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The role of cell wall permeability and rate of starch digestibility in intact cotyledon cells from four different
varieties of pea seeds was studied. Pulsed-field gradient nuclear magnetic resonance (PFG NMR) coupled with
light and confocal microscopy were employed to evaluate the cotyledon cells’ diffusion coefficients and cell wall
permeability. The cotyledon cells’ diffusion coefficients and cell wall permeability followed a decreasing trend:
White/yellow pea > Marrowfat pea > Maple pea > Blue pea. The varying size of internal cavities in the
microstructure in the cotyledon cells, as observed by the light and confocal micrographs, may be responsible for
this trend. The extent of starch hydrolysis recorded from the cotyledon cells followed the same trend of the cell

wall permeability except for Blue pea cotyledon cells. Thus, indicating that the more permeable the cotyledon
cell to the starch-degrading enzymes, the higher the extent of intracellular starch hydrolysis. The microstructure
changes in the cotyledon cells during digestion also confirmed this observation.

1. Introduction

Consumption of whole pulse food had been associated with a
reduced risk of obesity, type II diabetes, cardiovascular disease and high
nutritional value (protein)(Fardet & Boirie, 2014, Marsh et al., 2011 and
Wang et al., 2019). This is partly due to its low postprandial glycaemic
response. The mechanism of how pulse foods exhibit the low post-
prandial glycaemic response has been attributed to the ability of the cell
structure as well as protein matrix to act as a physical barrier to diffusion
of enzymes to the intracellular starch granules in cotyledon cell (Dhital
etal., 2016, Bhattarai et al., 2017 Junejo et al., 2021, Do et al., 2019 and
Berg et al., 2012). Also, the densely packed crystalline structure retained
in the cotyledon cells after cooking limits the swelling and gelatinization
of entrapped starch granules (Xiong et al., 2019). The effect of cell wall
components and protein matrix on the degree of starch digestibility in
pulse cotyledon cells has been studied (Edwards et al., 2021, Huang
et al., 2021; Junejo et al., 2021, Li et al., 2019, Rovalino-Cérdova et al.,
2018; Rovalino-Cordova et al., 2019). It was observed from the various
studies that the cotyledon cell wall is the primary barrier that modulate
the extent of intracellular starch digestibility in cells by regulating the
ingress of water and starch-degrading enzymes. Therefore, an intensive
study on the cell wall of the cotyledon cell is imperative to help food

processors design functional food ingredients/products from pulses such
as low glycaemic index features food (Food that can regulate the release
of glucose into the blood stream when ingested).

Cotyledon cell walls mainly consist of cellulose (30 %), xyloglucan
(30 %) and pectin (35 %) (Burton et al., 2010 and Voragen et al., 2009).
The extent of diffusion of starch degrading enzymes through the coty-
ledon cell wall is likely to be influenced by numerous factors including
cell wall composition and density, cell wall thickness, cellular integrity,
the number and size of cell wall pores and processing conditions
(Rovalino-Cordova, et al., 2018, Grundy et al., 2016, Junejo et al., 2021
and Pallares Pallares et al., 2019). Rovalino-Cérdova, et al. (2018) and
Junejo et al. (2021) observed the effect of damaged cellular integrity of
cotyledon cell wall on the starch hydrolysis (in vitro) in the pulse cells.
They reported that an increase in the damage to the cellular integrity is
inversely proportional to the starch hydrolysis in the cell. That is, a
reduction in the cellular integrity of the cell will increase the exposure of
the intracellular starch to digestive enzymes, thus, increasing starch
digestibility. On the other hand, Xiong, et al. (2019) reported that the
permeability of pinto bean cotyledon cells was damaged after
high-moisture treatment (HMT), thus increasing the extent and rate of
intracellular starch digestibility. The porosity /permeability of the
cotyledon cell walls has also been studied by other authors by using
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fluorescein labelled dextran to evaluate the porosity/permeability of
cotyledon cell wall when subjected to the different molecular weights of
Fluorescein isothiocyanate (FITC)-dextran solutions (Huang et al., 2021,
Li et al., 2019 and Li et al., 2019). Fluorescence recovery after photo-
bleaching (FRAP) has also been reported to have been used as verifying
microscopy tool with FITC-dextran to observe wall porosity in red kid-
ney cotyledon cells (Li et al., 2019). However, FRAP/FITC-dexran
techniques only provide local diffusivity/local fraction data i.e. local
diffusion measurement on a micrometres scale on a bleached region of
the cotyledon cells (Moud, 2022).

Pulse gradient field -Nuclear magnetic resonance (PFG NMR) has
been highlighted as a technique for measuring direct characteristics of
transfer in plant systems, such as the coefficients of diffusion, perme-
ability, and water flow rate (Anisimov, 2021 and Watanabe & Fukuoka,
1992). It has been used to provide non-invasive globalized diffusion
measurements in soybean seed, carrot and onion tissue and chlorella sp.
(Watanabe et al., 1994, Cho et al., 2003, Ando et al., 2009 and Voda
et al., 2012).

