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ARTICLE INFO ABSTRACT

Handling Editor: Professor A.G. Marangoni In response to consumer demands, plant protein ingredients are increasingly being used in the formulation of
plant-based alternatives to cheese. The aim of this study was to determine the influence of protein concentration
on key quality attributes of chickpea-based alternatives to cheese. Moreover, the age-induced changes in such
attributes were assessed, with samples analysed after 1 month of storage. After characterisation of the in-

gredients, the chickpea-based formulations were prepared by blending chickpea flour and protein concentrate in
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Tel;:zrseruc ure different proportions to obtain four samples of increasing protein content (i.e., 8.68-21.5%). Formulations were
Meltability developed at pH ~4.5, and a moisture content of 50%, with shea butter used to obtain 15% fat content. The

differential scanning calorimetry thermograms of the samples showed a main peak around 30 °C, corresponding
to transition of the shea butter, and a smaller peak around 70 °C related to starch gelatinisation. Analysis of
microstructure showed formation of a protein matrix with more extensive protein structure at high protein
concentration. Furthermore, none of the chickpea-based samples melted under the testing conditions and all
samples showed increasing values for adhesiveness, springiness and cohesiveness with increasing protein con-
tent. However, hardness was the highest for the sample with the lowest protein content, likely due to starch
retrogradation. After storage, hardness increased further for all samples. This work improves our understanding

of the role of chickpea protein in developing plant-based alternatives to cheese and the challenges therein.

1. Introduction

Food systems (i.e., production, processing, distribution, preparation
and consumption of food) are responsible for between 21 and 37% of all
net anthropogenic greenhouse gas emissions (IPCC et al., 2019). In
particular, due to their impact on global emissions, animal-based sys-
tems are currently major contributors to climate change and, in turn,
biodiversity loss (Notarnicola et al., 2017; Benton et al., 2021). The
growing global population and the corresponding need to increase food
supply, combined with the high environmental impact of animal food
production, are driving growth in the development of plant-based al-
ternatives to animal-based products, such as cheese.

Due to increasing consumer awareness of the impact of food pro-
duction on the environment, animal welfare and human health, con-
sumption of plant-based food is increasing globally, with a growth in
sales of 27% in the US in 2020 (SPINS and Good Food Institute, 2020). In
particular, the US dollar sales for plant-based alternatives to cheese grew
by 42% in 2020, and the sector is projected to reach almost $4 billion by
2024 (Bharat Book Bureau, 2017; SPINS and Good Food Institute, 2020).
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However, most commercially available products currently rely on starch
and solid fats (e.g., coconut oil) as their principal components, and have
low protein and high saturated fat contents, making them nutritionally
inferior to traditional cheese. Furthermore, from a consumers perspec-
tive, the taste and price of such commercial plant-based alternatives to
cheese do not meet consumer expectations, and in fact represent the
plant-based product category with the highest potential demand (i.e.,
product type that consumers would like to see more of in supermarkets)
(ProVeg International, 2020). To formulate plant-based alternatives to
cheese with improved nutritional profiles and low environmental
impact, a number of research groups are currently investigating the
suitability of plant protein ingredients (Mattice and Marangoni, 2020;
Ferawati et al., 2021; Grossmann and McClements, 2021; Mefleh et al.,
2021). The aim of several of these recent studies is mainly to develop
alternatives to non-protein ingredients (e.g., polysaccharides) that are
often used to build structure and mimic dairy proteins and fat in such
applications. These are frequently used in cheese analogues formula-
tions as inexpensive alternatives to protein, to partially replace casein
(Bachmann, 2001). However, in addition to nutritional quality, dairy
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proteins provide cheese products with unique sensory and textural
properties and the replication of such properties using plant proteins is
challenging (Grossmann and McClements, 2021; Short et al., 2021).

Among the plant protein sources available, soy has been extensively
used in plant-based cheese alternative applications for its ability to form
a curd under specific processing conditions; more recently new in-
gredients such as zein have also been studied, showing promising results
for such applications (Mattice and Marangoni, 2020).

