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Abstract

This work explores the structural effects of high-pressure processing (HPP) on starch

in mixed pea protein–starch systems of varying concentrations. Reconstituted pea

protein concentrate containing 9, 12, and 15% (w/w) protein, without added starch

or in combination with 4 or 8% (w/w) pea starch, respectively, were subjected to

HPP at 600 MPa for 4 min, at 5�C. Structural changes were investigated using

dynamic rheology, scanning electron microscopy, and differential scanning calorime-

try (DSC). The addition of starch enabled the formation of weak gels, at protein con-

centrations below the minimum required for gelation. Above the minimum protein

concentration for gelation, starch addition resulted in stronger gels. Starch acted

mainly as a filler in the pressure-induced protein gel matrix, and starch granules

remained intact after HPP. DSC analyses confirmed that starch remained

ungelatinized after HPP, likely due to the limited availability of water in the mixed

systems during HPP.

Practical Applications

The structure of pressure-induced protein gels can be enhanced by adding starch.

Besides being a low-cost ingredient, starch remains ungelatinized after high-pressure

treatment, and thus can act like a fiber. Therefore, pressure-treated protein–starch

mixtures may lead to the development of low-glycemic index, high-protein products.

1 | INTRODUCTION

The food industry is experiencing a growing demand for pulse pro-

teins, due to their perceived health benefits and lower environmental

impact of pulse crops (Henchion, Hayes, Mullen, Fenelon, & Tiwari,

2017). To capitalize on this trend, innovative processing methods are

being explored to create new food products with interesting struc-

tures and textures using pulse proteins. An example of a suitable

processing method is high-pressure processing (HPP). HPP, a nonther-

mal processing method used primarily for microbial inactivation, is

able to disrupt noncovalent interactions, leading to protein denatur-

ation and subsequent structural changes (Balasubramaniam, Martínez-

Monteagudo, & Gupta, 2015; Cadesky, Walkling-Ribeiro, Kriner,

Karwe, & Moraru, 2017). Unique gel structures can be formed above

a minimum protein concentration by pressure-induced gelation of the

denatured proteins (Queirós, Saraiva, & da Silva, 2018). The structural

modifications induced by HPP in pea protein concentrates were

recently explored (Sim, Karwe, & Moraru, 2019). Gel formation

occurred from 12% (w/w) protein concentration and a pressure treat-

ment at 250 MPa, with gel strength increasing with both pressure

level and protein concentration. This was due to a greater extent of

protein denaturation, aggregation, and network formation with

increasing pressure levels.

Besides protein, starch is also a major component found in pulses,

and pea protein concentrates contain a small amount of starch as well.

This is important because HPP can also induce structural modifica-

tions in starch (Pei-Ling, Xiao-Song, & Qun, 2010). It has been

reported before that in pure starch systems starch granules can be

gelatinized by pressure, leading to gel formation (Ahmed, Singh,

Ramaswamy, Pandey, & Raghavan, 2014; Leite, de Jesus, Schmiele,
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Tribst, & Cristianini, 2017). The extent of starch pressure-induced

gelatinization is influenced by starch type, applied pressure, tempera-

ture, hold time, and water content (Yang, Chaib, Gu, & Hemar, 2017).

This suggests that starch could be a significant contributor to struc-

ture formation in pressure-treated protein gels.

Many food products (e.g., bread, pasta, and surimi) are made from

protein–starch mixtures. Understanding how processing affects these

mixtures could expand the food structure design toolbox. For exam-

ple, the textural properties of heat-induced composite protein–starch

gels can be controlled by adjusting protein–starch ratios and tempera-

ture in thermally-treated protein–starch mixtures (Joshi, Aldred, Pan-

ozzo, Kasapis, & Adhikari, 2014; Li, Yeh, & Fan, 2007). To date, there

is little published information on the effect of pressure on starch in

mixed protein–starch systems, some of which focus on animal-

based proteins (Barrios-Peralta, Pérez-Won, Tabilo-Munizaga, &

Briones-Labarca, 2012; Oh, Anema, Pinder, & Wong, 2009), and

some on legume flours (Ahmed, Varshney, & Ramaswamy, 2009;

Angioloni & Collar, 2013). In the latter, an increase in solid character

of the flour dispersions was found after HPP treatment. Sim et al.

(2019) found some evidence that starch granules in pea protein con-

centrates of high protein and low starch concentration were not

gelatinized after HPP treatment. Therefore, the objective of this

work was to investigate the role of starch in the pressure-induced

structural changes in pea protein–starch systems of varying protein

and starch concentrations.

