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Psyllium husk, a dietary fibre derived from Plantago ovata seeds, is widely used in food systems for its
gelling ability, water absorption, and texturizing properties. Due to its varying solubility, the fibre can be
extracted into fractions with different flow properties. However, limited knowledge exists on how its frac-
tions can be leveraged for food enhancement. Therefore, we isolated two psyllium fractions (F1 and F2)
and fabricated starch-fibre gels using starches with varying amylose content (5.9, 37.9, and 63.1%
amylose). To fully understand mechanisms between the fractions and starches, we applied three tempera-
ture treatments (95, 120 and 140 °C) by utilising high temperature rapid visco analysis (HT-RVA), resulting
in 27 starch and starch-fibre gels. F2 increased peak viscosity in all starches, and it significantly changed
the profile of high amylose corn starch, while F1 had less effect on the pasting. Texture properties of the
gels were mostly influenced by temperature treatments, but amylose leaching and starch hydrolysis by
a-amylase were significantly changed by fibre addition. F1 caused an increase of the extent of starch
hydrolysis, but F2 reduced it. F1 increased leached amylose, particularly in high amylose corn starch. SEM
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images have shown changes in the gel microstructure depending on fibre addition and temperature,
potentially related to phase separation and fibre impact on ice formation. This work highlights that fibre
fractions from the same source have contrasting effects on functional and health-related properties of

Open Access Article. Published on 27 October 2025. Downloaded on 4/5/2026 5:30:51 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/food-function

1. Introduction

Starch is estimated to have the largest contribution to energy
intake worldwide.'™ In addition to staple foods like bread,
rice, and pasta, starch is implemented into an array of food
products as there are number of source options, associated
variation in functionalities, and the ease of application. In
practice, starch hydrogels are commonly used for assessing the
techno-functional properties of starch-containing products.
They are inexpensive and can be used in conjunction with
many experimental techniques, whilst retaining close relation-
ship with in-food behaviours of starches.* Starch gels are pro-
duced by mixing starch with water and heating the mixture;
upon cooling a gel-like consistency is achieved. Starch pro-
perties after cooking determine the quality of final product
such as structure, digestibility, and storage stability. While
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starch-based food systems, which may be highly valuable for developing healthier food products.

starch has a pivotal role in food production and nutrition
research, it is essential to recognize its shortcomings, as well.
Storage stability can present a marked challenge, as starch gels
can be prone to syneresis under lower temperatures, which
influences sensory perception and product structure.>®
Moreover, starchy foods can cause spikes in blood glucose
levels (glycaemia), leading to higher risks of developing meta-
bolic diseases.”

The addition of non-starch polysaccharides (NSP), such as
fibre and gums can improve structure and texture, storage
stability, and digestibility of starch gels. Generally, NSPs delay
starch gelatinization and reduce digestibility through different
mechanisms; NSPs can form a barrier around starch granules
and restrict amylases’ access to the substrate; in addition, they
can compete for water and thus reduce starch swelling and
gelatinization. Finally, NSPs can non-competitively bind to
a-amylase and act as a decoy substrate, thereby reducing the
rate of hydrolysis.® For example, addition of pectin from citrus
peel (rhamnogalacturonan-I) to potato starch decreased hard-
ness of the gel and increased its slowly digestible starch
content.” Heteroxylan from corn fibre decreased retrogradation
and led to more stable corn and wheat starch gels.'® Wheat
arabinoxylan delayed long-term retrogradation and increased
hardness when added to wheat starch gel.'* It has also been
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shown that certain types of pectin with low degree of esterifica-
tion decreased maize starch digestibility by non-competitive
inhibition of a-amylase.'> Moreover, addition of fibre in
starch-based products is perceived as “clean and healthy” by
the wider population, as opposed to using modified starches.
Overall, research has shown that NSP addition can have a pro-
found effect on the quality of starch gels, such as delay of ret-
rogradation, storage stability and texture and structure
improvement.*

A source of NSP fibre of particular interest to our research
groups is Plantago ovata Forssk., widely known as psyllium.'*™
Psyllium husk is produced from the milled coating of P. ovata
seeds. When in contact with water, the husk swells and forms a
strong gel with complex structure.’*** It is widely used in food
industry, as an additive to conventional bakery products, gluten-
free bread, yoghurts, jams, and can be used as fat replacer,
stabiliser, and texturiser.'® It has numerous health benefits,
such as cholesterol reduction, satiety and appetite regulation,
gastrointestinal relief, and reduction in postprandial glucose."”
When incorporated into wheat, potato, or tapioca starch, psy-
llium can reduce rapidly digested starch and increase slowly
digested starch."® When comparing psyllium and xanthan gum
properties in maize starch gels, it was reported that both NSPs
reduced hardness, while psyllium changed pasting properties.*’

Due to a rising interest in P. ovata fibre gel structure,
different extraction protocols have been developed in order to
accommodate its unique rheological (flow) properties and high
structural complexity.">*°**> It was confirmed that fractions
extracted with H,O at lower temperature (up to 25 °C) forms
viscoelastic fluid and consists of heteroxylan with a minor
(>10%) pectin component. Fractions subsequently extracted at
higher temperatures (65 °C and higher), with alkaline solvents
(2 M KOH), or via intense shaking, were found to consist of
highly branched heteroxylan (depleted of pectin) which forms
significantly stronger gels.'>?°* Detailed rheology and struc-
ture studies of different fractions have helped -elucidate
complex structures and functional behaviours of psyllium gels,
however there is a lack of practical application of said fractions.
Moreover, there is a gap in understanding how P. ovata fibre
and particularly fractionated fibre affects starch gels and
starch-based products. Recently, Govender and Amonsou
reported on the incorporation of 3% psyllium into various corn
starches.”® Although their study also employed high-tempera-
ture RVA analysis, their sample preparation procedures differed
substantially from ours, and they utilized whole psyllium husk.

Therefore, since psyllium fractions exhibit apparent flow
behaviour, this study focuses on investigating whether starches
combined with different fractions, rather than the whole husk,
display distinct techno-functional properties. To the best of
our knowledge, no work was published about incorporation of
psyllium fractions to starch gels and their effect on pasting
profile of corn starch. Therefore, this complex gel-forming NSP
presents an opportunity to probe the impact of distinct fibres
in starch systems.

In this work, a simple extraction protocol was used to
obtain two different fibre fractions from the same source (com-
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mercial psyllium husk). The practical application of said fibres
was assessed on three corn starches under three temperature
conditions. The structure, techno-functional properties, and
digestibility of fibre-starch gels were explored. In this study, we
prioritized examining the outcomes over elucidating the
underlying mechanisms for the aim of studying how distinct
fibre additions and processing conditions affect different
starches, and how this knowledge can be translated into
digestibility and formulation of new food products.
Nevertheless, the reported results provide a basis for continu-
ing further study of underpinning mechanisms of interactions
between starch and Plantago fibre fractions.

2. Materials and methods

2.1. Materials

Three types of starch were used: corn starch (Sigma Aldrich,
S4126), waxy corn starch (VPA, Queensland), and high amylose
corn starch (Hylon™ VII, Ingrediont, New South Wales). For
starches, we use following abbreviations: CS = corn starch,
WCS = waxy corn starch, HACS = high amylose corn starch.
Psyllium husk (Bonvit, Woolworths, South Australia) was
used for extraction of two fibre fractions. An 8 g aliquot of husk
was dispersed in 800 mL RO H,O and stirred (400 rpm) for 4 h
at 4 °C. The mixture was centrifuged at 3600 rpm (30 min, 4 °C)
(5810R centrifuge, Eppendorf, New South Wales). The upper
layer (fraction 1) was separated from the lower part (fraction 2).
The upper fraction (supernatant) was a slightly viscous liquid,
while lower fraction (pellet) was a gel with solid husk remnants
(visually determined). Both fractions were separately dried over-
night in an air oven at 95 °C. After drying, fibres were ground in
coffee grinder or milled in a mixer mill (Retsch MM400,
Germany) (75% filling, 10 min, 30 Hz) and sieved using 200 um
sieve. For fibre fractions we use following abbreviations: F1 =
dried and sieved supernatant, F2 = dried and sieved pellet.
Porcine pancreatic a-amylase (E-PANAA, 75000 U g~ ') was
purchased from Megazyme (Neogen Australasia, Queensland,
Australia). Amylose from potato (A0512), p-maltose monohy-
drate (63 418), 4-hydroxybenzhydrazide (H9882), trichloroacetic
acid (T0699), sodium carbonate (223 530), iodine (207 772),
and sodium phosphate monobasic (S0751) were purchased
from Sigma Aldrich (New South Wales, Australia). Sodium
phosphate dibasic (SA026), potassium iodide (PA001), and
sodium hydroxide (SA000) were purchased from ChemSupply
(South Australia). Hydrochloric acid (RP1104) was purchased
from RCI Labscan (Victoria). Amylopectin (A0456) from waxy
corn was purchased from Chem-Supply (Gillman, South
Australia). All used chemicals were of analytical grade.

2.2. Methods

2.2.1. Characterization of starches and fibres. Apparent
amylose content of starches was determined by 96-well plate

THYLON and INGREDION are trademarks of Ingredion Incorporated.
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assay developed by Kaufman et al without any modifi-
cations.?® Particle size distribution of starches was carried out
using a multi-laser Particle Size Analyser (PSA1190, Anton
Paar, Austria) using a dispersion air setting of 4000 mbar. The
internal Kalliope software calculated the particle size distri-
bution on a volume basis. Results are means of duplicate runs.