Compared to FRAP techniques, PFG NMR provides globalised
diffusion data over a large domain i.e. macroscopic diffusion data due to
the fact that the whole material is subjected PFG NMR measurement,
thus resulting often in average diffusion value (Pihl et al., 2018).

Considering this, we hypothesize that the application of PFG NMR to
isolated intact cotyledon cells would provide globalized diffusion mea-
surements of its cell wall properties such as diffusion coefficient and cell
wall permeability. In our previous study, we investigated the influence
of seed microstructure on the hydration kinetics and in-vitro starch
digestion of 4 New Zealand pea varieties (Ajala et al., 2022). We re-
ported that pea microstructure parameters such as thickness of the pea
seed cell wall and average size of starch granules per cell correlated
positively with the hydration kinetics and starch digestion. In order to
obtain further insight into the pea microstructure of New Zealand va-
rieties, isolated cotyledon cells were extracted for this study.

Therefore, we evaluated the diffusion coefficient and cell wall
permeability of isolated cotyledon cells from the 4 pea seed varieties
using PFG NMR and investigated the role of the cell permeability on the
intracellular starch granules ’gelatinization and in vitro digestion
characteristics.

2. Material and methods
2.1. Material

White/yellow pea (WP), Blue Pea (BP), Maple pea (MP) and
Marrowfat pea (MFP) dry pea varieties were used for this study (Cates
Grain and Seed Ashburton, New Zealand). Each pea variety was vacuum
sealed and stored at 4 oC until further studies Amyloglucosidase (3260
U/mL) and alpha-amylase (3000 U/mL) were supplied from Megazyme
International Ireland Ltd. (Wicklow, Ireland). invertase (Invertase,
grade VII from baker’s yeast, 401 U/mg solid), Pepsin (porcine gastric
mucosa, 800-2500 U/mg protein) and pancreatin (hog pancreas, 4 x
USP) were all from Sigma-Aldrich Ltd. (St Louis, USA). All other
chemicals were of analytical grade.

2.2. Isolation of cotyledon cells from the pea seed varieties

Raw pea seed varieties were treated with acid and alkali solutions
according to the method described by Kugimiya (1990) and Do et al.
(2019) with slight modifications. Briefly, raw pea seeds were soaked in a
0.1 M hydrochloric acid (HCI) solution (pH ~ 1.3) at room temperature
for 24 h. The seed coats were removed manually, the resulting cotyle-
dons were rinsed with Reverse Osmosis (RO) water repeatedly to remove
the excess acid, then soaked in a 0.06 M sodium hydroxide (NaOH)
solution (pH ~ 12.5) in Schott bottles. These bottles were shaken in an
orbital shaker at 150 rpm and at room temperature for 24 h. The
resulting softened cotyledon was gently minced (set at the min speed)
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using a fine mincer screen (Kenwood MG700 series). The resulting paste
was passed through a stack of 150 and 53 pm sieves under running RO
water repeatedly. The cotyledon cells were collected on the 53 ym sieve,
freeze-dried and stored at room temperature until further use.

2.3. Morphological properties

2.3.1. Light microscopy

The cotyledon cells of each variety were mounted onto a glass slide,
and a drop of water is added and sealed with coverslips. The images
were viewed under a Zeiss Axiophot light microscope (LM) with Dif-
ferential Interference Contrast (DIC) optics and a colour CCD camera
(ZEISS microscopy, Germany) using 20x magnification, respectively.

2.3.2. Microstructural characterization

The raw and digested cotyledon cells samples were spread on a
scanning electron microscope stub and then gold coated (Baltec SCD 050
sputter coater, New York, USA). The resulting gold-coated stub was
viewed using the FEI Quanta 200 Environmental Scanning Electron
Microscope (Oregon, USA) at an accelerating voltage of 20 kV.

2.3.3. Particle size distribution

Cotyledon cells were mixed with water to obtain homogeneous
suspensions that were then added into a small volume sample dispersion
unit (Hydro 2000S) until an obscuration level of ~15 + 5 % was ob-
tained. Refractive indices of 1.530 and 1.330 were used for cotyledon/
blended flour and water phases respectively. Particle size distribution
was measured with a laser diffraction particle size analyzer (Malvern
Mastersizer 2000; Malvern Instruments Ltd., UK).