2 | MATERIALS AND METHODS

2.1 | Pea protein concentrate and pea starch

Similar to previous work (Sim et al., 2019), pea protein concentrate

(PPC) obtained by air classification (Pea Protein 55, AGT Foods,

Regina, SK, Canada) was used as a source of pea protein. Pea protein

isolate was not used, as preliminary investigation using differential

scanning calorimetry (DSC) found that the proteins were denatured.

The composition of PPC powder was: 54.5% (dry weight) protein,

4.3% (dry weight) starch, 2.8% (dry weight) fat, 6.7% (dry weight) ash,

and 7.2% moisture. Pea starch (PS) was provided by World Food

Processing LLC. (Turtle Lake, WI) and contained 0.7% (dry weight)

protein, 94.0% (dry weight) starch, 0.1% (dry weight) fat, 0.15% (dry

weight) ash, and 10.7% moisture. All compositions were determined

at Dairy One Laboratories (Ithaca, NY).

2.2 | Sample preparation

Three protein concentrations of 9, 12, and 15% (w/w) were chosen to

represent different structuring behavior. The minimum pea protein

concentration for pressure gelation as determined by previous work

was 12%, while 15% was close to the solubility limit of the PPC pow-

der (Sim et al., 2019). To each protein concentration, PS was added to

give final starch concentrations of 4 or 8% (w/w). These starch con-

centrations are comparable to existing protein–starch composite

products such as surimi (Hunt, Getty, & Park, 2009). In total, nine for-

mulations (9P, 9P/4S, 9P/8S, 12P, 12P/4S, 12P/8S, 15P, 15P/4S, and

15P/8S) were prepared. As a note, starch sedimentation was observed

for less viscous systems of protein concentration below 9% (w/w)

(Figure S1). This was not seen in mixed systems containing above 9%

protein. An 8% (w/w) starch-only system, 8S, was made for compari-

son purposes. In the manuscript, the different mixtures will be

referred to as xP/yS with x% protein and y% starch. xP represents the

PPC-only system with x% protein, which only contains a small amount

of starch. The complete composition information for all formulations

is shown in Table 1.

To prepare the solutions, PPC and/or PS powders were added to

Milli-Q water with stirring at 1,200 rpm for 30 min at 25�C. The solu-

tions were then cooled in an ice bath with continued stirring for

TABLE 1 The protein and starch percentages in all formulations arranged in decreasing protein-to-starch ratios

Formulation % protein (w/w) % starch (w/w) Protein-to-starch ratio % total solids (w/w) % moisture (w/w)

PPC powder 50.6 4.0 12.6 92.8 7.2

15P 15.0 1.19 12.6 27.5 72.5

12P 12.0 0.95 12.6 22.0 78.0

9P 9.0 0.71 12.6 16.5 83.5

15P/4S 15.0 4.0 3.8 30.5 69.5

12P/4S 12.0 4.0 3.0 25.3 74.7

9P/4S 9.0 4.0 2.3 20.0 80.0

15P/8S 15.0 8.0 1.9 34.8 65.2

12P/8S 12.0 8.0 1.5 29.5 70.5

9P/8S 9.0 8.0 1.1 24.3 75.7

Pea floura 26.1 47.7 0.6 92.1 7.9

8S <0.1 8.0 <0.01 8.5 91.5

aAverage protein and starch percentages in pea flour according to Chung, Liu, Hoover, Warkentin, and Vandenberg (2008), shown for comparison

purposes.
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15 min. To achieve good dispersion, the solutions were subsequently

high-shear mixed at 18,000 rpm for 7.5 min in an ice bath, using a

high shear mixer (UltraTurrax Model T25 fitted with an S25N-18G

dispersion tool, IKA Works, Inc., Wilmington, NC), ensuring that the

solutions did not exceed 25�C. The pH of the PPC solutions was ~6.0.

Finally, the mixed solutions were filled in pre-cut storage bags

(FoodSaver Vacuum-Seal Roll, Sunbeam Products, Inc., Boca Raton,

FL) and vacuum sealed. Each bag contained about 40 mL of sample.

The packaged samples were stored overnight at 4�C before HPP

treatment.

2.3 | HPP treatment

The samples were high-pressure processed using a 55 L HPP unit

(Hiperbaric, Spain). Previously, it was found that gel formation

occurred after 5 min at 550 MPa, with maximum gel strength

occurring at 15 min hold time (Sim et al., 2019). However, the long

hold times are not economically feasible for the food industry.