Fibre yield was determined by weighing the mass of psy-
llium before extraction process, and weighing the masses of F1
and F2 after drying.

mass of extracted fibre (g)
mass of psyllium husk used for extraction (g)

x 100.

Fibreyield (%) =

(1)

FTIR spectra of powdered F1 and F2 were collected using a
Nicolet iS20 FTIR spectrometer (Thermo Scientific, USA) using
48 scans at a resolution of 4 cm™". Monosaccharide composition
of F1 and F2 was determined by using reverse phase high per-
formance liquid chromatography (RP-HPLC) of 1-phenyl-3-
methyl-5-pyranozile (PMP) derivatives following the process
described in Hassan et al. with modifications specified in
Cowley et al. where the fibre was pre-dispersed at 1 mg mL ™" in
hot water.>®?” Area under the peaks was compared to standard
curves of mannose, ribose, rhamnose, glucuronic acid, galac-
turonic acid, glucose, galactose, xylose, arabinose and fucose.

Water retention capacity (WRC) and water swelling capacity
(WSC) of F1 and F2 were assessed according to method by
Noguerol et al. with no modifications.® Viscosity of 0.4% disper-
sions of F1 and F2 were determined using an air-bearing rhe-
ometer (HAAKE MARS iQ Air, Thermo Fisher Scientific,
Waltham, United States). First, dispersions were prepared using
a Rapid Visco Analyser (RVA 4800, Perten Instruments, New
South Wales). Powdered F1 or F2 (120 mg) were added to 30 mL
of distilled water, briefly mixed by vigorous stirring, then placed
into the RVA. The samples were heated from 25 °C to 95 °C over
5 minutes, held at 95 °C for 5 minutes, then cooled to 25 °C
over 5 minutes. Paddle speed was 960 rpm during the first
minute, and 160 rpm during the rest of the protocol. After prepa-
ration, the samples were homogenised for 60 seconds at 6000
rpm using a PROScientific Premium MaX homogenizer (PRO
Scientific Inc., CT, USA) and then sealed to prevent evaporation.
Samples were stored at room temperature for 3 hours before vis-
cosity testing. Viscous behaviour was assessed using a shear rate
ramp from 0.1-100 s~ over 5 min (after a 2 min equilibration)
with a concentric cylinder system (HAAKE CCB25 DIN/SS and
CC25 DIN/Ti, Thermo Fisher Scientific, Waltham, United States,
gap between the cylinders 0.622 mm) held at 20 °C with a Peltier
unit (TM-PE-C, Thermo Electron GmbH, Karlsruhe, Germany)
controlled by a heat exchanger (HAAKE HX-R, Thermo Fisher
Scientific, Waltham United States). The power-law fluid
(Ostwald-de Waele) model was used to evaluate the rheological
properties of the dispersions (eqn (2)). Modelling was performed
in GraphPad Prism 10.4.0.

7(Pa) = K" 2)
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where 7 refers to the shear stress in Pa, y represents the shear rate
in s, K is the flow consistency coefficient and 7 is the dimen-
sionless flow behaviour index. From the models, the viscosity at a
shear rate of 10 s (Visc?*®) was also interpolated for comparison.

2.2.2. Pasting behaviour. Rapid Visco Analyser (RVA 4800,
Perten Instruments, New South Wales) was used to simul-
taneously prepare and assess the pasting behaviour of starch
and starch-fibre gels. A 1.875 g (dw) aliquot of starch was
weighed into the aluminium RVA canister and H,O was added
to a total mass of 25 g. When preparing starch-fibre gels, 0.1 g
of fibre was added. The final mass was 25.1 g. Addition of fibre
based on the total gel mass and the starch mass was 0.4% and
5.3%, respectively. For the preparation of fibre-starch gels,
fibre and starch (both in their dry forms) were premixed prior
to the addition of water, after which the RVA protocol was
initiated. This procedure was applied to all starch samples. By
combining fibre and starch in the dry state before hydration,
both components were provided with an equal opportunity to
hydrate during subsequent processing. Three RVA protocols
were used based on maximum temperature (T, reached
during pasting: 95, 120, and 140 °C. To ensure all samples were
treated at corresponding Trmax for equal time period and rate of
heating/cooling was equal (12.3 °C min™'), protocols had
varying time lengths. Therefore, all protocols followed the
same outline (hold at 25 °C for 2 min — increase temperature
to Tmax — hold at Ty, for 2.5 min — decrease temperature
back to 25 °C — 25 °C hold at for 2 min), but the lengths of the
runs were: Tmax 95 °C-18.10 min, Tpax 120 °C-22.20 min, and
Tinax 140 °C-25.40 min (detailed scheme for RVA protocols are
shown in SI Fig. S1). Paddle speed was 960 rpm during the first
minute, and 160 rpm during the rest of the protocol. Gels from
the RVA were then used for further characterisation. In Table 1,
we specify the sample preparation and abbreviations which will
be used throughout the rest of this work.

2.2.3. Texture profile analysis. An aliquot of 4.5 mL of RVA
gels were taken and placed into 5 mL plastic cylindrical tubes.
TAXTplusC Stable MicroSystems texture analyser (Key
Diagnostics Pty Ltd, New South Wales) with a small rounded
cylindrical probe (4 mm radius, stainless steel with radius end,
P/MT, Stable Micro Systems, UK). Triggering force was 1 g, pre-
mid- and post-test speeds were 20 mm s, penetrating to the
sample depth of 15 mm (50% of total height) after which the
probe returned to original position. Exponent Connect version
8.0.17.0 software was used for data collection, and evaluation of
hardness and adhesiveness.

2.2.4. Freeze-thaw syneresis. Freeze-thaw syneresis of RVA
gels was done according to Ma et al. with some modifications.*
Samples were subjected to freeze-thawing cycles for 15 days (22 h
at —20 °C, followed by 2 h at 40 °C), after which the upper water
layer was carefully removed without centrifugation. Syneresis was
calculated as percentage of weight of gel after syneresis divided
by weight of gel on day 0 (eqn (3)).

weight of removed water (g)
inital weight of the gel (g)

Syneresis (%) = x 100. (3)

This journal is © The Royal Society of Chemistry 2025
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Table 1 List of starches and fibres treated at specified temperature to
prepare the gels and the corresponding sample name

Temperature Sample
Starch Fibre  treatment (°C)  name
Corn starch — 95 CS-95
Corn starch F1 95 CS+F1-95
Corn starch F2 95 CS+F2-95
Corn starch — 120 CS-120
Corn starch F1 120 CS+F1-120
Corn starch F2 120 CS+F2-120
Corn starch — 140 CS-140
Corn starch F1 140 CS+F1-140
Corn starch F2 140 CS+F2-140
Waxy corn starch — 95 WCS-95
Waxy corn starch F1 95 WCS+F1-95
Waxy corn starch F2 95 WCS+F2-95
Waxy corn starch — 120 WCS-120
Waxy corn starch F1 120 WCS+F1-120
Waxy corn starch F2 120 WCS+F2-120
Waxy corn starch — 140 WCS-140
Waxy corn starch F1 140 WCS+F1-140
Waxy corn starch F2 140 WCS+F2-140
High amylose corn starch ~ — 95 HACS-95
High amylose corn starch ~ F1 95 HACS+F1-95
High amylose corn starch ~ F2 95 HACS+F2-95
High amylose corn starch ~ — 120 HACS-120
High amylose corn starch F1 120 HACS+F1-120
High amylose corn starch ~ F2 120 HACS+F2-120
High amylose corn starch ~ — 140 HACS-140
High amylose corn starch ~ F1 140 HACS+F1-140
High amylose corn starch F2 140 HACS+F2-140

2.2.5. Scanning electron microscopy (SEM). A thin layer of
gel samples from RVA were immediately smeared onto SEM
stubs with carbon stickers and then rapidly frozen at —80 °C.
After, they were freeze dried at —40 °C for 48 h. Freeze-dried
samples were sputter-coated with gold. Scanning electron
microscope FlexSEM 1000 (Hitachi, Japan) was used in high-
vacuum mode with spot size of 10.0 kV voltage, and FlexSEM
1000 software was used to obtain images. At least three
locations were randomly chosen to take micrographs of each
sample, and magnification of CS and HACS was 250x%, and for
WCS it was 150x.

