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In vitro gastric digestion studies commonly focus on the acidic environment of the stomach (the distal phase),
neglecting that the contact time between food and salivary amylase can be extended during bolus’ temporary
storage in the proximal stomach (the proximal phase). Consequently, the role of the proximal phase of gastric
; o digestion on the breakdown of solid starch-based foods is not well understood. This study aimed to address this
In vitro gastric digestion . . s . . . . .
Physical breakdown question using a static in vitro digestion approach. Cooked starch-rich foods of different physical structures
Starch (wheat couscous, wheat pasta, rice couscous, rice noodle, and rice grain) were subjected to 30 s oral phase
digestion, followed by prolonged incubation of the oral phase mixture (pH 7) for up to 30 min representing
different proximal phase digestion times. Each proximal phase sample was sequentially incubated in excess
simulated gastric fluid (distal phase, pH 2) for up to an additional 180 min. The proximal phase aided solid food
breakdown through starch hydrolysis that caused leaching of particles <2 mm. The distal phase led to softening
of food particles, but the softening process was not enhanced with longer proximal phase. In foods with smaller
initial size (couscous and rice couscous), a proximal phase of 15 min or longer followed by 180-min distal phase
increased starch hydrolysis in the liquid and suspended solid fractions of the digesta, indicating the influence of

food structure on acid hydrolysis during in vitro gastric digestion.

1. Introduction

Gastric digestion is important for the physical breakdown of solid
foods in the gastrointestinal tract as it influences nutrient delivery to the
small intestine. Particularly for starch-rich foods, gastric emptying rate
is crucial to their glycemic response profile, which may be modified
through food structuring to alter food breakdown rate in the stomach
(Nadia, Bronlund, Singh, Singh, & Bornhorst, 2021). Despite its impor-
tance, the role of the stomach in the digestion of solid starch-rich foods is
not well-understood — possibly due to the commonly accepted view that
the stomach has an acidic environment (pH <3), which is inconducive
for salivary amylase activity to biochemically digest the starch
(Brownlee, Gill, Wilcox, Pearson, & Chater, 2018). Consequently, in vitro
starch digestion procedures typically simulate the gastric digestion step
at pH <3 with excess gastric fluid (Englyst, Englyst, Hudson, Cole, &
Cummings, 1999; Goni, Garcia-Alonso, & Saura-Calixto, 1997; Monro,
Mishra, & Venn, 2010) and heavily focus on the small intestinal stage.
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Other non-starch specific in vitro methods that focus on biochemical
changes during digestion, such as the INFOGEST static digestion pro-
tocol (Brodkorb et al., 2019; Minekus et al., 2014), proposed gastric
digestion at pH 3.0 with limited amount of gastric fluid. These available
procedures are generally conducted using ground samples, which
eliminates the physical structure of the foods. However, the actual
stomach consists of two physiological regions (proximal and distal) with
different features and biochemical environment that may impact starch
digestion.

After meal consumption, the proximal stomach serves as a temporary
bolus storage with minimal contractions. The distal stomach acts as a
grinder for mechanical breakdown of solid foods; it is the initial location
for acidic gastric fluid accumulation, and it aids in mixing between the
food bolus with gastric fluid through gastric peristaltic contractions.
Previous in vivo studies, where growing pigs were fed with foods of
varying composition and structures, reported higher intragastric pH in
the proximal stomach compared to the distal stomach as a result of
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gradual addition of gastric fluid, different rates of acidification of gastric
content, and variations in meal mixing with gastric secretions (Born-
horst, Rutherfurd, et al., 2014; Nadia, Olenskyj, et al., 2021; Nau et al.,
2019). These studies indicated that the intragastric pH may remain
within the working pH range of salivary amylase (pH >3) forup to 1 h,
allowing for extended salivary amylase action in the stomach.

Prolonged contact between active salivary amylase and ingested
food has been reported to increase starch hydrolysis in in vitro studies
using solid starch-based products (Freitas & Le Feunteun, 2019; Freitas,
Le Feunteun, Panouille, & Souchon, 2018; Gao et al., 2021; Tagle-Freire,
Mennah-Govela, & Bornhorst, 2022; Wu et al., 2017). Increased starch
hydrolysis is also expected in the proximal stomach (proximal phase),
which may subsequently affect the breakdown of food particles when
digesta from the proximal stomach enters the distal stomach (distal
phase) (Nadia, Olenskyj, et al., 2021). Physical changes of starch-rich
foods during gastric digestion without the proximal phase (only
considering the distal phase) have been previously studied in vitro
(Drechsler & Bornhorst, 2018; Kong, Oztop, Singh, & McCarthy, 2011;
Mennah-Govela & Bornhorst, 2016a; Somaratne et al., 2020). In these
previous studies, it was found that physical changes of food particles (in
the form of particle softening and/or solid loss over time) were related to
the physical structure of the food resulting from different starch sources
and cooking/processing methods. However, starch hydrolysis, which
may impact the physical changes, was not measured. Additionally, how
physical changes during the distal phase and the properties of particles
emptied from the distal phase may be impacted by a prolonged proximal
phase are not understood (Nadia, Bronlund, et al., 2021).

Nadia, Olenskyj, et al. (2021) reported distinct breakdown rates
(measured as half-softening times, which were estimated using the
Weibull model) of various solid starch-based foods in the proximal and
distal stomach of growing pigs. The foods used were made of commonly
consumed starch sources (durum wheat and long grain white rice), with
varying physical structures as a result of food processing (intact grain,
finely milled grain, couscous/agglomerated finely milled grain, and
noodle/starch gel of finely milled grain). They found that the starch
source, physical structure, and breakdown rate of the structure during
gastric digestion impacted their gastric emptying rate. The different
breakdown rates were thought to be influenced by distinct digesta pH
between the stomach regions (proximal pH > distal pH). However, the
simultaneous processes of gastric secretion, gastric emptying, and me-
chanical breakdown by gastric wall contractions in vivo limited the
specific examination of the contribution of the proximal and distal
gastric phases on food breakdown. Based on these in vivo observations,
this study sought to investigate the roles of proximal and distal gastric
digestion phases on the physicochemical properties of food particles and
emptied particles for varying food structures studied by Nadia, Olenskyj,
et al. (2021).

For the first time, the role of the proximal gastric digestion phase in
solid starch-based foods, which has been commonly neglected in in vitro
studies, was investigated in detail in this study. Understanding food
breakdown during different phases of gastric digestion will be beneficial
to improving food structuring strategies intended for controlled release
of nutrients, especially through ingredient selection (e.g., starch source
and intact/milled grain) and processing method. A static digestion
approach was selected to isolate the roles of a-amylase during the
proximal phase and gastric fluid during the distal phase of gastric
digestion, while minimizing mechanical breakdown of the bolus. The
experimental study was coupled with an empirical modelling approach
to quantitatively compare the overall digestion kinetics between the
foods studied and across different digestion treatments, as well as to
provide quantitative comparisons with previous studies (such as the
work of Drechsler and Bornhorst (2018) and Nadia, Olenskyj, et al.
(2021)).
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2. Materials and methods
2.1. Materials

Wheat couscous (‘couscous’), wheat fettuccine (‘pasta’), rice cous-
cous, rice grain, rice noodle were used as described in Nadia, Olenskyj,
et al. (2021). Couscous and rice couscous were sieved to obtain fractions
with 1-2-mm diameter. Pasta and rice noodle were manually cut to
10-15 mm length prior to cooking, to maintain the size within a range
comparable to what has been reported after mastication of similar
products (Hoebler, Devaux, Karinthi, Belleville, & Barry, 2000; Rana-
wana, Henry, & Pratt, 2010). Foods were cooked following according to
a standardized cooking procedure described by Nadia, Olenskyj, et al.
(2021) to ensure the foods were completely cooked. Briefly, the cous-
cous products were rehydrated with freshly boiled water (1:1.5 w/v) for
5 min; pasta and rice noodle were cooked (for 13 and 3 min, respec-
tively) in boiled water (1:10 w/v) on a stovetop; rice grain was cooked
(1:1.5 w/v rice:water ratio) using a commercial rice cooker (Kambrook,
NZ) for 26 min. Preliminary experiments were completed to ensure that
these cooking methods resulted in complete starch gelatinization of the
cooked foods. Cooked foods were cooled to ~ 40 °C prior to analysis or
in vitro digestion.

Simulated salivary fluid (SSF) and simulated gastric fluid (SGF) were
formulated following INFOGEST standardized method (Brodkorb et al.,
2019) with modifications in mucin addition and pH. All salts and pepsin
were purchased from Sigma-Aldrich (MO, USA). Mucin type II (Sigma-
Aldrich, MO, USA; MyBiosource, CA, USA) was added to the simulated
digestive fluids at a concentration of 1 g/L SSF and 1.5 g/L SGF
(Swackhamer, Zhang, Taha, & Bornhorst, 2019). SSF was prepared at pH
7 and was mixed with porcine pancreatic a-amylase (109 U/mg; 75 U/
mL SSF; Megazyme, Ireland). SGF was prepared at pH 1.8 and was mixed
with pepsin from porcine gastric mucosa (622 U/mg; 2000 U/mL SGF).
No lipase was added because the foods had low fat content (Minekus
et al., 2014). The SSF and SGF were re-adjusted to pH 7 and 1.8,
respectively, after mixing with enzymes, and were warmed to 37 °C
prior to digestion experiments.