Hence, in this study samples were subjected to a pressure of

600 MPa and a 4 min hold time, which are typical processing

parameters used by the food industry for microbial inactivation

(Buerman, Worobo, & Padilla-Zakour, 2020; Zhang et al., 2016).

The initial temperature of the pressurizing medium (filtered water)

was 5�C. The HPP unit was not equipped with sensors inside the

vessel to track the temperature changes due to adiabatic heating,

and the temperature of the water was monitored to assess any

temperature changes. Since the samples occupied only a very small

fraction of the HPP vessel (less than 1 L total volume for all samples

out of the 55 L total volume of the vessel for each run), the temper-

ature of the water was a good proxy for the temperature of the

sample. Additionally, based on previously reported data, the adia-

batic heating of water was found to lead to temperature increases

of ~4�C/100 MPa (Grauwet, Van der Plancken, Vervoort,

Hendrickx, & Van Loey, 2016). Therefore, for pressurization at

600 MPa of water with an initial temperature of 5�C, the maximum

temperature reached would be ~30�C, which is much lower than

the temperatures where starch gelatinization and protein denatur-

ation occur. However, only minimal changes in the measured water

temperatures were detected after the HPP runs, since the stainless

steel vessel was also chilled. The HPP-treated samples were stored

at 4�C to minimize microbial activity, and analyzed within 48 hr.

Three independent sample preparations and subsequent treatments

were conducted for each formulation.

2.4 | Rheological analyses

Dynamic rheological testing of the samples was conducted using an

ARES strain-controlled rheometer (TA Instruments, New Castle, DE)

as described previously (Sim et al., 2019). For samples of softer con-

sistency, a 50 mm diameter Teflon parallel plate with an interplaten

gap of 1 mm was used. Two mL aliquots of the protein sample were

loaded onto the lower plate, with care taken to avoid air bubble for-

mation. For stronger gel samples, a 25 mm diameter Teflon parallel

plate with an interplaten gap of 2 mm was used. The gels were sliced

2 mm thick and placed between the plates.

All measurements were performed at 25�C, maintained using a

Peltier temperature control system. An isothermal chamber enclosed

the parallel plates to minimize sample dehydration during measure-

ments. The samples were subjected to a 1 min relaxation step before

measurements. Dynamic strain sweeps were first conducted for each

sample to identify the linear viscoelastic region (LVR), at a frequency

of 1 rad/s. Frequency sweeps were then performed at a strain value

within the LVR, over the frequency range 0.1–100 rad/s. The storage

modulus (G0), loss modulus (G00), and loss tangent (tan δ = G00/G0) were

recorded. The storage modulus at 1 rad/s (G0
1 rad=s ) and a frequency

dependence parameter (m) were used to make direct comparisons

between samples. m is the slope of the log(prevailing modulus) vs.

log(frequency) curve. The prevailing modulus was chosen as G0 for

samples with solid-like behavior and G00 for liquid-like behavior. All

measurements were performed in triplicate. No rheological measure-

ments were conducted for 8% starch-only samples due to sedi-

mentation of the untreated sample, and phase separation of the

HPP-treated sample.

2.5 | Microstructural analyses by scanning electron
microscopy (SEM)

Small amounts of untreated and HPP-treated 15P PPC-only and

15P/8S mixed samples, and the solid phase of HPP-treated 8S starch-

only sample were deposited onto clean glass slides and air dried for

40 min. Thin cross-sections were used for strong gel samples. To mini-

mize structural changes, a sample preparation method suitable for bio-

logical samples was used (Murtey & Ramasamy, 2016). Samples were

fixated with 2.5% (w/v) glutaraldehyde in 0.05 M sodium cacodylate

buffer for 2 hr, and washed three times for 5 min each with the

cacodylate buffer. A secondary fixation was done using 1% (w/v)

osmium tetroxide in cacodylate buffer for 1 hr, and samples washed

three times in the cacodylate buffer. Samples were then dehydrated

using graded ethanol solutions in the order 25, 50, 70, 95% (v/v) and

three times with 100% (v/v) for 10 min each, followed by critical point

drying using carbon dioxide. Dried surfaces were mounted on SEM

stubs with carbon tape, then thinly coated with a gold/palladium alloy.

A Zeiss LEO 1550 field emission scanning electron microscope (Carl

Zeiss Microscopy LLC, Jena, Germany) was used for imaging at 3 kV.

Images were acquired using the SmartSEM software accompanying

the instrument.