2.2.6. Determination of leached amylose. Amylose leaching
assay was adapted from Ma et al.>® The RVA gels (5 mL) were
mixed with 5 mL water and shaken for 2 min (without any ball
bearings, 30 Hz) using a mixer mill (MM400, Retsch,
Germany). After shaking, the gel was centrifuged for 30 min at
16 000g and 25 °C (Eppendorf 5417R, Germany). The super-
natant (3 mL) was taken and mixed with 6 mL of 0.33 M
NaOH, followed by heating at 95 °C for 30 min. After the
mixture was left to cool to room temperature, 100 pL was taken
and mixed with 5 mL of 0.5% TCA and 50 pL of 0.05 N I,-KI
dye. After brief vortexing, mixture was left in the dark to allow
for colour development. After 30 min, 300 pL of the solutions
was pipetted into a well in 96-well plate with flat bottom. A
standard curve was prepared following the same process with a
known concentration of amylose. Absorbance was read using
plate reader (uQuant, Bio-Tek Instruments, United States) at
620 nm.
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2.2.7. Starch hydrolysis by a-amylase and maltose quantifi-
cation by PAHBAH assay. Starch digestibility by a-amylase was
determined based on the work by Edwards et al.>® The starch
to a-amylase ratio is kept constant in all samples, meaning
that 100 mg of starch (in starch gel or in starch-fibre gel) was
placed into 15 mL tubes and suspended in 10 mL phosphate
buffered saline (pH = 7.4). After brief homogenising
(PROScientific Premium MaX homogenizer, PRO Scientific
Inc., CT, USA) sample tubes were placed in rotary tube mixer
inside an incubator (Bioline, Edwards Instrument Company
Australia, New South Wales) at 37 °C and equilibrated for
30 min. Before starting the reaction, 100 pL of each sample
was transferred into 1.5 mL microcentrifuge tube which con-
tained 100 pL of 0.3 M Na,CO; (“stop solution”). The purpose
of stop solution is to inactivate the enzyme and stop the reac-
tion at each time point. To start the enzymatic reaction,
porcine pancreatic a-amylase was added. Prior to that, the
enzyme (75 000 U g~ ') was carefully weighed and dissolved in
PBS to ensure that final enzyme activity was 4.5 AU mL™".
Preliminary experiments were carried out to determine the
suitable activity. One activity unit is defined as the amount of
a-amylase needed to liberate 1.0 mg of maltose from starch in
3 min at pH = 6.9 at 20 °C. Immediately after the addition of
the enzyme, the tubes were returned into the incubator and
rotated at 37 °C for the rest of the experiment. At pre-defined
time points (2, 5, 7, 10, 15, 30, 90, 120, 150 and 180 min)
100 pL aliquots were taken from the reaction solution and
placed into microcentrifuge tubes with equal amount of stop
solution. After brief vortexing, all tubes were centrifuged at
15 000g for 5 min (Eppendorf 5417R, Germany) to exclude any
starch remnants, a 100 pL aliquot of supernatant was placed
into new microcentrifuge tubes, which were then used to
determine the amount of reducing sugars. Reducing
sugar analysis (PAHBAH assay) was used to determine the
amount of reducing sugars which are the product of a-amylase
reaction at each sampled time point.*’ Supernatants were
diluted (1 :20) in water, and 100 pL of the diluted samples was
placed in a heat-safe microcentrifuge tube which contained
1 mL of PAHBAH reagent (preparation: 250 mg of p-hydroxy-
benzoic acid hydrazide dissolved in 4.75 mL of 0.5 M HCI and
45 mL of 0.5 M NaOH). The mixture is vortexed, and then
placed in boiling water bath (100 °C) for 5 min. After cooling
to room temperature (15 min), 300 puL of each solution was
transferred into a well of a flat-bottomed 96-well plate and the
absorbance was measured at 405 nm (pQuant, Bio-Tek
Instruments, Queensland). Standards containing a known con-
centration of maltose (concentrations ranging from 100 pM to
1000 uM) were prepared the same way as described above and
used for creating the calibration curve against which the
samples were measured. The fibre solutions (1% w/v in PBS)
were also tested using the PAHBAH assay to ensure there is no
absorbance signal, which may interfere with the maltose
measurement.

2.2.8. Statistical analysis. Data obtained from the
described experiments are presented as the mean and stan-
dard deviation of at least triplicates. Starch hydrolysis curves
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were plotted in OriginPro 2022b software and fitted to first-
order equation using non-linear regression, with parameter
“a” as the extent of hydrolysis (C,) and parameter “b” as
the rate of hydrolysis (constant k). Area under curve (AUC) was
calculated according to Goi et al.>* Two-way analysis of var-
iance (ANOVA) with post-hoc Tukey test (0.05 level of signifi-
cance) was performed in OriginPro 2022b software. Fibres’ pro-
perties were statistically analysed by Student’s t-test with 0.05
level of significance in GraphPad Prism 9.0.0. Statistically sig-
nificant differences between the samples were marked with
different letters, and the samples within the same starch
group were compared to each other as the goal of this paper
was to compare whether psyllium addition had an impact on
the starch gel (i.e. corn starch gels with and without psyllium
were analysed via ANOVA, but they were not compared to waxy
corn starch gels or high amylose starch gels). Graphs were
made in GraphPad Prism 9.0.0. software, unless otherwise
stated.

3. Results and discussion

3.1. Characterization of starches and fibres

Characterisation of starch particle size and amylose content
are presented in Fig. 1A. CS and HACS had a similar granule
size (14.639 and 12.014 pm, respectively), while WCS showed
larger granules (40.034 pum). As expected, HACS had the
highest amylose content (63.1%), while WCS had the lowest
(5.9%). Amylose content of CS was 29.2%, which agrees with
the published literature.*

The following properties of fibre were determined: yield,
water retention capacity, water swelling capacity (Fig. 1B),
monosaccharide composition (Fig. 1C), arabinose to xylose
ratio (A:X), and pectin content (Fig. 1D), FTIR spectra
(Fig. 1E), and steady shear viscosity (Fig. 1F). Both fibres were
predominantly heteroxylans, but F1 contained ~10% pectin
(calculated as rhamnose + galacturonic acid). The F2 had a
higher A: X ratio than F1 (0.36 and 0.17, respectively), indicat-
ing a higher degree of branching. While the linkage compo-
sition of the fibre used in this work was not determined, it
can be postulated that F2 had higher degree of branching
than F1. Yu et al. have extracted 3 fractions of P. ovata fibre
(25, 65 °C, and alkaline extraction) and reported similar
monosaccharide composition to ours."® The fractions which
have been extracted via harsher methods (i.e. higher tempera-
ture, or alkaline solvents) have shown higher degree of
branching and higher A: X ratio. As the branching degree and
structural complexity increase, the fibre becomes more
difficult to extract, thus requiring more severe conditions for
solubilisation and extraction. Ren et al. have utilised detailed
rheology studies on five fractions from psyllium husk powder
and reached the same conclusion as well - the fraction which
was extracted at 20 °C showed lower branching than the frac-
tions extracted at 40, 60, 80, and 100 °C, as suggested by the
results from FTIR, NMR, and relaxation measurements.>'
Decreased extractability and increasing gelling capacity were
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associated with further extraction steps.'®> The F1 had a much
lower yield than F2 (21.9% and 72.4%, respectively). Cowley
et al. have studied three-step extraction of P. ovata mucilage —
extraction at 25 °C followed by 65 °C, and lastly, extraction via
intense shaking.** They reported that the fraction at extracted
25 °C accounted for 31% of extracted mucilage. The F1 had
slightly lower yield as it was extracted at 4 °C (21.9% as
opposed to 31%), however they do seem comparable. The
F2 had a higher water retention capacity (WRC) than F1 (28.42
and 12.03 g H,O per g fibre, respectively). This shows that F2
could retain a higher amount of water, which leads to
increased swelling. Consequently, water swelling capacity
(WSC) were 5.27 and 9.67 mL H,O per g for F1 and F2,
respectively. Noguerol et al. have reported WRC (25.8 g H,0
per g) and WSC (11.7 mL H,O per g) of whole psyllium
husk.”® Our WRC and WSC values were somewhat higher,
which is most likely due to higher degree of fibre purification.
It has been reported that psyllium husk powder had water
holding capacity of 45.715 g H,O per g psyllium powder.*®
The FTIR spectra of F1 and F2 are very similar and is typical
for heteroxylan fibre (Fig. 1E). Broad peak from 3600 to
3000 cm™" represents O-H stretching, followed by smaller
peak at ~2900 cm™" of C-H stretching.'>?' A slight difference
can be seen in the peak around 1600-1700 cm™* where F1
showed more pronounced peak. This can be attributed to
C=0 stretching of the carboxyl group in galacturonic acid.”*
This agrees with the monosaccharide composition which
showed that F1 contains galacturonic acid. The cluster of
peaks from 1550 to 1100 cm™" can be explained by C-O-C gly-
cosidic bonds vibrations and C-OH stretching.>’ The FTIR
spectra can also shed light on the chemistry of heteroxylan, as
evidenced by Ren et al.>* These authors found that the ratio
between peaks at ~978 cm and ~955 cm in the second-deriva-
tive spectra, were correlated with A:X ratios determined by
HPLC and NMR (higher ratios correlated with higher A:X).
While these peaks were presented at slightly different wave-
numbers, we found the opposite (Fig. 1D, inset), though we
only had two fractions and the F2 contained residue. A study
on wheat arabinoxylans FTIR spectra showed that highly sub-
stituted arabinoxylans had greater peaks at ~955 cm™ " and
lower peaks at 985 cm™".%® This is consistent with our results
as F2 is expected to have higher degree of substituted than F1.
Overall, the FTIR results support the monosaccharide analysis
(the absence of pectin in F2 and more complex substitution in
F2 vs. F1). Steady shear viscosity of fibre dispersions con-
firmed rheological differences between the fractions. F2 was
highly viscous when compared to F1 (Fig. 1F). K, the flow con-
sistency coefficient, of F1 was 9.838 mPa s, while K of F2 was
74.88 mPa s. Moreover, interpolated viscosity at a shear rate of
10 s~ (Visc"?) for F1 was 9.117 and for F2 it was 24.35 mPa s.
At the concentrations tested, F1 behaviour is close to
Newtonian-like, as it showed consistent viscosity throughout
the measured shear range (0-100 s™*), with a flow behaviour
index n near to 1 (n = 0.976), while F2 displayed shear-thin-
ning behaviour (n = 0.517), most likely due to higher degree of
inter-molecular association.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Properties of starches (A — amylose content and mean granule size) and fibres (B — yield, water retention capacity, and water swelling
capacity; C — monosaccharide composition, D — pectin content and arabinose to xylose ratio), E — FTIR spectra with 2" derivative inset, F — appar-
ent viscosity and corresponding coefficients, K — consistency coefficient, n — flow behaviour index, and interpolation of the viscosity at a shear rate
of 10 s (Visc"'%). The properties (yield, WSC, WRC, and viscosity parameters) of F1 and F2 were tested by Student's t-test and are determined to be

significantly different at p < 0.05.

