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Abstract

Positive health effects of dietary fibre have been established; however, the underpinning
mechanisms are not well understood. Plant cell walls are the predominant source of fibre in the
diet. They encapsulate intracellular starch and delay digestive enzyme ingress, but food processing
can disrupt the structure. Here we compare digestion kinetics of chickpea (cotyledon) and durum
wheat (endosperm), which have contrasting cell wall structures (Type I and Il, respectively),

to investigate a ‘cell-wall barrier’ mechanism that may underpin the health effects of dietary
fibre. Using /n vitro models, including the Dynamic Gastric Model, to simulate human digestion
together with microscopy, we show that starch bioaccessibility is limited from intact plant cells
and that processing treatments can have different effects on cell integrity and digestion kinetics
when applied to tissues with contrasting cell wall properties. This new understanding of dietary
fibre structure is important for effective fibre supplementation to benefit human health.

Introduction

The long-term health benefits of dietary fibre include risk reduction and improved
management of cardiometabolic diseases?, yet the physiological mechanisms underpinning
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them are not fully understood. Terminology describing fibre in health relates to its solubility
and/or compoasition, but the structure and properties of fibre as cell wall bioassemblies

that encapsulate macronutrients have received much less attention 2. Here, we consider
mechanisms by which fibre influences starch bioaccessibility by comparing two widely
consumed starch-staple crops with contrasting cell wall structures, chickpea (Cicer arietinum
L.) and durum wheat ( 7riticum durum L.). Chickpeas, beans and other dicotyledonous plant
seeds have Type | cell walls, rich in pectic polysaccharides and xyloglucans; wheat and other
monocotyledonous cereal grains have Type Il primary cell walls, low in pectin, but rich in
arabinoxylans and/or mixed-linkage (1—3),(1—4)-B-D-glucans 3.

In studies of pulses, cellular integrity is a critical factor underpinning their low glycaemic
index 4. The tendency of leguminous cells to separate is commonly observed in
hydrothermally-processed chickpeas and many other pulses, but not in beans that exhibit
hard-to-cook defects °. Cell separation is possible in tissues where the middle lamella is
held together largely by non-covalent crosslinking (i.e. pectic polysaccharides) and results
from solubilisation and/or heat-catalysed depolymerisation of pectin in the middle lamella
of contiguous cells under certain processing conditions 3. This weakening of inter-cellular
adhesions means that hydrothermally-treated legume cotyledon cells can separate from
each other during mastication. The resulting intact cells that constitute the food bolus

can therefore be the main structural entity that enters the gastrointestinal tract (GIT) ©.
Micrographs of intact, starch-containing plant cells from white haricot beans and mature
peas in human ileal fluid 7:8 confirm that cellular structures from leguminous plant tissues
with Type | cell walls persist to some extent in the upper GIT. In contrast, wheat endosperm
tissues have Type I cell walls and do not cell separate when hydrothermally-processed.
Wheat grains fracture following mechanical processing such that the proportion of starch
that remains encapsulated within plant cells is likely to depend on the cell volume and
particle size of the wheat tissue 9. Although wheat is conventionally dry-milled to a
sub-cellular flour prior to cooking and consumption, we previously showed that large
macroparticles of wheat endosperm tissue can remain intact during transit through the upper

GIT, leading to an attenuation of postprandial glycaemia compared with sub-cellular flour
10

Several previous /n vitro digestibility studies have observed lower starch digestibility
associated with intact cells or tissues of cooked legumes 11-14 and cereals 1°-17. One
possibility is that the cell walls, which are not digested by mammalian enzymes of the
upper GIT, exist as physical barriers to delay enzyme ingress. The degree of penetration

of digestive enzymes through cell walls is likely to be influenced by many factors such as
cell wall thickness, density and composition, and the size and number of cell wall pores
including plasmodesmata as well as processing treatments 2,818, Assessing the permeability
of cereal endosperm cells, which can remain intact within food macroparticles, is difficult,
but indirect microscopic evidence suggests that amylase can cross the cell wall 10, An
additional mechanism of interest is the proposed role of the cell wall in limiting starch
gelatinisation and thereby starch susceptibility to amylase digestion 19. Observations of
distorted granular swelling 11 and quantitative studies showing limited gelatinisation of
starch 19 within legume tissues provides evidence for this mechanism: however, it is unclear
whether this can be rate limiting.
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Through a series of comparative structure-function studies of chickpea and wheat, we
elucidate the mechanisms by which cell wall properties influence starch bioaccessibility.
The proposed role of encapsulating cell walls in impeding intracellular starch gelatinisation
and/or enzyme access was examined in digestibility studies supplemented with microscopy
of samples taken before and after processing and digestion. The Dynamic Gastric Model
(DGM) in combination with the Static Duodenal Model (SDM) were used to provide a
physiologically-relevant simulation of the human stomach and duodenum, respectively29-21,
Deeper insight of the properties of these different cell wall types, particularly their behaviour
during processing and digestion, can improve our understanding of the mechanisms by
which different sources of dietary fibre influence public health. Also, this could lead to the
development of more effective and palatable forms of dietary fibre for improving glucose
homeostasis in individuals with or at risk to type 2 diabetes.

A series of /n vitro digestibility studies provided new insight into mechanisms by which
plant tissue structure influences starch bioaccessibility from chickpea cotyledon and durum
wheat endosperm.