2.3.4. Confocal characterization of the cells

The confocal characterization of the cotyledon cells was carried out
according to the method described by Li et al. (2020). Briefly, 5 mg cells
were dispersed in 300 pL of Fluorescein isothiocyanate FITC solution (1
mg/mL) in a microcentrifuge tube at 4 °C overnight under the dark
condition. The suspension was centrifuged at 2000 g and then rinsed
several times with Milli-Q water to remove the excess dye. The
FITC-stained cotyledon cells were transferred into the glass slide, and a
drop (~2 pL) of calcofluor-white stain solution was added. The glass
slide was covered with the coverslip. The fluorescence emitted by the
samples was collected at 405 nm excitation wavelength for calcofluor
white and 488 nm for FITC respectively. Leica SP5 DM6000B scanning
confocal microscope (Leica, Germany) was used to observe the
morphological features of cotyledon cells.

2.4. Cell wall permeability experiment

2.4.1. Sample preparation

A representative of the freeze-dried cotyledon cells from Section 2.2
was rehydrated as follows. The cotyledon cells were soaked in RO water
for 2 h at room temperature, then centrifuged at 4200 rpm (878 g-forces)
(Multifuge 1S-R, Thermofisher Scientific, USA) for 30 min after which
the supernatant water is removed. The centrifugation process is repeated
for another 30 min. This resulted in a thick paste of soaked cells with
negligible free water.

2.4.2. PFG NMR diffusion measurement

The PFG NMR method used for this study was described by Ando
et al. (2009) with minor modifications. Each variety of centrifuged
cotyledon cells was packed into a 5 mm NMR tube. PFG NMR experi-
ments were made at 298 K using a Bruker Avance 500 MHz spectrometer
(Bruker Scientific Instruments, Billerica, Massachusetts USA) with a 5
mm QXI probe equipped with a 50 G cm —1 gradient coil a. The standard
Bruker pulse program stebpgpls was used., the gradient strength, g,
ranged from 5 to 40 G cm-1 with 16 steps. The little delta was constant at
1.5 ms and the big delta varied between 30 ms and 1250 ms.
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Fig. 1. Light microscopy of pea cotyledon cells Where A, B, C and D are White/yellow, Marrowfat, Blue and Maple cotyledon cells respectively.

Measurements were made over varying diffusion times (30 —1250 ms).
Spectra were processed and diffusion constants (D) were extracted by
fitting spectra using the Stejskal-Tanner Equation (Stejskal & Tanner,
1965) with Bruker’s Topspin 2.1.8 software using standard parameters.

The permeability of the cotyledon cell wall was estimated by the
structural model below:

1/D,=1/Dy +1/(Pxa)

Where D.= Diffusion coefficient at diffusion time 1250 msDy
= Diffusion coefficient at diffusion time 30 msP = Permeability of the
cell walla = cotyledon cell size.

2.5. Nutritional composition of the cotyledon cells

The moisture content of the freeze-dried cotyledon cells samples was
determined by an air oven drying method at 108 °C (AOAC, 2012).
Subsequently, the contents of crude protein and crude fat in pea varieties
were analyzed by the Kjeldahl method using a conversion factor of 6.25
from nitrogen to protein and the Mojonnier method respectively (AACC,
2000 and AOAC, 2012). The acid/alkali hot extraction method (AOAC,
2012) was used to quantify the fibre content of cells while the gravi-
metric method which involved heating the cells sample at 600 °C for
3 hr was used to determine the ash content (AACC, 2000). The carbo-
hydrate contents of the cell samples were estimated via calculation by
subtracting the summation of all other components from 100%. All ex-
periments were conducted in triplicate.

The total starch content of the cell samples was analyzed using a total
starch assay kit (KTSTA, Megazyme International Ireland Ltd., Ireland)
following the manufacturer’s instructions. Results were reported on a
dry weight basis (%).

2.6. Thermal properties

Thermal properties were evaluated using a Differential Scanning
Calorimeter (DSC) (TA Q100, TA Instruments, Newcastle, DE) according

to the method described by Edwards et al. (2020) with slight adjust-
ments. Approximately 4 mg of cotyledon cells were weighed into
stainless steel pans and water was added at a ratio of water to flours of
3:1. The pans were sealed, and an empty steel pan was used as a refer-
ence sample. The samples were heated from 20°C to 110°C at
10 °C/min. Onset temperature (T,), peak temperature (Tp), conclusion
temperature (T.), and enthalpy of gelatinization (AHg,) were calculated
using Universal Analysis Software (version 4.5 A, TA Instruments).

2.7. X-ray diffraction (crystallinity)

X-ray diffraction analysis was conducted using an X-ray diffractom-
eter (D8 Advance, Bruker, Germany), which was operated at 40 kV and
40 mA with Cu Ka radiation (A = 0.154 nm). The cotyledon cells were
scanned from 4° to 40° (26) at a speed of 2°/min and a step size of 0.02°.
The relative crystallinity was calculated as the ratio of the crystalline
peak area to the total diffraction using EVA 4.2 software (Bruker,
Germany).