3.2. RVA profiles

RVA characterizes starch cooking behaviour by measuring vis-
cosity changes during a controlled heating-holding-cooling
cycle.”

granule swelling, gelatinization, rupture, amylose leaching,

Pasting profiles reflect key transitions, including

loss of crystallinity, and eventual amylose reassociation upon
cooling.

This journal is © The Royal Society of Chemistry 2025

Here, we should highlight the need for clarification on the
use of terminology. The terms “gel” and “paste” are often used
interchangeably when discussing starch-H,O mixtures.
However, there are certain differences. The term “paste”
means the hot paste from the RVA, while the term “gel” refers
to the cooled (and sometimes stored) paste.**® A paste is a
viscoelastic or viscoplastic fluid which does not stand on its
own, while a gel can self-support its structure. In this work,
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RVA profiles ended at 25° C, thus producing samples at room
temperature. All samples could support itself (not shown),
except WCS, WCS-F1, and HACS at 95 °C (with and without
fibre). To clarify, WCS and WCS-F1 samples are technically
pastes, and HACS samples are free-flowing suspensions of
starch (and fibre) in H,O.

(1) Influence of temperature on pasting characteristics of
the three corn starch gels with varying amylose content

RVA profiles of all gels are presented in Fig. 2, and the para-
meters are presented in Table 2. Previous papers have been
published on HT-RVA treatment on corn starches with varying
amylose content.*>*® However, we include the starch pasting
curves as benchmarks for comparison to understand the effect
of F1 and F2 on starches.

CS, WCS, and HACS show distinctly different pasting
curves. CS showed no changes in peak viscosity (1346, 1328,
and 1333 cP, at 95, 120, and 140 °C, respectively), but it had a
decreasing trend in trough viscosity (1158, 606, and 457 cP at
95, 120, and 140 °C, respectively). This indicates thermal
degradation due to temperature increase. Trough viscosity is a
measure of the lowest viscosity reached during holding stage.
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Food & Function

The starch granules collapse due to prolonged shearing and
heat, therefore reducing viscosity. CS-120 had the highest final
viscosity, followed by CS-95, and CS-140 (2393, 2190, and 1446
cP, respectively). The starch matrix formed at the end of a RVA
measurement is dependent on leached polymers and swollen
granules which retrograde and create starch gel.>””*' Polymer
leaching increased with temperature, but at 140 °C, thermal
degradation may have reduced network formation. In contrast,
fewer polymers leached at 95 °C. This may explain why CS-120
exhibited the highest final and setback viscosity. Previously
published works showed a decrease in final viscosity of con-
ventional CS as the temperature increased (95 to 140 °C).>**°
However, the heating/cool rate in this work was 12.3 °C min ™,
while in the published works the rate was 6 °C min~". This
could have impacted the starch gel properties, as it was shown
that the rate affects the extent of starch granules swelling.’”
There were no changes in pasting temperature of CS as pasting
occurred at below 95 °C. Temperature at peak viscosity of
CS-120 and CS-140 did not differ (100.88 and 101.30 °C,
respectively), while CS-95 had a lower peak temperature
(94.98 °C). This shows that CS had higher viscosity and, there-

HACS
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Fig. 2 RVA profiles of starches and starch-fibre gels grouped per temperature treatment. Panels A—C show CS gels, panels D—F show WCS gels,
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fore, more swelling in high temperature RVA profiles (120 and
140 °C) due to increased polymer leaching.

WCS showed the highest peak viscosity when compared to
CS and HACS. Waxy starches are known to have higher peak
viscosity, more pronounced through viscosity, and lower
setback than their conventional counterparts. This is due to
the lack of amylose, which slows granule swelling and contrib-
utes to setback viscosity by reassociating into a matrix during
cooling stage.”” Moreover, amylopectin (particularly short
chained) can form hydrogen bonds with H,O during heating,
thus causing starch granule swelling and increase in viscosity
at lower temperatures than amylose-containing counterparts.**
WCS showed a slight increase in peak viscosity with increased
temperature (WCS-95 = 3662 cP, WCS-120 = 3736 cP, WCS-140
= 3809 cP). At 140 °C, WCS had the lowest trough viscosity
(2437 cP, as compared to 2775 cP at 95 °C and 2892 cP at
120 °C) and, consequently, the highest breakdown viscosity
(1372 cP, as compared to 907 cP at 95 °C and 844 cP at 120 °C).
This is reported in other works as well and is due to higher
degree of disintegration of starch granules and, potentially,
thermal deterioration.’® There were no changes in time of
peak viscosity, pasting temperature, or temperature at peak vis-
cosity, which suggest that WCS gelatinised below 95 °C. It has
been reported that gelatinization temperature of WCS was
71 °C, as analysed by differential scanning calorimetry.*’
Temperature influence is clearly seen in HACS pasting profile.
At 95 °C, HACS did not gelatinise and its RVA profile shows
low viscosity. Typical RVA curve with a defined peak viscosity
can be seen in HACS-120 (216 cP) and HACS-140 (227 cP). This
is expected, since high amylose starches have higher gelatini-
sation point, and increased temperature allows gelatinisation
and granule swelling.>**° High amylose starches overall have a
lower viscosity and swelling properties than their conventional
or waxy counterparts due to the lack of amylopectin, which is
why at all temperatures, HACS shows lower viscosity than CS
or WCS. Peak viscosity of HACS was previously reported (240
cP at 120 °C and 251 cP at 140 °C) and was similar to the
results here.** At 140 °C, there was a sharp decrease in trough
viscosity, where it reached viscosity values so low their accurate
determination was not possible. This can be seen in other
works as well and can be attributed to thermal
degradation.*®** HACS-120 had a lower final viscosity than
HACS-140 (663 and 739 cP, respectively), which is different
from previous findings.** However, our RVA profile ended at
25 °C, while in the referenced papers the RVA profile ends at
50 °C. At 50 °C (cooling stage), HACS-120 had a viscosity of 523
cP, while the viscosity of HACS-140 was 98 cP, agreeing with
the final viscosity results in published literature.** HACS-140
showed higher temperature at peak viscosity than HACS-120
(129.73 and 120.03 °C, respectively), concurring with the
higher swelling and viscosity at higher temperatures.

(2) Influence of fibre addition on pasting characteristics of
the 3 corn starch gels with varying amylose content

With fibre addition, we see major changes in pasting pro-
files (Fig. 2). The F1 slightly increased viscosity, while F2 had a
more pronounced viscosity increase and it changed appear-
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ance of pasting curves, particularly at 120 and 140 °C.
Appearance of a viscosity spike at ~80 °C in the cooling stage
can be seen in all starches, but it was the most prominent in
HACS. 1t is likely that said change is due to strong gelling pro-
perties of F2. Since RVA is conventionally used to measure
paste viscosity, rather than gel viscosity, it is possible that the
RVA paddle partially breaks the solid gel, and the paddle con-
tinues to spin without accurately reporting viscosity. In RVA
profile, this is seen as turbulent, uneven, and non-smooth
curves. In this work, pasting curves show good reproducibility
and mainly smooth lines. It was reported that psyllium husk
powder changed the pasting of potato and pea starch gels, but
no changes were seen for corn starch.*® However, the studied
gels had higher concentrations of starch than ours (14 vs.
7.5%, respectively), and the whole psyllium was used, as
opposed to fractions in our work. Another work studying corn
starch replacement with whole psyllium showed RVA curve irre-
gularities when the replacement level was 10%." Similarly to
our work, Ren et al. reported appearance of an additional peak
at 85 °C when psyllium powder was added to rice flour,
suggesting amylose-psyllium interactions.*® It is possible that
the interactions contribute to the emergence of this additional
peak, however, when observing RVA profile of psyllium frac-
tions without starches, the peak is evidently present in F2 (SI
Fig. S1). It has been suggested that psyllium shows self-associ-
ation at around 85 °C, temporarily binding and reducing the
available water, which is supported by our results, as well.*®
The F1 showed low viscosity at all temperatures (SI Fig. S2).
This could be explained by galacturonic acid, which can
increase solubility of P. ovata fibre."

