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Effect of fibers on starch structural changes
during hydrothermal treatment: multiscale
analyses, and evaluation of dilution
effects on starch digestibility
Özge Güven and İlkay Şensoy*

Abstract

BACKGROUND: Dietary fibers (DFs) may influence the structural, nutritional and techno-functional properties of starch within
food systems. Moreover, DFs have favorable effects on the digestive system and potentially a lower glycemic index. These
potential benefits may change depending on DF type. Starch processed in the presence of soluble and insoluble fibers can
undergo different structural and functional changes, and the present study investigated the effects of short-chain and long-
chain inulin and cellulose on the structural and digestive properties of wheat starch.

RESULTS: The combined use of differential scanning calorimetry, Fourier transform infrared spectroscopy (FTIR) and X-ray dif-
fraction (XRD) provided insights into the structural changes in starch and inulin at different levels. Short-chain and long-chain
inulin had higher water retention capacity and a potential to limit starch gelatinization. The FTIR results revealed an interaction
between starch and inulin. Scanning electron microscopy analysis showedmorphological changes in starch and inulin after the
hydrothermal treatment. Cellulose fiber was not affected by the hydrothermal treatment and had no influence on starch behav-
ior. The structural differences observed through XRD, FTIR and scanning electronmicroscopy analyses between starch with and
without inulin fibers did not significantly impact starch digestibility, except for the dilution effect caused by adding DFs.

CONCLUSION: The present study highlights the importance of utilizing different analytical tools to assess changes in food sam-
ples at different scales. Although short-chain and long-chain inulin could potentially limit starch gelatinization, the duration of
the heat treatment (90 °C for 10 min) was sufficient to ensure complete starch gelatinization. The dilution effect caused by add-
ing fibers was the primary reason for the effect on starch digestibility.
© 2024 The Authors. Journal of The Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of
Chemical Industry.
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INTRODUCTION
Dietary fibers (DFs) have many health benefits, such as the pre-
vention of cancer and cardiovascular and digestive systems dis-
eases, and protection against obesity and diabetes.1-4 DFs affect
starch metabolism, and they have been reported to decrease gly-
cemic index1,5 and there is increasing interest in investigating the
relationship between DFs and glycemic index.
Inulin is a water-soluble polysaccharide found in several edible

fruit and vegetables. Commercial inulin has different degrees of
polymerization (DP), and inulin can be in a crystalline or amor-
phous phase.6 An amorphous state may increase upon processing
inulin using different techniques.7 Although inulin is assumed to
affect blood glucose levels, it is unclear whether it has an increas-
ing or decreasing effect since studies have shown contradicting
results.8 Cellulose is a water-insoluble DF found in sea mosses,
plants and some bacteria, which produce cellulose, and it makes
the cell walls of those organisms along with hemicellulose and

lignin.9 Partially crystalline cellulose is embedded in the
amorphous region of hemicellulose and lignin.9,10 Cellulose, in
its natural form, is not generally used as a food additive, although
it is abundant in many plant-based foods. Thus, it may exist in
many food systems composed of starch, and its effect on starch
structure and digestibility has not been well-covered in the
literature.
Various studies suggest a diverse range of results on the effect

of soluble and insoluble DFs on starch digestibility, making it hard
to make a common conclusion. For example, according to a study
on the glycemic index of fiber-enriched cakes by Kyung et al.,4
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insoluble DFs reduce the predicted glycemic index more effec-
tively than soluble DFs. On the other hand, it was also reported
that in vitro starch digestibility (or glucose release) behavior was
correlated with only total DF content regardless of whether the
majority is soluble or insoluble fiber.11 Building upon these high-
lights, the present study aimed to comprehensively investigate
the changes in starch structure and digestibility that occur after
hydrothermal processes in the presence and absence inulin and
cellulose fibers to compare the effects of those fibers as examples
of soluble and insoluble fibers on structural, nutri-functional, and
techno-functional properties.

MATERIALS AND METHODS
Materials
Materials used in the experiments were commercial wheat starch
(Tito, Smart Kimya, İzmir, Turkey), short-chain inulin (Orafti®GR;
BENEO GmbH, Mannheim, Germany), long-chain inulin
(Orafti®HPX; BENEO GmbH) and cellulose (Jelucel®PF300; JELU-
WERK J. Ehrler GmbH & Co. KG, Rosenberg, Germany). Short chain
inulin had maximum 10 g glucose + fructose + sucrose in 100 g
of inulin on dry basis. Average degree of polymerization was
higher than 10. Long chain inulin had maximum 0.5 g of
glucose + fructose + sucrose in 100 g of inulin on a dry basis.
Average degree of polymerization was higher than 23.

Sample preparation
Samples were prepared according to the experimental design
given in Table 1.

Raw samples
Starch and DF mixtures were prepared to contain 50:50 (g:g)
starch:DF on dry basis. Then, distilled water was added to the mix-
tures to obtain 1:1, 1:2, and 1:4 (g:mL) dry matter-to-water ratios.
The native starch and DF samples were prepared similarly, using
the same water ratios.

