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Abstract: The aim of this study was to utilize high-pressure processing (HPP) to modify cassava
flour through altering the starch components. Specifically, the effect of HPP processing variables,
i.e., pressure (0.10 or untreated, 300, 400, 500, and 600 MPa), flour concentration (FC; 10, 20, and
30%), and holding time (HT; 10 and 30 min) on starch-related properties was studied. Microstructural
integrity, thermal properties, and starch susceptibility to digestive enzymes were determined. A
three-way ANOVA was performed to identify the interaction effect between these process variables.
In general, 600 MPa consistently transformed the crystalline starch into an amorphous one. HPP-
induced gelatinization led to enlarged starches with loss of birefringence, reduced relative crystallinity
percentage, and changes in short-range order. The three-way interaction between the process variables
was evident in the significant progressive rise in onset gelatinization temperature and degree of
gelatinization, and the decline in gelatinization enthalpy from 500 to 600 MPa with decreasing FC
and increasing HT. These changes caused an increased percentage of rapidly digestible starch and
decreased resistant starch fraction. Overall, this study’s results imply the possibility of using HPP
to modify the starch component in cassava flour and potentially create flours with varying levels
of functionalities.

Keywords: high pressure; cassava flour; starch; physical modification; digestibility

1. Introduction

Cassava (Manihot esculenta Crantz) is a root crop harvested for its starchy underground
tuber and is second to maize as a staple starch source [1]. Therefore, it is a highly valued
agricultural crop in developing countries. Cassava flour is made from the whole edible
portion of its roots and is mainly utilized in baked products and sometimes alcohol produc-
tion [2,3]. The flour is typically composed of approximately 67–88% starch and 1–5% fiber,
and a much smaller amount of protein, fat, and ash [4,5]; its functionality is majorly driven
by its starch.

High hydrostatic pressure (HHP) modification of food biopolymers, specifically
starches, offers a non-thermal approach to gelatinization and physical modification [6].
Several studies have looked at the effect of HPP processing parameters on isolated starches
from various botanical origins, crystallinity patterns, and amylose content. Differences in
the degree of gelatinization, crystallinity, and pasting properties were found to depend
on the type of starch and the HPP processing parameters, i.e., pressure–temperature com-
bination, holding time, starch concentration, and suspending media [6–9]. In general,
HPP-modified starch (in water suspensions) is gelatinization-driven and is characterized
by (1) imposed permeation of water into crystalline and amorphous regions of granules
that lead to irreversible swelling and gelatinization of starch granules, (2) partial or com-
plete gelatinization of the starch granule’s internal regions below the gelatinization onset
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temperatures induced by heat treatment, and (3) the granular shape staying intact even
after HPP [6].

However, fewer studies have been dedicated to starchy matrices such flour. To
date, flours subjected to HPP were mainly of cereal, pseudo cereal, grain, and legume
origin [10–13]. Most of the studies looked at noodle, batter, dough, and bread quality of
single or composite flours subjected to HPP [14–16]. Like isolated starches, the effect of
increasing pressure on the flour’s gelatinization temperatures varied depending on botani-
cal origin, hydration level, and pressurizing time, but consistently decreased the enthalpy
of gelatinization. Previous studies have also observed a reduction of pasting properties
for HHP-treated flours due to the pressure-induced starch gelatinization that disrupts
the crystalline structure [10,13,14,16,17], which consequently lowers its retrogradation
tendency [18].

The objective of this study was to utilize HPP to modify cassava flour as a function
of HPP processing parameters (i.e., pressure level and pressure holding time) and flour
concentration. Since cassava is a poor source of protein and fat, the current study focused
only on starch modification through HPP. Three-way ANOVA was applied to identify
possible interaction effects between process variables. This allows for a wide-ranging study
on the impact of HPP processing variables on cassava flour and informs the food industry
of potential new applications.

2. Materials and Methods
2.1. Cassava Flour and Slurry Preparation

Philippine cassava cultivar NSIC Cv-13 was provided by PhilRootcrops of Visayas
State University, Leyte, Philippines. The flour had 12.24% moisture, 3.12% ash, and 81.04%
starch. Cassava flour slurry was prepared by mixing 10 g of flour and distilled water in
a 10, 20, and 30% (wdb/v) flour concentration (FC) in clear vacuum pouches. Samples
were made in triplicates, sealed with as much air removed as possible, and kept chilled
until processing.