2.6 | Differential scanning calorimetry

The DSC protocol was adapted from Ahmed et al. (2014). Thermo-

grams of untreated and HPP-treated samples were obtained using

a differential scanning calorimeter (DSC Model Q1000, TA
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Instruments, New Castle, DE), which was calibrated using indium

and sapphire standards. A heat-treated (95�C for 15 min, followed

by quenching in an ice bath for 15 min) 8S sample was also mea-

sured for comparison. The solid phases of the heat-treated and

pressure-treated 8S samples were blended, respectively, with their

liquid phases before measurement, to ensure comparable water

content with the untreated sample. Samples (20–30 mg each) were

weighed into DSC aluminum pans, which were then hermetically

sealed and scanned between 15 and 110�C, at a heating rate of

2�C/min. An empty hermetically sealed aluminum pan was used as

reference. The onset temperature (Tonset), peak temperature (Tpeak),

and the enthalpy (ΔH) of thermal transitions were calculated by

manual peak integration using the equipment software

(TA Instruments, New Castle, DE). Merged peaks were deco-

nvoluted using Origin 9 software (OriginLab Corp., Northampton,

MA) with Gaussian curve fitting function (adjusted R2 values above

.99). The enthalpy of deconvoluted peaks was calculated from the

relative integral area of the fitted curve. All measurements were

performed in triplicate.

2.7 | Statistical analysis

Statistical analysis was performed using R v. 3.2.2 (R Foundation for

Statistical Computing, Vienna, Austria). A one-way analysis of variance

(ANOVA) was conducted to determine if the mean values of

F IGURE 1 Frequency sweeps
(G0 vs. frequency) for untreated
and pressure-treated PPC-only
and mixed protein–starch
samples, at different protein
concentrations: (a) 9, (b) 12, and
(c) 15% (w/w). Starch
concentration in the mixed
samples was 4% or 8% (w/w).

Error bars represent 1 SD (n = 3)
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measured parameters differed significantly as a function of formula-

tion and treatment. The significance was established using Tukey

HSD post hoc tests. A probability level of p < .05 was considered sig-

nificant. All values were expressed as means ±1 SD.

3 | RESULTS

3.1 | Effect of HPP on the rheological properties
of the PPC-only and mixed systems

Figures 1 and 2 show frequency sweeps of untreated and pressure-

treated samples. Tan δ < 1 (hence G0 > G00) for all samples, except

untreated samples at frequencies above 10 rad/s. The rheological

behavior of the different samples was evaluated by comparing G0

values at 1 rad/s (G0
1 rad=s ) and the slope of the G0 vs frequency curves

(m), respectively.

For the untreated samples, while there were no significant dif-

ferences among different formulations, G0
1 rad=s increased with total

solids content (Figure 3). The untreated samples had tan δ values

between 0.5 and 1.7, and frequency parameter m values between

0.31 and 0.38 (Figure 4). These values are indicative of a weakly asso-

ciated concentrated dispersion (Beliciu & Moraru, 2013). Most

untreated samples had a liquid-like behavior, even when starch was

added (Figure 2). Interestingly, the tan δ values for the 15P/8S mixed

samples were smaller than for the other samples, suggesting an

F IGURE 2 Tan δ

vs. frequency for untreated and
pressure-treated PPC-only and
mixed protein–starch samples,
at different protein
concentrations: (a) 9, (b) 12, and
(c) 15% (w/w). Starch
concentration in the mixed
samples is 4 or 8% (w/w). Error

bars represent 1 SD (n = 3)
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increase in the solid-like character, possibly due to lower mobility of

the components in the highly concentrated system.

G0
1 rad=s values increased by up to three orders of magnitude for

HPP-treated samples compared to untreated samples (Figure 3). For

each protein concentration, G0
1 rad=s increased with starch concentra-

tion. Gel formation did not occur for the pressure-treated 9P

PPC-only samples, as evidenced by tan δ between 0.4 and 1.0 and no

significant decrease in m value after HPP treatment, since the pro-

tein concentration was below the minimum protein concentration

for gelation (Sim et al., 2019). Weak gels were however formed with

the addition of starch for the pressure-treated 9P/4S and 9P/8S

mixed samples (tan δ between 0.2–0.7 and m values of 0.15–0.17

after HPP treatment). HPP treatment of the 12 and 15% protein con-

centration PPC-only and mixed systems resulted in even smaller

tan δ (between 0.2 and 0.3) and m (~0.1), which are characteristic of

strong gels (Steffe, 1996). In particular, self-standing gels were

formed when starch was added to 12P samples (G0
1 rad=s ~ 10

3 Pa).

Notably, gel strength was more dependent on protein concentration

than the increase in total solids from added starch. For example,

pressure-treated 12P samples had higher G0
1 rad=s than pressure-

treated 9P/8S mixed samples, even though the latter had a greater

total solids content. A similar behavior was also seen in pressure-

treated 15P and 12P/8S samples.