Heat-processed samples
Samples containing 30 g of dry matter, prepared at room temper-
ature, were taken into sealable 8 × 10-cm polypropylene bags.
The bags were placed horizontally between two aluminum plates
and cooked in a water bath at 90 °C for 10 min. After cooling for
about 30 min at room temperature, they were frozen at −80 °C
for 1 day before being freeze-dried for 24 ± 1 h at around
0.03 mbar in a freeze drier (Alpha 2–4 LD Plus; Martin Christ, Oster-
ode am Harz, Germany). Dried samples were finely ground and
passed through a sieve (1 mm; Fritsch, Idar-Oberstein, Germany)
for further analysis.

Differential scanning calorimetry (DSC)
Samples (raw and cooked) containing around 5 mg dry matter
were placed into aluminum pans and equilibrated at room tem-
perature (approximately 24 °C) for at least 3 h. The scanning pro-
cess was executed between 30 °C and 110 °C at 10 °C min−1

heating rate12 with a differential scanning calorimeter (DSC
4000; Perkin Elmer, Hopkinton, MA, USA) using an empty pan as
reference system.

X-ray diffraction (XRD)
XRD analyses were conducted according to themethod described
by Chen et al.13 with some modifications. The diffractograms of
mixtures and the pure fiber samples were obtained by Ultima-IV
(Rigaku, Tokyo, Japan) and Miniflex (Rigaku, Tokyo, Japan) X-ray
diffractometers, respectively, at 40 kV and 30 mA. Diffractograms
of samples were obtained at 1 °/min scanning rate between 4°
and 40° (2⊔). The measurements were conducted in three repli-
cates. All diffractograms were plotted with Origin software
(OriginPro 2023; OriginLab, Northampton, MA, USA), and all data
sets were normalized between 0 and 1. For each sample, a repre-
sentative diffractogram was drawn for qualitative analysis using
the average intensity values from three replicates corresponding
to each angle 2⊔.

Crystallinity calculation by two-phase method
The two-phase approach, as described in Lopez-Rubio et al.,14

states that a baseline (amorphous baseline) cutting the upper por-
tion of crystal peaks separates the crystalline and amorphous
regions of XRD diffractogram. Origin software (OriginPro 2023;
OriginLab) was used to determine the amorphous baseline. The
total area between the XRD plot and amorphous baseline, crystal-
line area (AC), and the area under the amorphous baseline
(AA) were calculated using the same software. Relative crystallin-
ity by two-phase approach RCTP was calculated according to:

RCTP%=
AC

AC +AA
×100 ð1Þ

Crystallinity calculation by crystal-defect method
The crystal-defect method is based on fitting the obtained diffrac-
tograms into the Gaussian function to determine the peak param-
eters: peak center, peak area, and full-width-at-half-maximum.14

The diffractograms were fitted into the Gaussian function using
Origin software (OriginLab) for each sample. The Levenberg–
Marquardt algorithm was used to find the final coefficient values
that minimize chi-squared. The iterative fitting procedure termi-
nated when the chi-squared value decreased by less than
0.00001 between two successive iterations. The relative crystallin-
ity by crystal-defect method (RCCD) was calculated using the sum

Table 1. Experimental design parameters of the model systems

Factors Levels

Dietary fiber (DF) type Short-chain Inulin Long-chain Inulin Cellulose
Wheat starch:DF ratio (g:g, dry basis) 100:0 (Control) 50:50
Dry matter:water ratio (g:mL) Low (1:1) Medium (1:2) High (1:4)

Note: Dry matter:water ratio represents the water content during cooking at 90 °C for 10 min.
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of the areas of the fitted peaks (AFP) and the area of the amor-
phous halo (AAH) according to:

RCCD%=
AFP

AFP+AAH
×100 ð2Þ

Fourier transform infrared spectroscopy (FTIR)
FTIR analyses with some modifications were performed based on
the methods described elsewhere.15 Raw and cooked samples
were scanned between the wavelengths 4000 cm−1 and
600 cm−1, at a resolution of 4 cm−1, with 256 scans by an FTIR
spectrometer (IR-Affinity-1; Shimadzu, Kyoto, Japan) in an attenu-
ated total reflectance (ATR) mode using a diamond ATR crystal.
FTIR-ATR spectra of the samples were plotted using Origin soft-
ware (OriginLab). The analyses were conducted out in three repli-
cates. The spectrum of each sample was plotted using the
wavelength vs. intensity data, and all data sets were normalized
between 0 and 1. A representative spectrum was drawn for each
sample by averaging the three intensity values (replicates) corre-
sponding to each wavelength value.

Scanning electron microscopy (SEM)
The SEM images were taken by 400F Field Emission instrument
(QUANTA, Holland) at METU Central Laboratory (Çankaya,
Turkey) as described elsewhere.16 Samples were placed on spots
and covered by 6 nm Au Pd before they were scanned at an
acceleration rate of 20 kV.