Fibre addition increases starch viscosity during pasting,
particularly in starches with normal amylose content com-
pared to waxy starches, as observed in our study. This happens
due to synergistic interaction between fibres and leached
amylose.”*” At 95 °C, F1 increased peak viscosity by 14% in CS
but had no effect on WCS, while F2 raised peak viscosity by
34% in CS and 8% in WCS (Fig. 2A and D). At high tempera-
ture treatments, WCS+F2-120 and WCS+F2-140 had higher
peak viscosity than corresponding WCS gels (by 9 and 7%,
respectively), but lower trough viscosity (by 28% and 30%,
respectively) (Fig. 2E and F). The increase in peak viscosity
could be due to WCS granules swelling at high temperature
which then increases F2 concentration in the continuous
phase, leading to higher viscosity. That is followed by the
holding phase of the RVA profile in which the phase separation
and thermal deterioration cause lower viscosity in WCS+F2
than in WCS, even though solids concentration is higher in
WCS+F2 than WCS (7.87 and 7.5%, respectively). In HACS,
there are clear differences when applying the two fractions -
F1 increased overall viscosity, while it seems that F2 viscosity
behaviour overwhelmed the pasting properties of HACS,
especially at 120 and 140 °C (Fig. 2H and I). When F2 is added
to HACS, a peak appears before the peak viscosity (minute 9,
Fig. 2H and J). In HACS+F2-120, the viscosity of said peak is
246 cP, while in HACS+F2-140 it is 234 cP. This is, again, prob-
ably a result of F2 having stronger viscosifying effects than

This journal is © The Royal Society of Chemistry 2025
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HACS, as this early peak is visible in RVA profile of F2 by itself
(SI Fig. S2). So far, one published study reported on 3%
addition of whole psyllium husk to corn starches with varying
amylose contents.”> The sample preparation in the study
included hydrothermal treatment of psyllium and starch, fol-
lowed by drying, and the dried fibre-starch powder was then
subjected to RVA analysis at 95 °C. Therefore, it cannot be
directly comparable to our work. The authors reported no sig-
nificant change to peak viscosity when psyllium was added to
waxy and normal corn starch and increase in peak viscosity
when added to high amylose corn starch.?® This partly agrees
with our findings, as we report increase in peak viscosity when
both psyllium fractions were added to CS and HACS, and for
WCS we report increase only when F2 was added, but not F1.
When soluble and insoluble fibre from corn bran was added
to CS, contrasting trends were reported - soluble fibre
decreased overall viscosity, while insoluble fibre caused an
increase.”® Even though corn bran fibre is very different to
P. ovata fibre, this work demonstrates that differently extracted
fibre from the same source can cause varied results when
added to starch gels. The authors described hydrogen bonding
between the starch and soluble fibre, while insoluble fibre was
embedded into the starch network.*® On the other hand, with
fibre addition to different starches, the effect is dependent on
specific starch-fibre combinations and their interactions. For
example, incorporation of xanthan gum to CS, WCS, or HACS
caused viscosity increase due to different mechanisms of inter-
action, as is seen in our work as well.*® In xanthan-CS,
xanthan-amylose interactions increased peak viscosity. In
HACS, xanthan raised viscosity as starch did not paste at
95 °C. In xanthan-WCS, phase separation concentrated
xanthan in the continuous phase during granule swelling,
increasing viscosity.*® Zhang et al. similarly found that phase
separation likely contributed to increased viscosity when guar
gum was added to WCS at 130 °C.*” Guar gum showed syner-
gistic effects with HACS containing 50% amylose, while the
impact was reduced in HACS with 70% amylose, indicating a
dominant role of amylose in pasting behaviour.*® In our work,
setback viscosity increased with F1 and F2 addition across all
starches and treatments (Table 2). Corn bran arabinoxylans
have been shown to increase setback viscosity in CS by creating
a fibre network that concentrates leached amylose, promoting
nucleation and crystal growth.>

Pasting temperature marks the onset of viscosity increase
as granules swell and amylose begins to leach, initiating paste
formation.?” F1 and F2 decreased pasting temperature of CS
(by approximately 9 °C for both fibres). This is expected, as
fibre addition increases viscosity, thus pasting will occur at
lower temperature. In WCS, F1 slightly increased pasting temp-
erature while F2 caused a slight decrease, though changes
were modest (1-2 °C), further suggesting that amylose-fibre
interactions predominantly influence pasting behaviour in CS.
It has been proposed that amylose-fibre synergistic interaction
are greater determinants of viscosity increase than phase sep-
aration.”” In HACS, F1 did not change pasting temperature.
The early peak observed in HACS+F2 gels (minute 9, Fig. 2H

This journal is © The Royal Society of Chemistry 2025
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and J) results in a significantly lower recorded pasting temp-
erature (88 °C vs. 115 °C in HACS), though this may not rep-
resent a true change in the starch’s pasting temperature.
Altogether, it is evident that changes in pasting temperature
are dependent on starch-fibre combination. F1 addition
delayed peak viscosity, most notably in CS at 95 °C, where the
peak shifted from 8.67 to 10.17 minutes. In contrast, F2 had
little to no effect or slightly accelerated peak time. A similar
pattern was observed in WCS, with F1 causing delays and F2
slight acceleration, though differences were smaller (20-30
seconds; Table 2). No consistent trend was observed in HACS.

To the best of our knowledge, no work has explored the
addition of psyllium fractions in corn starch, however a
recently published paper has shown the effect of psyllium with
varying molecular weights in rice starch.”’ All fractions
decreased peak viscosity, trough viscosity and final viscosity,
which is different than the pasting curves reported here. This
was explained by limiting the gelatinisation of starch granules,
and high solubility of psyllium fractions, which decreased
the overall viscosity. However, it should be noted that the com-
position of psyllium fractions was described as predominantly
glucose (>91%),”" which is quite different than composition
of fractions used in this work, or in other published
works, where xylose and arabinose were the main
monosaccharides.'>?%?*

Overall, RVA pasting profiles show that increased tempera-
ture treatments affected each starch differently. Fibre addition
mostly led to higher viscosity, albeit there are clear differences
between F1 and F2 effect on individual starch, and between
starch-fibre combinations.

3.3. Techno-functional properties: texture analysis and
freeze-thaw syneresis

Fig. 3 presents the texture profiles (hardness and adhesive-
ness) of starch and starch-fibre gels, excluding HACS at 95 °C
and WCS, which did not form self-supporting gels suitable for
hardness measurement. Fibre addition had minimal impact
on texture, while temperature influenced HACS and CS hard-
ness, with little effect on WCS. Increase in temperature nega-
tively affected HACS, and gels treated at 140 °C showed signifi-
cantly higher hardness.

Consistent with our findings, Tian et al. used high-tempera-
ture RVA (95-140 °C) on various starches and found increased
hardness in two high-amylose maize starches, with no effect
on other types.’® Similar trends can be seen in Liu et al.’s work
- hardness of two high amylose starches increased as the
temperature increased.>® High amylose starches are gelatinised
by high temperature, which leads to granule swelling and
amylose dispersion. Upon cooling amylose re-associates into
denser, stronger matrix. Therefore, hardness of HACS at
140 °C is higher than at 120 °C (by 184.2%) (SI Table S1).
There is a positive correlation between hardness and leached
amylose (correlation coefficient = 0.85; leached amylose results
are discussed in section 3.5.). This supports the hypothesis
that greater amylose leaching, along with granule swelling and
breakdown, leads to increased gel hardness.
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Fig. 3 Texture analysis parameters (hardness and adhesiveness) of all gels at 3 temperature treatments. Dark blue colour represents starch gels,

brown colour represents starch + F1, while light blue represents starch +

While Liu et al. reported a slight decrease in WCS adhesive-
ness with temperature,® our results showed no significant
change. We observed a strong negative correlation between
setback viscosity and adhesiveness (r = -0.74; SI Fig. S3B), con-
sistent with the understanding that increased setback viscosity
reflects greater amylose and amylopectin reassociation during
cooling.®” Liu et al also reported a significant decrease in
hardness of normal maize starch at 140 °C due to thixotropic
breakdown and thermal degradation, aligning with our find-
ings for CS: 91.1 g at 95 °C, 65.1 g at 120 °C, and 57.1 g at
140 °C (SI Table S1).*°

Effects of F1 and F2 on starch gel texture mostly did not
differ from each other. Noticeable differences between
HACS+F1 and HACS+F2 can be seen at 120 °C, where F1
resulted in lower hardness (by 83.2%). However, there was no
difference between HACS+F1 and HACS+F2 at 140 °C, possibly
due to thermal degradation of HACS at higher temperature as
well as increased leached amylose (see section 3.5.), and
decreased viscosity of the fibres at 140 °C (SI Fig. S2).

Different levels of corn starch replacement (2, 5, 10%) with
psyllium was explored in gels treated at 95 °C."> A 2% replace-
ment increased hardness, while 10% decreased it, however, it
is difficult to discern whether the changes are caused by
addition of psyllium, decrease in starch quantity, or both. In
our work, psyllium was added, rather than replaced, and it
reduces hardness at 95 °C, but not significantly. It is known
that products with psyllium require increased water content to
maintain appearance and texture.’> However, the interaction
of psyllium with amylose and amylopectin—and its impact on
texture—remains to be investigated.