2.2. Static in vitro digestion procedure

The digestion procedure was a shaking water bath digestion, of
which the digestion condition and duration were designed based on the
movement of food bolus from different locations of proximal stomach to
the acidic distal stomach (Fig. 1A). It consisted of an oral phase, fol-
lowed by two stages of gastric phase (Fig. 1B): proximal phase (pro-
longed incubation in SSF after the oral phase) and distal phase
(sequential incubation in SGF). The extended incubation in SSF after the
oral phase was referred to as the ‘proximal phase’, since such condition
was found in the proximal stomach in studies using growing pigs
(Bornhorst, Rutherfurd, et al., 2014; Nadia, Olenskyj, et al., 2021). For
each food, experiments were conducted in batches; one experimental
batch consisted of one proximal phase duration followed by immediate
sampling (proximal digestion) or distal digestion (proximal-distal
digestion). Each digestion was conducted in a container with a lid,
where each container represented one replicate for one food and one
proximal or proximal-distal digestioncondition. Triplicate digestions (i.
e., three batches of experiments) were conducted for each food and
digestion condition.

The oral phase was simulated by mixing 60 g cooked food with SSF
(1:1 mL SSF/g dry matter of food) in a closed container (Brodkorb et al.,
2019). The food-SSF mixture was incubated in a shaking water bath
(37 °C, 35 rpm) for 30 s (Hoebler et al., 2000). The proximal phase was
simulated by extending the oral phase incubation time for 2, 15, or 30
min, or without extension (0 min). There was a unique container for
each proximal phase, such that the entire content of the container was
removed at the end of each digestion condition. For proximal digestion
not followed by the distal phase (proximal digestion), each sample
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Fig. 1. Schematic diagram illustrating the rationale behind the experimental design. The filling of the proximal stomach results in different locations of food bolus in
this region, thus different contact time with a-amylase, as this gastric content moves into the distal stomach region during the digestion process. Approximate
intragastric regions of interest simulated by the different proximal durations are highlighted by red dashed lines. The red arrow in each proximal phase scenario
indicates the movement of food bolus from the intragastric proximal region of interest to the distal phase (A). Block flow diagram of the different steps for proximal or
proximal-distal digestion experiments, indicating the times utilized in each phase of digestion, and the samples utilized for further analysis (B).

container was removed from the water bath after the proximal phase (0/
2/15/30 min proximal digestion). The entire digestion mixture from the
proximal digestion was mixed with 0.4 mL of 6 M NaOH to reach uni-
form pH (pH ~10) to terminate enzymatic reactions without changing
the physical properties. The proximal phase samples were treated as a
whole digesta mixture in the subsequent analyses, as the free liquid was
not easily removable in most samples.

For proximal followed by distal phase digestion (proximal-distal
digestion), after a selected proximal phase, 180 mL SGF was added (3 mL
SGF/g cooked food) to the food-SSF mixture and gently mixed, then
incubated in a shaking water bath (37 °C, 35 rpm) for an additional 15,
30, 60, 120, or 180 min to simulate the distal phase. After 5 and 10 min
of SGF addition, the pH of the mixture was adjusted to pH 2 4+ 0.1 with 6
M HCI. When necessary, the pH was readjusted 60 min after SGF addi-
tion. The volume of HCl used for pH adjustment was between 0.14 and
0.30% of the volume of SGF added. The sample container was removed
from the water bath after a selected distal phase time point (15/30/60/
120/180 min), then the remaining solid (solid fraction) was drained
from the liquid-suspended solid mixture using a flexible mesh (1 x 2 mm
aperture), based on the typical size of particles (1-2 mm in diameter)
that would undergo gastric sieving (Meyer, Elashoff, Porter-Fink,
Dressman, & Amidon, 1988). The solid fraction was weighed, then
mixed with 0.8 mL of 6 M NaOH to reach uniform pH (pH ~10). On the
same day, the solid fraction was analyzed for texture, moisture content,
and particle size; the liquid-suspended solid mixture was analyzed for

total soluble solids and particle size. Subsamples of liquid-suspended
solid mixture (0.95 mL aliquot mixed with 0.05 mL of 2 M NaOH)
were frozen at —20 °C until analysis.

2.3. Cooked food, solid digesta and whole digesta characterization

2.3.1. Moisture content

Moisture content was determined gravimetrically in duplicate at
105 °C in a convection oven until constant weight (~16-20 h) (Nadia,
Olenskyij, et al., 2021).

2.3.1.1. Texture analysis. Sample was added to a 42-mm inner diameter
back-extrusion cell to ~15 mm height, and the surface was gently flat-
tened. The sample was compressed at 1 mm/s to 50% strain using a 37-
mm diameter plunger attached to a texture analyzer (TA.XT HD, Stable
Micro Systems, Surrey, UK). Hardness was calculated as the peak force
(N) during compression. For undigested food, samples were mixed with
water at 1:1 (mL water:g dry matter of food) ratio prior to measurement;
this was done to minimize the interference of void spaces on the textural
measurement (Drechsler & Bornhorst, 2018). Analyses were conducted
on at least two aliquots of each sample.

2.3.1.2. Particle size. The particle size of the solid fraction was deter-
mined using an image analysis procedure (Nadia, Olenskyj, et al., 2021)
without staining using KI solution. Duplicate samples were analysed
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after the proximal phase, and after 30 and 180 min distal phase for each
proximal phase duration. Two images were taken per sample from each
replicate, and results from image processing from the two images were
averaged to represent that particular sample. After image processing in
MATLAB R2018a as described by Nadia, Olenskyj, et al. (2021) to obtain
the area of all particles present in each image, particles <0.05 mm? were
not considered to minimize noise in results.

2.4. Liquid and suspended solid characterization

2.4.1. Total soluble solids

Total soluble solids (°Brix) in the liquid-suspended solid mixture
were quantified using a digital refractometer (PAL-1 Pocket Refrac-
tometer, Atago, Japan). Each sample was measured three times. The
Brix of SGF and SSF were considered as controls.

2.4.1.1. Particle size. Particle size of the liquid-suspended solid mixture
(two aliquots per sample) was measured using Mastersizer-2000 (Mal-
vern Instruments Ltd., Worcestershire, UK) with a refractive index of
1.530 for starch-based samples (Angelidis, Protonotariou, Mandala, &
Rosell, 2016).

2.5. Hydrolyzed starch content

Frozen samples were thawed and centrifuged (6,800 x g, 10 min) to
separate the suspended solids. The liquid fraction was used directly for
analysis. The suspended solid fraction (0.1 g) was mixed with 1.5 mL
water, incubated 1 h at room temperature, centrifuged (6,800 x g, 10
min), and the supernatant (0.1-0.4 mL) was analyzed.

Maltose content was quantified using the dinitrosalicylic acid
method adapted to 96-well microplates (Tagle-Freire et al., 2022). The
absorbance of triplicate aliquots of each sample was read at 540 nm
using a microplate reader (SPECTROstar Nano, BMG Labtech,
Germany).

Starch content of cooked food was determined in freeze-dried sam-
ples using Megazyme Total Starch Kit (Megazyme, Wicklow, Ireland),
following the procedure for samples not containing free sugars or
resistant starch. Hydrolyzed starch content in sample was expressed as g
maltose/g starch in its respective cooked food.

2.6. Data and statistical analysis

2.6.1. Solid retention calculation

The Mitscherlich equation on the “law of diminishing increments”
was selected (Harmsen, 2000) to empirically describe the asymptotic
behavior of the solid retention data during the proximal-distal
digestions:

% =A—(A—Ay)e ! (€]

where My: dry or wet mass (g) of the digesta at distal time t; My: initial
dry mass (g) of the cooked food for each digestion; A: the asymptote
value of the curve (unitless); Ay: theoretical initial mass retention
without proximal phase (equals to one; unitless); k,: a coefficient
describing the rate of mass retention change (min~'). Model fitting
(nonlinear least squares method) was conducted in MATLAB R2018a
(The MathWorks Inc., Natick, MA, USA).

2.6.2. Softening kinetics of solid fraction and whole digesta mixture
Softening kinetics were determined by fitting texture data to the
Weibull model (Drechsler & Bornhorst, 2018):

H, (k1)
LA ] 2
Ho ¢ (2)

where H;: the hardness of the digesta (N) at time t (min); Hy: the
initial hardness of the food (N) measured with water addition; kp: the

Food Research International 157 (2022) 111270

scale parameter of the softening curve (min~'); fy: the shape factor of
the softening curve (unitless).

Model fitting (nonlinear least squares method) was conducted in
MATLAB R2018a. Fitting of proximal digestion data was conducted on
the data points from all three replicates together (Figure S1) because
experiments for different proximal times within each replicate were
conducted on different days. For each proximal phase, fitting of prox-
imal-distal digestion data was conducted on each replicate (Figure S2).
The half-softening time (t1/2 softening) for proximal digestion was esti-
mated by re-parameterizing kp, in Eqn. (2) as kp =

{(an)l/ b "} / t1/2 softening» Which was derived from Eqn. (2) by defining Hy/

Ho = 0.5 and t = t1/2 softening, While the t1/2 softening for proximal-distal
digestion was calculated using the obtained kj and fj parameters for
each replicate.

2.6.3. Particle size parameters of cooked food and solid fraction

Particle size data from image analysis were fit to the Rosin-Rammler
model in MATLAB R2018a using the nonlinear least squares method
(Hutchings et al., 2011):

0=1-e¢ () 1n2) &)

where Q: the cumulative particle area (% of total area); x: n™ area

measurement (mmz); Xxs50: the area of a theoretical sieve aperture
through which 50% of the particle area can pass (mmz); b: the broadness
of the distribution (dimensionless).

The x;0 and xg¢ (the area of a theoretical sieve aperture through
which 10% and 90% of the particle area can pass, respectively) were
calculated using Eqn. (3). The total particle area and the number of
particles in each sample were utilized to calculate the particle area per
gram digesta, number of particles per gram dry matter, and average area
per particle.

