA with SPI–NCS, 7.1%. From
this, it is evident that phosphorylation of starch has decreased
the carbohydrate content of the HMMA when the phosphory-
lated starch was used for extrusion, compared to the HMMA
with the SPI–NCS combination. The mineral content was
highest for the HMMA with SPI–PCS (0.01% POCl3) at 3.27%
and the least for SPI–NCS at 2.66%. The variations in compo-
sition emphasize the practical benets of phosphorylated
starch in HMMA formulations. Increased moisture and mineral
content, coupled with decreased carbohydrate levels, indicate
better water retention and structural characteristics, which
improve juiciness, texture, and nutritional value. Additionally,
PCS enhances compatibility with SPI, promoting ber devel-
opment and minimizing syneresis, thereby serving as an
essential component for clean-label, protein-rich meat
alternatives.

3.4.2 Expansion ratio. Expansion ratio (ER) is a critical
parameter indicating the impact of extrusion on the extrusion
feed and also to an extent on the breakdown and trans-
formation of components present in the feed.81 During the
Fig. 9 Bar graph representing (a) expansion ratio and (b) bulk density of H
represent the significant differences (P # 0.05) among expansion ratio a

© 2026 The Author(s). Published by the Royal Society of Chemistry
extrusion process, the temperature was set at 120 °C to provide
sufficient heat to denature the proteins and prevent expansion
of the extrudate exiting the cooling die. Expansion ratio of the
extrudates containing NCS and PCS was found to be almost
similar (Fig. 9a). The SPI–NCS extrudate had the lowest ER value
of 0.98, and the extrudate composed of SPI–PCS with 0.01% and
0.04% POCl3 had an ER of 1.0 and 1.02, respectively. The HMMA
produced with a combination of SPI–PCS (0.01%) had an
expansion ratio of 1. For the HMMA, which was produced with
a combination of phosphorylated corn starch, with a decrease
in POCl3 content from 0.04 to 0.01%, the expansion ratio was
found to be decreasing. The extent of the extrudate's puffing is
indicated by the expansion ratio. The extruder's internal pres-
sure is comparatively higher than the ambient pressure, which
causes a sharp pressure drop when the extrudate exits the die.
Consequently, voids remain in the mixture while water vapor-
isation takes place. Thus, the expansion ratio increases with the
amount of moisture present in the combination. Additionally,
the high gelation level of the materials present in the feed also
increases the expansion ratio.82 SPI would interact with the
starch during the extrusion process and rebuild through inter-
actions between the side chains of the soy protein molecules.83

The tensile strength of the melt before the die was improved by
the cross-linking processes between SPI and starch, which
MMAs with SPI and starch combination. The uppercase letters (A to C)
nd bulk density values analysed by the post hoc Tukey HSD test.
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suggested that blends would experience more water ash
evaporation as they depart the die.84 Shrinkage of the extrudates
aer the die would be prevented by the creation of the soy
protein network. It was reported that the extrudate ER increased
as the processing temperature was raised from 130 to 150 °C.
The materials were enlarged by the water ash aer the die.85 In
this study, the temperature of the barrel was set at 120 °C for all
samples, so the extrudates produced had similar expansion
ratios.