Lower digestibility of cell wall encapsulated starch

Chickpea and durum wheat were dry-milled to obtain different size fractions and then
hydrothermally-processed to inactivate endogenous amylase prior to determination of starch
digestibility (Figure 1). The larger particles, which contained more cell wall encapsulated
starch, had the lowest starch digestibility. As the cellular integrity of the tissue was further
disrupted through reductions in particle size, both the rate and proportion of starch digested
by amylase increased. In chickpea materials (Fig. 1a), particle size, and thereby cell wall
encapsulation of starch, limited the extent of starch digestion (mean percentage digested
with standard error after 220 min was 82.5 + 1.5%, 82.9 + 0.3%, 65.9 + 2.0%, 57.0 +

2.2%, and 33.0 = 0.9% for starch, and particle size fractions <0.21, 0.38, 0.55 and 1.85 mm,
respectively), and plateaued within 60 min of amylolysis. In durum wheat, differences in
digestion rate were evident, but the extent of starch digested after 230 min (around 80%)
was similar for all durum wheat size fractions, except the largest 1.85 mm fraction, where 66
+ 2.7% of the starch had been digested and had not yet reached a plateau (Fig. 1b). These
differences suggest that chickpea cell walls hinder amylase access to a greater extent than do
cell walls of wheat. The starch digestibility profiles of boiled starch extracted from chickpea
and wheat were similar, thus confirming that the kinetic effects are attributed to properties of
the cellular tissue, rather than the starch structure.

Cell integrity after homogenisation limits starch digestibility

We investigated how the two plant tissues behave after hydrothermal cooking (100°C) when

subjected to high shear, and the extent to which this influences starch digestibility and tissue
microstructure. The largest of the wheat and chickpea macroparticles (1.85 mm) prepared by
dry-milling, and containing the highest proportion of encapsulated starch, were prepared as a
porridge and homogenised or left intact prior to the starch amylolysis assay.
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Micrographs show the internal structural integrity of intact chickpea (Fig. 2a) and durum
wheat (Fig. 2b) macroparticles after they have been cooked but not homogenised. The
chickpea and wheat tissues were comprised of predominantly intact starch-rich cells of
cotyledon and endosperm tissues respectively, with some ruptured cells evident at the
particle edges (Fig. 2ab). Chickpea cotyledon cells had thicker walls (~1 - 2 um, estimated
from micrographs) than wheat endosperm cell walls (<1 pum) and a rounded appearance,
consistent with solubilisation of middle lamellar pectin and weakening of cell-cell adhesion
during hydrothermal processing. Durum wheat endosperm cell walls were visibly thinner
and less defined (~0.6 - 1 um, estimated from micrographs), and the endosperm cells

were more angular and tightly associated. After 2 h of /n vitro digestion, chickpea cells

at the particle edge and core appeared intact, with starch enclosed (Fig. 2c), whereas
starch-containing cells of durum wheat endosperm were still present at the particle core
(Fig. 2d). After 6 h of in vitro digestion, the overall structural integrity of the “intact’
chickpea macroparticles remained largely unchanged (Fig. 2e). Wheat endosperm cells near
the particle edge were ruptured and starch from the cells is presumed to be digested (Fig.
2f). Wheat endosperm cells near the particle core were intact and the amount of intracellular
starch granules appeared to be reduced in the outermost cell layers, although the quantitative
data in Fig. 3 provides a more reliable indication of starch digestion.

The effect of homogenisation on tissue structures and starch digestibility is shown in

Figure 3. The micrographs reveal that when homogenisation treatment was applied to intact
macroparticles of hydrothermally-processed chickpea cotyledon (Fig. 3a), the tissue became
disrupted and individual cells had separated, with only a few cells showing evidence of
structural damage or cell wall rupture. Most of the cotyledon cells remained intact with

the starch encapsulated by the cell walls. When the same homogenisation treatment was
applied to the macroparticles of hydrothermally-cooked intact wheat endosperm, it caused
extensive cell and tissue structure damage, exposing partially swollen starch granules and
other intracellular debris (Fig. 3b). No intact endosperm cells or tissue clusters were detected
in these wheat samples, only protein fragments and some bran residue (i.e. the pericarp, testa
and aleurone layers) against a background of mostly swollen starch granules. In micrographs
taken after 6 h digestion with amylase, intact chickpea cells remained (Fig. 3c) and had a
similar appearance to the cells in the sample collected before digestion, whereas the free
starch from ruptured cells appeared to have been digested. In the image of the homogenised
and digested wheat endosperm, there was little evidence of any starch remaining, at least not
in the form of identifiable starch granules (Fig. 3d).

Starch digestibility curves showing digestion of hydrothermally-cooked chickpea and
wheat macroparticles that had been homogenised compared with structurally-intact (non-
homogenised) controls are shown in Figure 3e and f. Homogenisation of chickpea materials
produced a significant increase in the extent of starch digestion, but the intact chickpea
samples showed persistently lower levels of digestion even after 6 h incubation (Fig.

3e). Similarly, homogenisation of cooked durum wheat macroparticles led to a significant
increase in the rate of starch digestion (Fig. 3f); however, the same amount of starch
(approximately 50%) had been digested after 6 h in both the intact and homogenised wheat
samples.
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Structure regulates starch bioaccessibility in the stomach and duodenum

The purpose of these experiments was to study starch bioaccessibility and digestion, and
tissue/cell microstructure of chickpeas and durum wheat, prepared as porridge test meals,
under simulated physiological conditions of oral, gastric and duodenal digestion. For the
chickpea experiments, the main objective was to determine the effects of freeze-milling
on the digestibility and structural integrity of separated chickpea cells. For the wheat
experiments, the main objective was to determine the effects of particle size of wheat
macroparticles on starch bioaccessibility and digestion, and also monitor microstructural
changes.