2.8. Invitro gastro-small intestinal digestion of the cotyledon cells

Cotyledon cells were mixed with water in a ratio of 1:5(w/v) in a
Schott bottle to obtain a heterogeneous mixture containing approxi-
mately 4% of starch concentration. The resulting mixture was cooked in
a hot water bath at 950C for 20 min and immediately cooled down in a
pre-set water bath at 37 oC.

The gastro-small intestinal in vitro digestion model used for this
study was described by Dartois et al.(2010). Approximately 170 g of
cooked cotyledon cells were introduced into the jacketed glass reactor.
The reactor temperature was maintained at 37 £ 1 oC by circulating
water in the reactor jacket. The reactor contents were mechanically
stirred by a magnetic stirrer bar at 300 rpm throughout digestion. The
pH was initially adjusted to 2.0 (using 3 M HCl solution), then 25 mL of
Simulated Gastric Fluid (SGF) (pepsin: starch ratio of 1.765:100, w/w)
was added to start the hydrolysis, and the final pH was adjusted to 1.2
(using 0.5 HCI solution). After 30 min, the pH was adjusted to 6.8 to
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Table 1
Particle size analysis of the cotyledon cells.
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Cotyledon cells D (0.1) pm D (0.5) pm D (0.9) pm Mean Diameter (pm) Specific surface area (m2/g) Yields (%)
White/yellow 78.91 + 0.14a 128.8 + 0.24a 205.0 + 0.46a 135.3 +0.27a 0.06 + 0.12a 19.8
Marrowfat 79.14 + 1.85a 145.5 £ 0.44c 264.3 +1.32¢c 146.1 + 2.41b 0.06 + 0.01a 12.7
Blue 91.61 + 1.69b 140.8 + 0.41b 217.0 + 3.89a 146.7 + 0.27b 0.05 + 0.03b 16.8
Maple 90.34 £ 0.11b 148.6 + 0.10d 245.6 + 0.37b 146.5 + 0.13b 0.04 + 0.02¢ 18.2

b ¢ yalues in each column with the same superscript letters are not significantly different (p > 0.05).

inactivate the pepsin enzyme. Subsequently, 22 mL of Simulated Intes-
tinal Fluid (SIF) (pancreatin/starch ratio, 1.3:100, w/w, amyloglucosi-
dase/starch ratio, 0.26:1, v/w, and invertase/starch ratio, 1:1000, w/w)
was added to start the small intestinal digestion, and pH was maintained
at 6.8 using 0.5 and 3 M NaOH solution. The total time to complete the
gastric and small-intestinal digestion was 30 and 120 min, respectively.

A 0.5 mL of aliquot was withdrawn from the reactor after 0, 15, and
30 min of gastric digestion (GO, G15, and G30), and 0, 5, 10, 15, 30,
60,90, and 120 min of the small intestinal digestion (10, I5, I10, I15, I30,
160, 190, and 1120). The glucose concentration of the incubated mixture
was measured using the D-glucose assay kit (GOPOD Format K-GLUK
07/ 11, Megazyme International Ireland Ltd, Ireland).

Starch hydrolysis was expressed in percentage as described by Dar-
tois et al. (2010).
%SH=09 x @

Si

Where %SH is the percentage of starch hydrolysis, Gp is the glucose
produced, and Si is the initial amount of starch. Starch hydrolysis on the
isolated cotyledon cell was conducted in triplicates.

2.9. Statistical analysis

The mean and standard deviation were evaluated for all reported
values except those stated otherwise. All values were subjected to sta-
tistical analysis (One-way ANOVA) using Minitab 19.1.1.0 statistical
software (Minitab LLC, Chicago, USA) at p < 0.05.

White/yellow Marrowfat

3. Results and discussion

3.1. Microstructural characterization of isolated intact cotyledon cells
from pea varieties

The cotyledon cells isolated for this study showed high cellular
integrity and minimal starch gelatinization as shown in Fig. 1. This
result agrees with the other authors that the acid/alkali pre-treatment
method for isolating cotyledon cells produces intact cells with negli-
gible free starch granules or broken cell walls (Dhital et al., 2016 ; Kim &
Kim, 2015). During successive acid-alkali solution treatment isolation
methods, the polyvalent metal ions connecting the cells are separated by
the acid, while the solubilization of pectin with $-elimination reaction is
promoted by the alkali (Aguilera et al., 2001; Kugimiya, 1990). The total
yield (Table 1) of the isolated cotyledon cells for this study is less than
20% (dry matter) which is within the range reported in the literature
(Bhattarai et al., 2017 and Palchen et al., 2021, Palchen et al. 2021). The
low yield of isolated cotyledon cells from different isolation methods
available in literature established the fact that detailed insight into the
relationship between isolation techniques and the total yield of coty-
ledon cells is urgently needed (Ajala et al., 2023). It was observed that
the large amount of residue generated during the sieving procedure
contain large clusters of cotyledon cells as shown in Fig. 8.