3.4.3 Bulk density. From a business perspective, bulk
density is a crucial physical characteristic of extruded items
since it signicantly affects their packaging needs.86 For
instance, the HMMA is lighter, its porosity is higher, and its
shipping and storage costs are more detrimental when the bulk
density is lower. In addition to indicating the porosity and
expansion of HMMAs, changes in bulk density are linked to
modications in protein crosslinking that occur during the
extrusion cooking of the feed, which is high in protein.87 Fig. 9b
shows the bulk density for the HMMA produced with SPI in
combination with NCS and PCS with two different concentra-
tions of POCl3. The extrudate with NCS starch had the lowest
bulk density of 0.32 g cm−3, whereas phosphorylated corn
starch, with a decrease in the concentration of POCl3 from 0.04
to 0.01%, the bulk density was found to be decreasing; the
extrudate with PCS (0.04% POCl3) had the highest bulk density
of 0.35 g cm−3. From Fig. 10, both ER and bulk density were
found to be correlated because with a decrease in POCl3
concentration, ER and bulk density were found to decrease.
Higher bulk density of a SPI–PCS meat analogue is linked with
a denser, extra-compact structure, which improves functional
properties such as texture, hardness, chewiness, and reduced
product shrinkage. As per the ndings of Fletcher,88 a rise in
temperature of the barrel causes the water in the extruder to
become more superheated, which promotes the development of
bubbles and a drop in melt viscosity, ultimately resulting in
lower density, as demonstrated in this study. Extrudate density
and lateral expansion have been discovered to be primarily
inuenced by temperature and feed moisture.89 The observed
rise in bulk density with higher screw speeds could potentially
Fig. 10 Bar graph representing (a) water absorption index (WAI) and (b) oi
The uppercase letters (A to C) represent the significant differences (P #

test.

1626 | Sustainable Food Technol., 2026, 4, 1615–1632
be attributed to the amplied impact of temperature on the
melt of the extrudate in an elevated shear environment.83 In our
study, screw speed and barrel temperature were kept constant
resulting in slight variations in bulk density between the various
HMMAs produced.90

3.4.4 Water absorption index and oil absorption index.
Water Absorption Index (WAI) can be dened as the amount of
water bound by the starch granule aer swelling under pro-
cessing conditions. The thermomechanical strain during high
moisture extrusion causes the starch granule to gelatinise, lose
its crystalline structure and eventually break down into frag-
ments.91 As a result of increased surface area and exposure to
water, gelation of the molecule occurs, which is quantied as
WAI. In this case, WAI denotes the capacity of both the protein
and starch in the extrudate. Compared to NCS, the WAI of the
PCS was higher; however, an increase in the phosphorus
content led to lower values (Fig. 10a). Precisely, the HMMA with
NCS had a WAI of 368% and the highest WAI, 528%, was
observed for the SPI–PCS with 0.01% POCl3, whereas the
extrudate with 0.04% POCl3 had a lower WAI of 447%. There is
a 43.5% increase in the WAI from SPI–NCS to SPI–PCS with
0.01% POCl3 and 21.5% increase from SPI–NCS to SPI–PCS with
0.04% POCl3. Starch–water, protein–water, water–water inter-
actions, and physical capillary actions all have a signicant
impact on WAI.92 WAI in nixtamalized corn ours is linked to
starch crystalline structure disturbance during thermo-alkaline
treatment; hence, this measure can be utilised as an indication
of gelatinisation since disrupted starch granules have a greater
water binding capacity. Although WSI determines the degree of
polysaccharide release from water-soluble granules, high values
of WAI and WSI indicate high starch granule fragmentation,
dextrinization.93,94

A product's ability to absorb and hold oil is known as its oil
absorption index (OAI), and it is recognised to enhance avor
and improve mouthfeel in food materials. The HMMA with SPI–
PCS (0.04% POCl3) had the highest OAI of 203.15%. The HMMA
was produced by using a blend of phosphorylated corn starch
and SPI; with an increase in the concentration of POCl3, the OAI
was found to be increasing. Fig. 10b shows OAI values for the
l absorption index (OAI) of the HMMAwith SPI and starch combinations.
0.05) among WAI and OAI values analysed by the post hoc Tukey HSD

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Colour analysis of HMMAs (n = 3)a

HMMA L* a* b*

SPI–NCS 44.35 � 0.983 5.58 � 0.088 14.19 � 0.082
SPI–PCS (0.04%) POCl3 46.830 � 0.262 7.870 � 0.06 19.526 � 0.077
SPI–PCS (0.01%) POCl3 46.890 � 0.096 7.490 � 0.02 19.953 � 0.037

a NCS-native corn starch and PCS-phosphorylated corn starch; L*-lightness, a*-redness and b*-yellowness; data are expressed as mean ± SD.
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extruded HMMA produced with SPI in combination with NCS
and PCS with two different concentrations of POCl3. One
possible explanation for the increased oil absorption could be
the high degree of starch breakdown in the extrudate caused by
the high heat energy input. A higher rate of oil absorption by the
extrudates may be advantageous if the product is going to be
used to make sauces or soups.95 Thus, higher WAI and OAI
values indicate that during cooking, when used for consump-
tion, the meat analogue will be able to utilise the oil and water
used, which will be benecial in making various dishes and will
further enhance the avor prole of the HMMA. The results
from the study indicate that product formulation can use
phosphorylated starches to bring in more hydrophobic inter-
action in solid and liquid matrices to control the viscosity,
texture and sensory aspects during food formulations.