3.2 | Microstructural observations of untreated
and HPP-treated samples

Even though the samples were well mixed just prior to HPP treat-

ment, HPP treated 8% starch-only (8S) samples showed macroscopic

phase separation into a solid phase and a liquid phase, which is consis-

tent with the findings reported by Leite et al. (2017) for pea starch

solutions treated at pressures above 500 MPa. The solid phase was

analyzed by SEM, and was found to consist of intact, disrupted, and

fused starch granules (Figure 5). Sedimentation and subsequent

pressure-driven compacting of the dense starch granules during the

pressure ramp-up and hold time could have led to phase separation.

The starch granules remained fused even after pressure was released.

F IGURE 3 Storage modulus at
1 rad/s (G0

1 rad=s) for untreated and
pressure-treated PPC-only and mixed
protein–starch samples with increasing
total solids content. xP represents PPC-
only systems with x% protein, and xP/yS
represents mixed systems with x%
protein and y% starch. Error bars
represent 1 SD (n = 3). Data points

connected by the same letter are not
significantly different from each
other (p> .05)

F IGURE 4 Frequency dependence

parameter m of untreated and pressure-
treated PPC-only and mixed protein–
starch samples with increasing total solids
content. xP represents PPC-only systems
with x% protein, and xP/yS represents
mixed systems with x% protein and y%
starch. Error bars represent 1 SD (n = 3).
Bars with the same letter are not
significantly different from each
other (p > .05)
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F IGURE 5 SEM micrographs of
the solid phase of pressure-treated
8% (w/w) starch-only (8S) sample.
The solid phase is composed of intact
(I), disrupted (D), and fused (F) starch
granules

F IGURE 6 SEM micrographs of
untreated and pressure-treated 15%
(w/w) protein PPC-only (15P), and 15%
(w/w) protein with 8% (w/w) starch
mixed (15P/8S) samples. The PPC-only
samples naturally contain a small amount
of starch. The insert shows the protein gel
formed by a network of aggregates. More
starch granules (S) are seen embedded in
the protein network for the 15P/8S
samples

F IGURE 7 Top: DSC thermograms for
untreated, pressure-treated, and heat-treated 8%
(w/w) starch-only (8S) samples. Bottom:
deconvolution of the untreated 8S sample gives
Peaks 2a and 2b
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SEM imaging was also conducted on untreated and pressure-

treated 15P and 15P/8S samples (Figure 6). As shown in the insert for

the HPP-treated 15P sample, the gel structure was made up by a net-

work of protein aggregates. More starch granules were seen in the

15P/8S samples than the 15P samples. The intact starch granules

were embedded in the protein network and seemed to behave as a

filler. Unlike the 8S samples, phase separation did not occur, likely due

to reduced starch sedimentation in the more viscous PPC solutions,

and the entrapment of the starch granules in the protein matrix when

pressure was released.

3.3 | Effect of HPP on thermal transitions in the
PPC-only and mixed systems

Thermal analyses by DSC were conducted for untreated,

pressure-treated, and heat-treated 8S starch-only samples, and all

PPC-only and mixed samples. The DSC thermograms are shown

in Figures 7 and 8, the characteristic temperatures (onset and

peak) and enthalpy of the identified thermal transitions are

summarized in Table 2, and the identification of these peaks is

discussed below.

For the 8S untreated starch-only sample, one peak (Tpeak ~ 66�C)

was observed (Figure 7), which corresponds to the gelatinization of

pea starch (Ratnayake, Hoover, Shahidi, Perera, & Jane, 2001).

Deconvolution of this peak revealed two peaks: Peak 2a (Tpeak

~ 64�C) and Peak 2b (Tpeak ~ 71�C), which corresponds to the B-type

and A-type polymorphs of pea starch, respectively (Bogracheva, Mor-

ris, Ring, & Hedley, 1998).

For the untreated PPC-only samples, four major peaks were

observed (Figure 8, top). Peak 1 (Tpeak ~ 56�C) was attributed to the

melting of endogenous lipid crystals (Eliasson, 1994); Peak 2a

(Tpeak ~ 65�C), as discussed above, corresponds to the gelatinization

of B-type crystal form of starch; Peak 3 (Tpeak ~ 81�C) corresponds to

protein denaturation (Shand, Ya, Pietrasik, & Wanasundara, 2007);

and Peak 4 (Tpeak ~ 94�C) to the dissociation of amylose–lipid com-

plexes formed during starch gelatinization, between leached amylose

and the endogenous lipids (Eliasson, 1994).