In general, all cotyledon cell samples (Fig. 1) appear to be elongated,
ellipsoidal, or spherical with sizes ranging from 130 to 150 um (Table 1).
The particle size of the cotyledon cells from white/yellow pea varieties
was a significant difference (P < 0.05) from the other varieties and it

Blue Maple

Fig. 2. Confocal characterization of pea cotyledon cells(top row) and highlighted cell walls(bottom row). Where, WP, MFP, BP and MP cotyledon cells are White/

yellow, Marrowfat, Blue and Maple cotyledon cells respectively.
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Fig. 3. The measured diffusion coefficient of water in intact cotyledon cells as a

function of diffusion time. Where, WP, MFP, BP and MP cotyledon cells are
White/yellow, Marrowfat, Blue and Maple cotyledon cells respectively.
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Fig. 4. Permeability of the intact cotyledon cells. Where, WP, MFP, BP and MP
cotyledon cells are White/yellow, Marrowfat, Blue and Maple cotyledon cells
respectively.

seems the specific surface area decreases with an increased mean
diameter (Table 1). The starch granules for all the isolated cotyledon
cells are shown to be densely packed within the boundaries of the cell
walls (Fig. 1 & 2). There are distinct internal cavities that are obvious
with the starch granules as shown in Fig. 2. Such cavities have been
reported by other authors (Li et al., 2019; Li et al., 2018). These distinct
cavities indicate the negligible effect of the acid/alkali pre-treatment
isolation techniques on the intracellular starch granules (limited
starch gelatinization) due to the high level of cellular integrity as
exhibited by the intact cell wall (Fig. 2).

Table 2
Nutritional composition of the cotyledon cells in dry weight basis.
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3.2. Diffusion experiment of the cotyledon cells using PFG NMR

The diffusion coefficient of water in all the cotyledon cells decreased
with increased diffusion time (Fig. 3). At the beginning of the diffusion
experiment, WP cotyledon cells exhibited a higher diffusion coefficient
than cells from the other varieties. Similarly, when the diffusion time is
in the 80 ms, the diffusion coefficient shown by WP cotyledon cells was
twice as much as that of the other cotyledon cells. At the end of the
diffusion experiment (diffusion time = 1250 ms), the diffusion coeffi-
cient of all the cotyledon cells followed a trend; WP > MFP>MP>BP.
Overall, between the diffusion time of 30 to 1250 ms, BP cotyledon cells
exhibited the highest decrease in diffusion coefficient compared to other
cotyledon cells. The trend of the diffusion coefficient decreasing with
increased diffusion time for this study is consistent with the other au-
thors (Cho et al., 2003 and Ando et al., 2009). The diffusion coefficient
of water in a cell is a quantitative measure of the molecular movement of
water in and out of the cell (Kitamura & Kinjo, 2018). There are three
main mechanisms for water transportation in plants system: namely (a).
Intracellular water self-diffusion in a cell; (b) molecular diffusion of
water between adjacent cells and groups of cells; and (c) long-distance
transport associated with the mass flow of water between the organs
of the plant (Anisimov, 2021). For this study, the diffusion of water into
the cotyledon cells can be ascribed to the first mechanism. The light and
confocal micrographs (Fig. 1 &2) showed the cotyledon cells are largely
separated with negligible aggregates of cells, thus reducing the effect of
the second mechanism described above. The diffusion behavior for this
study exhibited restricted diffusion, that is, water molecules cannot
freely move in the cotyledon cells due to a barrier such as a cell wall or
cell membrane (Ando et al., 2009). Therefore, BP-isolated cotyledon
cells exhibited more restricted diffusion compared to the other cells.

The water permeability of the intercellular barrier (cotyledon cell
wall) as estimated by Eqt 1, showed that the isolated cotyledon cells
followed a decreasing trend; WP > MFP >MP > BP (Fig. 4). That is, the
water permeability tends to be highest and lowest in WP and BP coty-
ledon cells respectively. It is assumed that the cell wall in BP cotyledon
cells is less porous than in WP cotyledon cells. The permeability reported
for this study is larger than fresh onion tissue but consistent with freeze-
thawed onion tissue reported by other authors (Ando et al., 2009). The
larger permeability exhibited by the cotyledon cells for this study can be
attributed to the irreversible distorted functionality of the native
microstructure of the cell wall caused during the freeze-drying process
(Voda et al., 2012). The ice crystals are formed from the intracellular
water in the cell during the rapid freeze stage and they sublime via the
pores of the cell wall, thus leaving behind a more porous cell. Even after
rehydration of the cells in water as described in this study, the native
functionality of the cell wall cannot be recovered (Aravindakshan et al.,
2021 and Voda et al., 2012). The freeze-drying of the cotyledon cells
sample was mandatory for this study because it’s an efficient drying
method (more than 95% of water is removed and the cells were
microbiologically stable) which is an important pre-requisite for the
diffusion experiment for this study. To limit the effects of freeze-drying
on the microstructure integrity of the cotyledon cells, other drying
methods such fluid-bed drying could be explored in further studies.