In vitro starch digestion
Digestion analyses of the model systems were conducted accord-
ing to Englyst et al.,17 with some modifications described below.
Total glucose (TG) determination was based on Englyst et al.18

Preparation of enzyme solutions
Solution 1 (S1). A total of 0.6 g of guar (G4129; Sigma-Aldrich, St
Louis, MO, USA) was wetted with 1 mL of ethanol and dissolved
in 120 mL of 0.05 M HCl. In the original method17 the solution con-
tains pepsin enzyme; however, in the present study, the addition
of pepsin was skipped because the samples used contained no
protein.

Solution 2 (S2). In three 50-mL tubes, 3 g of pancreatin (8 × USP
from porcine pancreas; P-7545; Sigma-Aldrich) was weighed and
mixed with 20 mL of CaCl2. A magnetic bar was placed in each
tube, and then the tubes were mixed by magnetic stirring for
10 min and occasionally vortex-mixed. The tubes were centri-
fuged at 1500 × g for 10 min at room temperature (approxi-
mately 24 °C). From each tube, 17 mL of supernatant was
transferred to a beaker and mixed to have 51 mL of solution.
Then, 4 mL of amyloglucosidase (≥260 U mL−1; A7095; Sigma-
Aldrich) and 2 mL of invertase (10684722; Thermo Fisher Scien-
tific, Waltham, MA, USA) were added to the combined solution.
The final solution was mixed by using a magnetic stirrer. This solu-
tion was used within 1 h after it was prepared.

Carbohydrate hydrolysis
Heat-processed samples were analyzed after thermal processing
and cooling at room temperature for 30 min. In 50-mL tubes, sam-
ples containing about 500 mg of available carbohydrates were
weighed. Five mL of saturated benzoic acid solution was added
to wet the samples. Then, 10 mL of S1 was added to each tube

and incubated at 37 °C for 30 min. After the incubation with S1,
5 mL of sodium acetate buffer (0.5 M) was added to all tubes.
The pH value of the blank tube was checked, and assured that it
varied between 5.2 and 5.35. Five glass balls were added to each
tube to providemechanical disruption, and 5 mL of S2 was added.
Tubes were immediately capped and the content was mixed. This
time was recorded as 0th min. Then the tubes were placed hori-
zontally in a shaking water bath (JSSB-30T; JSR, Gongju-City,
Korea) parallel to the direction of movement. A total of 0.2 mL
of sample was transferred from each tube into 8 mL of methanol
at 20 min and 120 min to determine the hydrolysis extent. Glu-
cose contents in the tubes were determined using a glucose
oxidase-peroxidase assay kit (GOPOD, K-GLUC; Megazyme Inter-
national Ireland Ltd, Bray, Ireland).

Determination of total glucose
After the carbohydrate digestion procedure, the tubes were
vortex-mixed and placed in a boiling water bath for 30 min. At
the end of 30 min, the tubes were vortex-mixed and placed in
an ice-water bath. In each tube, 10 mL of KOH solution (7 M) was
added, mixed by shaking and placed in a shaking ice-water bath
parallel to the direction of movement for 30 min. Then, 1 mL of
sample was taken from each tube and mixed with 10 mL acetic
acid solution (0.5 M, plus 4 mL L−1 of 1 M CaCl2 solution). In total,
0.2 mL of previously diluted amyloglucosidase (A7095; Sigma-
Aldrich) solution (1 mL:7 mL) was added to each tube. The tubes
were vortex-mixed and placed in a 70 °C water bath for 30 min.
At the end of 30 min, tubes were left to cool to room temperature
and completed to 50 mL by distilled water. The content of the
tubes was directly analyzed by a glucose oxidase-peroxidase
assay kit (GOPOD, K-GLUC; Megazyme International Ireland Ltd).

Determination of free glucose
Samples containing approximately 500 mg of available carbohy-
drates were weighed into 50-mL tubes. A total of 5 mL of satu-
rated benzoic acid solution was added to wet the samples. In
total, 20 mL of water and 0.25 mL of 1 M sodium acetate were
added. The dispersed sample was vortex mixed, and the tubes
were placed in a boiling water bath for 30 min. The tubes were
taken from the water bath, vortex mixed, and cooled down. At
37 °C, 0.2 mL of invertase (10684722; Thermo Fisher Scientific)
was added to each tube and placed in a shaking water bath at
37 °C for 30 min. Finally, tubes were vortex mixed, and 1 mL of
sample from each tube was mixed with 2 mL of methanol. Glu-
cose contents in the tubes were determined by a glucose
oxidase-peroxidase assay kit (GOPOD, K-GLUC; Megazyme Inter-
national Ireland Ltd).

Calculation of starch fractions
Total starch (TS), rapidly digestible starch (RDS), slowly digestible
starch (SDS) and undigestible starch (US) fractions were calcu-
lated using:

TS gð Þ= TG–FGð Þ×0:9
RDS gð Þ= G20–FGð Þ×0:9

SDS gð Þ= G120–G20ð Þ×0:9
US gð Þ= TG–G120ð Þ×0:9

where FG and TG represent free and total glucose (g), and G20
and G120 represent glucose (g) released at the 20 min and
120 min, respectively.
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The results were expressed as RDS/SW, SDS/SW and US/SW
ratios (g kg−1) based on dry sample weight (SW), and RDS/TS,
SDS/TS and US/TS ratios (g kg−1) based on the total starch (TS).