2.2. HHP Processing of Cassava Flour

HHP processing was carried out using Multivac HPP 055 (Multivac Sepp Haggen-
müller GmbH and Co., Wolferschwenden, Germany) at different predefined pressure levels
(300, 400, 500, and 600 MPa) combined at room temperature for 10 and 30 min holding time
(HT). Water with an initial temperature of 5 ± 1 ◦C was used as a pressure-transmitting
medium in a 55 L chamber, and its final temperature did not exceed 31 ◦C. Pressure build-
up was conducted at 100 MPa/min with a similar decompression rate after the targeted
holding time was achieved. All treated and untreated (0.1 MPa) samples were freeze-dried
and stored in laminated foil pouches at 4 ◦C until further analysis. The samples were coded
based on pressure level–flour concentration–holding time, e.g., 300–10%–10 means that the
sample (10% flour concentration) was treated at 300 MPa for 10 min. After treatment, a
visual examination of slurry samples was carried out and photos were taken using a Canon
EOS 6D Mark II camera (Oita City, Tokyo, Japan).

2.3. Morphological and Microstructural Analyses
2.3.1. Light and Polarized Microscopy

Fresh control and treated flour slurries were diluted to 0.05% (w/v) with ultrapure
water, transferred to glass slides, and viewed under an Olympus BX41-P microscope
(Olympus, Tokyo, Japan) at 400× magnification. The observations were captured through
an attached Canon EOS 1100D camera (Oita City, Tokyo, Japan). Native starch is bire-
fringent, displaying a Maltese cross under polarized light owing to its radially oriented
crystalline structure [19]. Polarized images were also captured through the U-AN360P
attachment (Olympus, Tokyo, Japan).
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2.3.2. FTIR-ATR Analysis

The short-range ordered starch structure in cassava flour samples was determined from
acquired spectra using a Bruker Optics FTIR Spectrometer (Alpha System, Framingham,
MA, USA) with the ATR platinum diamond one accessory. Cleaning of the ATR crystal
with isopropanol-soaked delicate wipes and background scanning were done prior to each
sample scan. The spectrum was scanned from 400 to 4000 cm−1 with 32 scanning times
at 4 cm−1 resolution. Baselines of generated spectra were corrected using OPUS software
(Version 8.1, Bruker Optik, Ettlingen, Germany). These spectra were deconvoluted based
on the second-order derivative peak identification [20] using OMNIC software (Thermo
Scientific Fisher Inc., Waltham, MA, USA). Fitting was targeted at the 1200–875 cm−1 region,
which is associated with the short-range order of starch. The ratio of the peak height of the
absorbances around 1047 and 1022 cm−1 (Abs 1047/1022) was used to quantify the ordered
and amorphous structure of the flour’s starch [21–23], while the ratio of absorbance at 1022
and 995 cm−1 (Abs 1022/995) was used to measure the molecular order of starch double
helices inside the crystallites [21,24].

2.3.3. X-ray Diffraction (XRD) Analysis

The long-range crystalline order of starch in cassava flour samples was determined
using an X’Pert Pro MPD PW 3040/60 X-ray diffractometer (Malvern PANalytical, Almelo,
Netherlands) operated at 40 kV and 30 mA with 2θ Cu Kα (λ = 1.5406 Å) irradiation in
the diffraction angle range of 5–35◦. The generated graph was processed using HighScore
software v4.0 (Malvern PANalytical). Using the Origin Pro 2018 software (OriginLab
Corporation, Northampton, MA, USA), the area under prominent peaks and total area
under the curve were determined to calculate relative crystallinity (%RC) [25].

2.4. Determination of Thermal Properties Using Differential Scanning Calorimeter

Transitional thermal properties were determined using a TA Instruments Q2000 differ-
ential scanning calorimeter (New Castle, DE, USA). Hermetically sealed in an aluminum
pan were approximately 5 mg of flour dispersed with distilled water (1:3 w/v). The pans
were equilibrated for a minimum of 2 h at room temperature prior to analysis. These were
then heated from 25–130 ◦C at a 5 ◦C/min rate with an empty sealed pan as a reference and
a nitrogen flow of 50 mL/min. Analysis was carried out in triplicates, and the equipment’s
enthalpy and temperature were calibrated using indium. The generated peaks were inte-
grated using TA Instruments Universal Analysis 2000 Version 4.5A software (New Castle,
PA, USA) to determine the following parameters: onset (To), peak (Tp), and conclusion (Tc)
temperatures, as well as gelatinization enthalpy (∆H). The temperature range of gelatiniza-
tion (Trange) was calculated as 2 ∗ (Tp – To) according to Krueger et al. [26]. The degree of
gelatinization (DG) was calculated as the percentage ∆H relative to the untreated flour.