Chickpea Porridge—Starch digestion from chickpea porridges with contrasting cellular
integrity is shown along with micrographs in Figure 4. In the gastric phase, the amount of
reducing sugars released from starch by human salivary amylase was minimal, accounting
for 1 - 2% of the total starch present in the porridge meals. The concentration of reducing
sugars remained constant between 10 and 60 min of gastric incubation, and there was no
evidence that starch digestion (by salivary amylase) continued during gastric digestion of
either porridge type (Fig. 4a).

Once in the duodenal phase, starch amylolysis in the porridge made from freeze-milled
chickpea cells progressed rapidly within the first 15 min, whereas amylolysis in the porridge
made from intact cells progressed more slowly and to a lesser extent (Fig. 4b). For the
porridge prepared from intact cells, there was no difference between duodenal digestion
profiles of samples that had different gastric residence times, indicating that the gastric
phase had no effect on the susceptibility of starch in these porridges to subsequent duodenal
amylolysis (Supplementary Figure 1). However, for porridge made from freeze-milled cells,
there was a tendency for samples that had <20 min in the gastric phase to be more
susceptible to amylolysis during subsequent duodenal digestion (Supplementary Figure 1).

Progress of total starch amylolysis throughout gastric (60 min) and subsequent duodenal
digestion is shown for both porridge types in Figure 4c. Starch bioaccessibility from
porridge made of intact cells of chickpea cotyledon was very low, with less than ~10%
of the starch becoming digested, whereas up to 26% of the starch in the porridge made
from freeze-milled cells was digested. For both porridge types, the duodenal phase was
the predominant site of starch amylolysis. Micrographs (Fig. 4d) revealed that a high
proportion of cells remained intact despite the freeze-milling treatment, and that these
cellular structures with encapsulated starch remained intact after duodenal digestion.

The total amount of starch digested at the end of the duodenal phase for each gastric
residence time and porridge type is shown in Fig. 4e. The total extent of starch digested was
higher from the porridge made with freeze-milled cells than from intact cells. However, the
majority of starch in both porridge types remained undigested, with around 90% and 75%
of starch in the porridges made from intact and freeze-milled cells, respectively, remaining
at the end of the duodenal phase. A slight reduction in the total extent of digestion was
observed for samples retained in the gastric phase for a longer period. This effect was more
pronounced in the porridge made from freeze-milled cells, which could reflect the retention
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of larger particles (intact cells, which have a lower susceptibility to amylolysis than free
starch) in the DGM.

Wheat Porridge—Starch digestion from wheat porridges made with different particle
sizes of endosperm is shown together with micrographs in Figure 5. Starch digestion by
salivary amylase continued throughout the gastric phase and the gastric starch digestion
profiles (Fig. 5a) show a similar time-dependent increase in starch amylolysis for all size
fractions of wheat used for preparing the porridge. After 60 min in the gastric phase,

up to 16% of the total starch in the wheat porridges had been digested. Once in the

duodenal phase, starch amylolysis progressed rapidly within the first 4 min and plateaued
within 60 min for all size fractions (Fig. 5b). Under duodenal conditions (not including the
contributions from the gastric phase), on average 48% (range = 34 to 54%) of the total
starch in the wheat porridges made from smaller particle size fractions (median size 0.11,
0.38 and 1.01 mm) was digested, whereas an average of 30% (range = 25 to 35%) of the
total starch in the larger size fractions (median size 1.44 and 1.95 mm) was digested. There
was a general tendency for samples that had < 20 min of gastric residence to be digested

in the duodenal phase more slowly than samples with >20 min of gastric incubation, which
suggests that samples with a short gastric residence were less susceptible to subsequent
duodenal amylolysis (Supplementary Figure 2). Progression of starch amylolysis throughout
gastric (60 min) and duodenal digestion are shown in Fig. 5¢, and it is seen that for all size
fractions, gastric starch amylolysis (by residual salivary a-amylase) made some contribution
to total amylolysis, but the majority of starch amylolysis occurred within the first 4 min of
exposure to pancreatic a-amylase in the duodenal model. On average, the proportion of total
starch digestion attributed to the gastric phase was about 19% of the total starch amylolysis
(range from 7 — 26 %), where the values at the lower end of this range originate from
samples that experienced shorter gastric residence times. The remaining 81% (range from
74 to 93 %) of the total starch amylolysis occurred within the duodenal phase and mostly
within the first 4 min (as shown in Fig. 5¢). Micrographs (Fig. 5d) show that starch had been
digested from exposed granules (sizes 0.11 and 1.01 mm) and from the peripheral cells of
larger macroparticles (size 1.95 mm) in samples recovered from the duodenal phase. The
total amount of starch digested at the end of the duodenal phase for each gastric residence
time and particle size is shown in Fig. 5e. The total extent of digestion increased with gastric
residence time and decreasing particle size.