2.6.4. Statistical analysis

Statistical analysis was conducted in SAS®Studio 3.8 (SAS Institute,
Cary, NC, USA). The normality and heteroscedasticity of the properties
data of undigested foods were assessed with Shapiro-Wilk’s test and
Levene’s test, respectively. The moisture content, hardness, particle size,
starch content, hydrolyzed starch content of undigested foods were
analyzed with one-way ANOVA. The particle size parameters of undi-
gested foods were analyzed with the Kruskal-Wallis test.

For digesta properties, a mixed model ANOVA (PROC GLIMMIX) was
employed. The experimental unit was the batch of experiments. The
effect of food type, proximal phase, and their interaction was analyzed
on particle size parameters and hardness data from proximal digestion,
as well as model parameters of solid retention (Eqn. (1)) and softening
kinetics (Eqn. (2)) from proximal-distal digestion. The effect of food
type, proximal and distal phase, and their interaction effects were
analyzed on the characteristics of solid (moisture content, solid reten-
tion, hardness, particle size parameters) and liquid-suspended solid
fractions (°Brix, particle size parameters, and hydrolyzed starch content)
of digesta from proximal-distal digestion. Logarithmic transformation
was applied to all particle size parameters (both on the solid and liquid-
suspended solid fractions), t1,2 softening, and kj to achieve normality of
residuals.

Preliminary statistical analyses were conducted on all data sets to
remove outliers (internally studentized residuals outside (-3, 3)). When
main effects were significant, the Tukey-Kramer procedure was used to
identify differences between individual means at a significance level of
p < 0.05. All values are presented as mean + standard deviation (SD).

3. Results
3.1. Characteristics of the selected food products

The average area per particle, x19, Xs0, and X9 of the undigested,



J. Nadia et al.

cooked foods were significantly different between the five foods (p <
0.01; Table 1). Overall, the general trend in these particle size param-
eters was: agglomerated products (couscous, rice couscous) < rice grain
< noodles (pasta, rice noodle). The hardness (measured with lubrica-
tion) followed the order: rice grain (112.59 + 8.72 N) > agglomerated
products (66.39 + 11.87 N) > noodle products (51.46 + 9.67 N).

3.2. Whole digesta mixture properties after proximal digestion

Normalized hardness (H¢/Hy) during proximal digestion was signif-
icantly influenced by food type and proximal phase time (p < 0.0001;
Table S1). The t1 /2 softening Of the foods during proximal digestion was
significantly influenced by food type (p < 0.0001; Fig. 2A). Among the
foods, agglomerated products had the shortest t1 /2 softening (<1 min),
followed by rice noodle (123.5 min), rice grain (355.9 min), and pasta
(541.8 min).

Across the foods, only rice grain exhibited a significant decrease in
particle size parameters xj9 and xso between 0 and 30 min proximal
phase (Table S4; p < 0.05). Compared to the undigested food, an
increasing proportion of particles <4 mm? with a longer proximal phase
was observed in rice grain and noodles (from 1.42% to 3.52% at 0 and
30 min proximal phase, averaged across rice grain and both noodles,
respectively). Similarly, an increasing proportion of particles <4 mm?
was observed in agglomerated products with longer proximal phase
(from 37.88% to 44.02% at 0 and 30 min proximal phase, respectively,
averaged across agglomerated products).

3.3. Properties of solid digesta fraction after proximal-distal digestion

Both wet and dry mass retention (Wy/W, and DM;/DM,, respec-
tively) were influenced by all main effects and food x distal interaction

Table 1

Physical properties and chemical content of the selected undigested, cooked
foods. Values are shown as mean + SD (n = 6 for each data point). Significantly
different values between foods within the same measured parameter are indi-
cated with abed superscript (p < 0.05).

Parameter Couscous Rice Pasta Rice Rice
couscous noodle grain
X10 (mm?) 0.77 + 0.20 + 119.77 89.67 +  10.68
0.42¢ 0.10¢ + 26.51% +2.12°
27.35%
Xs0 (mm?) 5.41 + 4.03 + 228.8+  195.94 35.5 +
1.92¢ 1.99° 50.64% + 6.91°
15.44°
Xgo (mm?) 11.22 + 12.43 + 296.54 266.83 56.08
3.48¢ 6.09° + + +
77.97° 20.11% 13.28°
b (dimensionless) 1.64 + 1.07 £ 5.70 + 4.43 + 2.77 +
0.17¢ 0.06¢ 1.912 1.45% 0.41°
Specific surface 1886.0 + 2419.9 788.9 + 1274.7 912.3
area 507.5% +294.0°  141.8° +488°  +
(mmz/gram) 177.1¢
Average area 317 + 1.55 + 69.86 + 62.89 + 10.4 £
(mm?)/particle 1.18¢ 0.57¢ 19.87° 39.39% 2.18°
Particles/g DM 1728 + 4432 + 35 + 95 + 230 +
296" 1170° 124 794 23¢
Moisture content 1.79 + 1.60 + 1.87 + 1.78 + 1.61 +
(g H,0/g DM) 0.06° 0.08° 0.07° 0.11° 0.09°
Initial hardness 74.21 + 58.58 + 56.07 + 46.86 + 112.59
) 9.73° 8.29" 9.56¢ 7.97¢ +8.72%
Starch content (g/  67.16 & 82.36 + 7143+ 819+ 82.38
100 g DM) 2.30° 1.76% 4.86° 3.557 + 2.87°
Hydrolyzed starch ~ 0.020 + 0.004 + 0.018+  0.004+  0.003
content(g 0.003% 0.001° 0.004° 0.002° +
maltose/g 0.001°
starch)*

 Measured with water addition (1 mL water:1 g DM food).
* Maltose content was measured in homogenized, cooked food as described for
the suspended solid digesta fraction.
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(p < 0.0001; Table S1). The W/W, was measured to provide informa-
tion on the simultaneous effect of SGF uptake into the food particles and
leaching of solids that occurred during digestion, while the DM¢/DM,
was measured to investigate true solid retention of the food particles as
impacted by leaching of solids due to biochemical digestion and/or acid
hydrolysis during digestion (Kong & Singh, 2009; Nadia, Olenskyj, et al.,
2021). The DM;/DM, of agglomerated products and pasta generally
decreased asymptotically with longer distal phase (Fig. 3), while no
significant change in DM;/DM, was observed in rice noodle and rice
grain across distal phase times (p > 0.4984).

The W/Wj and DM;/DM during proximal-distal digestion fit well to
the Mitscherlich equation (Table 2; Figure S8), with average R? > 0.8.
Asymptote values obtained using Mitscherlich equation (Eqn. (1)) pro-
vided a quantitative description in the overall solid retention profile due
to different foods and proximal phase durations. The asymptotes of W/
Wy and DM/DMj (A in Eqn. (1)) were significantly affected by food type
and proximal phase (p < 0.0001; Table S1). For all foods, the asymptotes
of both Wi/Wj and DM;/DM,, decreased significantly with longer prox-
imal phase, especially between 0 or 15 min proximal phase (p < 0.05;
Table 2). Compared to rice grain and noodle products, agglomerated
products underwent a larger reduction in the asymptotes of Wy/Wg and
DM;/DM, due to the proximal phase. For instance, after 0 or 15 min
proximal phase, the asymptotes of the DMy /DM, during the prox-
imal-distal digestion of agglomerated products were 0.78 £+ 0.10 and
0.62 + 0.08, respectively (averaged across agglomerated products).
Meanwhile, for the three other foods and after 0 or 15 min proximal
phase, the asymptotes of the DM;/DM, were 0.95 + 0.04 and 0.83 +
0.06, respectively (averaged across non-agglomerated products).

All main effects and their interactions, except the proximal x distal
interaction significantly (p < 0.05; Table S1) impacted normalized
hardness (H¢/Hp) during proximal-distal digestion (Fig. 4). Fitting the
H¢/Hy data to the Weibull model (Eqn. (2)) enabled quantitative com-
parison of the softening behavior between foods and proximal phase
durations, through the calculation of t; /2 softening Using the obtained kp
and fp parameters. The t1/2 softening Of the solid digesta fraction during
the distal phase was affected by food type (p < 0.001) and proximal
phase (p < 0.05; Table S1). The food x proximal interaction was not
significant to the t; 2 softening, Such that no notable changes in t1 /2 softening
were observed for any food with longer proximal phase time (p > 0.05;
Table 2). At 0 min proximal phase the t1/2softening Of agglomerated
products was lower (p < 0.05) than that of rice grain and noodle
products (17.1 + 16.4 vs. 308.6 + 170.5 min, averaged between
agglomerated products and the three other foods, respectively).

Moisture change in the solid fraction relative to the undigested food
was calculated to compare the moisture uptake during gastric digestion
(Fig. 4). Moisture change was affected by all main effects, and the food
x proximal and food x distal interactions (p < 0.01; Table S1). All foods
had increasing moisture content with longer distal phase. At any distal
phase, moisture change followed the trend: agglomerated products >
rice grain > noodle products. For example, moisture change after 15 min
distal phase was 1.84 + 0.21 vs. 0.99 + 0.13 and 0.76 + 0.21 g H,O/g
DM for agglomerated products vs. rice grain and noodle products,
respectively (averaged across proximal phase).

Food type was significant (p < 0.0001) to all particle size parameters
of the solid digesta fraction. The food x distal interaction was significant
(p < 0.01) to all parameters except particle area/gram. The food x
proximal interaction (p < 0.05; Table S1) only impacted x9, X50, and
average area/gram. The food x proximal x distal interaction was not
significant to any particle size parameter (p > 0.05).