2.5. Determination of Starch Susceptibility to Human Simulated Digestive Enzymes

Susceptibility of starch in cassava flour samples to digestive enzymes was evaluated
using a three-stage static in vitro digestion method according to Minekus, et al. [27] with
modifications. Flour samples (0.5 g) were placed in a 100 mL Schott bottle and hydrated
with a recorded amount of ultrapure water 1 h before analysis.

2.5.1. Preparation of Digestion Solutions

Solutions were prepared according to the work of Abduh et al. [28]. “Saliva juice”
was prepared by mixing 0.117 g (22 mM) NaCl, 0.149 g (2 mM) KCL, and 2.1 g (25 mM)
NaHCO3 in 1 L ultrapure water. A 0.0125 g/mL α-amylase solution was prepared by
mixing Aspergillus oryzae α-amylase (Sigma, 30 U/mg, St. Louis, MO, USA) with ultrapure
water. The gastric solution was prepared by adding 8.8184 g (151 mM) NaCl and 2.1 g KCL
(28 mM) to 1 mM HCl (pH 3). To 100 mL of gastric solution, 4 g porcine stomach pepsin
(AppliChem A4289, 0.7 FIP-U/mg, Barcelona, Spain) was added to make the “gastric
juice”. The “intestinal juice” was prepared by adding 1 g of porcine pancreas pancreatin
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(Sigma P1750, 4 × USP, St. Louis, MI, USA) and 0.8452 g of porcine bile extract (ChemCruz
SC-214601, Dallas, TX, USA) into 100 mL of 0.1 M NaHCO3 (pH 7). All solutions with
enzymes are prepared on the day of the assay and kept chilled until use. Additionally,
1 M HCl and 1 M NaOH were also prepared.

2.5.2. In Vitro Digestion Procedure

For stage 1 or the oral phase, the hydrated flour samples were mixed with 8 mL
saliva juice and incubated at 37 ◦C (Contherm Scientific Ltd., Hutt City, New Zealand) for
5 min on a shaker (DLAB, SK-R1807-S, Hong Kong) with rocking motion (55 strokes/min).
Afterwards, 2 mL of α-amylase solution was added and incubated for another 5 min. Then,
the pH of the solution was adjusted to 3 with 1 M HCl to deactivate amylase. In stage 2
or the gastric phase, the acidic mixture was added to 8 mL gastric juice and incubated for
120 min with rocking. Then, pH was adjusted to 7 with 1 M NaOH to deactivate pepsin.
For stage 3 or the intestinal phase, 16 mL of intestinal juice was added into the neutralized
digest and incubated with rocking. Aliquots of 0.5 mL were collected at 20 and 120 min,
with immediate heat shocking in boiling water for 10 min for enzyme deactivation. All
of the collected digests were added to 2.5 mL of 100 mM sodium acetate buffer (pH 5),
vortexed, and stored at 4 ◦C until glucose analysis within 24 h.

2.5.3. Measurement of Hydrolyzed Starch

The diluted digests were centrifuged at 2056× g (Beckman GPR Centrifuge, Brea,
CA, USA) for 20 min at 20 ◦C. Supernatant aliquots of 50 µL, which contain all of the
glucose released during enzymatic hydrolysis, were transferred into microtubes. To this,
1.5 mL of GOPOD reagent (Megazyme, Wicklow, Ireland) was added and mixed, and
microtubes were incubated in a water bath (Grant, Cambridge, UK) at 50 ◦C for 20 min.
The absorbance of the mixture was measured using a microplate reader at 510 nm (BioTek®

Synergy™ 2, Winooski, VT, USA) and the glucose produced was calculated against a
100 mM sodium acetate buffer (pH 5) blank and glucose standard (1 mg/mL in 0.2%
benzoic acid, Megazyme). Susceptibility to digestive enzymes was assessed through
the determination of the percentage of rapidly digestible starch (RDS), slowly digestible
starch (SDS), and resistant starch (RS) produced. These were calculated according to
Equations (1)–(3):

RDS (%) =
(G20 − FG)× 0.9

TS
× 100 (1)

SDS (%) =
(G120 − G20)× 0.9

TS
× 100 (2)

RS (%) =
TS − (RDS + SDS)

TS
× 100 (3)

where G20 and G120 are the amount of glucose released during intestinal starch hydrolysis
at 20 and 120 min, respectively; FG is the amount of inherent free glucose in the flour; 0.9 is
an adjustment to convert glucose into anhydroglucose (as occurs in starch); and TS is the
total starch content of the flour [29]. The initial free glucose and total starch content of flour
samples were determined using the Megazyme K-TSTA kit.