3.4.5 Colour analysis. Colour of the extrudate is a critical
parameter from the consumer perspective. Generally, the
extrusion technique induces several processes, including the
Maillard reaction, caramelization, hydrolysis, and a non-enzy-
matic disintegration of pigments, which leads to the colour
changes in the HMMA produced.96 Hence, it is critical to control
the processing conditions to control the product quality as well
as the colour of the extrudate. The colour of the extrudates
containing NCS and PCS was almost the same visually. The
colour values (L*, a*, and b*) of the HMMA produced with SPI–
NCS and SPI with cornstarch with 0.01% and 0.04% of POCl3 are
shown in Table 3. The HMMA, containing 0.01% POCl3, had the
highest L* (lightness) value of 46.89, whereas SPI–NCS had the
Fig. 11 Bar graph representing Degree of Starch Gelatinization (DSG)
of the HMMA with SPI and starch combinations. The uppercase letters
(A to C) represent the significant differences (P # 0.05) among, DSG
values analysed by the post hoc Tukey HSD test.

© 2026 The Author(s). Published by the Royal Society of Chemistry
lowest value of 44.35. The a* (redness) value was the lowest, 5.58
for the HMMA produced with SPI–NCS. Among HMMAs with
PCS, the one with 0.01% POCl3 had the lowest a* value. The
HMMA with SPI–PCS (0.01% POCl3) had the highest b* value of
19.95. The b* (yellowness) value of SPI–NCS was lowest when
compared to other extrudates. Colour signicantly inuences
consumer acceptance of HMMAs. The enhanced L* and
b* values observed in extrudates containing phosphorylated
starch suggest improved lightness and attractive yellow hues,
which may result from changes in thermal and moisture
interactions during the extrusion process. This suggests that
PCS may regulate non-enzymatic browning reactions, leading to
a more desirable and uniform appearance in meat analogues,
thereby enhancing product attractiveness and marketability.

3.4.6 Degree of starch gelatinisation. The texture, digest-
ibility, and sensory characteristics of HMMAs are greatly inu-
enced by the degree of starch gelatinisation (DSG). When starch
granules are heated, they swell and absorb water, which causes
them to lose their crystalline structure and undergo gelatini-
sation. The degree of this process affects the nished product's
texture, ease of digestion, and even shelf life. As the DSG
increases, a rise in the degree of disruption of molecules inside
the granules takes place; thus, the granules' swelling and
subsequent disruption change their particle size, the crystal-
linity and molecular weight decrease, and starch–lipid
complexes are created.97 Fig. 11 shows the DSG of the HMMA
produced with SPI in combination with native corn starch and
phosphorylated corn starches. The extrudate containing SPI–
PCS with 0.01% POCl3 had a higher DSG value of 0.95 compared
to SPI–PCS with 0.04% POCl3. The leached amylose and gran-
ules that remain intact aer the starch has gelatinised aid in the
creation of starch gels.98 Less water is available for the starch to
be gelatinised because water is distributed in the starch and the
SPI matrix competitively. Due to its hydrophilic nature, phos-
phorylated starch binds more water and determine the aqueous
phase rheology of the material.29,79 It facilitates protein aggre-
gation, contributing to development of the dispersed phase in
the melt. The starch aer gelatinization acts as a molten poly-
mer, which then restricts protein mobility.29,79 Phosphorylated
starch increases bonding between starch (by cross-linking) and
SPI as well as between the starch granules, thereby increasing
viscoelasticity and extensibility.29,79 The higher processing
temperature implies that there was a greater thermal energy
input into the feed inside the barrel, increasing the DSG.90 The
physicochemical characteristics of the starch, including its
granule structure, gel texture, retrogradation, and heat stability,
can be altered by heat and moisture treatment.99 Therefore, in
high moisture extrusion, the physicochemical attributes of the
Sustainable Food Technol., 2026, 4, 1615–1632 | 1627
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starch used in the feed can be improved by altering the extru-
sion parameters such as barrel temperature, pressure, and
moisture content of the feed. In this study, the temperature of
the barrel was set at 120 °C for all samples, which resulted in the
DSG of all the extrudates being comparable. And so, having
better DSG means the starch will be able to form a better gel-
matrix, which will, in turn, help in the formation of better
anisotropic brous structures in the HMMA.