Rice grain underwent a significant decrease in the x5¢ and x99 with
longer proximal phase or longer distal phase (p < 0.05; Table 3 and S8).
Between 30 and 180 min distal phase in rice grain and noodle products,
particles/g DM increased, while the average area/particle decreased (p
< 0.05; when averaged across proximal phase). Visualization of the
particle area distribution of each food x proximal x distal combination
(Fig. 2B-F and S3-S7; Table S5) provided additional information on
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Fig. 2. Textural changes of the foods after being subjected to various proximal phase durations in the proximal digestion. The hardness at each time (H;, Table S2)
was normalized by the hardness of undigested foods (Ho) with lubrication. Values are shown as mean + SD (n = 3 for each data point). The dashed lines are the
Weibull model (Eqn. (2)) fit with average softening kinetics parameters (Table S3). The t;/2,softening Values and their 95% confidence interval (CI) were estimated
through the re-parameterization of Eqn. (2) (A). Bar graphs showing the particle area distribution of couscous (B), rice couscous (C), pasta (D), rice noodle (E), and

rice grain (F) before digestion (Initial), whole digesta mixture after different proximal phase durations (shown as

e

in the distal phase), and digesta solid fraction

after selected proximal x distal phase in proximal-distal digestion. Bins constituting each bar graph were pooled data from three replicates (see Figure S3-S7 for the
histogram constituting each bar graph). The exact value for each area bin can be found in Table S5.
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Dry matter retention, solid fraction
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Fig. 3. Wet mass retention (W/Wjy; dimensionless) and dry matter retention (DM,;/DMy; dimensionless) profiles of the solid fraction of digesta during the distal phase after
0 min (M), 2 min (e), 15 min (- ), or 30 min () proximal phase. Figures within the same row correspond to one type of food: couscous (A-B), rice couscous (C-D), pasta (E-
F), rice noodle (G-H), and rice grain (I-J). All values were normalized against the wet mass or dry matter of the cooked (undigested) food used in each sample. Values are
shown as mean =+ SD (n = 3 for each data point, except rice couscous 15 min proximal-180 min distal, n = 2 due to outlier removal). Lines indicate Mitscherlich equation
(Eqn. (1)) fit with average parameters (Table 2) at 0 min ([] [1 [), 2 min (—:-—), 15 min (- - -), or 30 min (---) proximal phase. See Figure S8 for model fit to indi-

vidual datasets.



Table 2

Mitscherlich equation (Eqn. (1)) parameters of mass retention profile of digesta solid fraction and softening kinetic parameters of digesta solid fraction for proximal-distal digestion, at various proximal phase durations.
km: a coefficient describing the rate of mass retention change, A: asymptote values of the mass retention curve; ky: the scale parameter in the softening kinetics curve, f: the shape factor in the softening kinetics curve; t1 5,
softening: SOftening half-time. The goodness of fit of the model to the data points is indicated by RZ%and RMSE (root-mean-square-error). Values are shown as mean =+ SD (n = 3 for all parameters for each food x proximal
phase duration and parameter, except values indicated with asterisk (*), n = 2 due to outlier removal). For a single parameter, significantly different values between proximal phase for one type of food are indicated with
abed superscript. Significantly different values between food types within the same proximal phase are indicated with zyxw superscript (p < 0.05).

Food Proximal  Wet mass retention Dry mass retention Softening kinetics
Z}I’jﬁ‘; Ko oA R? RMSE K A R? RMSE kn b R? RMSE 12 softening
(x10 min™ ") (unitless) (x10) (x10 (unitless) (x10) (x100 (unitless) (x10) (min)
min’l) min’l)
Couscous 0 1.13+£0.13>  1.66 +0.07> 0.97 + 0.50 + 0.47 + 0.33  0.87 + 0.06® 0.85 + 0.22 + 4.54 + 0.64 + 0.99 + 0.32 + 12.5 + 1.33Y
4 ’ 0.01 0.10 Y 0.13 0.06 0.33* 0.04% 0.00 0.07
2 4.95 + 6.23% 1.53 + 0.99 + 0.27 + 0.30 £ 0.07 0.82 + 0.02* 0.87 + 0.27 + 3.77 £ 0.57 £ 0.16 1.00 + 0.23 £ 15.5 + 8.83"
z 0.03%7 0.00 0.06 Y 0.06 0.08 1.21% 0.00 0.14
15 18.95 + 1.33+0.04® 092+ 0.44 + 0.41+0.16  0.69 + 0.03% 0.96 + 0.27 + 3.58 + 0.61 + 0.07 1.00 + 0.16 + 18.4 + 8.21
4.29%% 4 0.05 0.16 x 0.02 0.08 1.98* 0.00 0.04
30 11.93 + 1.24 +0.05% 0.79 £ 0.58 + 0.68 £ 0.19 0.67 + 0.05> 0.95 + 0.33 £ 7.40 + 0.58 + 0.99 + 0.31 + 13.5 +10.0¥
1.12%02 ’ 0.10 0.17 Y 0.02 0.09 7.45% 0.27% 0.01 0.30
Rice 0 11.40 + 1.29 £ 0.06>  0.92 £ 0.36 + 1.16 £ 0.40  0.70 & 0.03* 0.97 + 0.22 + *3.51 &+ 0.16 =+ 0.08Y 0.99 + 0.25 + *24.0 &+ 30.3Y
couscous 9.552>% y 0.10 0.39 x 0.03 0.11 4.38% 0.01 0.21
2 10.49 + 1.16 + 0.54 + 0.65 + 1.04 +0.54  0.63 + 0.02> 0.98 + 0.24 + 1.70 + 0.40 + 0.23 0.99 + 0.30 + 27.5 +24.1Y
0.53%* 0.07>¥ 0.30 0.29 x 0.01 0.09 0.81* 0.01 0.13
15 0.03 £0.03® 0.75+0.26° 0.52 + 0.40 + 1.30 +£ 0.54  0.55 + 0.01® 0.98 + 0.26 + *0.09 + 0.18 + 0.08 0.91 + 0.64 + 151.1 + 145.2
x w 0.31 0.12 w 0.01 0.09 0.10% 0.08 0.26
30 8.49 + 0.67 + 0.91 + 0.36 + 1.73+0.13  0.46 + 0.01% 0.93 + 0.59 + 0.51 + 0.87 + 0.96 + 0.49 + 158.7 +
14.29%Y 0.12%¥ 0.12 0.27 x 0.07 0.42 0.27% 0.33% 0.02 0.08 97.7%
Pasta 0 0.52 £+ 0.16% 1.26 + 0.04* 0.98 + 0.16 + 0.27 £ 0.23 *0.91 + 0.50 + 0.36 + 0.19 + 0.63 + 0.35" 0.86 + 0.73 £ 280.4 + 39.0%
Y Y 0.00 0.04 0.06>% 0.42 0.26 0.10% 4 0.1 0.38
2 0.38 £0.18%  1.27+0.04> 0.97 + 0.22 + 10.29 + 0.91 £ 0.10* 0.59 + 0.30 + 0.13 + 0.78 + 0.41° 0.63 + 0.86 + 1276.5 +
y y 0.01 0.06 17.06 4 0.25 0.06 0.11Y 0.21 0.41 1536.4%
15 0.32 +£0.29* 1.13 + 0.97 + 0.09 + 3.75+6.24  0.77 £ 0.08" 0.81 + 0.37 + 0.17 + 0.75 + 0.44° 0.78 + 0.90 + 857.8 +
Y 0.05%* 0.03 0.06 X 0.06 0.07 0.13% 0.08 0.32 1043.1
30 2.33+4.02>  1.09 + 0.19 + 0.23 + 412+5.33  0.77 £ 0.06™ 091 + 0.31 + 0.21 + *1.83 £ 0.70 + 0.99 + 1719.1 +
x 0.11%% 0.20 0.12 z 0.01 0.09 0.177 0.25%* 0.13 0.16 2514.1%
Rice 0 0.37 + 0.05¥ 1.64 £0.03>  0.98 £ 0.36 + 0.50 £0.52  0.97 + 0.03* 0.33 + 0.24 + 0.09 + 0.41 + 0.76 + 0.81 + 491.4 +
noodle “ 0.00 0.01 ’ 0.33 0.13 0.08Y 0.21% 0.25 0.57 165.7%
2 0.31 + 0.03Y 1.58 +£0.03*  0.96 + 0.50 + 1.05+1.31 095+ 0.62 + 0.23 + 0.12 + 0.47 + 0.15 0.60 + 0.89 + 1115.5 +
z 0.01 0.04 0.003%* 0.25 0.12 0.09Y 0.45 0.38 1430.5%
15 0.33 £+ 0.14Y 1.36 + 0.99 + 0.15 + 337 +5.13  0.85+ 0.03" 0.80 + 0.32 + 0.04 + 0.44 + 0.04 0.83 + 0.43 + 2910.9 +
0.04>% 0.02 0.13 4 0.07 0.07 0.057 0.21 0.30 2116.4
30 0.16 + 0.02Y 1.234+0.03® 0.99 + 0.11 + 3.38 +5.18  0.79 £+ 0.03% 0.93 + 0.25 + 0.12 + 0.58 + 0.43Y 0.63 + 0.70 + 1329.3 +
’ 0.01 0.07 “ 0.06 0.13 0.18” 0.28 0.29 978.0*
Rice 0 0.31 £ 0.03Y 1.66 £ 0.07>  0.96 + 0.53 + 1.43+1.09 0.95+0.01* 0.69 + 0.15 + 0.48 + 1.27 4+ 0.47% 0.92 + 0.63 + 153.9 + 10.3%
grain z 0.02 0.18 = 0.24 0.06 0.04% 0.12 0.61
2 0.34 + 0.06" 1.58 + 0.97 + 0.40 + 3.03+4.18 0.93+ 0.71 + 0.19 + 0.26 + 0.71 + 0.38 0.86 + 0.66 + 572.8 +
0.03%"% 0.02 0.09 0.023"7 0.14 0.08 0.21% 0.13 0.12 691.3"
15 0.30 + 0.03Y 1.47 + 0.94 + 0.47 + 9.92 + 0.88 + 0.02> 0.89 + 0.19 £ 0.18 + 0.67 £ 0.25 0.76 + 0.76 + 329.0 + 68.4
0.0257 0.03 0.09 14.41 z 0.08 0.11 0.05% 0.31 0.62
30 0.36 & 0.01Y 1.35+0.01° 0.93 £ 0.39 + 3.82£5.58 0.80 + 0.01° 091 + 0.28 + 0.13 + 0.56 =+ 0.35Y 0.80 + 0.59 + 1322.1 +
24 0.04 0.13 z 0.02 0.03 0.19Y 0.12 0.14 1310.3*