Discussion

These studies were performed to gain insight into the underlying mechanisms of starch
digestion in edible plants, specifically, chickpea cotyledon with Type | primary cell walls,
and durum wheat endosperm with Type Il cell walls. Identical mechanical treatment (dry-
milling, homogenisation) of these tissues had different effects on starch bioaccessibility,
with implications for glycaemic responses and the nature and amount of resistant starch that
is delivered to the colon. These studies highlight the importance of tissue fracture properties
and cell wall permeability as key mechanisms by which “dietary fibre” influences starch
bioaccessibility.

Nat Food. Author manuscript; available in PMC 2021 October 18.
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In wheat, the final amount of starch digested in different sized fractions was the same,

but the time to reach the endpoint was dependent on particle size, whereas in chickpeas,

size greatly affected the final amount of starch digested. These results are consistent with
predictions from our previous kinetic studies of early stages of digestion of plant material 1°.

The marked disparity in digestibility profiles between wheat and chickpeas is likely
explained by intrinsic differences in the cell tissue properties, especially the permeability
of cell walls to amylase diffusion. Digestion of intracellular starch from wheat endosperm
indicates that the cell walls were permeable to a-amylase. In contrast, digestion of starch
from chickpea tissue was limited to ruptured cells on the fractured surface of particles,
and is consistent with reports of low starch amylolysis from intact leguminous plant cells
11-13.22,23 Restricted amylolysis is a consequence of a low permeability to amylase (‘cell
wall barrier mechanism’) and/or intracellular starch being less susceptible to amylolysis
(‘restricted gelatinisation mechanism”). The higher dietary fibre values of chickpea flour
reflect their thicker cell walls, which account for ~5-6% of the cotyledon tissue mass,
compared with wheat endosperm (flour) which comprises ~2-3% of cell wall material 4.

The relative contributions of these two mechanisms was investigated further in studies
where hydrothermally cooked macroparticles were disrupted by homogenisation (blending)
treatment. These studies revealed extensive cell fracture in wheat (i.e. the cell wall barrier
was removed), and the starch was digested more rapidly than in control samples with intact
tissue structure. However, even after 6 h incubation with a-amylase, 50% of the starch in
both the intact and homogenised wheat sample remained undigested suggesting that starch
cooked inside this plant matrix retained some ordered structure 1°. For chickpeas, the tissue
separated into individual cells with intact cell walls so that access to intracellular starch was
impeded.

The contrasting fracture/separation behaviour of hydrothermally-cooked durum wheat and
chickpea tissues has implications for the type of cell wall structures that digestive enzymes
are likely to encounter /n vivo. Under simulated digestive conditions of the stomach and
duodenum, chickpea cells remained intact and the bioaccessibility of starch from these cells
was very low.

In hydrothermally-cooked wheat endosperm, larger particles of tissue remained intact
throughout simulated gastric and duodenal digestion with a progressive loss of starch

from intact cells near the particle periphery towards the core. This is consistent with
digestion patterns observed from large endosperm particles recovered from the terminal
ileum of human participants in an /in vivo study, where reduced bioaccessibility of starch in
endosperm macroparticles significantly attenuated postprandial glycaemic and insulinaemic
responses 10

The physiological conditions simulated in DGM and SDM digestion models are considered
to be more representative than direct amylolysis assays 2021, The rate and extent of
amylolysis is recognised as being relevant for predictions of glycaemic responses 25:26

but the acidity and mixing of the stomach, and activities of other enzymes (e.g., pepsin

and trypsin digestion of proteins) has been suggested to influence subsequent duodenal
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amylolysis. We observed that salivary amylase (added during the oral phase) continued

to digest wheat starch throughout the gastric phase, accounting for ~ 20 % of the total
starch amylolysis in wheat, but digested < 2% of the starch from chickpea cells. Thus, the
mechanisms by which cell walls affect starch digestibility in the duodenal phase are equally
relevant to the oral digestion. Gastric residence in excess of 20 min was associated with a
slight change in the rate and extent of subsequent duodenal starch amylolysis (an increase
for wheat and decrease for chickpeas). However, no changes in cell wall or tissue structures
were evident from the microscopy of samples recovered from the DGM, and it is noteworthy
that due to the gastric sieving, this difference could reflect the dissimilar nature of material
being released into the duodenal phase. Nevertheless, most of starch digestion from these
samples occurred within the early stages of duodenal digestion.

From a nutritional perspective, the reductions in the rate and extent of starch bioaccessibility
observed in our /n vitro studies would be expected to produce an attenuation in glycaemic
and insulinaemic responses /in vivo, and the amount of resistant starch remaining at the

end of simulated upper gastrointestinal digestion would be available for fermentation by

the colonic microbiome. Thus, processing treatments (e.g., combinations of dry-milling,
cooking and blending) having different effects on the cellular integrity and cell wall
permeability of starch-storage tissues are highly relevant to our understanding of the
physiological effects of “dietary fibre’ from legumes and cereals. Such mechanistic
understanding has potential for optimising health benefits of ‘dietary fibre’ components of
foods for gastrointestinal health, prevention of type 2 diabetes and weight management. Our
studies emphasise the crucial importance of structural integrity of dietary fibre in explaining
physiological mechanisms of fibre. The inclusion of the innovative DGM in combination
with the SDM has provided a physiologically relevant simulation of the proximal GIT
conditions to demonstrate the contrasting behaviour of legume and wheat tissues during
digestion. In particular, the DGM, which was employed to mimic both biochemical and
mechanical processes of gastric digestion in a realistic time-dependent way, has shown

that starch digestion in wheat is enhanced by gastric conditions compared with chickpea
tissue. The results raise questions about fibre supplementation and health claims when the
physical form of fibre is not retained during food processing. Moreover, this work highlights
the problems of relying only on chemical analysis of dietary fibre for characterising the
physiological properties of fibre in plant foods, particularly when this information is used

to interpret mechanistic data and the results of human studies. Further research on the
supramolecular structure, mechanical properties and porosity of cell walls would add to our
understanding of the physiological and clinical effects of dietary fibre 2. Such insight could
also help the food industry to design more effective fibre-rich food ingredients and products.