Statistical analysis
One-way analysis of variance (ANOVA) followed by Tukey's post-
hoc tests was performed to determine the statistical difference
between means when the normal distribution and homogeneity
of variance assumptions weremet. In the case of a violation of var-
iance homogeneity, ANOVA was followed by Dunnet's T3 test. In
the case of a violation of normality, the Kruskal–Wallis test (fol-
lowed by non-parametric ANOVA multiple comparison tests)
was used. P < 0.05 was considered statistically significant. SPSS
(IBM Corp. Armonk, NY, USA) was used for the analyses.

RESULTS AND DISCUSSION
Changes in thermal transition properties
Thermal transition parameters of wheat starch with and without
the DFs were summarized in Table 2. The enthalpy data was pre-
sented in two formats: g−1 starch and g−1 sample. The starch gela-
tinization enthalpy at the lowest water concentration (1:1) was
low. At the same water ratio (1:1), no transition peak was seen
for the short-chain inulin (inulinSC) and long-chain inulin (inu-
linLC)-added samples. Both inulin and starch have a high affinity
to water molecules, so there was a competition for water between
inulin and starch.19 On the other hand, cellulose-added samples
revealed comparable transition enthalpy values, 1.97 ± 0.51 J g−1

starch (Table 2) with starch. As a water-insoluble DF, cellulose did
not significantly affect the thermal properties of starch (Table 2).
The enthalpy value, 0.99 ± 0.26 J g−1 sample, revealed the
dilution and confirmed no competition because one-half of the
sample was diluted by cellulose (Table 2).
At higher water ratios (1:2 and 1:4), only the inulinLC-added

samples showed lower transition enthalpies (J g−1 starch) com-
pared to starch (Table 2). In the DSC thermogram (data not
shown), InulinSC demonstrated a transition enthalpy at tempera-
tures lower than starch, with some overlap. Thus, transition
enthalpies (J g−1 starch) for the starch–inulinSC mixtures could

reflect the energy uptake by both inulinSC and starch, masking
the limiting effect on gelatinization. It could be stated that inu-
linSC and inulinLC inhibited the gelatinization at low (1:1) water
concentrations. They also limited the gelatinization to some
degree at higher water concentrations. The increase in gelatiniza-
tion peak temperatures at 1:2 and 1:4 water ratios for inulinSC and
inulinLC-added samples indicates the delay in gelatinization. Cel-
lulose, on the other hand, as a water-insoluble DF, did not signif-
icantly affect the thermal properties of wheat starch.
Wheat starch samples with or without DFs were expected to be

gelatinized entirely after being heated at 90 °C for 10 min at the
studied water ratios (1:1, 1:2 and 1:4). DSC observations of cooked
samples (90 °C for 10 min) at the lowest (1:1) water ratio con-
firmed these expectations. There was no peak around the gelatini-
zation temperature on the thermograms for the cooked starch
with or without DFs (data not shown), demonstrating that
starch was completely gelatinized after cooking.

Changes in nanostructure and crystallinity by XRD
Figure 1 presents the XRD patterns of raw and cooked wheat
starch with and without DFs, whereas Fig. 2 displays the XRD pat-
terns of raw and cooked DFs. These figures allow for assessing
structural changes resulting from interactions between starch
and DFs, without interfering with DF self-interactions. Starch
showed an XRD pattern with a main unresolved diffraction dou-
blet at around 17–18° and single peaks at around 15°, 20° and
23° (Fig. 1A), which is the typical A-type crystalline structure of
starch.20,21

Diffraction peaks of wheat starch disappeared after cooking,
except for some residual peaks observed in the samples cooked
at the lowest water ratio (1:1), indicating some residual crystallin-
ity (Fig. 1A). Interestingly, despite DSC analysis showed complete
starch gelatinization after cooking (90 °C for 10 min), residual
crystallinity was still evident in XRD diffractograms of the starch
samples cooked at the low water ratio (1:1).
The XRD diffractogram of the raw starch–inulinSC mixture

showed the typical peaks of the A-type starch crystalline structure
above the signals of the inulinSC, but not as clearly defined peaks
as seen for the raw starch (Fig. 1B). The amorphous pattern of the

Table 2. Thermal transition properties of wheat starch bothwith andwithout fibers at different water contents, determined by differential scanning
calorimetry (DSC)

Dry matter:water
(g:mL)

Δ H
(J g−1 starch)

Δ H
(J g−1 sample) Onset temperature (°C) Peak temperature (°C) End temperature (°C)

1:1 Starch 2.58 ± 0.29 a 2.58 ± 0.29 62.20 ± 0.40 a 67.40 ± 0.17 a 73.02 ± 0.21 a
Starch–inulinSC No peak No peak No peak No peak No peak
Starch–inulinLC No peak No peak No peak No peak No peak
Starch–cellulose 1.97 ± 0.51 a 0.99 ± 0.26 63.15 ± 0.56 a 67.40 ± 0.29 a 71.56 ± 0.73 b