Note: values with standard deviation noted as 0.00 have very small standard deviation (SD < 0.005), but was rounded down to 0.00.
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Fig. 4. Moisture change and normalized hardness (H;/H,) profiles of the solid fraction of digesta during the distal phase after 0 min (), 2 min (e), 15 min (. ), or
30 min () proximal phase. Figures within the same row correspond to one type of food: couscous (A-B), rice couscous (C-D), pasta (E-F), rice noodle (G-H), and rice
grain (I-J). For each food, moisture change at each distal phase duration was calculated as the relative change of the moisture content of digesta (Table S7) from the
moisture content of undigested food (Table 1). Hardness value (H;, Table S6) was normalized against the hardness of undigested food (Hy); normalized hardness at 0
min distal phase was set to 1 for all proximal phase durations. Values are shown as mean + SD (n = 3 for each data point). Lines in the H;/H, graphs indicate the
Weibull model fit (Eqn. (2)) with average parameters (Table 2) at 0 min (] [ [1), 2 min (— -—), 15 min (- - -), or 30 min (---) proximal phase. See Figure S2 for
model fit to individual datasets.
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particle size changes during proximal-distal digestion. Couscous and
rice couscous digesta had less particles between 10 and 100 mm? at 30
or 180 min distal phase compared to their undigested condition (6.89,
3.69, and 18.04%, respectively; averaged across the agglomerated
products and proximal phase). Particles > 100 mm? in pasta and rice
noodle digesta slightly decreased between 30 and 180 min distal phase
(97.69 and 95.42%, respectively; averaged across the noodles and
proximal phase). The proportion of particles between 10 and 100 mm?
in rice grain digesta decreased between 30 or 180 min distal phase
(89.45 and 78.24%, respectively; averaged across proximal phase).

3.4. Properties of liquid and suspended solid digesta fractions after the
proximal and distal phase

All main effects, food x proximal, and food x distal interactions
significantly influenced D[4,3], D[3,2], d10, dso, doo, °Brix, and hydro-
lyzed starch content of the liquid and suspended solid digesta fractions
(p < 0.05; Table S1). Longer distal phase generally increased the D[4,3]
and D[3,2] in wheat-based foods, especially at proximal phase < 15 min
for couscous and proximal phase < 2 min for pasta (Table 4). Longer
proximal phase duration generally decreased the D[4,3] in all rice-based
foods and D[3,2] in pasta, rice couscous, and rice grain (Table 4).

The particle size distribution profile of the suspended solid fraction
was multimodal in most samples except rice noodle (Fig. 5), thus djo,
dsp, and dgg (Table S9) were not assessed further. For wheat-based foods,
the peak which initially appeared between 20 and 40 pm after 15 min
distal phase shifted to a larger size with longer distal phase. For all rice-
based foods, with longer proximal phase, the maximum %volume of the
peak occurring between 5 and 15 pm increased and the peak between
100 and 1000 pm disappeared (Fig. 5).

°Brix, which represented the amount of soluble solids in the liquid
digesta fraction, increased with longer proximal and distal phase for all
foods (Fig. 6; p < 0.05). The increase was larger with longer proximal

Food Research International 157 (2022) 111270

phase rather than the distal phase. For example, when the proximal
phase was extended to 30 min, the °Brix values for rice grain were 1.61
+ 0.25 and 2.28 + 0.18 after 15 and 180 min distal phase, respectively.
The °Brix was always the highest in agglomerated products compared to
the three other foods. For instance, the °Brix of agglomerated products,
rice grain, and noodle products were 1.07 + 0.20, 0.25 + 0.14, and 0.30
=+ 0.11, respectively, after 15 min distal phase preceded by no proximal
phase (averaged across products within the same category).

Hydrolyzed starch content increased with longer proximal phase for
all foods, regardless of the distal phase duration (Fig. 6; p < 0.05). At any
proximal and distal phase, agglomerated products had higher hydro-
lyzed starch compared to the three other foods. For example, after 30
min proximal phase followed by 180 min distal phase (maximum
digestion duration), the hydrolyzed starch content in agglomerated
products and non-agglomerated products was 0.54 + 0.24 and 0.39 +
0.13 g maltose/g starch, respectively. In agglomerated products, the
hydrolyzed starch content after 180 min distal phase was significantly
higher than 15 min distal phase, when preceded by 15 or 30 min of
proximal phase (p < 0.0025). For instance, 30 min of proximal phase
digestion in rice couscous followed by 15 or 180 min of distal phase
digestion increased starch hydrolysis from 0.51 + 0.03 to 0.74 + 0.14 g
maltose/g starch, respectively (p < 0.0001).

4. Discussion
4.1. Changes to whole digesta mixture during the proximal phase

During proximal digestion, a longer proximal phase duration
reduced the hardness of the whole digesta, as a result of longer contact
with a-amylase and SSF uptake in the absence of gastric fluid. Softening
occurred at different rates for the different foods. Based on their t; 5,
softening during the proximal phase, couscous and rice couscous
(agglomerated products, t1/2softening < 1 min) were classified as fast

%Volume %Volume %Volume

%Volume

Couscous Rice couscous Pasta Rice noodle Rice grain
10
0 min proximal —— 15 min distal 0 min proximal — 15 min distal 0 min proximal —— 15 min distal 0 min proximal —— 15 min distal 0 min proximal —— 15 min distal
8 - -~ 60 min distal - — - 60 min distal - -~ 60 min distal — — - 60 min distal ~ — - 60 min distal
180 min distal 180 min distal 180 min distal 180 min distal 180 min distal

2 min proximal

15 min proximal

15 min proximal

30 min proximal

30 min proximal

30 min proximal

Y 1
Particle size (um)

0.1 1 10 100 1000
Particle size (um)

0.1
Particle size (um)

Particle size (um)

0.1 1 10 100 1000
Particle size (um)

Fig. 5. Particle size distribution (PSD) of the liquid and suspended solid fractions of digesta at different proximal phase durations, over 15 min (—), 60 min (- - -),
or 180 min (---) distal phase, established by averaging the PSD data of three replicates. One figure corresponds to one food type and proximal phase duration.
Figures within the same column represent data for one type of food. Individual PSD curves with error shades to indicate the range of the distribution are given in

Figure S9 to S13.
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Fig. 6. Brix profiles during the distal phase, after 0 min (l), 2 min (), 15 min (. ), or 30 min ({)) proximal phase and hydrolyzed starch content during the proximal
phase after 15 min (o) or 180 min (@) distal phase. Figures within the same row correspond to one type of food: couscous (A-B), rice couscous (C-D), pasta (E-F), rice
noodle (G-H), and rice grain (I-J). Values are shown as mean + SD (n = 3 for each data point); error bars are too small to be seen for some samples. For hydrolyzed
starch content of one food type, significantly different values between 15 and 180-min distal phase at one proximal phase duration are indicated by asterisks (*: p <
0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001).
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softening, rice noodle (t1/2,softening ~ 120 min) as intermediate softening,
and rice grain and pasta (t1/2softening > 180 min) as slow softening
(Drechsler & Bornhorst, 2018; Swackhamer, Doan, & Bornhorst, 2022).

The faster softening rate of agglomerated products compared to the
three other foods might be attributed to their different particle size.
Previous in vitro gastrointestinal studies using solid and semi-solid
starch-based products reported that the rate and extent of starch
digestion by a-amylase increased with smaller initial particle size of the
products (Abhilasha, Kaur, Monro, Hardacre, & Singh, 2021; Mandalari
et al., 2018; Tamura, Okazaki, Kumagai, & Ogawa, 2017). Gao et al.
(2021) reported that smaller initial particle size of bread subjected to in
vitro oral processing significantly decreased the bolus hardness.

The different softening rates during prolonged incubation with
a-amylase might also be related to different processing methods of the
raw materials to obtain the different physical structures (Bornhorst,
Hivert, & Singh, 2014; Vanhatalo et al., 2021), which affected the
presence of barrier to starch hydrolysis, such as microstructural ar-
rangements of starch in the foods and the porosity of the food structure
(Gao et al., 2021). The t; /3 softening Of rice grain and noodle products that
were longer than the proximal phase duration tested in the current study
(t1/2,softening Of 123.5, 355.9, or 541.8 min for rice noodle, rice grain, and
pasta, respectively) suggests that the physical structure and micro-
structure of these foods limited starch hydrolysis during the 30 min
proximal phase considered in this study (Dhital, Warren, Butterworth,
Ellis, & Gidley, 2017; Hasjim, Lavau, Gidley, & Gilbert, 2010).