For the untreated mixed samples, in addition to Peak 1 and Peak

4, a large peak with Tpeak ~ 74�C was observed (Figure 8, top). This is

F IGURE 8 Top: DSC thermograms
for untreated and pressure-treated 12%
(w/w) protein PPC-only (12P), and 12%
(w/w) protein with 4% or 8% (w/w)
starch mixed (12P/4S or 12P/8S)
samples. The thermogram is also
representative for 9% and 15% (w/w)
protein concentration samples. Bottom:
deconvolution of the merged peak yields

Peaks 2a, 2b, and 3
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TABLE 2 Thermal transition parameters identified for untreated and pressure-treated mixed pea protein–starch solutions

Tonset (�C) Tpeak (�C) ΔH (J/g component)

Sample Untreated 600 MPa, 4 min Untreated 600 MPa, 4 min Untreated 600 MPa, 4 min

Peak 1 (lipid)

9P 53.25 ± 0.39a n.d. 56.22 ± 0.05a n.d. 4.26 ± 1.15ab n.d.

9P/4S 53.24 ± 0.42a n.d. 55.35 ± 0.17a n.d. 1.67 ± 0.06a n.d.

9P/8S 53.70 ± 1.56a n.d. 55.82 ± 0.58a n.d. 2.45 ± 1.76a n.d.

12P 52.05 ± 2.13a n.d. 56.64 ± 0.90a n.d. 6.55 ± 1.90abc n.d.

12P/4S 53.24 ± 0.51a n.d. 56.25 ± 0.97a n.d. 4.83 ± 2.00abc n.d.

12P/8S 52.91 ± 1.42a n.d. 55.82 ± 0.84a n.d. 3.23 ± 1.42ab n.d.

15P 52.87 ± 1.82a n.d. 56.20 ± 1.36a n.d. 9.85 ± 2.44c n.d.

15P/4S 52.19 ± 0.72a 51.39 ± 4.79a 56.18 ± 0.06a 54.49 ± 3.61a 8.66 ± 1.84bc 3.58 ± 2.77ab

15P/8S 52.40 ± 0.48a n.d. 55.73 ± 0.23a n.d. 4.21 ± 1.75ab n.d.

8S n.d. n.d. n.d. n.d. n.d. n.d.

Peak 2a (starch)

9P 61.81 ± 2.09ab 58.30 ± 0.55a 63.12 ± 1.63a 64.64 ± 0.86abc 1.53 ± 1.50a 6.24 ± 0.94bc

9P/4S 65.38 ± 0.62abc 68.25 ± 2.65bc 0.87 ± 0.14a 9.19 ± 4.42c

9P/8S 66.93 ± 1.11abc 66.24 ± 1.36abc 1.58 ± 1.45ab 3.08 ± 1.06ab

12P 61.88 ± 0.94ab 61.96 ± 0.54ab 64.91 ± 0.79abc 65.75 ± 0.60abc 2.05 ± 0.62ab 4.00 ± 1.17ab

12P/4S 66.62 ± 0.41abc 66.20 ± 0.60abc 1.92 ± 1.05ab 3.05 ± 1.54ab

12P/8S 68.38 ± 0.26bc 66.57 ± 0.66abc 1.91 ± 0.85ab 2.45 ± 0.34ab

15P 64.72 ± 2.12b 63.08 ± 1.23b 66.96 ± 1.51abc 66.65 ± 0.53abc 2.00 ± 1.16ab 5.77 ± 1.87abc

15P/4S 68.47 ± 1.05bc 67.01 ± 0.15abc 2.58 ± 0.73ab 2.63 ± 1.16ab

15P/8S 68.71 ± 0.96c 68.48 ± 0.53c 2.48 ± 1.06ab 4.02 ± 1.12ab

8S 64.41 ± 3.81ab n.d. 31.84 ± 22.24 n.d.

Peak 2b (starch)

9P n.d. n.d. n.d. n.d. n.d. n.d.

9P/4S 73.57 ± 0.21ab 74.93 ± 0.70bc 18.80 ± 4.46a 5.83 ± 4.95a

9P/8S 74.49 ± 0.73abc 74.77 ± 0.32bc 10.13 ± 2.73a 6.40 ± 2.97a

12P n.d. n.d. n.d. n.d. n.d. n.d.