Dried seeds of chickpea, Cicer arietinum L. (Russian variety), were donated by Poortman
Ltd. Samples of durum wheat, 7riticum durum L. (Svevo variety), were provided by Millbo
S.p.a., Italy. Starch was isolated from these grains, purified and dried as described previously
15 for use as a reference material in some experiments. Milled macroparticles of a defined
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size were prepared from the starch-rich storage tissue of each species. Chickpeas were
soaked overnight and then manually de-hulled while wet to remove the testa, and finally
left to dry at ambient temperature until the weight had stabilised and moisture <10% was
reached. Durum wheat grains were de-branned for 2 min (Satake TM-05C de-branner
equipped with a medium abrasive roller No. 40; roller speed, 1450 rpm) to remove the
outer bran layers. The dry chickpea cotyledon and wheat endosperm tissues were then
roller-milled (Satake Test Roller Mill ST-100 equipped with 10.5fl/ in break rolls; 250
mm diameter) using a sharp-to-sharp disposition to achieve geometrically well-defined
macroparticles. The milled material was separated into particle size fractions as denoted in
the following sections by the median size based on sieve apertures.

Proximate analysis

Proximate analysis (protein, lipid, dietary fibre by AOAC, ash (total mineral content),
moisture and carbohydrate by difference) of durum wheat and chickpea materials was done
by Rank Hovis Mill Analytical Services (Premier, High Wycombe) as described previously
10, The total starch content of these materials was measured directly using a modified
version of the AOAC 996.11 Total Starch Procedure with Megazyme Total Starch Assay
kit reagents (Megazyme International Ireland Ltd.) as described in full elsewhere 0. Milled
chickpea fractions contained 23 g protein, 22.6 g dietary fibre, 5.3 g lipid, 2.8 g ash, 8.7

g moisture, 37.5 g carbohydrate (by difference) per 100 g ‘as is’. Milled durum wheat
endosperm contained 10.7 g protein, 6.5 g dietary fibre, 1.7 g lipid, 0.9 g ash, 9.9 g moisture,
70.2 g carbohydrate (by difference) per 100 g “as is’. Total starch content of milled size
fractions was 40 + 2 % for chickpea and 63 + 2 % for durum wheat.

Light microscopy

Samples for light microscopy were collected before and after digestion procedures. Samples
of intact macroparticles were fixed overnight in modified Karnovsky’s fixative (1.6%, v/v,
formaldehyde, 2%, v/v, glutaraldehyde), rinsed in 0.1 M sodium cacodylate buffer (pH 7.2)
and then dehydrated through a graded ethanol series. Samples were embedded in LR-White
Resin (62662 Fluka) and polymerised (cured) at 60 + 2°C for 24 h. Sections (0.5 or 1 um)
were cut using a glass knife mounted on an ultramicrotome (Ultracut E, Reichert-Jung),
dried and stained with 1 % (w/v) toluidine blue in 1 % (w/v) sodium borate or Lugol’s
lodine (2.5% I, with 5% KI). Sections (0.5 - 1 um) were viewed using a Leica Zeiss
Axioskop 2 mot plus light microscope and images captured using a Zeiss AxioCam HRc
camera and AuxioVision v3.1 microscope software. Micrographs of homogenised samples
were obtained by immediate examination of sections without prior fixation.

Starch amylolysis assay

The susceptibility of chickpea and wheat materials to starch amylolysis was assayed
following a protocol that has been described previously 15. In brief, 50 mL tubes containing
suspensions of materials for testing were incubated in a water bath at 37 °C for 20 min. A
blank aliquot (200 pL) of the solution was then removed to a microfuge tube and mixed with
an equal volume of ice-cold 0.3 mol/L Na,CO3 (“stop solution’). To start the amylolysis
reaction, porcine-pancreatic amylase (prepared in PBS from high purity enzyme A6255
obtained from Sigma-Aldrich Co Ltd, Poole Dorset; EC 3.2.1.1) was immediately added
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to the suspensions, to achieve a ratio of 2.3 nmol/L amylase (~0.17 U) per mg starch in

the final digestion mixture. The sample tubes were incubated on a rotary shaker at 37°C
for the duration of the assay (up to 6 h). Aliquots (200 pL) of the digestion mixture

were subsequently collected at regular time points into an equal volume of ice-cold stop
solution, to terminate amylolysis. Microfuge tubes from each sampling occasion were then
centrifuged at 16,200 x g (Hareus Pico, Thermo Scientific) for 6 min to spin down any
starch remnants, and the supernatant collected and frozen at -20°C for subsequent analysis.
Starch hydrolysis products (reducing sugars, predominantly maltose and maltotriose) in the
supernatant were quantified using a Prussian blue assay method 15, which provided reliable
measurements of low concentrations of reducing sugars.