2.6. Statistical Analysis

Results are presented as mean values ± standard deviation. Three-way ANOVA was
performed to compare the means of studied parameters for flours subjected to different
pressure levels, flour concentration, and holding time at a 5% significance level using SPSS
version 28 (IBM Corp., Armonk, NY, USA). For dependent variables with significant three-
way interaction, the succeeding simple two-way interaction, simple simple main effects,
and simple simple comparisons were carried out in sequence with Bonferroni correction on
the significance level. If only two-way interaction was significant, simple main effects and
simple comparisons were run for the processing variables involved.
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3. Results and Discussion
3.1. Visual Examination of Freshly Treated Cassava Flour

No visible differences in the flour slurries were observed between untreated samples
(Figure 1A) and all treatment combinations from 300–500 MPa except for 500–10%–30,
which exhibited a slight increase in slurry viscosity. The 600–10%–10 (Figure 1(B1)) revealed
a biphasic sample with opaque clumps of hydrated flour engulfed in a slightly viscous
slurry, whereas 600–20%–10 and 30%–10 (Figure 1(B2,B3)) had turned into one uniform
opaque clump with a reduced slurry. Increasing the holding time to 30 min at 600 MPa
led to clumps with increasing translucency, with 10% FC still biphasic but increased slurry
viscosity, whereas 20% and 30% hardly had excess slurry (Figure 1(C1–C3), respectively).
These changes imply water uptake of flour by HPP-induced gelatinization and can be
further visually validated through a microscopic evaluation.
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Figure 1. Visual changes of untreated and selected treated cassava flour slurries; where (A1) is
0.10 MPa, 10% flour concentration; (A2) is 0.10 MPa, 20% flour concentration; (A3) is 0.10 MPa, 30%
flour concentration; (B1) is 600 MPa–10 min, 10% flour concentration; (B2) is 600 MPa–10 min, 20%
flour concentration; (B3) is 600 MPa–10 min, 30% flour concentration; (C1) is 600 MPa–30 min, 10%
flour concentration; (C2) is 600 MPa–30 min, 20% flour concentration; (C3) is 600 MPa–30 min, 30%
flour concentration.

3.2. Birefringence of Cassava Starches in HPP-treated Cassava Flours

Microscope images showed varied sizes of cassava starch granules, as they have
been reported to have a diameter ranging from 2.4–35 µm [30,31]. The cassava starch
granule has a spherical morphology with a truncated side, similar to these untreated
samples but with a few distorted and damaged granules probably sustained during flour
processing. There was no visible difference between untreated cassava flours, 300–400 MPa
combinations, and 500 MPa for 10 min holding time. The micrographs of 500–30 min and all
600 MPa combination treatments revealed enlarged and swelled starch granules as well as
aggregation (Figure 2; solid yellow arrow), which explains the notable change in viscosity
of the slurries and formation of gel-like clumps. Starch granule aggregation was also
reported for cassava starch at 600 MPa [32], leading to gel formation [33–35]. Other flours
also showed granule aggregation [11,36] and a more continuous protein distribution [37].
Despite the swelling of starch granules in the cassava flour, there was minimal granular
disintegration, a characteristic of HPP-treated starches [6].
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Figure 2. Light (A1–A4,B1–B4,C1–C4) and polarized (a1–a4,b1–b4,c1–c4) micrographs of un-
treated (0.10 MPa) and selected treated cassava flour suspensions at 400× magnification; where
(A1–A4,B1–B4,C1–C4) represent 10%, 20%, and 30% flour concentration, respectively.

Polarized images of the flours revealed a Maltese cross pattern due to the radial
orientation of the crystallites [19], as shown in Figure 2. Similar to light micrographs,
untreated cassava flours, all 300–400 MPa combinations, and 500–10 min did not exhibit
loss of birefringence (photos not shown). As seen from the starch granules’ swelling, the
500–30 min and all 600 MPa combination treatments caused a visible dissolution of the
Maltese cross. This phenomenon is intensified by increasing pressure levels, prolonging
holding time, and decreasing flour concentration. This birefringence loss indicates the
disorganization of molecular crystalline order [38] that came with pressure-induced gela-
tinization. At 500–30 min, the number of swollen starch granules increased with a decrease
in flour concentration. Some swollen starch granules showed a hollow and gel-like center
that appeared dark in polarized light with birefringence in the periphery (Figure 2; dashed
red arrow). This suggests a loss of radial orientation and organization, supported by the
report of Błaszczak et al. [39], wherein two distinct zones were seen from sliced HPP-treated
potato starch granules, with the outer zone corresponding to unchanged structures and
a gel-like network in the inner zone. Highly enlarged starch granules that showed no
cross pattern (Figure 2; solid red arrow), indicating a complete loss of birefringence, were
abundant in 600–10% FC samples, followed by 20% and least at 30% FC. All 600–30 min
treatments had visually more loss of birefringence than their 600–10 min counterparts.