Pulses are part of traditional diets in many countries and represent
important sources of dietary proteins; thus, pulse flours, protein con-
centrates and isolates offer opportunities for novel food product devel-
opment and can contribute to achieving recommended daily protein
requirements (Boye et al., 2010). In particular, chickpeas are considered
highly nutritious, with a protein content of 20-25% and high levels of
fat, starch and fibre, as well as significant concentrations of minerals,
vitamins and bioactive compounds (e.g., phenolic acid and isoflavones)
(Hall et al., 2017). Due to their nutritional value and functional prop-
erties, chickpea protein ingredients (i.e., flour, protein concentrate and
isolate) show great potential in the development of new and reformu-
lated food products. Previous studies investigated functional properties
of chickpea proteins of relevance in plant-based alternatives to cheese
applications, such as oil absorption capacity, emulsifying and gelling
properties (Kaur and Singh, 2007; Papalamprou et al., 2009; With-
ana-Gamage et al., 2011). Chickpea protein ingredients showed good
performance in such functional properties, probably due to the high
levels of globulins (53-60% of total chickpea proteins), which, because
of their highly structured nature due to disulphide bonds and hydro-
phobic interactions, strongly influence functionality (Ghumman et al.,
2016). In addition, as for other pulses, chickpea protein ingredients have
been employed in the development of plant-based milk alternatives
(Wang et al., 2018; Lopes et al., 2020).

To the authors’ knowledge, there are no published scientific studies
available that investigated the use of chickpea protein ingredients in the
development of plant-based alternatives to cheese. In this work,
chickpea-based alternatives to cheese were formulated using chickpea
flour and chickpea protein concentrate in different ratios. The aim of this
study was to determine the influence of protein concentration on
chickpea-based alternatives to cheese, in terms of key quality attributes,
such as structure and texture. Moreover, the age-induced changes in
such attributes were assessed after 1 mo of storage. The results of this
work will enhance our understanding of the role, and potential, of
chickpea protein ingredients in formulating and developing high protein
content chickpea-based alternatives to cheese, and the challenges
therein.

2. Materials and methods
2.1. Ingredients

Commercially available chickpea flour (CF) (Miiller’s Miihle GmbH,
Gelsenkirchen, Germany), with 20% protein, 10.4% moisture, 60.8%
carbohydrate, 37.8% starch, 6.15% fat and 2.67% ash, and chickpea
protein concentrate (CPC) (Artesa, PLT Health Solutions, Morristown,
NJ, US), with 53.1% protein, 7.73% moisture, 33.3% carbohydrate,
2.86% starch, 1.37% fat and 4.47% ash, were used in this study to
formulate the chickpea-based alternatives to cheese. The composition of
the CF and CPC were typical of pulse flours and concentrates. A shea
butter ingredient (Zenitex M 50 G) kindly provided by Fuji Oil Europe
(Gent, Belgium), was used as fat source, and was composed of 99.9% fat,
with 49% of the fatty acids being saturated and 45% mono-unsaturated.
The shea butter ingredient was chosen in this study due to its solid na-
ture at room temperature and high ratio of unsaturated to saturated fatty
acids and the lower content of saturated fats compared to coconut oil,
which represents the most used source of fat in commercially available
plant-based cheeses. All chemicals were purchased from Sigma-Aldrich
(St Louis, MO, US), unless stated otherwise.
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2.2. Formulation of cheese alternatives

The protein components of chickpea-based alternatives to cheese,
hereafter referred to as chickpea-based samples, were formulated by
blending CF and CPC in different proportions. Selected additions of CPC
were used to obtain four chickpea-based samples of increasing protein,
and consequently decreasing carbohydrate, contents (Table 1). An
ingredient ratio based on protein contribution of 0:100, 50:50, 75:25
and 100:0 from CPC and CF was used to obtain the 4 samples, 0CPC-
100CF, 50CPC-50CF, 75CPC-25CF and 100CPC-0CF, respectively. Lac-
tic acid was added to water to achieve a pH of ~4.5 and 50% moisture
content in the chickpea-based samples. Shea butter was added to obtain
15% fat content for all the samples, which was set as a target to align
with the typical fat content of commercially available “reduced-fat”
cheese products. The final formulation and processing conditions
described here were confirmed after numerous preliminary and opti-
misation trials. Samples were prepared by mixing the CF and CPC with
water in a Thermomix (TM 5, Vorwerk, Wuppertal, Germany) at speed 1
(100 rpm). The temperature was set to 85 °C and when 45 °C was
reached, shea butter was added to the mixture at speed 2 (200 rpm) for
5 min. After 2.5 min, the speed was increased to 3.5 (800 rpm) for 10 s to
ensure that all ingredients were uniformly dispersed and incorporated in
the mixture. Following this, samples were poured into moulds and
stored for 24 h at 4 °C before analysis and for 1 mo at 4 °C to assess the
influence of storage on selected properties of the chickpea-based
samples.