Starch digestion kinetic study of dry-milled plant tissues

The experiment was performed on dry-milled plant tissue from chickpea and wheat with
different particle sizes and therefore different ratios of surface to encapsulated starch to gain
insight into the effect of tissue structure and cell encapsulation on starch digestion kinetics.
Four different size fractions (median size = 1.85, 0.55, and 0.38 mm, and flour <0.21 mm) of
dry-milled chickpea (3.15 g) and durum wheat (2.10 g) tissue and starch isolated from these
materials were each weighed into 50 mL Falcon tubes so that each tube contained 1260

+ 2 mg starch. The sample in each tube was suspended in 30 mL PBS. All samples were
then hydrothermally-processed at 100°C for 1 h 25 min with intermittent stirring, and then
subjected to the amylolysis procedure described above to obtain starch digestibility profiles
for each size fraction. The experiment was repeated 3 times.

Starch digestibility study of intact and homogenised plant tissues

This experiment compared the starch digestibility of macroparticles of chickpeas and durum
wheat that have been hydrothermally-treated as intact tissue, and then homogenised to
provide insight into the behaviour of different tissue types and its implication for the role of
cell walls as physical barriers and restrictors of starch gelatinisation.

Coarse macroparticles (median size = 1.85 mm) of chickpea (3.15 g) and durum wheat (2.10
g) were each weighed into 2 x 50 mL Falcon tubes so that all tubes contained the same
amount of total starch (1260 + 2 mg per tube). The duplicate tubes were prepared, cooked,
and tested in parallel (as described below), but only one was ‘homogenised’, leaving the
structure of the plant tissue macroparticles in the other tube ‘intact’. The experiment was
repeated four times, with chickpea and wheat samples tested in each experimental run using
the same assay.

The chickpea samples were left to soak in 7 mL PBS at room temperature (~22 °C)
overnight and then boiled for 40 min, whereas wheat was soaked at room temperature for 50
min and then boiled for 10 min. Both sample types were boiled in the soaking liquor to keep
the starch concentration constant. The two different hydrothermal regimes used ensured that
each material type was cooked to a texture that would be considered palatable for human
consumption.

After cooking, the samples were kept at 37°C for 10 min. From each pair of tubes,
the macroparticles of one tube was homogenised (see below), while the other tube was
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left untreated so that the macroparticles remained intact. Homogenisation was carried out
using an IKA T25 Digital UltraTurrax® by immersing the UltraTurrax® probe in the tube
and homogenising the content for 30 s at 16.4 x 103 rpm. Residual material from the
UltraTurrax® probe was rinsed back into the tube with an additional 3 mL of PBS. In
parallel, the same volume was also added to the ‘untreated’ sample tube containing the intact
macroparticles.

All tubes were incubated at 37°C in a water bath for a further 5 minutes, diluted to a final
total volume of 30 mL with PBS (at 37°C), and then submitted to the starch amylolysis
assay procedure (described in the earlier section) to monitor starch digestion over 6 h.
Digestibility curves were fitted to the data points through non-linear regression.

Digestions in a Dynamic Gastric Model (DGM) and a Static Duodenal Model (SDM)

This study employed the use of physiologically-relevant digestion systems that simulate
the biochemical and mechanical conditions of the GIT, including oral, gastric (DGM) and
duodenal (SDM) phases.

Chickpea porridge—Chickpea porridges were prepared from dried separated cells (that
contained 48.2 g starch and 10 g moisture per 100 g of dry matter), which were either left
intact, or freeze-milled to disrupt the cellular integrity. For freeze-milled cells, the dried
chickpea cells were subjected to 2 x 30 min of freeze-milling at 10 cycles per second
(6970D Freezer/Mill®, SPEX SamplePrep L.L.C., Stanmore, Middlesex, UK) to induce
cell rupture and release intracellular starch. To prepare the porridge meals, 70 g of dried
chickpea cells (either freeze-milled or intact), were soaked in 180 mL water overnight

and then cooked for 20 min with the addition of another 170 mL water, following the
same process as described for wheat. After cooking, the total weight of the porridge was
re-adjusted to 350 g by the addition of water to make up for evaporative losses. The porridge
was then digested in the DGM and SDM.

One cooked portion of chickpea porridge (~350 g) contained 35.0 g of potentially available
carbohydrate (of which 34.9 g was starch and 0.1 g total sugars), 9.8 g of dietary fibre, 14.8
g of protein, and 1.7 g of lipid.

Durum wheat porridge—The results shown in the current paper are produced from
further analyses of samples and data collected from the previously published study of wheat
endosperm 27. Milled macroparticles (denoted by median sizes 0.11 mm, 0.38 mm, 1.01
mm, 1.44 mm and 1.95 mm) of durum wheat endosperm (77 g) were combined with water
150 mL and heated in a saucepan with vigorous stirring for 5 min at 85°C, after which 150
mL cold water was added and heated for a further 5 min at 85°C, then brought to boiling and
allowed to continue for a further 5 min. The resulting porridge was then removed from the
heat source and rested at room temperature for 15 min before use in the DGM and SDM.