Freeze-thaw stability is a key indicator of retrogradation
and storage stability in starch-based products. Results
shown in Table 3 demonstrates no significant changes in CS
and WCS, irrespective of temperature treatment or fibre
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F2 gel. Lines are presented to guide the eye.

addition. F1 has shown slight decreasing trend in
syneresis when added to CS, which was proportional to
increase in temperature (CS+F1 syneresis was 5.23, 4.14, and
3.69% at 95, 120, and 140 °C, respectively). However, this
decrease was not significantly different from CS at
corresponding temperature. On the other hand, HACS
showed high syneresis after 15 days of freeze-thaw treatment,
which is due to its high amylose content. Amylose is the
primary driver of retrogradation, as it initiates short-term retro-
gradation.”® Fibres reduced syneresis in HACS gels. At 120 °C,
HACS exhibited 11.93% syneresis, which was reduced by
41.24% with F1. At 140 °C, syneresis increased to 13.19%, but
was reduced by 31.39% and 37.07% with F1 and F2, respect-
ively. It was shown that WCS had 10x lower syneresis than two
types of CS with conventional amylose content at the end of 90
day cold storage.”® Xanthan gum addition (0.02 and 0.05%)
showed protective effect on the two CSs, while it increased
syneresis when added to WCS. This indicates that xanthan
gum could slow down short-term retrogradation by restricting
mobility of the amylose molecules.>® Psyllium has been shown
to significantly improve syneresis when added to food pro-
ducts. For example, when added to fruit jellies, psyllium com-
pletely reduced syneresis (from 11.69 g/100 g for control
sample, to 0 g/100 g).>*

Overall, both fractions show limited effects on the hardness
and adhesiveness of the tested starches. Moreover, CS and
WCS were not affected by temperature treatment, unlike HACS.
While the presented texture analysis (penetration test) did not
show significant changes (SI Table S1), the fibre addition may
have advantages in compression texture profile analysis.
Freeze-thaw syneresis measurements have shown no changes
in CS and WCS, whereas fibres had positive effect (meaning
lower water separation) in HACS, which is desirable in food
product development.

This journal is © The Royal Society of Chemistry 2025
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Table 3 Freeze-thaw syneresis of starch and starch-fibre gels at 3
temperature treatments. Different letters correspond to significantly
different results at p < 0.05

Syneresis (%)

95 °C CS 4.11 + 0.86ab
CS+F1 5.23 +0.17a
CS +F2 4.78 £ 0.18ab
120 °C CS 4.14 £ 0.12ab
CS +F1 4.14 + 0.05ab
CS + F2 3.92 £ 0.24b
140 °C Cs 4.59 £ 0.36ab
CS +F1 3.69 £ 0.21b
CS +F2 4.75 + 0.83ab
95 °C WCS 4.76 £ 0.72ab
WCS + F1 4.39 £ 0.49ab
WCS + F2 4.73 + 0.66ab
120 °C WCS 3.97 £ 0.38b
WCS + F1 4.04 £ 0.48b
WCS + F2 4.46 + 0.34ab
140 °C WCS 5.63 £ 0.62a
WCS + F1 4.43 £ 0.57ab
WCS + F2 4.29 £ 0.31ab
120 °C HACS 11.93 + 0.68ab
HACS + F1 7.01 £ 0.48¢
HACS + F2 11.81 + 2.38ab
140 °C HACS 13.19 + 1.06a
HACS + F1 9.05 + 0.34bc
HACS + F2 8.30 + 0.12¢
3.4. SEM

Scanning electron microscopy (SEM) is oftentimes used for
assessing starch gel structure. However, this technique has
certain limitations. For conventional SEM, starch gels have to
be dried, but the microstructure is changed by freezing and
drying.>® Drying causes shrinkage, and we cannot adequately
evaluate the distribution of starch and water (and fibre, if
included). Visible pores are result of removal of ice crystals,
rather than the result of starch structure itself and, lastly, we
cannot differentiate between ordered and disordered parts of
starch gel.>®> Nevertheless, SEM can give us indication of differ-
ences in microstructure between samples, as the size, shape,
and distribution of ice crystals formed during freezing are
dependent on structural differences between starch and
starch-fibre gels. SEM images of the gels explored in this work
are presented in Fig. 4.

In CS-95, we can see uniform distribution of pores, whereas
in CS-120 and CS-140 the structure appears flakier (Fig. 4A-C).
This change in structure agrees with other published litera-
ture.>® In CS-120 and CS-140, spider-like filaments are visible,
which is most likely leached amylose (Fig. 4B and C).>® Indeed,
amylose leaching quantification (section 3.5.) showed increase
with the increase of the temperature treatment. Moreover, the
appearance of flaky structure rather than dense pores could be
related with decrease in gel hardness, as reported in Fig. 3.
The loss of porosity and development of a flaky structure
suggest a weakening or loosening of the gel matrix, leading to
reduced intermolecular interactions and diminished structural
integrity, whereas the porous microstructure of CS-95 is typi-

This journal is © The Royal Society of Chemistry 2025
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HACS+F2

Fig. 4 Scanning electron micrographs (SEM) of starch and starch-fibre
gels. Temperature treatments specified at the top of the figure, and
corresponding samples are written on the left-hand side. Stars point to
fibre clusters, chevrons point to sheet-like fibre structures, and arrows
point to ungelatinized starch granules.

cally associated with a more rigid and interconnected gel
matrix, which contributes to higher gel hardness. In WCS,
higher temperature treatments caused pronounced shrinkage
of pores (Fig. 4]-L). SEM images show changes in formed ice
crystals. WCS-95 shows ice crystals formation in the starch
matrix (pore area of 4226 + 1275 um?), while in WCS-120 and
WCS-140 interpenetration of water molecules in starch matrix
supresses ice crystallization and the pores are smaller (319 +
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76 and 456 + 86 um?, respectively). At 95 °C, WCS structure
(Fig. 4]) seems loosely packed, which is noted in Tian et al.’s
work as well.”> When studying the effect of high temperature
RVA on starch gel structure, they described conventional and
waxy starches as having loosely packed and flaky structures,
and high amylose starches as granular aggregates.’® In line
with this, for HACS, it is evident that at 95 °C, it did not gelati-
nise as starch granules are easily visible (Fig. 4S-U). At 120 and
140 °C, the HACS matrix is compact, which indicates gelatini-
sation, with some swollen starch granules visible (Fig. 4T and
U, marked with arrows).

The addition of F1 and F2 impacted structure of all three
starches in different ways. In CS (Fig. 4D-J), both fibres form
web-like matrix on the surface of starch, entanglements
(marked with stars) and sheet-like areas (marked with chev-
rons). At 140 °C, both fibres show similar web-like matrix in
CS, which points that the higher temperature combined with
shear (160 rpm) might have dispersed the fibre, thus forming
more uniform web fibre structure. The appearance of fibre
webs and changes in the gel matrix appearance is most likely
related to the macroscopic changes noted, such as viscosity. As
reported, addition of both fibres led to increased peak vis-
cosity of CS (Table 2). In WCS (Fig. 4M-R), the fibre ‘web’ is
less visible, which is possibly due to amylopectin network of
the starch predominating fibre network. Interestingly, in
WCS+F2-120, a change in distribution of pores could indicate
phase separation as, most likely, there is a change in size of
ice crystals formed during freezing and subsequently dried,
leaving pores at the surface (Fig. 4Q). Accordingly, it was pre-
viously mentioned (section 3.2.) that phase separation may be
related to increase of peak viscosity and decrease of trough vis-
cosity when fibres are added to WCS at 120 and 140 °C, thus
again microscopic changes in gel structure could explain the
changes seen in techno-functional properties. In WCS+F2-140
the pore size is larger than in WCS+F2-120 (1800 + 321 and
109 + 29 pum?, respectively). The pores are similar to WCS+F2-
95 (3237 + 1185 pm?), however they seem deeper, which could
indicate structure deterioration by higher temperature. A
similar observation can be seen in Liu et al’s work, where
waxy maize starch heated at 140 °C had deeper, larger, and
more elongated pores.>® In HACS, sheet-like fibre structures
can be seen for both F1 and F2 at 95 °C (Fig. 4V and Y, marked
with chevrons), and at higher temperature treatments, a dense
fibre matrix is apparent (Fig. 4W, X, Z and AA). It seems that
addition of F1 could have led to increased gelatinization since
there are less ungelatinized starch granules, whereas in
HACS+F2 at 120 and 140 °C more ungelatinized starch gran-
ules are visible. When whole psyllium husk was added to
wheat starch and treated at 90 °C for 10 min, it showed an irre-
gular and rough surface.>® The surface appears different from
what we observed, however there were clear differences in
starch-fibre gels: use of whole vs. fractionated psyllium, ratio
of psyllium to starch (1:1 in the referenced paper), and
sample preparation. Zhang et al. have studied the addition of
guar gum and xanthan gum in two types of HACS and in WCS
heated up to 130 °C.*” Their SEM images show that guar gum
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may promote amylose aggregation, and xanthan gum forms
denser structure in HACS, but neither of added gums had sig-
nificantly changed WCS structure. Our images show different
trend, where both F1 and F2 did change WCS structure at
140 °C. However, psyllium (and the fractions used in this
work) is different from guar gum and xanthan gum, so differ-
ence in WCS-fibre structure is not surprising.

3.5. Leached amylose

Leached amylose refers to the portion of amylose that diffuses
from swollen starch granules into the continuous phase
during heating (above gelatinization temperature) and shear
processing of the starch paste.”” Fig. 5 shows leached amylose
(%) of CS and HACS relative to total starch (Fig. 5A) and rela-
tive to the amylose content of the individual starch (Fig. 5B).
There was no detected leached amylose for WCS (not shown).
The exact values are shown in SI Table S2.

Higher temperature increased leached amylose in both
starches, while fibre addition showed different effects. In CS,
addition of F1 significantly decreased amylose leaching only at
95 °C (by 22.56%). F2 significantly decreased amylose leaching
at 95 °C and 120 °C (by 18.19% and 10.99%, respectively). In
HACS, the addition of F1 significantly increased leached
amylose at 120 °C and 140 °C (by 65.44% and 8.30%, respect-
ively), and addition of F2 did not significantly change amylose
leaching. As HACS did not reach gelatinization at 95 °C, there
was no significant difference between the samples. It is also
evident that the majority of amylose content of CS leached out
of starch granules at all temperatures (73.66% and 87.67% of
amylose was leached at 95 °C and 140 °C, respectively), while
for HACS only at 140 °C resulted in relatively high amylose
leaching (57.12%).