1:2 Starch 14.28 ± 0.45 a 14.28 ± 0.45 62.38 ± 0.33 c 68.41 ± 0.18 c 78.13 ± 0.23 b
Starch–inulinSC 12.84 ± 0.17 a 6.42 ± 0.08 a 69.44 ± 0.72 a 74.86 ± 0.66 a 81.73 ± 1.00 a
Starch–inulinLC 6.74 ± 0.61 b 3.37 ± 0.31 b 66.46 ± 0.28 b 71.80 ± 0.27 b 76.70 ± 0.34 b
Starch–cellulose 14.66 ± 2.17 a 7.33 ± 1.09 a 63.08 ± 0.14 c 68.55 ± 0.09 c 74.63 ± 0.55 c

1:4 Starch 15.64 ± 1.14 a 15.64 ± 1.14 63.51 ± 0.07 b 69.32 ± 0.18 bc 75.97 ± 0.61 ab
Starch–inulinSC 16.27 ± 3.02 a 8.13 ± 1.51 a 65.43 ± 0.78 a 71.13 ± 0.89 a 77.27 ± 0.65 a
Starch–inulinLC 7.22 ± 0.74 b 3.61 ± 0.37 b 65.88 ± 0.41 a 70.62 ± 0.40 ab 76.71 ± 1.45 a
Starch–cellulose 12.88 ± 1.79 a 6.44 ± 0.89 a 63.36 ± 0.37 b 68.79 ± 0.38 c 74.15 ± 0.70 b

Note: Results are the mean ± SD (n = 3). Significantly different onset, peak, end temperature, andΔH values are followed by different lowercase let-
ters (P ≤ 0.05) in each water level group in each column.
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inulinSC hindered the crystalline pattern of starch. As depicted in
Figs 1(B) and 2(A), the XRD pattern of raw inulinSC alone showed a
broad, amorphous pattern with a peak at around 20°, which was
previously reported.20 After hydrothermal treatment, some peaks
belonging to starch disappeared, indicating the gelatinization of
starch, whereas new diffraction peaks at around 8°, 12°, 16–17°,
18°, 22°, and 24° appeared, especially at the 1:1 water ratio
(Fig. 1B). These newly formed peaks were also observed in the
pure inulinSC after cooking at low water ratios (Fig. 2A). The XRD

pattern of inulinSC cooked at 1:1 water ratio showed diffraction
peaks at around 8°, 12°, 16–17°, 18°, 19°, 22°, 24°, 26°, 27°, 28°,
30–31°, 32°, 34°, and 38° (Fig. 2A). The XRD pattern of inulinSC
cooked at 1:1 ratio resembled that of raw pure inulinLC (Fig. 2B),
indicating that the newly formed crystalline structures resulted
from aggregation of inulinSC molecules. Similar observations of
new diffraction peaks in pasta samples fortified with inulin were
previously reported.20 The intensities of the newly formed peaks
in the cooked starch–inulinSC mixture (1:1 water ratio) decreased
or disappeared with increasing water concentration (Fig. 1B). The
formation of the crystalline structure in pure inulinSCwasminimal
at the highest cooking water ratio (1:4), where the inulinSC mole-
cules were almost completely solubilized (Fig. 2A).
The XRD pattern of inulinLC displayed a semi-crystalline pattern

(Fig. 2). There were distinct peaks at around 8°, 12°, 16°, 17°–18°,
19°, 21°, and 24° with several other small peaks. The raw starch–
inulinLC mixtures displayed a combination of raw starch and
raw inulinLC XRD patterns, with the starch peaks mostly obscured

Figure 1. XRD patterns of wheat starch both with and without fibers, in
raw state and following hydrothermal treatment at different dry matter-
water ratios. (A) raw and cooked wheat starches, (B) raw and cooked
starch-short chain inulin mixtures, (C) raw and cooked starch-long chain
inulin mixtures and (D) raw and cooked starch–cellulose mixtures.

Figure 2. XRD patterns of pure dietary fibers in raw state and following
hydrothermal treatment at various dry matter-water ratios. (A) raw and
cooked short chain inulin, (B) raw and cooked long chain inulin and
(C) raw and cooked cellulose.
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by the inulinLC signals (Fig. 1C). Raw inulin with a higher DP was
stated to show crystalline diffraction peaks.20 As DP increases,
the semi-crystalline structure of inulin becomes predominant.22