One cooked portion (~377g) of durum wheat porridge contained 61.1 g of potentially
available carbohydrate (of which 60.0 g was starch and 0.5 g total sugars), 4.5 g of dietary
fibre, 9.4 g of protein, and 1.5 g of lipid.
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Dynamic Gastric Model and Static Duodenal Model—For the oral phase, the cooked
porridge minus a 2 g weighed sub-sample (removed after cooking and used as baseline) was
mixed with 20 mL distilled water, and Simulated Salivary Fluid (SSF, 10 mL containing
0.15M NaCl, 3 mM urea, pH 6.9) and 1 mL of human salivary a-amylase (HSA, 900

U, Sigma, UK, dissolved in SSF) were added. After 10 min, another 2 g sub-sample was
collected to represent the effect of the simulated oral digestion phase.

For the gastric phase, the remaining mixture was added to the DGM, which was already
primed with 20 mL of acidified salt solution (58 mM NaCl, 30 mM KCI, 0.5 mM CaCl,,
0.864 mM NaH,POy4, and 10 mM HCI), to simulate the contents of the stomach in fasted
humans. Physiological additions of simulated gastric secretions containing 9000 U/mL

of porcine gastric pepsin and 60 U/mL of gastric lipase analogue from Rhizopus oryzae
(Amano Enzyme Inc., Nagoya, Japan), and 0.127 mM lecithin liposomes in an acidified salt
solution, occurred throughout gastric digestion. Gastric samples were ejected from the DGM
every 10 min over a 60 min period.

For the duodenal phase, each gastric sample was immediately weighed, neutralised to pH
7.0 with 1 M NaOH and re-weighed. Next, 30 g of each neutralised gastric sample was
transferred into individual bottles containing 3.75 mL of so-called ‘hepatic mix’ and 11.25
mL of designated ‘pancreatic mix’, and placed on an orbital shaker (170 rpm) at 37 °C

to represent the duodenal digestion phase. The hepatic mix contained lecithin (6.5 mM,
from Lipid Products, Surrey, UK), cholesterol (4 mM), sodium taurocholate (12.5 mM) and
sodium glycodeoxycholate (12.5mM) in a salt solution of NaCl (146 mM), CaCl, (2.6 mM)
and KCI (4.8 mM) and was prepared fresh for each run. The pancreatic mix contained
pancreatic lipase (590 U/mL), porcine co-lipase (3.2 pg/mL), porcine trypsin (11 U/mL),
bovine a- chymotrypsin (24 U/mL), and porcine a-amylase (300 U/mL) in a solution of
NaCl (125 mM), CaCl, (0.6 mM), MgCl, (0.3 mM) and ZnSO, *7H,0 (4.1 uM) and was
prepared fresh for each run. A representative subsample (2 g) was removed at different time
points (0.2, 2, 5, 10, 15, 20, 30, 40, 60, 90, 180 and 210 min) and added to ethanol (8 mL)
for subsequent analysis of starch digestion products (total reducing sugars).

Overall, 1 x sss, 1 x orally processed sample, 6 x gastric samples, and 72 (i.e. 6 x 12)
duodenal samples were collected per run. Two runs were performed with intact cells

and one run performed with freeze-milled samples, and all analysis was performed in
triplicate. Additional samples for microscopy analysis were collected at key time points and
immediately immersed into Karnovsky’s fixative and later processed and embedded in LR
resin as described (see ‘ Light microscopy’). Samples for analysis of dry matter were frozen
(-20 °C) in plastic pots and determined by oven-drying at 102°C.

Samples collected into ethanol for analysis of starch digestion were stored at 4°C and
centrifuged at 4000 x g for 2 min prior to reducing sugar analysis. For the chickpea study,
reducing sugar concentration was determined by DNS assay as described elsewhere 10,
whereas analysis of starch digestion products from durum wheat porridge was performed at
Quadram Institute Bioscience (formerly Institute of Food Research, Norwich) as described
previously 7. The different reducing sugar assay methods used have been compared
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previously 28:29 and were selected based on the suitability of the working range and
compatibility with samples obtained from these studies.

Data and Statistical analysis

Graphing, curve-fitting and statistical analyses were performed in GraphPad Prism (version
8.4.3, Graph Pad software, San Diago, CA, USA). Comparison of time-course data was
performed by One-way ANOVA or mixed effects model with Tukey’s correction for
multiple comparisons or by paired t-test, as indicated in figure legends. Tukey’s post-hoc
test was applied when there was a significant effect of treatment. Statistically significant
differences were accepted at o < 0.05. A paired t-test was used when only two curves where
compared. Non-linear regression analysis was applied to time-course data by least squares
regression to a one or two-phase association equation, and 95% confidence bands obtained
to show likely location of the true curve.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Particle size and starch digestion kinetics.
The effect of dry-milled particle size on starch digestibility in hydrothermally-cooked

chickpea (a) and durum wheat (b) was investigated in chickpea cotyledon and durum

wheat endosperm tissue particles and in starch extracted from these tissues. All samples
were dry-milled and sieved to obtain distinct size fractions, then hydrothermally-processed
at 100°C for 1 h 25 min before incubation with pancreatic a-amylase (~0.17 U per mg
starch). Starch amylolysis products were quantified by Prussian blue assay and expressed as
maltose-equivalents. The concentration of reducing sugars before the addition of pancreatic
amylase was negligible. The legend indicates median particle size and different superscript
letters indicate a significant difference in starch digestibility between particle size fractions
within chickpea or durum wheat (p < 0.05, mixed-effects model ANOVA with Tukey’s
post-hoc test). Values are mean of triplicates; error bars are SEM. Curves were obtained by
least squares regression to two-phase association equations and 95% confidence bands show
the likely location of the true curve. £2>0.99 for all curves.
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Figure 2. Microstructure of hydrother mally-cooked intact tissue macroparticles.
Cross-sections of chickpea (left, a,c,e) and wheat (right, b,d,f), before (a,b), and after