Starch hydrolysis by a-amylase that occurred during the proximal
phase was hypothesized to generate soluble and/or small particles. This
was supported by the increased proportion of particles <4 mm?
(measured via image analysis) with longer proximal phase in the whole
digesta mixture (“-“ distal phase bar graphs in Fig. 2B-F), which was
observed in all foods. These particles likely leached into the SGF during
the distal phase as soon as SGF was added, which were identified as the
suspended solid fraction after separation of the large solids from the
digestion mixture. Moreover, significant reduction in the asymptotes of
both W¢/Wy and DM/DMj, with longer proximal phase in the prox-
imal-distal digestion (Fig. 3, Table 2) implied more leaching of particles
<4 mm? from the food matrices due to prolonged proximal phase, even
in the absence of mechanical forces. The 4-mm? limit for definition of
the small particle fraction was selected based on the aperture of the
mesh used to separate the solid fraction of digesta (1-mm x 2-mm;
assuming circular-shaped area, the theoretical projected area was
rounded up to 4 mm? for practicality). These observations suggest that
starch hydrolysis during the proximal phase generated particles <2 mm
(suspended and soluble solids), thus playing an important role in aiding
the overall breakdown of solid foods during gastric digestion.

4.2. Changes to solid digesta fraction during the distal phase

Previous in vitro static gastric digestion studies without an extended
proximal phase have associated macro- and microstructural changes in
food particles during gastric digestion with the diffusion of gastric fluid
components (acid, moisture, and enzymes) into the food matrix (Kong
et al., 2011; Mennah-Govela & Bornhorst, 2016a; Somaratne et al.,
2019). In the current study, the diffusion of SGF into the food matrices
during the distal phase was observed in the increasing Wy/Wj in rice
grain and noodle products (Fig. 3) and increasing moisture uptake of
digesta solid fraction of all foods (Fig. 4). This increased moisture uptake
was a result of increased moisture diffusion, which may have been
enhanced by the diffusion of acid and pepsin that changed the food
matrices (Mennah-Govela & Bornhorst, 2016b; Somaratne et al., 2019),
although the diffusion of acid and pepsin was not directly measured
here. Increased moisture content or uptake correlates with decreased
rheological and/or textural properties of in vivo and in vitro digesta
(Bornhorst, Ferrua, Rutherfurd, Heldman, & Singh, 2013; Martens et al.,
2019; Nadia, Olenskyj, et al., 2021; Swackhamer et al., 2022). Due to the
increased moisture uptake, coupled with the action of acid and digestive
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enzymes on the food matrix, the solid fraction of digesta underwent
softening during the distal phase digestion, regardless of the preceding
proximal phase duration (Fig. 4).

Although all foods underwent softening during the distal phase,
variations in the model fit parameters (Eqn. (2)) to each replicate of the
softening kinetic curves of the solid fraction (Figure S2) were observed;
this resulted in limited significant differences between model fit pa-
rameters across proximal phase and food types (Table 2). Consequently,
prolonged proximal phase did not appear to enhance the softening
process of the foods during the distal phase. These variations may have
resulted from small differences in the removal of free liquid from the
digesta mixture during separation of the solid fraction, as previous
studies have found that certain amount of liquid is needed to fill the void
space between food particles when bulk compression method is used
(Drechsler & Bornhorst, 2018).

In determining the softening kinetics (t1/2softening) Of the solid
digesta fraction in the proximal-distal digestion, food type was a key
factor (p < 0.001). As there were no significant differences in the t; o,
softening for all foods across proximal phase times and previous studies on
food softening during digestion have not considered an extended prox-
imal phase, the softening rates during the distal phase are more repre-
sentative to be compared at no proximal phase (Table 2). The
agglomerated products (t1/2,softening < 60 min) were fast softening, rice
grain was intermediate softening (t1,2softening ~ 150 min), and the
noodle products (t1/2,softening > 180 min) were slow softening (Swack-
hamer et al., 2022). These values were not directly comparable to the in
vivo limiting t1/2 softening Of similar products in swine distal stomach
digesta (t1/2,softening Of agglomerated products <2 min, rice noodle ~17
min, rice grain ~80 min, and pasta ~101 min), possibly due to the
absence of mechanical breakdown from mastication and gastric wall
contractions — especially in rice grain and noodle products that had t; /5,
softening =150 min (similar to or longer than the distal phase tested), as
well as physiological response that affected material emptying and
variations in dilution with gastric secretions observed in vivo (Nadia,
Olenskyj, et al., 2021). However, the trend across the products was
comparable to the trend observed in that in vivo study, with the excep-
tion of rice noodle, which had fast softening in vivo compared to slow
softening in vitro. Compared to an in vitro gastric digestion study that
used similar foods with a single compression method (medium grain
white rice, t1/2 softening ~38 min; orzo pasta, ty,2 softening ~71 min), the
values found here were different, although the trend was consistent,
where the rice softened faster than pasta (Drechsler & Bornhorst, 2018).
The lack of similarity between the t; /2 softening reported here and those
reported by Drechsler and Bornhorst (2018) may be associated with
different product specifications (e.g. amylose content due to different
grain variety) and geometries (size and shape of the food particles) that
affect the diffusivity of acid into the food matrix (Mennah-Govela,
Bornhorst, & Singh, 2015) and direction of gastric fluid diffusion into
the food particles.

With minimum mechanical force (except gentle shaking) during the
distal phase in this study, minimum particle breakdown was expected.
However, a significant decrease in DMy/DM, towards an asymptote
value during the distal phase was observed in rice couscous at all
proximal phase times, and in couscous at proximal phase >2 min
(Fig. 3B,D). This may suggest additional breakdown of the agglomerated
products due to dissolution by SGF in the distal phase that formed
digesta with cohesive, slurry-like consistency; as shown by the
decreasing particles between 10 and 100 mm? with longer distal phase
and the prevalence of particles <4 mm? in the solid fraction despite the
sieving process following the distal phase (Fig. 2B-D). In the non-
agglomerated foods, reduction in DMy /DM, during the distal phase
was limited (Fig. 3F,H,J), suggesting minimal generation of particles <4
mm?. In noodle products, the majority (>85%) of the particles remained
>100 mm? throughout the distal phase, indicating no notable break-
down, although the slightly decreasing proportion of particles >100
mm? might reflect surface damages of the noodle (Drechsler & Ferrua,
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2016). However, fragmentation was observed in rice grain (Figure S14)
at prolonged proximal phase (30 min) or distal phase (180 min),
together with significant decrease in the x5¢ of rice grain digesta and the
decreasing proportion of particles between 10 and 100 mm? with longer
proximal and/or distal phase (Table 3, S4-S5). The fragmentation that
was only observed in rice grain, but not the noodle products, might be
related to their different microstructure and geometries (Fig. 7, see
Section 4.4 for further discussion on this topic), and should be investi-
gated in future studies.

4.3. Changes to liquid and suspended solid fractions of digesta due to the
proximal and distal phases

Together with the excess liquid, most particles <4 mm? (in the form
of soluble and suspended solids) were separated from the large particles
by the end of proximal-distal digestion to simulate gastric sieving. The
liquid-suspended solid mixture was expected to represent the fractions
that would be prioritized for gastric emptying during gastric digestion in
vivo. As these digesta fractions were smaller in size than the solid digesta
fraction, they were expected to undergo more changes in particle size
and hydrolysis due to the proximal and distal phases.

In the Mastersizer measurement, the distinct locations of the first
peak at 15 min distal phase (Fig. 5) between the wheat- and rice-based
foods matched with the diameter of Durum wheat starch granules
(20-25 pm) and rice starch granules (3—-15 pm) (Abecassis, Cuq, Boggini,
& Namoune, 2012; Ramadoss et al., 2019). The %volume of particles in
this first peak generally increased with longer proximal phase,

Table 3
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indicating more starch particles were released to the SGF during the
proximal phase. While no significant differences between rice- and
wheat-based foods were observed in the particle size parameters of solid
digesta fraction, possibly due to the more significant contribution of the
food macrostructure in the bulk of the solids, the effect of starch source
was observed in the liquid and suspended solid fractions of digesta.
Changes in the D[4,3] and D[3,2] were more notable in the proximal
phase for rice-based foods and in the distal phase for wheat-based foods
(Table 3) — as also seen in their distinct PSD profiles (Fig. 5). This is
possibly linked to their hydrolysis characteristics; an in vitro study using
native starches reported that hydrolysis by a-amylase was higher in rice
starch, whereas hydrolysis by HCI was higher in wheat starch (V. Singh
& Ali, 2006). The effect of starch source that was observed in the liquid
and suspended solid fractions possibly suggests that starch properties
govern the digestion behaviour when a macrostructural barrier is
absent.

°Brix in the liquid-suspended solid mixture increased significantly
with longer proximal phase time (Fig. 6), which suggested more soluble
solids were released during the proximal phase. Increasing °Brix during
the distal phase indicated solubilization of particles in the SGF. Although
the differences in the °Brix profile between foods and proximal phase
durations were clear in the current study, future studies can consider the
application of mathematical model (as applied to the DMy/DMy, W/W,
and Hy/H profile) to enable quantitative comparison across treatments.
Aligned with the trend in the softening rate in both proximal and
proximal-distal digestion, hydrolyzed starch content in the liquid-
suspended solid mixture was higher for agglomerated products after

Selected particle size parameters of the solid digesta fraction measured using image analysis after all proximal phase times followed by 30 or 180 min distal phase.
Values are shown as mean + SD (n = 3 for each food x proximal x distal phase combination). Moisture content of each sample was used to calculate the number of
particles per gram dry matter (particles/g DM). Significantly different values between distal phase duration for one type of food are indicated with superscripts ab.
Significantly different values between proximal phase durations for one type of food are indicated with superscript zyxw (p < 0.05). Additional particle size parameters

can be found in Table S8.