After hydrothermal treatment, the relative intensities of the peaks
of starch–inulinLC mixtures decreased as the water ratio
increased, where the pattern was still visible at the highest water
ratio (1:4). The slightly visible peak (15°) belonging to A-type
starch disappeared after the hydrothermal treatment, whereas
the crystal regions attributed to inulinLC also decreased in inten-
sity with increasing water concentration, indicating a transition
towards a more amorphous structure (Fig. 1C). Similar observa-
tions were made for pure inulinLC samples cooked at the same
water ratios (Fig. 2B).
The raw starch–cellulose mixture exhibited peaks of cellulose

and the typical A-type polymorph patterns together (Fig. 2D).
Raw, pure cellulose showed three prominent diffraction peaks at
around 16°, 22° and 34° (Fig. 2C,D) and they were assigned as
the characteristic peaks of lignocellulosic materials, which were
previously determined at 15.4°, 22.7° and 34.5° by El Halal
et al.23 The starch peaks were mostly hidden behind the cellulose
responses (Fig. 1D). After heat treatment, the slightly visible starch
peaks were lost due to starch gelatinization, whereas no observ-
able change in the cellulose structure was observed. This lack of
change in the cellulose nanostructure was consistent when pure
cellulose samples were cooked at the same water ratios (Fig. 2C).
The relative crystallinity (RC) values of the samples are pre-

sented in Table 3. These values represented the combined crystal-
linity of the starch and the added DFs in the raw starch-DF
mixtures. As determined by both methods, the RC values of the
starch samples decreased after cooking (Table 3). However,
despite a few small peaks in the XRD diffractograms for the sam-
ples cooked at a water ratio of 1:1 (Fig. 1), neither calculation
method indicated a statistically significant difference in the RC
of the starch samples.
The RC values of the raw starch–inulinSC mixture were lower

(24.13 ± 0.61, 22.20 ± 1.12) than that of pure starch (37.15

± 2.95, 34.04 ± 2.88), as determined by both the two-phase and
crystal-defect methods, respectively. This difference in crystallin-
ity could be attributed to the amorphous structure of inulinSC.
The crystal-defect method did not reveal any change in the RC
values of starch–inulinSC mixtures after cooking. However,
according to the two-phase method, the crystallinity of the mix-
ture cooked at a water ratio of 1:1 was higher compared to both
the raw mixture and the mixtures cooked at higher water ratios
(Table 3). In these samples, although the starch lost its crystalline
structure and gelatinized during cooking, the inulinSC compo-
nent formed aggregates, which were observed as new crystalline
peaks, especially at the low water ratio of 1:1 (Fig. 1B). The diffrac-
tograms revealed that after the heat treatment intensity of crystal-
line peaks of starch–inulinLC mixture decreased with increasing
water ratio. The RC values of the starch–cellulose mixtures
obtained from the two approaches showed different results. The
two-phase method indicated a decrease in RC after cooking at a
water ratio of 1:1. By contrast, the crystal-defect method did not
reveal any significant change in RC after cooking (Table 3). XRD
diffractograms of the starch–cellulose mixtures revealed a slight
difference between the raw and the mixture cooked at 1:1 water
ratio.
The divergent RC values obtained by the twomethods highlight

the differences in their assumptions and calculation sensitivities
(Table 3). The two-phase method assumes the presence of two
distinct phases, crystalline and amorphous, not considering the
intermediate crystals in the samples.24,25 However, this assump-
tion is often invalid for polymeric structures like starch and com-
plex or multi-component food systems. In the case of starch-DF
mixtures, overlapping diffraction peaks from different phases
could have introduced inaccuracies in the results obtained using
this method. On the other hand, the crystal-defect method
assumes ideal crystal structures in the samples, whichmay reduce
accuracy when determining the crystallinity in samples such as
starch with semi-crystalline structures. The crystalline regions of
starch are not perfectly ordered or uniform, and they coexist with

Table 3. Relative crystallinity (RC) values of wheat starch both with and without fibers, in raw state and following hydrothermal treatment at differ-
ent dry matter–water ratios calculated by two approaches using XRD diffractograms: the two-phase method and the crystal-defect method

Dry matter:water (g:mL) RCTP % Two-phase RCCD % Crystal-defect

Starch – 37.15 ± 2.95 a 34.04 ± 2.88 a
1:1 17.73 ± 1.03 b 22.93 ± 1.04 b
1:2 17.93 ± 1.06 b 19.26 ± 0.89 b
1:4 18.87 ± 0.66 b 19.90 ± 2.45 b

Starch–inulinSC – 24.13 ± 0.61 b 22.20 ± 1.12 a
1:1 27.51 ± 1.04 a 23.42 ± 6.06 a
1:2 22.87 ± 1.48 b 21.08 ± 2.25 a
1:4 22.42 ± 0.76 b 20.94 ± 3.46 a

Starch–inulinLC – 38.77 ± 1.62 a 43.97 ± 3.64 a
1:1 31.99 ± 0.37 ab 25.45 ± 0.86 b
1:2 27.76 ± 2.19 ab 23.16 ± 1.79 bc
1:4 24.99 ± 0.38 b 19.68 ± 0.77 c

Starch–cellulose – 35.65 ± 1.75 a 34.46 ± 0.53 a
1:1 31.30 ± 0.88 b 37.25 ± 2.38 a
1:2 32.45 ± 0.74 ab 38.76 ± 2.50 a
1:4 32.63 ± 1.90 ab 38.26 ± 1.80 a

Note: Results are the mean ± SD (n = 3). Significantly different values in the same box for each DF by different lowercase letters (P ≤ 0.05). The hypen
(–) indicates the raw samples.
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amorphous regions. This could result in reduced accuracy
because the low-quality intermediate crystals represented by
the fitted peaks are considered perfect crystalline structures in
RC calculations.