Temperature treatment and heating rate have a pronounced
effect on the amount of leached amylose.”” Considering that
the rate of heating was kept constant in our experiments
(section 2.3.), it can be concluded that the increased tempera-
ture has resulted in increased leached amylose in CS and
HACS, which agrees with literature.”” However, the require-
ment for higher temperatures to gelatinize HACS, combined
with the limitations of conventional methods (e.g,, RVA at
95 °C or hydrothermal treatment below 100 °C), has contribu-
ted to the limited literature on amylose leaching in HACS.
Moreover, to the best of our knowledge, this is the first report
on amylose leaching impacted by psyllium fibre. When wheat
AXs (0.5%) of varying molecular weight were added to wheat
starch, lower M,, AXs (up to 373 kDa) had no effect on amylose
leaching, whereas higher M,, AXs (421, 482, and 754 kDa)
reduced leaching.'" This was attributed to their restriction of
gelatinization by limiting water availability. Similarly, corn
fibre gum (0.5%) of varying M, (186, 290, and 338 kDa)
reduced amylose leaching in wheat and corn starch, with
greater effect seen in corn starch.'® Adsorption of corn fibre
gum onto the starch granule surface and a possible interaction
with amylose were proposed as explanations, which could be
at play in our CS-F2 system.

This journal is © The Royal Society of Chemistry 2025
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As mentioned, HACS+F1 has shown a contrasting effect on
amylose leaching - F1 significantly increased the amount of
leached amylose at 120 and 140 °C, with the most apparent
increase at 120 °C (60.44% increase from HACS). F1 was
characterised as low branched heteroxylan (A:X = 0.17) with
minor pectin component (9.6%) (Fig. 1C). Conversely, densely
branched wheat AX (A:X = 0.79-0.97) has been shown to have
a lowering effect on amylose leaching in wheat starch.”® Pectin
has been shown to decrease amylose leaching in wheat,
potato, and corn starch.”*>°® Therefore, the increase in
amylose leaching is more likely driven by the low-branched
heteroxylan in F1 than by its pectin content.

3.6. Starch hydrolysis by a-amylase and estimated glycaemic
index (eGI)

Starch hydrolysis by a-amylase is a useful predictor of meta-
bolic response, as hydrolysis rate (constant k) and extent of
hydrolysis (C,,) of a starch are clearly affected by fibre addition
and temperature.®® Psyllium husk is known as a modulator of
glycaemic response and has positive effect on glycaemic
control, however studies of psyllium and its fractions in enzy-
matic starch hydrolysis are sparse. Here we present, to our
knowledge, the first results of enzymatic hydrolysis of corn
starch with varying amylose and added psyllium fractions. In
Fig. 6, we show non-linear fitting model of hydrolysed starch
and starch-fibre gels, and the associated hydrolysis parameters
are presented in Table 4.

When observing CS gels, the temperature treatment did not
change the hydrolysis extent, while constant k& was highest at
95 °C treatment, followed by 140 °C, and lastly 120 °C (0.065,
0.046, 0.033, respectively). The addition of F1 increased hydro-
lysis extent at 95 °C (by 12.7%), and it increased the hydrolysis
rate at 120 °C (by 36%). There were no significant changes
between CS and CS+F1 starch hydrolysis at other conditions.
As for the addition of F2, decreases in constant k were found
in samples treated at 95 and 140 °C (by 35.4 and 28.3%,
respectively), though F2 did not change the extent of hydrolysis
at any temperature. Overall, the most similar starch hydrolysis

This journal is © The Royal Society of Chemistry 2025

profiles between CS and CS with fibres can be noticed at Ty,
=120 °C (Fig. 6A).

Hydrolysis extent in WCS was the lowest at 95 °C (48.38%),
and it did not differ significantly between 120 and 140 °C treat-
ments (53.97 and 52.09%, respectively). The lowest constant k
was measured in 120 °C treatment (0.029). The addition of F1
significantly increased constant k at all temperatures, with the
highest increase at 120 °C (141.4% increase). The highest
change in hydrolysis extent can be seen at 140 °C, where
addition of F1 resulted in a 29.1% increase. The F2 did not sig-
nificantly change constant k, and it had an inconsistent effect
on hydrolysis extent (increased at 95 °C by 9.2%, and no
change at 120 and 140 °C) (Fig. 6B).

High amylose starches require higher temperatures to
achieve gelatinization,®" therefore utilising HT-RVA gives us
useful insight into hydrolysis behaviour of HACS with and
without fibre. As expected, with increased temperature, both
rate and extent of hydrolysis increased (Fig. 6C). F2 did not sig-
nificantly change hydrolysis rate of HACS at any condition,
and it decreased hydrolysis extent only at 140 °C (by 7.8%).
Contrarily, F1 showed high hydrolysis rate increase (compared
to HACS, F1 increased constant k by 115.6%, 139.4%, and
134.3% at 95, 120, and 140 °C, respectively). Moreover, F1
caused an increase of the hydrolysis extent at 120 °C (by 8.3%),
while it had no effect at 95 and 140 °C.

Generally, F1 changed starch hydrolysis patterns by increas-
ing hydrolysis rate in almost all cases (except CS-95 and
CS+F1-95, where there was no significant difference), with the
biggest changes in HACS gels. F2 had inconsistent effects: it
mostly did not significantly change hydrolysis rate, except in
CS+F2-95 and CS+F2-140, where it showed decrease compared
to CS gels. As for hydrolysis extent, addition of F1 either
increased or did not change hydrolysis extent, and F2 either
decreased or did not have an effect.

Corn is one of the most widely consumed crops globally,
and efforts to modify its digestibility aim to reduce its glycae-
mic index.®® In literature, we can find reports of additions of
different fibres to corn starch. Some researchers report meth-
odology similar to ours with results showing k and C,,, while

Food Funct., 2025, 16, 8890-8910 | 8903
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others utilise Englyst assay which reports rapidly digested
starch (RDS), slowly digestible (SDS) and resistant starch
(RS).®* Even though we cannot directly compare those results
to ours, we can cautiously juxtapose trends in RDS and RS
with trends in hydrolysis rate and extent — starches with high
hydrolysis rate and RDS can lead to spike in blood glucose
level, and starches with high RS and low hydrolysis rate and
extent can improve glycaemic control.®®

At 95 °C treatment, CS showed the highest hydrolysis extent
and rate, followed by WCS, then HACS. This agrees with work
published by Zheng et al. who assessed in vitro sequential
dynamic digestion of CS, WCS, and HACS gels treated at 95 °C
for 30 min.* In the intestinal stage, hydrolysis of gastric
digesta (180 min) of the three starches followed the same
trends as in our results (CS > WCS > HACS). They explained
that HACS gel contained native starch granules which are less
susceptible to enzymatic attack, while highly viscous WCS was
more difficult to hydrolyse by a-amylase. Liu et al. reported
that resistant maize starch (59.1% amylose) treated at 120 °C
showed the highest digestibility when compared to treatments
at 95 and 140 °C (which did not differ from each other).**

8904 | Food Funct., 2025, 16, 8890-8910

Their explanation was that at 120 °C, starch granules were not
dispersed enough (as shown by SEM) to develop enzymatically
resistant structures during cooling. That said, our results do
not agree with theirs, as we have shown the expected increase
in the hydrolysis rate and extent with the temperature
increase.

Psyllium husk is proven to be beneficial in glycaemic
control. When added to wheat, potato, and tapioca starch, psy-
llium lowered RDS and increased SDS and RS in all three
starches.'® This can be attributed to increased viscosity caused
by psyllium and by reducing the amount of water available for
gelatinization. However, psyllium addition was 50%, which is
quite high and not feasible in food product formulation.
Addition of 3% psyllium in corn starches with varying amylose
contents which were hydrothermally treated and annealed
showed increase in SDS and RS in all starch types.>®> However,
this work employed vastly different sample preparation than
ours, so it cannot be directly compared. In food products, psy-
llium showed decrease in starch digestibility of fibre enriched
white bread: when compared to xanthan gum and lambda-car-
rageenan, 3% psyllium addition showed the lowest glycaemic

This journal is © The Royal Society of Chemistry 2025
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index (61, 54, and 46, respectively).®> Santamaria et al. devel-
oped a sequential RVA protocol with the addition of a-amylase
where they studied the relationship between changes in vis-
cosity caused by enzymatic hydrolysis of starch.*® They
reported an increase in hydrolysis rate k when psyllium was
added to CS, which is an opposite trend from the previously
mentioned studies. In their work, CS had a hydrolysis rate of
0.311 min™", and when 0.5% and 2.5% psyllium were added, k
increased to 0.484 and 0.595 min~", respectively.* It is clear
that there is research interest in the effect of psyllium on
starch digestibility, but there is less information about how
psyllium fractions influence patterns of starch hydrolysis.