Food Distal phase (min) Proximal phase (min)
0 2 15 30
Xs0 (mm?)
Couscous 30 2.20 + 0.29 3.39 + 2.05% 2.94 +1.22% 2.03 + 0.60
180 1.94 + 0.107 2.33 + 1.22>7 1.80 + 0.73™Y 1.76 + 0.59%
Rice couscous 30 2.81 + 1.26 2.71 + 1.10 2.50 + 1.09 2.84 +1.25
180 2.84 +0.33 2.61 + 0.79 3.10 + 0.64 2.47 + 0.55
Pasta 30 269.69 + 46.17 291.70 + 35.52 255.75 + 55.39 231.84 + 92.96
180 211.81 + 54.06 283.73 + 77.96 202.52 + 68.75 232.35 + 26.04
Rice noodle 30 203.71 + 55.76 207.94 + 46.49 204.26 + 42.47 233.42 + 15.22
180 224.47 + 51.25 215.77 + 31.84 208.49 + 71.17 217.59 + 34.17
Rice grain 30 40.97 + 6.65%* 45.75 + 18.66>* 24.70 + 3.86%Y 23.22 + 7.03%Y
180 19.75 + 6.19%% 21.63 + 7.54%% 20.47 + 2.91%% 16.51 + 4.89™Y
Particles/g DM*
Couscous 30 4227 + 1641 3762 + 1373 5311 + 1621 7614 + 1265
180 4478 + 800 4649 + 673 7315 + 1784 8662 + 2104
Rice couscous 30 5467 + 1618 5737 +£ 1751 4984 + 1797 4885 + 2314
180 6169 + 1967 5998 + 3190 4214 + 2441 4342 + 1338
Pasta 30 69 + 42° 35+ 11° 39 + 9° 70 + 44
180 120 + 422 148 + 95% 133 + 35° 111 +£79
Rice noodle 30 49 +14° 59 + 18" 60 +5 91 + 14
180 100 + 53° 114 + 502 102 + 51 130 + 76
Rice grain 30 282 + 120 385 + 311 472 + 264 633 + 197
180 484 + 309 621 + 493 580 + 86 490 + 73
Average area (mm?2)/particle
Couscous 30 1.30 + 0.13 1.78 + 0.88 1.72 + 0.64° 1.26 + 0.33
180 1.13 +£0.11 1.34 + 0.59 1.17 +0.38" 1.15 + 0.31
Rice couscous 30 1.20 + 0.33 1.12 +0.28 1.13 +£0.36 1.19 + 0.45
180 1.27 4+ 0.07 1.20 + 0.28 1.42 +£0.23 1.19 + 0.29
Pasta 30 56.69 + 34.52%% 88.79 =+ 30.77%% 71.92 + 4.78%% 51.22 + 26.25%Y
180 23.19 + 6.36" 29.8 + 22.6" 22.91 + 6.73° 36.22 + 15.32°
Rice noodle 30 87.05 + 24.84% 72.60 + 5.14° 78.40 + 13.39° 68.31 + 6.51
180 58.66 + 30.29" 46.79 + 8.51° 57.49 +9.13° 59.20 + 25.95
Rice grain 30 8.23 + 0.70% 8.95 + 2.99% 8.01 + 4.06% 6.25 + 2.90
180 4.82 +2.21° 5.08 + 2.16" 6.66 + 1.12° 6.63 + 1.55

*The values of particles/g DM are presented as integers because they represent individual particles present in each gram of digesta dry matter.
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Table 4

Food Research International 157 (2022) 111270

Volume mean diameter (D[4,3]) and surface area mean diameter (D[3,2) of the liquid and suspended solid digesta fractions measured using the Mastersizer. Values are
mean =+ SD (n = 3 for each food x proximal x distal phase combination). Significantly different values between distal phase duration for one type of food are indicated
with abed superscript. Significantly different values between proximal phase for one food type within the same distal phase duration are indicated with zyxw su-

perscript (p < 0.05).

D[4,3] (um) D[3,2] (um)
Food Proximal phase  Distal phase (min) Distal phase (min)
(min) 15 30 60 120 180 15 30 60 120 180
Couscous 0 42,6 + 57.5 + 73.0 + 92.9 + 103.6 + 16.0 + 16.5 + 19.4 + 19.7 + 18.4 +
11.3%Y 13.1% 25.3%° 35.22 33.4 3.7 3.4 3.4 1.4 3.1
2 90.3 + 65.6 +42 938+ 105.5 + 1323 + 16.0 + 15.8 + 17.8 + 19.0 + 19.3 +
65.57 16.5 36.4 69.1 3.4 3.2 2.4 2.1 3.1
15 94.7 + 94.3 + 85.2 + 130.8 + 155.5 + 16.9 + 17.4 + 18.0 + 20.0 + 19.2 +
54,7302 41.5% 41.5° 63.5%° 51.2° 3.3 3.1 21 2.9 2.4
30 74.8 + 85.6 +£36.1 105.2 + 121.7 + 129.4 + 16.4 + 17.6 + 18.7 + 18.7 + 19.2 +
22.9% 68.0 46.7 28.0 2.6 3.6 2.2 2.7 2.3
Rice 0 198.6 + 2123 + 203.3 + 208.2 + 286.3 + 24.3 + 24.3 + 25.1 + 24.5 + 27.3 +
couscous 71.4 66.7 37.4 34.4% 36.6” 3.5% 2.2% 3.3% 3.9% 3.2
2 199.5 + 210.8 + 214.7 + 235.8 + 237.3 + 25.2 + 24.1 + 23.8 + 26.8 + 25.9 +
43.3 47.4 43.2 72.0° 100.2% 2.7% 1.5 4.3% 4.6% 7.2
15 153.4 + 181.8 + 141.3 + 150.4 + 165.1 + 18.6 + 18.2 + 17.2 + 17.5 + 16.4 +
20.7 71.3 33.2 33.3% 61.6% 2.7 4.0Y 3.0Y 3.8Y 4.7Y
30 126.6 + 1315 + 115.0 + 113.3 + 125.7 + 15.1 + 17.2 + 17.4 + 16.6 + 17.4 +
60.4 64.0 21.6 24.17 30.8" 2.9P% 5,280 5.0%Y 3.2 5.1%Y
Pasta 0 58.2 + 55.7 + 71.7 + 82.5 + 97.9 + 16.5 + 19.4 + 23.5 + 27.1 + 30.7 +
8.1%> 10.2° 16.5% 15.2% 20.6° 2,992 2.2 ¢4z 1.4P¢2 3.0%% 0.8%%
2 46.7 £2.7°  60.2+ 74.9 + 87.7 + 95.2 + 8.7% 13.6 + 17.9 + 21.0 + 24.6 + 25.4 +
6.8 14.1%° 15.8% 2.20% 0.6>% 2,907 1.5%* 1.3%%
15 60.8 + 51.0 487 584+ 77.9+ 48 83.0+85 12,6 + 13.7 + 151+1. 172+ 18.8 +
21.8 9.2 2.0%Y 1.75¥ 5abey 1.5%Y 0.9%Y
30 55.0 + 58.7 +18.5  66.4 + 69.0+13. 72.6+ 15. 13.9 + 14.6 + 15.9 + 16.9 + 17.2 +
14.2 13.9 7 7 1.6% 1.7Y 1.9Y 2.0 2.0
Rice 0 113.6 + 99.6 + 104.1 + 116.4 + 111.3 + 113 + 12.8 + 135 + 135 + 12.7 +
noodle 29.27 42.17 36.97 34.6” 58.7% 5.1% 7.7% 6.6 6.0 7.87
2 84.2 + 70.3 + 77.0 + 77.7 + 60.1 + 83+ 8.3+ 10.1 + 8.4 + 9.2+
13.17 28.8% 43.1% 35.0% 15.1Y 5.5Y 5.2Y 7.8 5.4 3.5Y
15 35.9+9.9Y 257465 377+ 32.7 + 32,5+ 7.1V 12.2 + 10.3 + 125 + 12.3 + 11.4 +
13.7%% 11.4 6.8% 4,57 7.5% 7.5% 5.9
30 297+6.9 27.0+88 335+ 30.6 + 33.5 + 8.8Y 11.7 + 121 + 13.8 + 13.5 + 14.1 +
12.8* 12.8Y 5.3 5.2% 8.1% 7.8 6.5
Rice 0 302.9 + 277.0 + 223.0 + 211.9 + 209.6 + 34.0 + 32.0 + 27.9 + 20.3 + 33.3 +
grain 77.7° 24.17 10.3 31.5% 69.8” 8.5% 6.87 43" 5.4% 9.7
2 138.2 + 178.9 + 158.9 + 162.4 + 158.7 + 17.0 + 18.2 + 20.8 + 22.1 + 21.8 +
27.3Y 56.9% 30.9 29.0% 35.9% 4.3 2.79 3.8% 1.5 4.5%
15 96.9 + 91.9 + 130.0 + 128.3 + 106.3 + 15.6 + 15.1 + 16.5 + 17.2 + 19.1 +
49.49 36.5° 58.2 50.5% 34.2Y 2.7Y 1.5% 3.7 2.8 1.0
30 115.0 + 124.8 + 149.3 + 78.1 + 100.9 + 15.1 + 15.7 + 15.5 + 13.6 + 16.7 +
34,720 40.5°0% 35.2° 1.25¥ 20.9°%Y 2.1Y 3.1% 2.4 1.2Y 1.1%

any proximal phase duration after 15 min distal phase (Fig. 6), indi-
cating the agglomerated products were more prone to starch hydrolysis
by a-amylase. After a distal phase duration of 180 min, there was a
significant increase (p < 0.01) in starch hydrolysis observed in the
agglomerated products at proximal phase >15 min, which was not
observed in the non-agglomerated products. This agrees with a study
that reported amylolysis of a native waxy rice starch dispersion followed
by acid hydrolysis at human physiological temperature increased the
degree of hydrolysis of the starch (Li et al., 2013). The significantly
increasing hydrolysis that was only observed in the agglomerated
products implies that acid hydrolysis during gastric digestion might
enhance starch hydrolysis, but only if amylolysis and acid diffusion are
not limited by a microstructural or macrostructural barrier. Together
with the trends in the Mastersizer measurement, the difference in the
hydrolyzed starch content of the foods due to proximal-distal gastric
digestion are expected to impact the starch digestibility of these food
products during small intestinal digestion and merit future
investigation.