Changes in the molecular orders in starch measured
by FTIR
The characteristic IR bands of raw starch at 860 cm−1, 929–
930 cm−1, 1076 cm−1, 1105 cm−1, 1124 cm−1 and 1149 cm−1

did not show dramatic changes after hydrothermal treatment of
pure starch (Fig. 3A). The most dramatic changes were the
decreased relative intensity of the band at 997 cm−1 and
the increased relative intensity of the band at 1016 cm−1

(Fig. 3A). These changes were previously reported as an indication
of an increase in the amorphous portion.26,27

The decrease of the band at 997 cm−1 is related to the loss of
intramolecular hydrogen bonds between hydroxyl groups at the
C-6 position or the loss of the structure of branched chains formed
by hydrogen bonds at the positions of C-6 and C-1 in amylopec-
tin.28 Hence, the band change at 997 cm−1 is accepted as the
change in the short-range order of the double helix.29 The inten-
sity decrease of the band at 997 cm−1 and the increasing intensity
of the band at 1016 cm−1 indicated the increase in the amor-
phous starch portion.27 The band at 1043 cm−1 is sensitive to
the crystalline structure of starch. This band became non-
detectable upon hydrothermal processing, which also showed
the loss of ordered structure (Fig. 3B).
For raw inulinSC, observed IR bands were 821 cm−1, 867 cm−1,

931 cm−1, 989 cm−1, 1020 cm−1, 1058 cm−1 (a shoulder), a hump
around 1103 cm−1 and 1110 cm−1, and a shoulder at 1161 cm−1

(Fig. 3B). For the uncooked starch–inulinSC mixture, the bands
at 860 cm−1, 929 cm−1, 997 cm−1, 1012 cm−1, 1043 cm−1

(a shoulder), 1076 cm−1, 1103 cm−1 and 1147 cm−1 were
observed (Fig. 3B). Those bands are a mix of bands from starch
and inulinSC, with some bands hiding and others shifting. For
raw inulinLC, observed IR bands were 817 cm−1, 873 cm−1,
933 cm−1, 985 cm−1 and 1026 cm−1, with a hump around
1103 cm−1 and 1110 cm−1, and a shoulder at 1161 cm−1

(Fig. 3C). For the raw starch–inulinLC mixture, the bands at
860 cm−1, 931 cm−1, 997 cm−1, 1014 cm−1, 1043 cm−1

(a shoulder), 1076 cm−1 and 1147 cm−1 were observed (Fig. 3C).
Similarly, those bands are a blend of bands from starch and inu-
linLC, with some bonds hiding and others shifting as a result of
interaction.
Following the hydrothermal treatment, the bands at 997 cm−1

for both inulinSC- and inulinLC-added mixtures shifted slightly
to the right, whereas the bands at 1012 cm−1 for starch- inulinSC
and 1014 cm−1 for starch-inulinLC mixtures shifted slightly to the
left, showing some interaction between starch and the inulin
fibers (Fig. 3B,C). The shoulder at 1043 cm−1 in the raw mixtures
became invisible, similar to pure starch samples, showing a loss
of starch crystallinity. The bands at 821 cm−1 and 817 cm−1

belonging to inulins became visible. The band at 1076 cm−1

belonging to starch did not change. The small band at
1103 cm−1 related to starch and inulins became invisible after
hydrothermal treatment for all water levels. This was also
observed for the starch without fiber. This band shows C O and
C C stretching with some C-O-H contributions,30 and the band
loss shows a change in the modes related to starch structure.
Another change that occurred in both starch–inulinmixtures after
the hydrothermal treatment was the change of the band at 1147–
1149 cm−1, which was a visible peak in raw mixtures and turned

into a shoulder after hydrothermal treatment (Fig. 3B,C). This band
remained unchanged after hydrothermal starch treatment with-
out DF (Fig. 3B). The band characterizes the coupling of C O,
C C and O H bond stretching, bending, and asymmetric stretch-
ing of the C-O-C glycosidic bridge in starch, and is related to the
interaction of starch with other components through hydrogen
bonding.25,31 The change of this band in starch–inulin systems
showed that inulin addition led to a change in those modes after
hydrothermal treatment. Both inulinSC and inulinLC had similar
short-range order with starch and showed similar interactions
with wheat starch.
The raw cellulose showed IR bands at 896 cm−1, 964 cm−1