12P/4S 75.44 ± 0.73bcd 76.12 ± 0.62bcde 16.64 ± 12.12a 13.93 ± 2.07a

12P/8S 76.56 ± 0.37bcde 76.85 ± 0.32bcde 10.84 ± 3.81a 12.56 ± 2.10a

15P n.d. n.d. n.d. n.d. n.d. n.d.

15P/4S 78.77 ± 0.11de 77.78 ± 0.74cde 13.04 ± 1.30a 12.15 ± 1.73a

15P/8S 77.91 ± 0.50cde 78.78 ± 0.35e 11.92 ± 0.59a 13.48 ± 1.01a

8S 71.01 ± 3.95a n.d. 11.62 ± 10.57a n.d.

Peak 3 (protein)

9P 70.52 ± 1.00a 80.16 ± 2.06c 79.26 ± 0.83a 84.17 ± 0.38cde 2.49 ± 0.11de 0.39 ± 0.14a

9P/4S 82.20 ± 0.92bcd 82.71 ± 2.58bcd 0.76 ± 0.57abc 0.81 ± 0.82abc

9P/8S 82.50 ± 0.47bcd 83.06 ± 1.17bcd 0.89 ± 0.35abc 0.93 ± 0.82abc

12P 73.53 ± 1.08ab 77.88 ± 3.11bc 80.97 ± 1.78ab 84.30 ± 0.50cde 2.69 ± 0.19de 0.70 ± 0.49abc

12P/4S 82.62 ± 0.85bcd 84.86 ± 0.96de 1.71 ± 0.64bcd 0.58 ± 0.19ab

12P/8S 83.61 ± 0.34bcde 86.11 ± 0.17e 1.12 ± 0.40abc 0.35 ± 0.01a

15P 73.66 ± 0.13ab 73.24 ± 2.65ab 81.90 ± 0.58abc 84.05 ± 0.75cde 3.15 ± 0.28e 0.72 ± 0.16abc

15P/4S 84.00 ± 0.11cde 86.22 ± 0.29e 1.51 ± 0.29abcd 0.28 ± 0.15a

15P/8S 84.62 ± 0.25cde 86.27 ± 0.53e 1.93 ± 0.04cde 0.67 ± 0.39ab

8S n.d. n.d. n.d. n.d. n.d. n.d.

(Continues)
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consistent with the findings of Chung, Liu, Hoover, Warkentin, and

Vandenberg (2008), who also found a major peak at Tpeak ~ 72�C in

pea flour, a system that contains more starch than protein. Peaks 2a,

2b, and 3, with the same transition temperatures as above, were

obtained from the deconvolution of the merged peak (Figure 8, bot-

tom). For the HPP treated mixed samples, only the merged peak was

observed (Figure 8, top).

An analysis of the thermal transitions described above indicates

that protein denaturation occurred after pressure treatment, as

evidenced by the significantly lower protein denaturation enthalpy

(Peak 3). This is consistent with prior observations (Sim et al., 2019).

For starch, the enthalpy of B-type starch gelatinization (Peak 2a)

for both the untreated PPC and mixed samples (~2 J/g starch) was

much smaller than for untreated pure pea starch (~32 J/g starch), which

was attributed to the presence of lipids in the PPC powder. A decrease

in the enthalpy of starch gelatinization in the presence of lipids was

reported before (Eliasson, 1994). In contrast, the enthalpy of A-type

starch gelatinization (Peak 2b) for the untreated PPC and mixed sam-

ples was similar to the untreated pure pea starch system. The peak tem-

peratures of both B-type and A-type starch gelatinization for the

untreated samples significantly increased with protein and starch con-

tent, which was likely due to reduced availability of water as more

solids were added (Lund & Lorenz, 1984). Pure pea starch (8S sample)

fully gelatinized under both heat and pressure treatments, as indicated

by the lack of a gelatinization peak in Figure 7 (top panel). In contrast,

starch in the PPC-only and mixed samples did not undergo pressure-

gelatinization under the conditions used in this study. In fact, an

increase in B-type starch gelatinization enthalpy (Peak 2a) was observed

for all pressure-treated samples, although not all increases were statisti-

cally significant (Table 2). There were no significant changes in A-type

starch gelatinization enthalpy with pressure treatment.