Furthermore, pulse seed cell walls are made up of type I primary cell
walls that are rich in xyloglucans and pectic polysaccharides. The in-
teractions between these polymers form an assembly of complex

Cotyledon cells Moisture (%) Protein (%) Fat (%) Fibre (%) Ash (%) Carbohydrate (%) Total starch (%)
White/Yellow 10.03 +0.12° 14.61 + 0.37° 0.53 + 0.16 2.65 + 0.12° 0.49 + 0.13° 71.69 + 0.66° 55.23 + 0.58"
Marrowfat 9.27 +0.31% 21.93 + 0.14¢ 0.56 + 0.19% 3.61 + 0.33¢ 0.85 + 0.06° 63.78 + 0.38° 51.63 + 1.34°
Blue 9.63 + 0.29%° 16.46 + 0.24° 0.48 + 0.21% 2.94 4+ 0.19° 0.73 + 0.02° 69.75 + 0.59" 63.44 + 0.59°
Maple 11.23 + 0.06° 20.25 + 0.05¢ 0.25 + 0.13" 3.37 + 0.47° 0.82 + 0.09° 64.08 + 0.49° 54.67 + 0.38"

3 b ¢ yalues in each column with the same superscript letters are not significantly different (p > 0.05).
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Fig. 5. Relative crystallinity of cotyledon cells. Where, WP, MFP, BP and MP
cotyledon cells are White/yellow, Marrowfat, Blue and Maple cotyledon cells
respectively.

macromolecular structures that regulate the apoplastic cellular ex-
change of macromolecules such as enzymes, protein water and gas
(Rondeau-Mouro et al., 2008 and Edwards et al., 2021). The acid/alkali
extraction condition used for isolating the cotyledon cells for this study
may limit intracellular starch granules gelatinization in the cell, the cell
wall architecture had been reported to be modified via swelling,
breakage of hydrogen bonds and drastic chemical structure modification
(Rondeau-Mouro et al.,2008). This could also be responsible for the
large water permeability results reported for the study.

Now, a direct comparison of the diffusion data obtained via PFG
NMR for isolated cotyledon cells for this study with FRAP/FITC tech-
niques used on cotyledon cells by other authors (Huang et al., 2021, Li
et al., 2019a and Li et al., 2019b) would be difficult because of the
different probes used by both techniques (Pihl et al., 2018). Water as
used in this study or pegylated molecules are used as probe for PFG NMR
techniques while FITC-dextran of different molecular weights are used
as probe for FRAP methods.

3.3. Nutritional composition of the cotyledon cells

The proximate composition of the cotyledon cells for this study tends
to be significantly different among the pea varieties (p < 0.05)
(Table 2). The protein content of the cotyledon cells tends to increase
from WP <BP<MP<MFP. The fat content on the other hand among the
cotyledon cells from the pea varieties was less than 1%. This low-fat
content from the cotyledon cells is expected and consistent with other
reports (Bhattarai et al., 2017). The fibre content of the cells differs
significantly among the pea varieties (p < 0.05) and followed the same
trend with the protein content. The total starch value available in cells
(Table 2) seems to be the most abundant component (total starch con-
tent for all cells > 50%). The cotyledon cells from blue pea varieties
showed a starch content 10% more than the cells from the other vari-
eties. This total starch content agrees with the other authors (Palchen
et al., 2021). The nutritional composition of the cotyledon cells for this
study identified the significant presence of starch, protein, and fibre
components. These components are validated with the distinct starch
granules, protein bodies and cellular materials (cell wall) as observed
from the light microscope (Fig. 1), Confocal image (Fig. 2) and SEM
micrograph (Fig. 7), thus indicating functionality of the cell such as cell
wall porosity, starch gelatinization and digestibility would depend on
these components.

3.4. Crystallinity and thermal properties

The x-ray diffraction results and total relative crystallinity for the
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Table 3
Thermal properties of the cotyledon cells.
Cotyledon T, (°C) T, (°C) T. (°C) AHge (J.g-
cells 1)
White/yellow 56.45 63.64 97.26 8.83 +1.58*
+1.05° +2.09° +1.78°
Marrowfat 54.17 64.71 95.70 18.13
+0.89% +1.41° =+ 3.96°¢ + 3.46°
Blue 58.52 64.65 95.46 8.06 + 1.51*
+0.10¢ +0.69% +2.99¢
Maple 55.96 62.80 98.84 10.64
+0.58% +0.02¢ +0.76 +0.70

® b ¢ yalues in each column with the same superscript letters are not signifi-
cantly different (p > 0.05) where.