(a shoulder), 987 (valley), 1029 cm−1, 1049 cm−1, 1103 cm−1 (val-
ley) and 1161 cm−1 (Fig. 3D). For the raw starch–cellulose mixture,
the bands at 860 cm−1, 896 cm−1, 999 cm−1, 1016 cm−1,
1047 cm−1 (shoulder), 1076 cm−1, 1103 cm−1 and 1153 cm−1

were observed, indicating a combination of bands coming from
both starch and cellulose with some bands shifted (Fig. 3D). The
reduction of the relative intensity at the 1047 cm−1 band position
for the starch–cellulose mixtures heated at low water ratios and
the disappearance of the band for the samples heated at higher
water ratios showed the loss of crystalline structure with increas-
ing water content. However, most of the changes as a result of
the gelatinization of starch were not visible because of the inter-
ference of bands originating from cellulose.
FTIR analysis showed that starch gelatinization led to the loss of

short-range order for both starch with or without DFs. Investiga-
tion of the peaks for pure and mixed samples before and after
the treatment showed that, even though wheat starch was
completely gelatinized after the hydrothermal treatment, the
starch showed some interaction with both types of inulins and
did not show much interaction with cellulose fiber.

Morphological changes observed by scanning electron
microscopy
Images of the wheat starch and DFs before and after the hydro-
thermal treatment showed that during the treatment, starch
and inulin went through a transition and interaction of inulinSC
and inulinLC with gelatinized starch could be seen (Fig. 4E,F).
The morphologies of the heat-treated starch–inulinSC (Fig. 4E)
and starch–inulinLC (Fig. 4F) mixtures were different from the
heat-treated pure starch (Fig. 4A) and starch–cellulose mixtures
(Fig. 4G). The smooth and large pores of gelatinized starch could
be seen in the cellulose-added blends distinctly but not in
starch–inulinSC and starch–inulinLC mixtures (Fig. 4E–G) because
both inulins have changed similarly to starch gelatinization. Inu-
lins completely lost their original structure upon hydrothermal
treatment and formed an integrated structure during the heating
process while cellulose structure stayed unchanged (Fig. 4A–D).

Changes in in vitro starch digestion behavior
The results were presented in two forms to examine the impact of
dilution on the digestion fractions: the digested fractions were
expressed as a percentage of the total dry sample weight (SW),
and the fractions were expressed as a percentage of the total
measured starch (TS) in the samples. The findings revealed that
the cooking increased the rapidly digestible starch (RDS) fractions
and decreased the slowly digestible starch (SDS) fractions in all
wheat starch samples, regardless of the presence of DFs (Table 4).
The addition of DFs to wheat starch reduced the measured per-

centage of RDS in the total dry samples, both for cooked and raw
samples (Table 4). However, when the digestion fractions were
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normalized and presented as a percentage of TS in the samples,
the data indicated that adding DFs to starch did not result in sig-
nificant differences in the RDS, SDS or undigestible starch
(US) fractions. The effect of dilution was considerable, especially
at this level of DF addition.
There were many in vitro and in vivo studies reporting the effect

of soluble and insoluble fibers such as inulin and cellulose fibers
on the starch digestibility of products such as breakfast cereals
and pasta.32-41 Non-starch polymers have been shown to indi-
rectly impact starch hydrolysis by increasing the medium

viscosity.42,43 Although the comparison between different proces-
sing and analysis methods and the ingredients used can some-
times make it challenging to make direct comparisons, it is
generally recommended to incorporate DF to design healthier
products. In the context of product development studies, incorpo-
rating DFs can be considered a promising approach to reducing
the consumption of rapidly digestible starch. Therefore, the utili-
zation of DFs in product formulations holds promise as an effec-
tive strategy to improve the nutritional profile and health
outcomes associated with starch digestion.

Figure 3. FTIR–ATR spectra of wheat starch both with and without fibers, in raw state and following hydrothermal treatment at different dry matter-
water ratios. (A) raw and cooked wheat starches, (B) raw and cooked starch-short chain inulin mixtures, (C) raw and cooked starch-long chain inulin mix-
tures and (D) raw and cooked starch–cellulose mixtures. Left: Between 600 and 4000 cm−1. Right: Between 800 and 1200 cm−1.
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Figure 4. SEM images (×3000 magnification) of wheat starch, dietary fibers, and their mixtures, in raw state and following hydrothermal treatment at
different dry matter-water ratios.
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CONCLUSIONS
Thermal analysis indicated a competition between short-chain
inulin and long-chain inulin and wheat starch for water. However,
the prolonged heat treatment in the study (10 min) was longer
than the heating time used in DSC procedure. As a result, this
competition did not impact starch gelatinization during cooking.
The DSC, FTIR and XRD data, as well as the SEM images, pro-

vided insights into the structural changes in starch and short-
chain and long-chain inulin at various levels during hydrothermal
treatment. The FTIR results suggested an interaction between
starch and both types of inulin during the hydrothermal treat-
ment. The hydrothermal treatment did not affect cellulose fiber
and cellulose addition did not impact starch during this process.
It was observed that, although short-chain and long-chain inulin

could potentially limit starch gelatinization, the duration of the
heat treatment was sufficient to ensure complete starch gelatini-
zation. Furthermore, the structural differences observed through
sensitive techniques for starch with and without inulin fibers did
not significantly affect starch digestibility, except for the dilution
effect caused by adding fibers.
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