Complete loss of birefringence was reported for isolated cassava starch granules
from 550 MPa at 30%–30 min [40] to 600 MPa at 20%–5 min [34] and 50%–30 min [32],
indicating pressure–concentration–time dependence. A similar finding can be reported
for cassava flour, with a gradual birefringence loss at 500–30 min and all of the 600 MPa
combination treatments. However, even at the highest pressure–lowest FC–longest HT
(600–10%–30 min), random starch granules showing partial gelatinization (Figure 2; dashed
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yellow arrow) and other swollen starch granules with a very hazy Maltese cross in the
periphery were still observed. This is because higher pressure is more necessary for flour
than its isolated starch counterpart to complete gelatinization due to the presence of non-
starch components such as protein [41]. Overall, visually 500 MPa at 30 min HT, regardless
of flour concentration, appeared to be a critical combination in the initiation of starch
microstructure modification.

3.3. Three-Way ANOVA Results on Starch Properties and In Vitro Starch Digestibility as Affected
by Pressure, Flour Concentration, and Holding Time

Tables 1 and 2 summarize significance values for the three-way and two-way inter-
actions and the main effect of absorbance ratios, %RC, thermal properties, and starch
digestion fractions. In general, a three-way interaction effect was detected for % RC, To, ∆H,
and DG; no interaction was detected for Abs 1047/1022 and Tc, while the other parameters
had at least one significant two-way interaction. This shows that the chosen variables have
an evident influence on each other and are relevant HPP processing parameters.

Table 1. Summary of probability values after three-way ANOVA analysis of absorbance ratios, %RC,
and starch digestion fractions as affected by pressure, flour concentration (FC), and holding time (HT).

Source of Variation Abs
1047/1022

Abs
1022/995 %RC %RDS %SDS %RS

Pressure 0.002 <0.001 <0.001 <0.001 <0.001 <0.001
FC 0.061 0.601 <0.001 0.011 0.010 <0.001

Time 0.053 0.307 0.014 0.062 0.010 0.005
Pressure ∗ FC 0.191 0.939 <0.001 0.147 0.020 0.151
Pressure ∗ HT 0.237 0.045 0.008 0.002 0.456 0.003

FC ∗ HT 0.139 0.450 0.929 0.368 0.601 0.351
Pressure ∗ FC ∗ HT 0.418 0.909 0.027 0.091 0.462 0.494

Table 2. Summary of probability values after three-way ANOVA analysis of thermal properties of
cassava flour as affected by pressure, flour concentration (FC), and holding time (HT).

Source of Variation To Tp Tc Trange ∆H DG

Pressure <0.001 <0.001 <0.001 0.039 <0.001 <0.001
FC 0.018 0.323 0.797 0.216 <0.001 <0.001

Time <0.001 0.110 0.196 <0.001 <0.001 <0.001
Pressure ∗ FC <0.001 0.015 0.590 0.194 <0.001 <0.001
Pressure ∗ HT <0.001 0.024 0.960 <0.001 <0.001 <0.001

FC ∗ HT 0.104 0.874 0.466 0.111 0.502 0.377
Pressure ∗ FC ∗ HT 0.039 0.902 0.697 0.191 <0.001 <0.001

3.3.1. Short-Range Order of Cassava Starches

Short-range order is defined as the double-helical order and is related to variations
in the ratio of the amounts of ordered to an unordered (amorphous) fraction within the
starch granules [42]. The FTIR spectrum band at 1300–800 cm−1 is sensitive to starch
granule’s C–O–H bending [43]. Most previous works have identified bands at 1047, 1022,
and 995 cm−1 to be sensitive to changes in the short-range order, representing the amount
of ordered or crystalline starch, the amount of amorphous starch, and the influence of water
content on the intramolecular hydrogen bonding, respectively [23]. The absorbance ratio of
1047/1022 cm−1 was used to quantify the ordered starch to amorphous starch [21], with a
larger value being more crystalline [22], whereas 1022/995 cm−1 measures the molecular
order of starch double helices, with an increased organization at a lower ratio [21,24].

No interactions were detected between the processing variables for 1047/1022 cm−1,
but a significant pressure effect was found (Table 1). Table 3 shows a notable decrease in the
ratio, especially at 600–30 min. The FTIR spectra shown in Figure 3 for 875–1200 cm−1 also
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displayed a decreased absorbance at pressure ≥500 MPa, similar to HPP-treated quinoa
flour [11]. A notable decreasing band for 1047 cm−1 and an increasing 1022 cm−1 band
were also observed, especially for 600–10% treatments. These imply a reduction in the short-
range order and an increase in the amorphous starch fraction during gelatinization [23,42].