4 | DISCUSSION

Under the conditions used in this study, it appears that starch acted

mainly as a filler in the pressure-induced pea protein gel matrix. The

addition of starch enhanced the strength of the pressure-induced pro-

tein structures, and it enabled the formation of weak gels even at pro-

tein concentrations below the minimum required for gelation. This

could be due to microscopic phase separation between starch and

proteins (Colombo, León, & Ribotta, 2011), which reduced the volume

occupied by protein molecules, leading to a localized increase in pro-

tein concentration. In the mixed pea protein–starch systems, the gel

strength was however found to be more dependent on protein con-

centration, as the gel network was primarily made up by pressure

denatured protein molecules.

Remarkably, starch granules in the pea protein–starch systems

remained visually intact after pressure treatment. Thermal ana-

lyses further revealed that starch was not gelatinized in the

pressure-treated samples. This could be due to the limited avail-

ability of water for starch gelatinization during the pressure treat-

ment, since both protein and starch compete for water. In pressure

treatment, protein denaturation occurs at a lower pressure than

starch gelatinization. As water-holding capacity of the proteins

increases after pressure denaturation (Queirós et al., 2018), this

limits the amount of water available for starch gelatinization. It has

been reported before that in the absence of water, pea starch did

not gelatinize after HPP treatment (Leite et al., 2017). In contrast,

heat-treated protein–starch systems of comparable total solids

content to the present study led to the formation of starch and

protein composite gels, with starch granules visibly disrupted by

heat (Joshi et al., 2014; Li et al., 2007). Overall, this data demon-

strates that the effect of high pressure on food components can be

TABLE 2 (Continued)

Tonset (�C) Tpeak (�C) ΔH (J/g component)

Sample Untreated 600 MPa, 4 min Untreated 600 MPa, 4 min Untreated 600 MPa, 4 min

Peak 4 (amylose–lipid complex)

9P 87.16 ± 0.32a 93.10 ± 0.88cde 92.14 ± 0.81a 95.33 ± 1.28bcd 18.91 ± 8.99abc 3.34 ± 1.33a

9P/4S 88.40 ± 0.37ab 94.86 ± 3.68e 92.44 ± 0.82ab 97.44 ± 2.07d 18.85 ± 6.61abc 7.76 ± 4.50ab

9P/8S 88.69 ± 0.27ab n.d. 93.69 ± 1.29abc n.d. 16.02 ± 1.85abc n.d.

12P 89.50 ± 0.71abc n.d. 93.78 ± 0.50abc n.d. 18.02 ± 6.02abc n.d.

12P/4S 89.87 ± 0.22abcd n.d. 94.01 ± 0.80abc n.d. 21.53 ± 3.61bc n.d.

12P/8S 89.94 ± 1.51abcd n.d. 94.93 ± 0.17abcd n.d. 28.69 ± 7.72c n.d.

15P 90.00 ± 0.47abcd n.d. 94.68 ± 0.58abcd n.d. 28.26 ± 2.06c n.d.

15P/4S 91.40 ± 0.60bcde 93.64 ± 1.86de 95.78 ± 0.93 cd 97.34 ± 1.18d 30.82 ± 9.26c 2.25 ± 1.14a

15P/8S 92.28 ± 0.58bcde n.d. 96.37 ± 0.48 cd n.d. 26.55 ± 10.11c n.d.

8S n.d. n.d. n.d. n.d. n.d. n.d.

Notes: xP represents PPC-only systems with x% protein, xP/yS represents mixed systems with x% protein and y% starch, and 8S represents the starch-only

system with 8% starch. The enthalpy of Peak 4 was calculated per gram of lipid. For each peak, untreated and pressure-treated values of each parameter

(Tonset, Tpeak, and ΔH) connected by the same letter are not significantly different from each other (p > .05). No Tonset values for deconvoluted samples

were available and therefore left blank. n.d.: not detected. Values represent averages of three replicates ±1SD.
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very different than the effect of thermal treatments, particularly in

complex systems.

5 | CONCLUSIONS

Low-temperature HPP treatment at 600 MPa for 4 min induced gel

formation in mixed pea protein–starch systems, but starch remained

ungelatinized and behaved as a filler in the protein gel matrix. This can

have significant implications in the development of food products that

contain pea protein, pea flour, or other plant-based ingredients using

HPP technology. While ungelatinized starch contributes to structure

formation, the presence of intact starch granules may impact the

mouthfeel of the products, which needs to be tested using sensory

evaluations. From a nutritional perspective, since ungelatinized starch

is poorly digested and acts like a fiber (Wang & Copeland, 2013),

pressure-treated protein–starch mixtures may allow the development

of high protein products with a low glycemic index. The digestibility

of HPP treated pea protein–starch mixtures is currently under investi-

gation, and will shed further light on this issue.
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