4 Conclusion

High-moisture extrusion cooking has proven to be one of the
most effective and scalable processes for creating plant-based
meat analogues, which can mimic the texture of regular animal
meat while promoting environmentally sustainable and healthy
living. Due to its low anti-shear properties, tendency to retro-
grade, ease of thermal degradation, and lack of heat endurance,
the application of native starch in a variety of processed food
products is restricted. In the current study, POCl3 was used to
produce PCS at different concentrations (0.01%, 0.04%, 0.1%
and 0.3%) with varying degrees of substitution (DS). According
to the EFSA Panel on Food Additives and Nutrient Sources
Added to Food, the PCSs generated in this study with 0.04%
POCl3 and 0.01% POCl3 had phosphate contents of 0.31% and
0.16%, respectively, making them suitable for addition in food
products. PCS with 0.01% POCl3 exhibited improved gelatini-
sation characteristics, evidenced by its turbidity percentage of
57.7% and its ability to withstand swelling (swelling power ofz
803%); therefore, it has the potential to interact with the SPI
during high moisture extrusion. The HMMA formulated with
PCS and SPI exhibited enhanced compactness and anisotropic
brous structuring compared to the SPI–NCS system, with the
most distinct ber alignment observed in the formulation
containing 0.01% POCl3. Extrudates containing soy protein
isolate (SPI) and phosphorylated corn starch with 0.04% POCl3
showcased a marginal increase (0.04%) in expansion ratio (ER),
a 0.09% increase in bulk density, a 0.02% increase in oil
absorption index (OAI) and a marginal decrease of 0.27% in
degree of starch gelatinization (DSG), and a signicant increase
of 21.5% in water absorption index (WAI) when compared with
the extrudate (SPI–NCS) prepared using SPI and NCS. From
a commercialization standpoint, the application of phosphor-
ylated starch presents several benets. Higher bulk density and
moderate expansion ratio of the SPI–PCS HMMAs contribute to
chewier, more cohesive and rm texture that mimics the
mouthfeel of a real animal muscle meat. Moreover, higher water
and oil absorption indices of the SPI–PCS HMMAs indicate
juicier nal product aer cooking and improved moisture
retention with reduced chances of dryness. PCS serves as an
efficient and cost-effective structuring hydrocolloid. It offers
a practical alternative to high-purity proteins and commercial
hydrocolloids, such as methylcellulose, in plant-based meat
substitute formulations. Specically, PCS has better water-
binding ability and gelation compatibility in protein mixtures
during high-moisture extrusion. It also supports clean-label
formulations, lowers processing heat requirements, and
improves the brous structure. Additionally, the improved
1628 | Sustainable Food Technol., 2026, 4, 1615–1632
capabilities of PCS create numerous application possibilities
across a range of plant-based product types, such as meat
substitutes (nuggets, patties, and llets) and dairy substitutes
(cheese alternatives and creamers). Its suitability for various
protein matrices and extrusion parameters makes it a exible
and adaptable ingredient for manufacturers looking to innovate
in the plant-based industry. In summary, phosphorylated
starch, especially PCS obtained with 0.01 and 0.04% POCl3,
presents a promising, safe, and practical ingredient that can
signicantly enhance the quality, cost-effectiveness, andmarket
appeal of plant-based meat substitutes.
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