Table 3. Absorbance ratio values of untreated and HPP-treated cassava flours.

Pressure
(MPa)

Flour Conc.
(% w/v)

1047/1022 1022/995

10 min HT 30 min HT 10 min HT 30 min HT

0.10 10 0.65 ± 0.13 0.95 ± 0.03
(untreated) 20 0.87 ± 0.19 0.91 ± 0.25

30 0.80 ± 0.21 0.96 ± 0.04
300 10 0.99 ± 0.09 0.79 ± 0.08 0.84 ± 0.16 0.94 ± 0.15

20 0.83 ± 0.19 0.75 ± 0.13 1.00 ± 0.25 0.83 ± 0.09
30 0.88 ± 0.06 0.84 ± 0.11 0.87 ± 0.13 0.83 ± 0.21

400 10 0.83 ± 0.11 0.70 ± 0.1 0.89 ± 0.12 1.07 ± 0.07
20 0.79 ± 0.16 0.76 ± 0.13 0.98 ± 0.06 0.98 ± 0.18
30 0.68 ± 0.11 0.84 ± 0.07 1.05 ± 0.03 1.01 ± 0.06

500 10 0.61 ± 0.05 0.73 ± 0.09 1.21 ± 0.24 1.27 ± 0.27
20 0.85 ± 0.18 0.67 ± 0.11 1.16 ± 0.14 1.02 ± 0.13
30 0.84 ± 0.10 0.87 ± 0.11 0.91 ± 0.05 1.20 ± 0.14

600 10 0.63 ± 0.09 0.54 ± 0.06 1.42 ± 0.32 1.09 ± 0.27
20 0.86 ± 0.26 0.53 ± 0.05 1.34 ± 0.55 0.98 ± 0.21
30 0.72 ± 0.15 0.66 ± 0.16 1.31 ± 0.44 1.02 ± 0.09

Results are presented as mean ± standard deviation of individual HPP treatment (n = 3).
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region; (a) 0.01 MPa and 300–500 MPa–10% flour concentration at both 10 and 30 mins; (b) 0.01 MPa
and all 600 MPa combinations.

On the other hand, the absorbance ratio for 1022/995 cm−1 had a significant two-
way interaction between pressure and time, with both having a significant simple main
effect (Table 1). Warren, Gidley, and Flanagan [43] also found this ratio to be a valuable
tool to monitor loss of structure, but a thorough assessment of spectra suggested greater
complexity. Simple comparisons between pressures at 10 min HT (p < 0.001) revealed
that 600 MPa was significantly higher compared to 0.1–400 MPa but not to 500 MPa, and
was also not different from other pressures at 30 min HT. Hence, holding time was only
significant at 600 MPa (p = 0.002), with 10 min having 0.328 units higher than 30 min
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HT. Although the opposite was expected, this still shows that 600 MPa could reduce the
molecular order of starch double helices.

3.3.2. Long-Range Order of Cassava Starches

The long-range order of starch granules can only be determined by XRD [43], which
demonstrates the packing of double helices into ordered arrays [42]. From the diffractogram,
the crystallinity from the long-range order was determined from the percentage of area
under each prominent peak to the total area under the curve [25]. Analysis revealed a
significant three-way interaction between pressure, FC, and HT (Table 1). The simple
two-way interaction of pressure and FC against all levels of HT (both p < 0.001) and
succeeding simple simple main effect of pressure across flour concentrations at certain
levels of HT (all p < 0.001) were statistically significant at a significance level of 0.025%.
Simple simple comparisons between pressures across all FCs at 10 min HT revealed that
600 MPa had significantly lowered %RC relative to other pressures, while no difference
was found between lower pressures. This interaction is best visualized in Figure 4. On
the other hand, at 10%–30 min, 500 MPa was significantly higher than 600 MPa but they
were both significantly lower than other pressures. Conversely, at 20% to 30%–30 min,
only 600 MPa was significantly lower than other pressures. The interaction between the
variables demonstrated graduation in loss of %RC, which conforms with the varying
degree of birefringence loss of the said samples. Furthermore, the statistically significant
mean difference of 600 MPa to other pressures decreases with increasing FC at both HTs,
revealing an inverse relationship of the hydration level of flour with %RC. However,
the mean difference increased with HT between similar concentrations except for 10%,
signifying a higher impact with longer HT. These suggest that 600 MPa is sufficient to alter
the crystallinity or the long-range order of cassava starch in flour into a more amorphous
state, but the intensity of alteration is dependent on flour concentration and holding time.
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Figure 4. The relative crystallinity percentage (%RC) of untreated (0.1 MPa) and HPP-treated cassava
flour at 10 min (A) and 30 min holding time (B). Error bars represent ± standard deviation (n = 3).