Onset temperature (T,), peak temperature (T,), conclusion temperature (T.),
and enthalpy of gelatinization (AHg) respectively.

intracellular starch granules in the cotyledon cells from different pea
varieties were illustrated in Fig. 5. The XRD pattern of the intracellular
starch granules in the cotyledon cell samples presented characteristics of
a C-type polymorphic pattern (mixture of A- and B type of X-ray pattern)
with major peaks at 5.6°, 11.5°, 15.4°, 17.6°, and 23.6° 2theta. The X-
ray diffractograms for this study are consistent with the report by other
authors (Junejo et al.,, 2021). The total relative crystallinity of the
entrapped starch granules of the cotyledon cells samples was less than
30% and increase from MP<BP<MFP< WP. These results fall within the
range reported by other researchers (Junejo et al., 2021 ; Li et al., 2020).
The disruption of the crystalline structure of starch granules in the
cotyledon cells and the permeability of the cotyledon cell wall tend to
follow a similar trend (Li et al., 2023).

The thermal properties of the cotyledon cells reported for this study
(Table 3) showed that all cotyledon cells exhibited a single endothermic
transition with broad peaks from 54 to 98 oC, which reflected delayed
gelatinization. The onset temperature (T,), peak temperature (Tp),
conclusion temperature (T), and enthalpy of gelatinization (AHge) for
this study were consistent with those reported in the literature (Li et al.,
2019, Do et al., 2019 and Li et al., 2023). The onset temperature (T,) of
the starch granules in the cotyledon cells for the study differ significantly
among the varieties (p < 0.05). The onset temperature (T,) of the
entrapped starch granules in the cells increases in the following trend:
MPF<MP<WP<BP. The peak temperature (Tp) and conclusion tem-
perature (T.) values of the intracellular starch granules in MFP and BP
cotyledon cells do not differ significantly. The delayed entrapped starch
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Fig. 6. Starch hydrolysis of the cotyledon cells during in vitro gastro-small
intestinal digestion. Where, WP, MFP, BP and MP cotyledon cells are White/
yellow, Marrowfat, Blue and Maple cotyledon cells respectively. GO, G15, and
G30 (0, 15, and 30 min of gastric digestion), and I0, I5, 110, I15, 130, 160, 190,
and 1120 (0, 5, 10, 15, 30, 60,90, and 120 min of the small intestinal digestion).
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Fig. 7. Scanning electron micrographs of cotyledon cells samples isolated from four pea varieties (White/yellow pea, Marrowfat pea, Blue pea and Maple pea) during
in vitro gastro and small intestinal digestion. Where G30 is gastric digestion at 30 min while I10 and 1120 are small intestinal digestion at 10 and 120 min

respectively.

gelatinization in the cells reported for the reflected the degree of
permeability of the cell wall earlier reported in this study do regulate the
inflow of water into the cell, thereby limiting the degree of starch
gelatinization.

The enthalpy of gelatinization (AHg) for this study (Table 3) showed
a significant difference in value between the MFP and MP cotyledon cells
while the starch granules in WP and BP cells do not differ significantly in
their enthalpy of gelatinization value. AHg, can predict the energy
required to break down the intermolecular hydrogen bonds of the
amylopectin crystallites in legumes starch granules (Hoover et al., 2010
and Ahmed et al., 2021). This implies that the energy required to pro-
vide the order-disorder transition of starch granules in both WP and BP
cotyledon cells respectively is similar. On the other hand, the starch
granules in MFP required more energy than MP.

3.5. In vitro gastro-intestinal starch digestion of cotyledon cells

In vitro gastro-small, intestinal digestion of the cooked cotyledon
cells is illustrated in Fig. 6. As expected, no starch hydrolysis occurred at
the gastric stage because of the absence of starch-degrading enzymes
(a-amylase) in the simulated gastric fluid (SGF). For the small intestinal
digestion, after 10 min, the starch hydrolysis of all the cotyledon cells
was between the range of 27.25-54.46%. The starch hydrolysis of the
cooked cotyledon cells then moved sharply to the range of
44.52-73.71% after 30 min. After 90 mins, the starch hydrolysis in MP
cotyledon cells was 10 times less than the other cotyledon varieties. The
starch hydrolysis then rose steadily until the end of 120 min of the small
intestinal starch digestion. Overall, the final starch hydrolysis of the
cooked cotyledon cells ranges between 71.1-83.8%. The MP and BP
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Fig. 8. Scanning electron micrograph of the waste generated during cotyledon
cell isolation. Note. The circle indicated large clusters of cotyledon cells.

cotyledon cells recorded the lowest and highest starch hydrolysis,
respectively (Fig. 6).