4.4. Food structure and geometry influence breakdown mechanisms
during proximal and distal phases of gastric digestion

Changes that occur during the proximal and distal phase of gastric
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digestion have been shown to be influenced by food structure, as also
observed in an in vivo study (growing pig model) using the same food
products (Nadia, Olenskyj, et al., 2021), especially in terms of their
softening behavior. The fast-softening behavior of the agglomerated
products in both in vivo digestion studied by Nadia, Olenskyj, et al.
(2021) and in vitro digestion studied here, as well as their high hydro-
lyzed starch content during the proximal-distal in vitro digestion, can be
associated with their small initial particle size (1 < d < 2 mm), porous
microstructure (Hafsa et al., 2014), and their spherical geometry that
provides the largest surface area per volume ratio (SA/V) among the
foods studied (Fig. 7). These factors enabled digestive fluid components
to diffuse from the surface into the internal structure of their matrices
(Dhital et al., 2017), resulting in the dissociation and dissolution of the
agglomerates (Barkouti, Delalonde, Rondet, & Ruiz, 2014) in SGF,
which resulted in a fast softening rate in the distal phase (Bornhorst,
Ferrua, & Singh, 2015).

In rice grain, the access of digestive fluid components into the in-
ternal part of the rice kernel was physically limited by the protein matrix
and cell walls encapsulating the starch granules (Dhital, Brennan, &
Gidley, 2019; Tamura, Singh, Kaur, & Ogawa, 2016). Since the rice
grains had a cylindrical-like geometry, the diffusion of digestive fluids
occurred mainly in the radial direction (the shortest dimension; Fig. 7).
At early durations, proximal and distal phases were thought to cause
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Structure Agglomerates

Noodle

Before digestion

Matrix entrapping starch
particles

volume (SA/V, mm)

[e) Starch particles in the matrix d
w=~7Tmm,f=~15-18 mm,
d=1-2mm d=~2mm,f =~10mm h=1-15mm
Estimated surface area per 3_6 29_23 05-07

Direction of digestive fluid
diffusion

Radial

Radial Axial

Main breakdown mechanism Dissolution

due to digestive fluid diffusion

Surface erosion, Surface erosion
fragmentation (at later

duration)

Factors limiting the release of
starch particles

Agglomerate diameter,
agglomerate strength

Macrostructural
breakdown, matrix
entrapping the starch
particles

Macrostructural
breakdown, matrix
entrapping the starch
particles

Fig. 7. Hypothesized breakdown mechanisms of the food structures due to digestive fluid diffusion during proximal and distal phase in the current study, as affected
by food geometry and the direction of digestive fluid diffusion into the food matrix. The surface area to volume (SA/V) ratio was estimated from the characteristic
dimensions of each food (d: diameter, ¢: length, w: width, h: thickness). Representative starch particles and selected region showing the food matrix are shown to
reflect the entrapment of starch particles in the food structure. Factors limiting the release of starch granules from the structure are also proposed based on the main

breakdown mechanisms observed for each type of food structure.

surface erosion, as observed in the increasing particles <4 mm? in the
digesta compared to the undigested rice grain (Fig. 2F). Prolonged
duration of proximal phase (30 min) or distal phase (180 min) might
have allowed further penetration of a-amylase and SGF components into
the internal structure, causing fragmentation in the radial direction
(Figure S14). This might be due to the breakage and dissolution of cell
walls, as previously observed during prolonged static soaking of rice
kernel (Wu et al., 2017), sweet potatoes (Mennah-Govela & Bornhorst,
2016b; Somaratne et al., 2020), and apples (Olenskyj, Donis-Gonzalez,
& Bornhorst, 2020) in SGF. Despite its cylindrical-like geometry (SA/V
~4 times the noodle products) that resulted in physical fragmentation of
the rice kernels, the hydrolyzed starch content of rice grain was similar
to that of pasta and slightly lower than that of rice noodle. This suggests
the microstructure of rice grain limited the breakdown and hydrolysis
related to diffusion of digestive fluids, and that breakdown of the
macrostructure is required to release starch from the matrix. Fragmen-
tation that occurred due to prolonged proximal or distal phase and the
slow hydrolysis of rice grain may explain its similar t1/2 softening in the
proximal and distal in vivo gastric digesta, longer in vivo t1,2 softening
compared to rice noodle, and shorter in vivo t1,2 softening cOmpared to
pasta (Nadia, Olenskyj, et al., 2021).

In the noodle products, the diffusion of a-amylase and SGF compo-
nents into the noodle pieces was thought to mainly take place in the
direction of the thickness (the shortest dimension; Fig. 7) due to their
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slab geometry. Although their thickness was similar to the diameter of
the agglomerated products (~1 and 1.5 mm), the t1/2softening in both
proximal and proximal-distal digestion were longer than the agglom-
erated products. This implies that the microstructure of the noodles
limited the diffusion of digestive fluid components, thus only allowed
the diffusion to occur gradually from the outer layer of the shortest
dimension to the center, as observed in a microstructural observation
study on the diffusion of a-amylase and SGF to intact piece of pasta (Zou,
Sissons, Gidley, Gilbert, & Warren, 2015). It was hypothesized that the
breakdown mechanisms in the noodle products were surface erosion
either by a-amylase in the proximal phase (Dhital et al., 2017), or by
acid and pepsin in the SGF (Swackhamer et al., 2022). With the mini-
mum breakdown by only biochemical changes, macrostructural break-
down of the noodle structure is required to enhance the release of starch
from the matrix (Fig. 7). Starch source and microstructural differences
between rice noodle (solubilized starch gel with no physical barrier
encapsulating the starch) and pasta (starch particles entrapped in starch-
protein matrix) possibly affected the rate of diffusion and surface erosion
by digestive fluids (Klinmalai, Hagiwara, Sakiyama, & Ratanasuma-
wong, 2017; Zou et al., 2015), resulting in different softening kinetics
between these foods in the proximal and proximal-distal digestion
(Fig. 2A, Table 2). The microstructural differences may also explain the
difference in the in vivo t1/2softening Of pasta and rice noodle in the
proximal and distal stomach, where pasta had faster softening in the
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distal stomach, whereas rice noodle had faster softening in the proximal
stomach (Nadia, Olenskyj, et al., 2021). The slower starch hydrolysis of
pasta compared to noodle during the proximal phase at both 15- and
180-min distal phase (Fig. 6) may explain the longer in vivo t1,2 softening
of pasta compared to rice noodle (Nadia, Olenskyj, et al., 2021).

It is noteworthy that geometrical differences between the foods that
were considered to affect the diffusion of digestive fluids are comparable
to diffusion-controlled drug delivery systems (Siepmann & Siepmann,
2012). The different geometries of the foods led to different SA/V, where
the SA/V of agglomerated products > rice grain > noodle products.
Higher SA/V was reported to increase the rate of drug release in a study
of controlled-release tablets (Reynolds, Mitchell, & Balwinski, 2002).
However, the discrepancy in rice grain that fragmented during pro-
longed proximal or distal phase, but had similar starch hydrolysis to
noodle products implied that food microstructure also influenced the
mechanisms of food breakdown during the proximal and distal gastric
digestion (Fig. 7). Future studies should include microstructural obser-
vations and measurements to explore these hypotheses. Since food
structure and starch digestibility can be impacted by the preparation
method, including cooking duration (Pellegrini, Vittadini, & Fogliano,
2020; J. Singh, Dartois, & Kaur, 2010), separate studies can be done to
elucidate the effect of preparation method of each food in the current
study on food breakdown during gastric digestion, as standardized
cooking methods were used to prepare the foods in the current study.
Additionally, the breakdown mechanisms may be affected by mastica-
tion and gastric contraction forces (i.e., macrostructural breakdown),
which were outside the scope of the present study.

5. Conclusions

The proximal gastric phase, where the exposure to a-amylase is
extended, is often not considered in gastric digestion studies. However,
this work demonstrated that the proximal phase affected the properties
of food particles during the distal phase of gastric digestion, through the
generation and leaching of small particles (<2 mm) via starch hydro-
lysis. Through softening kinetics and solid retention kinetics modelling,
the difference between the proximal and distal phase was able to be
identified quantitatively, suggesting empirical modelling can be applied
to analyze and interpret large, complex datasets from digestion studies.
The distal phase contributed to increased gastric fluid uptake into the
food particles, which resulted in softening. The prolonged proximal
phase preceding the distal phase did not enhance softening during the
distal phase. However, the proximal phase preceding the distal phase
enhanced the starch hydrolysis of leached particles in agglomerated
products after 180 min distal phase, suggesting that acid hydrolysis
might enhance starch hydrolysis initiated by a-amylase, but only in the
absence of micro- and macrostructural barriers in the food matrix.

Food structure and geometry (size and shape, which define its SA/V)
influenced the breakdown mechanisms during proximal and distal
gastric digestion, in the absence of mechanical forces. The smaller initial
size, porous microstructure, and spherical shape of agglomerated
products might be associated with their fast-softening behavior during
gastric digestion. The larger initial size of rice grain and noodle prod-
ucts, combined with the presence of more barriers to enzyme diffusion in
their microstructure and their shapes, might be associated with their
intermediate- to slow-softening behavior during gastric digestion. In
addition, starch sources of these products were also found to affect the
properties of the leached particles during the proximal and distal phase,
although the effect was not as apparent as their physical structure.
Overall, the current study demonstrated that food structure is crucial in
determining breakdown mechanisms in the proximal and distal phases
of gastric digestion. The impact of factors affecting food structure (e.g.,
preparation method) on the breakdown mechanisms identified here
should be investigated in future studies for a broader application of the
current findings.
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