XRD graphs can also be utilized to compare changes in crystallinity visually. The
cassava flour samples exhibited a type C polymorph with a stronger type A orientation.
It was characterized by distinct single peaks at 2θ-15 and 23◦, a double peak at 17.5◦, and
weak peaks at 20, 27, and 30◦. No difference in spectra was observed from the control to
all 400 MPa treatment combinations. However, at 500–10%–30, the intensity of the double
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peak at 2θ-17.5◦ and single peaks at 15 and 23◦ was slightly reduced (Figure 5A), while
it was maintained in other 500 MPa combinations. Figure 5B reveals that at 600 MPa, the
peaks at 2θ-15 and 23◦ were dissolved progressively with decreasing FC and increasing HT.
The doublet peak at 2θ-17.5◦ turned into a singlet with decreasing intensity as FC decreased
and HT increased. A similar decrease in intensity was reported for buckwheat flour and
ascribed to crystallinity loss during the HPP treatment [44]. Moreover, a more prominent
2θ-20◦ was observed, indicating the formation of amylose–lipid complexes during the
process [17,44,45].
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3.3.3. Thermal Properties of HPP-treated Cassava Flours

The three-way ANOVA analysis of transitional gelatinization temperatures of cassava
flours revealed that only To had a significant three-way interaction effect, and Tp had a
two-way interaction effect (Table 2). Hence, Trange had a significant two-way interaction
effect. However, no interaction was found for Tc. Further analysis on To revealed that
there were significant simple simple main effects between pressures across all FC at 10 min
HT (all p < 0.001) and at 20% and 30% FC for 30 min HT (both p < 0.001). Simple simple
comparisons revealed that 600 MPa was consistently higher in To than other pressures
in all FC and HT combinations (Figure 6A). Since no endothermic peak was detected at
600–10%–30, it was not included in the analysis. Nevertheless, this indicates full gelatiniza-
tion of starch in the flour. The significant statistical mean difference between 600 MPa
and other pressures decreased progressively with an increase in FC and prolonging HT.
Other combinations of simple two-way interactions confirm this observation statistically.
The significant two-way interaction of pressure with both FC and HT for Tp revealed a
simple main effect result similar to To. This suggests that 600 MPa has an increasing effect
on Tp regardless of the level of FC and HT, up until complete gelatinization. Despite the
increase in both To and Tp, the interaction of pressure and HT on Trange revealed that the
endothermic peak for gelatinization significantly narrowed by 0.93–1.56 ◦C at 600–30 min
relative to other pressures and 1.96 ◦C narrower than 600–10 min. In the case of Tc, only a
significant main effect was found, as seen in the similar sharp temperature increase at all
600 MPa treatment combinations. A rising shift in gelatinization temperatures was also
observed in HPP-treated chestnut, oat, and quinoa flours [11,18,37], indicating the loss of
the less stable crystalline structures [33].
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Figure 6. The thermal properties of untreated and HPP-treated cassava flour. (A) onset (To), peak (Tp),
conclusion, and (Tc) gelatinization temperatures; (B) temperature range of gelatinization (Trange) and
gelatinization enthalpy (∆H); (C) degree of gelatinization. Error bars represent ± standard deviation
(n = 3).
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The change in gelatinization enthalpy (∆H) and DG had significant three-way interac-
tions and revealed similar results but inverse values. Both had significant simple two-way
interactions between pressure and FC at different levels of HT (all p < 0.001) and a signifi-
cant simple simple main effect between pressures on all levels of FC and HT (all p < 0.001).
The ∆H was significantly lower at 600 MPa than other pressures regardless of FC at 10 min
HT, while no difference was found between lower pressure combinations (Figure 6B). At
10%–30 min, 500 MPa was significantly higher than 600 MPa, but they were both signifi-
cantly lower than other pressures. As no endothermic peak was detected at 600–10%–30,
it was acknowledged to be fully gelatinized and recorded as 0 J/g or 100% DG. At 20%
to 30%–30 min, only 600 MPa was significantly lower than other pressures. These results
corroborate with %RC, as enthalpy change associated with gelatinization is measured by
DSC and gelatinization involves the disruption of the ordered structure [43]. Consequently,
a similar trend was seen in DG but with increasing values instead (Figure 6C).