The starch hydrolysis of the cotyledon cells for this study was lower
than the reported value from other authors (Junejo et al., 2021, Li et al.,
2020) but was consistent with some other researchers (Do et al., 2019
and Rovalino-Cérdova et al., 2019). The discrepancy between the starch
digestibility in the cotyledon cells for this study and other authors could
be attributed to the effect of processing treatment on the structural
modification in the cotyledon cell wall (Rondeau-Mouro et al.,2008). It
is imperative to note that, the cotyledon cells that tend to show lower
starch digestibility from other reports were subjected to more heating
(cooking) at the isolation stage and before the starch digestion proced-
ure than the cotyledon cells for this study. This is important because
literature has reported that the structure type I primary cell wall
(Xyloglucan and pectic polysaccharides) of pulse cotyledon cells exhibit
high cellular integrity after cooking (Berg et al., 2012, and Edwards
et al., 2021). Thus, hypothesizing that the reinforcement of pectin-rich
polysaccharide polymers in the cell wall from several heating proced-
ures would limit the ingress of starch degrading enzymes in the cell far
better.

Nonetheless, the moderately low starch hydrolysis reported amongst
the cotyledon cells for this study corroborates the permeability study
conducted on the cells. WPF and MFP cotyledon cells that showed large
permeability to water (Fig. 4) tend to show high starch hydrolysis
(Fig. 6). This implies that, though the molecular weight of water used for
the permeability experiment is lower than the digestive enzymes, the
porosity of WPF and MFP cotyledon cell walls allowed more ingress of
the starch degrading enzymes than MP cotyledon cell during digestion.
The BP cotyledon cells, on the other hand, exhibited the highest starch
hydrolysis despite having shown to have a cell wall that is less perme-
able to water (Fig. 4). One of the probable reasons for this could be
attributed to the distinct internal cavities observed in the confocal im-
ages of the cells (Fig. 2). The internal cavities in the BP cotyledon cells
seem to be largely due to the less densely packed starch granules in the
cells compared to other cells. What this means is that complete gelati-
nization (complete swelling and disruption of the crystalline starch
granules) of some of the starch granules is possible compared to coty-
ledon cells.

The overview of the microstructure of the cotyledon cells in their raw
state, after cooking, at the end of the gastric phase (G30) and in the
small-intestinal digestion stage (110 & 1120) are summarised in Fig. 7.
The SEM micrograph of the raw cotyledon cells varied in different
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shapes and sizes with distinct identifiable densely packed starch gran-
ules encapsulated by a cell wall. At the cooking stage, major structural
changes such as indentations and wrinkles were observed on the surface
of largely intact cotyledon cells. The internal components (intracellular
starch and protein bodies) of the cell undergo physicochemical changes
(partially gelatinized starch, leached amylose and denatured protein in
the presence of heat and water introduced during cooking. At this point,
it is important to assume that a drastic structural change had happened
to the cotyledon cell wall. A similar observation had been reported by
other authors (Do et al., 2019 and Berg et al., 2012). At the end of the
gastric stage, there were no distinct changes observed in the cotyledon
cell. As the digestion proceed in the small intestine from I10 to 1120,
numerous indentations and pits were observed on the surface of the
cotyledon cells. This could have resulted from the leaching of some
digested intracellular molecules during the digestion process. Overall,
the cell walls of the cotyledon cells at the end of the digestion process are
larger and intact (Fig. 7) with some cotyledon cells exhibiting more
collapse structure (multiple layers of folding and shrinking) than others.
The degree of drastic microstructural changes that occur in the coty-
ledon cells from raw to cooked (introduction of water and heat), gastric
and small intestinal stages (introduction of starch degrading enzymes)
depend on the extent of porosity or permeability of the cell wall Fig. 8.

4. Conclusions

The role of cell wall permeability in the microstructure and the
extent of in vitro starch hydrolysis of intracellular starch in cotyledon
cells were investigated for this study. The light and confocal micro-
graphs observed a high level of cellular integrity of the cotyledon cells
before diffusion experiments. The PFG NMR provided a globalized
measurement of the diffusion coefficients of the cell and how its cell wall
is permeable to water during the diffusion experiment. The light and
confocal micrograph confirmed the trend observed in the cell perme-
ability behavior of the cotyledon cells. The degree of starch hydrolysis
buttressed the cell wall permeability trend observed by the PFG NMR.
The study provided a fundamental measurement in understanding the
role of cell wall permeability in cotyledon cells, however, for a holistic
investigation on the cell wall of pulse cotyledon cells, other specific
characteristics such as the number and size of cell wall pores should be
investigated.
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