Numerous studies have investigated the impact of fibre
addition on starch hydrolysis, with most reporting a beneficial
effect—namely, reduced starch digestibility.®® Increasing con-
centrations of pectin (0.5-10%) added to corn starch resulted
in a proportional decrease in RDS and an increase in SDS and
RS.*” Corn bran arabinoxylans of varying crosslinking degree
decreased hydrolysis rate and extent of corn starch, and highly
crosslinked arabinoxylan (H-CLAX) caused the lowest k and
C«->° This was explained by high final viscosity which could
have inhibited the diffusion of a-amylase. However, changes in
hydrolysis rate and extent are often dependent on the physico-
chemical properties of fibre or gum which is added to the
starch gel (such as molecular weight, branching, charge, and
concentration). On the other hand, some papers report
increases in starch hydrolysis susceptibility, which is apparent
in our work when F1 was added. For instance, when pectin,
guar gum, CMC, xanthan, and HPMC were added to corn
starch at concentrations of 1-4%, only HPMC at 3% and 4%
reduced the hydrolysis rate, while all other gels showed a sig-
nificant increase.®® The extent of hydrolysis was not consist-
ently affected by gum type or concentration. The authors
suggested that gum-amylose interactions might inhibit retro-
gradation and enhance enzymatic susceptibility, while
increased viscosity could hinder a-amylase activity. These
mixed effects highlight the need to evaluate each gum-starch
combination individually, as no universal trends were
observed.®® In another work, addition of xanthan and konjac
gum (0.05-0.3%) to mung bean resistant starch led to
increased digestible starch, and decreased resistant starch.®
This indicates different digestion patterns when gums are
added to resistant starches (as opposed to conventional
starches). This concept should be further explored.

In our study, the mechanisms influencing starch hydrolysis
vary based on both the starch and the fibre. Notably, the sig-
nificant increase in hydrolysis rate with F1 addition warrants
further examination. Next, we discuss potential mechanisms.

F1 addition did not increase viscosity as markedly as F2,
and in WCS, it even reduced peak viscosity (Fig. 2). F1 also
had a lower hydrated volume than F2, with water swelling
capacities of 5.27 mL g~' and 9.67 mL g~ ', respectively. This
suggests that F1 retains less water, resulting in more intersti-
tial (free) water rather than water bound within a viscous fibre
matrix. Consequently, a-amylase may be concentrated in these
low-viscosity regions, enhancing its accessibility to starch and
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accelerating hydrolysis. This concept has been proposed in
works exploring pectin addition to starch, however this
hypothesis has not been definitely proven.'> More precisely,
this possibility could be true for some fibres with specific
intrinsic properties, or only for certain concentrations. It may
be that this “water distribution” theory might explain results
seen in WCS+F1 starch hydrolysis. When observing SEM
Images of WCS, WCS+F1 and WCS+F2 at 140 °C, there is
apparent difference in pore size, which is attributed to ice crys-
tals formation (Fig. 4M-O). WCS+F1-140 has smaller pore size
than WCS-140 and WCS+F2-140 (173 + 45, 456 + 86, and 1800
+ 321 um?, respectively) and less scaly surface, which could
represent interpenetration of water into the matrix (interstitial
water phase), and suppression of ice crystals formed when
storing the gels at —80 °C. As mentioned, interstitial water
could lead to increased relative concentration of amylose,
which would lead to increased starch hydrolysis rate and
extent (as reported in Table 4).

Another possible explanation for the F1-induced increase in
starch hydrolysis involves its impact on amylose leaching. It
has been shown that higher temperature leads to increased
amylose leaching accompanied by amylopectin leaching as
well.”” We report agreeing findings as well (Fig. 5). We specu-
late that F1 could have disrupted amylose network, either by
(1) dilution with interstitial water which would lead increased
amylose leaching, (2) interfering with amylose network and
disrupting amylose-amylose interactions, or (3) interacting
with amylose itself which could make amylose chains more
susceptible to enzymatic attack. This would explain the
increased constant k and hydrolysis rate in HACS at all temp-
eratures. It is possible that this could also explain increased
hydrolysis rate and extent in WCS+F1-140 where perhaps even
non-measurable amylose (which would have been leached the
most at 140 °C) could have caused faster enzymatic attack.
Additionally, leaching of low molecular weight amylopectin
could have also been increased by temperature and F1, which
could explain why F1 seemed to increase both starch hydro-
lysis parameters in WCS. However, to further elaborate and
prove this theory, analysis like size exclusion chromatography
would be advisable.

Contrarily, F2 does have higher viscosity, which could have
slowed down enzymatic mobility. The F2 can act as “shield”
around starch, thus making it inaccessible to a-amylase, which
is often proposed for highly viscous fibres.'® Due to its high
water absorption, F2 could also limit the amount of water
available for starch gelatinisation, thus leading to decreased
susceptibility to enzymatic hydrolysis. This could be the case
for HACS, as the SEM images show the ungelatinized starch
granules when F2 is added, and no granules or smaller
amount when F1 is added (Fig. 4W, X, Z and AA). It has been
proven that both physico-chemical properties and viscosity has
significant effect on starch hydrolysis - when 4 different
soluble fibres (xanthan gum, konjac glucomannan, hull-less
barley p-glucan, tamarind seed gum) were added to corn starch
at the same initial viscosity level, they showed similar results
of starch hydrolysis extent, but significant differences in the
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digestion rate constant.”’ However, whether these possible
mechanisms can explain the contrasting effects of F1 and F2
seen here is highly speculative and would require further ana-
lyses to show not only the interactions between starches and
fibre fractions, but also if the fibre fractions have any inter-
action with a-amylase.

Glycaemic index (GI) is a measurement of carbohydrate-
containing foods and their glycaemic response in vivo. GI has
been correlated with metabolic health and is dependent on
the rate end extent of starch hydrolysis.>*® Our eGI calculations
(estimated GI) show that F1 increased eGI of CS-95, WCS-95,
WCS-140, and in all HACS gels (SI Fig. S4). The F2 decreased
eGI in CS-95 and HACS-140. Unsurprisingly, eGI was signifi-
cantly positively correlated with the hydrolysis extent for all 3
starches (CS = 0.91, WCS = 0.96, HACS = 0.97), and with hydro-
lysis rate for CS (0.89) and HACS (0.68) (SI Fig. S3). For WCS,
correlation between hydrolysis rate and eGI was positive, but
not significant (0.62). Considering that eGI is an indicator of
glycaemic response, F1 could lead to its increase, which would
not be advisable for people who have indication of metabolic
syndrome, but might be applicable for developing rapid-
energy-supply products for athletes and during high intensity
activity, or supplements for malnutrition which, besides
rapidly digested starch would have potentially prebiotic fibre
addition.”* However, use of F2 would be advisable when devel-
oping further starch-based products for people with metabolic
disorders or in products that are known to have high GI, such
as gluten-free bread.”

4. Conclusions

To date, no previous studies reported interaction between
starch type, temperature treatment and fibre fractions of
P. ovata husk. Most of the studies have focused on the effect of
high temperature on different starches, while the combined
effect of fibre and temperature is underexplored. In light of the
ongoing efforts to enhance dietary fibre intake and to nutri-
tionally optimize starch-based products, we propose that our
research will address the existing knowledge gap regarding the
properties and behaviour of starch-fibre gels subjected to high-
temperature treatments. This work explored the addition of
two fibre fractions (F1 and F2) from P. ovata husk in 3 starches
with varying amylose content at three different temperatures
(95, 120, and 140 °C). The two fractions were heteroxylans with
varying pectin content and arabinose to xylose ratio (F1 had
9.6% pectin and A:X = 0.17, while F2 had no pectin and had
A:X = 0.36). F2 was more viscous and had higher hydrating
capacities. F1 and F2 had contrasting effect on starches, which
also depended on the starch type, and changed the functional-
ity of starch-fibre gels. F1 slightly increased viscosity of the
starches, while F2 changed the appearance of the RVA curve
causing several new peaks. The higher temperature caused
thermal degradation in all starch types. Both fibre and temp-
erature had limited effects on texture properties and freeze-
thaw syneresis. The F1 significantly increased starch hydrolysis

This journal is © The Royal Society of Chemistry 2025
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rate, which was explained by increase in leached amylose that
could have been hydrolysed faster, while F2 had no effect, or it
slightly decreased starch hydrolysis parameters.

This work included a wide range of starch and starch-fibre
gels with focus on analyses which would be of use in food and
health industry. For example, highly viscous fibre (F2) could be
used for formulation of products with lower glycaemic index,
while soluble fibre with low viscosity (F1) could be used for
starch-based products where fast glucose release is desirable.
In addition, for fabricating fibre-enriched products where the
requirement is that texture and viscosity during thermal treat-
ments remain similar to the original product, then F1 would
be advisable. However, mechanisms that drive the reported
results should be further explored. We propose that the use of
FTIR to assess changes in chemical bonds and conformation,
detailed rheology studies, cryo-SEM and size exclusion chrom-
atography of leached polymers could provide insights into
interactions between starches and fibres and the gels’ struc-
ture. Moreover, using confocal microscopy with fluorescent
labelling could explain more detailed differences in structure.
Furthermore, the sequence of starch-gel preparation is an
influential factor. We propose that investigating alternative
mixing strategies, such as dissolving the fibre prior to starch
incorporation, may provide new opportunities to optimize
starch—fibre gel formation and ultimately improve starch-based
food products.

Finally, novelty and significance of this paper lie in studying
P. ovata fractions, rather than whole husk, in starch food
models. We included high amylose corn starch for which, to the
best of our knowledge, there are no reports on amylose leaching
at high temperature (>100 °C). Furthermore, studies about fibre
effect on high amylose starches are sparse. F1 fibre used in this
work is heteroxylan with a low A:X ratio (0.17), for which there
are also limited studies. To conclude, this work clearly shows
that fibre fractions extracted from the same source can have con-
trasting effect in starch-based gels, which should be taken into
consideration when developing new food products.
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