3.3.4. Digestive Enzyme Susceptibility of Starches from HPP-Treated Cassava Flours

There was no three-way interaction found for %RDS, %SDS, and %RS; however,
two-way interaction was found between pressure and either flour concentration (%SDS)
or holding time (%RDS and %RS). Both %RDS and %RS had a significant simple main
effect for pressure within each level of holding time (all p < 0.001) and a simple main
effect of holding time at 500 MPa only (p < 0.001). Simple comparisons between pressures
revealed that 600 MPa was significantly higher in %RDS than other pressures at 10 min
HT by 3.42–3.76%, whereas at 30 min HT, both 500 and 600 MPa were significantly higher
than other pressures but with 500 MPa significantly lower by 2.43% than 600 MPa. This
means at higher HT, 500 MPa can already significantly increase the %RDS of cassava
flour. An increase in digestibility has been reported in HPP-treated rice and waxy rice
starches [46,47] and buckwheat flour [44], owing to microstructural damage in starch
granules from gelatinization leading to easier access of enzyme to the inner structure.
Despite this, starch digestibility of any HPP-treated starches was lower than their thermally
treated counterpart [48,49]. The difference in starch granular integrity was postulated to
be a factor. When starch is thermally gelatinized in excess water, it involves side-by-side
dissociation of helices, followed by helix coil transitions and eventually a complete loss of
granular structure [50]. Under pressure, the starch granule remains intact, as disintegration
is incomplete since van der Waals and hydrogen bonds are stabilized, which favors the
helix structure [8]. On the other hand, the simple comparisons between holding times
showed that 500–30 min was 1.14% significantly higher in %RDS than 500–10 min, and yet,
no HT dependency was observed for 600 MPa. This could mean that maximum hydrolysis
can be achieved at 54% DG or 18% RC (600–30%–10), and no further pressure-induced
gelation can increase its susceptibility to digestive enzymes. This is contrary to the results
of Zeng et al. [46], wherein an increase in %RDS from 39 to ≈67% was observed for waxy
rice starch with 0–58% DG or 0–29% RC. Potential reasons for this difference in values
are the different in vitro starch digestibility protocols used and the starch substrate. The
same trend of significant treatments was observed for %RS, albeit with receding values.
The 600 MPa was significantly lower than other pressures at 10 min HT and 500 MPa at
30 min. The 500–30 min was significantly lower by 1.35% than 500–10 min and there was
no difference between 600–10 min and 600–30 min. These interactions are illustrated in
Figure 7A,B and evidently demonstrates increased susceptibility to digestive enzymes.

In the case of %SDS, a significant simple main effect between pressures within each
level of flour concentration was found (10% p = 0.021, 20 and 30% p < 0.001). The %SDS
in 0.1 MPa or untreated flour was not different from higher pressures at 10% FC but was
significantly lower at 20% FC than 300–500 MPa, and only significantly lower than 500 MPa
at 30% FC. Across the three flour concentrations, the %SDS in 500 MPa was significantly
higher than 600 MPa. From the general trend and statistical data, it can be inferred that
with an increase in pressure to 500 MPa, a significant decrease in %RS is coupled with an
increase in %SDS and %RDS. A further reduction in %RS and an increase in %RDS can be
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obtained at 600 MPa but with the reduction of %SDS (Figure 7C). Similarly, an increase
in %SDS at 500 MPa and a decline when increased to 600 MPa was exhibited by waxy
rice starch [46] and sweet potato flour [51]. SDS delivers a slow release of glucose in the
blood; hence, HPP-treated cassava flours can be utilized as an ingredient in novel products
exhibiting a lower glycaemic index.
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4. Conclusions

The current work has provided increased insights into the impact of high hydrostatic
pressure, flour concentration, and pressurizing holding time on cassava flour dispersions.
Pressure-induced gelatinization of cassava starches in flour was initiated at 500 MPa, given
high hydration and long holding time, and progressed at 600 MPa. The molecular disorder
within the starch granules that comes with gelatinization led to the loss of birefringence,
changes in FTIR starch bands, reduced crystallinity and gelatinization enthalpy, a rising
shift in gelatinization temperatures, and increased susceptibility to digestive enzymes. The
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significant interaction of processing variables resulted in a progressive impact on starch
properties that increased with increasing pressure and holding time and decreasing flour
concentration. In general, 600 MPa, regardless of flour concentration and holding time,
significantly and consistently shifted the starch properties of cassava flour. Therefore, HPP
can modify cassava flour through its inherent starch and create flours with varying levels
of modification and functionalities, such as increasing the percentage of slowly digested
starch, providing the possibility to produce novel products with a lower glycaemic index.
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