(c,d,ef) digestion. Light micrographs of cross-sections of chickpea (left, a,c,e) and wheat
(right, b,d,f) cut to 0.5 pm thickness and stained with toluidine blue (1% w/v, with 1% wi/v
sodium borate). Scalebar = 50 um. In micrographs captured before digestion (a,b), the cell
walls are seen to surround intracellular starch within the intact tissue, with some ruptured
(“RC”) and/or empty (‘EC’) cells present on the particle edges (i.e., the fractured surface
created by dry-milling). Arrows indicate some of the areas where weakening of inter-cellular
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linkages has occurred. The internal structure and edges of chickpea tissue examined after

4 h of in vitro digestion (c) did not appear to be altered. After 2 h digestion, wheat starch
was still evident within many endosperm cells, particularly those in close proximity to the
aleurone layer or crease (d). The appearance of chickpea tissue remained unchanged after 6
h (e), whereas wheat endosperm cells near the particle edges had collapsed and/or had been
eroded (‘edge’) after 6 h (f).
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Figure 3. Homogenisation of cooked macroparticles and starch digestibility.
Light micrographs of homogenised macroparticles of chickpea (left) and wheat (right)

captured before (a,b) and after 6 h (c,d) /n vitro digestion, stained with 2.5% Lugol’s iodine
solution. Scalebar = 50 um. Intact macroparticles (1.85 mm) of chickpea and durum wheat
endosperm were hydrothermally-cooked prior to homogenisation by UltraTurrax® for 30 s
at 16.4 x 108 rpm. Homogenisation caused cell separation in chickpea (a) and cell rupture

in wheat (b). After 6 h incubation with amylase, the chickpea cells remained intact (c) while
starch granules released from cells by homogenisation pre-treatment had been digested (c,d).
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Starch digestibility curves show the progress of starch digestion of hydrothermally-cooked
intact and homogenised macroparticles of chickpea (€) and wheat (f). The digestions were
performed in quadruplicate, and values are means with error bars as SEM. Significant
differences between starch digestion from intact and homogenised particles are indicated
(paired t-test), **p < 0.01, ***p < 0.001, and ‘ns’ not significant, p > 0.05. Curves were
obtained by least squares regression to two-phase association equations and 95% confidence
bands show the likely location of the true curve. /2 values were 0.95 and 0.92 for intact

and homogenised chickpea, and 0.98 and 0.81 for intact and homogenised durum wheat,
respectively.
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Figure 4. Gastric and duodenal digestion of chickpea porridgeswith contrasting cell structure.
Chickpea porridges made with intact or freeze-milled chickpea cells were digested using

a dynamic gastric model followed by a static duodenal model. Starch digestibility curves
show the percentage of total starch that has been digested at each time point from chickpea
porridge made from intact or freeze-milled cells in the stomach (a) and duodenum (b).
Profiles shown in panel b and c are of samples subjected to 60 min gastric residence,
wherein the gastric baseline has been subtracted (b), or included to give the total amount
of starch amylolysis (c). Curve fits were obtained by least square regression to one (a, R
2>0.99) or two (b, R2 > 0.99) -phase association equations, with 95% confidence bands
shown. (d) Micrographs of intact (d1,d3), and freeze-milled (d2,d4) porridge captured
before (d1,d2) and after (d3,d4) duodenal digestion. All stained with KI, scalebar = 100
pum. All experimental points are the mean of three determinations obtained from one (freeze-
milled) or two (intact) simulated digestion runs and the error bars show 20% standard error.
(e) Clustered column chart showing percentage of total starch that has been digested at the
end of duodenal phase, clustered by cell treatment type (intact versus freeze-milled) and
with a separate column shown for each gastric residence time. The overlaid columns with

a dark border represent the extent of starch released from each sample during the gastric
phase.
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Figure5. Gastric and duodenal digestion of wheat porridgeswith contrasting particle size.
Wheat porridges made with different particle size fractions of milled endosperm were

digested using a dynamic gastric model followed by a static duodenal model. Starch
digestibility curves show the percent of total starch that has been digested at each time

point from wheat endosperm porridge with contrasting particle sizes in the stomach (a) and
duodenum (b). Profiles shown in panel b and c are of samples subjected to 60 min gastric
residence, wherein the gastric baseline has been subtracted (b), or included to give the total
amount of starch amylolysis (c). Curve fits were obtained by least square regression to one
(a, R2>0.98) or two (b, 2> 0.99) - phase association equations, with 95% confidence
bands shown. (d) Micrographs of particle size 0.11 mm (d1,d4), 1.01 mm (d2,d5) and

1.95 mm (d3,d6) captured before (d1,d2), mid-gastric (d3) and after duodenal digestion
(d4,d5,d6), were all stained with K, scalebar = 100 um. (€) Clustered column chart showing
% of total starch that has been digested at the end of duodenal phase, clustered by particle
size and with a separate column shown for each gastric residence time (10-60 min). All
experimental points are the mean of three determinations obtained from three simulated
digestion runs and the error bars show 20% standard error. The overlaid columns with a dark
border represent the starch released from each sample during the gastric phase.
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