2.3. Compositional analysis of chickpea flour and protein concentrate
ingredients and cheese alternatives

The composition of the CF and CPC was analysed prior to formu-
lating the chickpea-based samples. Protein content of chickpea in-
gredients and chickpea-based cheese alternatives was measured using
the Kjeldahl method and a nitrogen-to-protein conversion factor of 6.25,
according to method 930.29 (AOAC, 1930) and 2001.14 (AOAC, 2002),
respectively. Moisture of protein ingredients and samples was deter-
mined using oven drying at 103 °C for 5 h, according to method 925.10
(AOAC, 1925) and 926.08 (AOAC, 1990), respectively. Ash content of
CF and CPC was measured by incineration in a muffle furnace to 700 °C
for 5 h, according to method 923.03 (AOAC, 1923); for chickpea-based
samples, ash content was analysed by incineration at 800 °C for 5 h after
pre-ashing in crucibles for 10 min, according to method 935.42 (AOAC,
1990a). Fat content of protein ingredients and samples was assessed
using the Soxhlet method with SoxCap and Soxtec (Foss UK Ltd, UK)
according to the AACC method 30-25.01 (AACC, 2009); activated silica
was used to absorb moisture in the chickpea-based samples. Moreover,
total starch content of CF and CPC was analysed using the enzyme kit
K-TSTA (Megazyme, Ireland) according to method 996.11 (AOAC,
2005). Total carbohydrate of protein ingredients and chickpea-based
samples was calculated by difference (i.e., 100 — sum of protein, fat,
ash and moisture). Moreover, the pH of the chickpea-based samples was
measured using a pH meter equipped with a FC200B Foodcare pH
electrode for semi-solid foods (Hanna Instruments, Woonsocket, RI, US)
and the water activity (ay) was measured at 20 °C using a water activity
meter after calibration (Aqua Lab, Decagon Devices, Inc., Pullman, WA,
Us).

Table 1
Formulation (%) of the chickpea-based samples made using chickpea flour (CF)
and chickpea protein concentrate (CPC).

CF CPC Shea butter Lactic acid Water
0CPC-100CF 43.3 0 12.3 5.10 40.4
50CPC-50CF 30.9 11.6 12.9 7.25 38.6
75CPC-25CF 19.6 22.2 13.5 9.20 37.0
100CPC-0CF 0 40.5 14.4 12.5 34.3




N. Grasso et al.

2.4. Colour assessment

The colour of the chickpea-based samples was assessed by measuring
the CIE LAB coordinates (L*, a* and b*) with a Chroma Meter CR-400
(Konica Minolta Sensing, Inc., Osaka, Japan), calibrated using a white
tile. The colour assessment was performed after 24 h of storage at 4 °C
and after meltability measurement (Section 2.8) and repeated on 1 mo
old samples before and after meltability measurement.

2.5. Electrophoretic protein profile analysis of chickpea flour and protein
concentrate ingredients

The protein profile of CF and CPC was measured using a Capillary
Electrophoresis (CE) instrument (PA 800 plus Pharmaceutical Analysis
System, Sciex, Kildare, Ireland) equipped with a photo diode array
(PDA) detector. The powder samples were mixed directly with the so-
dium dodecyl sulphate (SDS) molecular weight (MW) sample buffer
(Sciex, Kildare, Ireland) containing 100 mM Tris-HCL, pH 9.0, 1% SDS at
a protein concentration of 2 mg/mL and mixed over 14 h at 4 °C and
over 6 h at 20 °C. After rehydration, 95 pL of sample was mixed with 2 pL
of 10 kDa internal marker, and 5 pL 2-iodoacetamide (IAM) and heated
at 70 °C for 3 min for non-reducing conditions. While under reducing
conditions, samples (95 pL) were mixed with 2 pL of 10 kDa internal
marker, and 5 pL 2-mercaptoethanol (2 ME) and heated at 100 °C for 3
min. After heating, samples were cooled at room temperature and
transferred into micro sample tubes.

Separation was obtained using a 50-pm bare fused-silica capillary of
30 cm with a 20.2 cm effective length from the inlet to the detection
window. All CE-grade reagents were obtained as part of the Proteome-
Lab™ SDS-MW Analysis Kit (Beckman Coulter, CA, US), designed for the
separation of protein-SDS complexes using a replaceable gel matrix. The
separating gel was formulated to provide an effective sieving range of
approximately 10-225 kDa. The SDS-MW size standard (from 10 to 225
kDa, Beckman Coulter, CA, US) was used to estimate the protein MW
distribution of the sample, with a 10 kDa protein (Beckman Coulter, CA,
US) used as a mobility marker. A capillary conditioning method was run
before analysing each sample, which consisted of a basic rinse (0.1 N
NaOH, 10 min, 20 psi), followed by an acidic rinse (0.1 N HCl, 5 min, 20
psi), a water rinse (CE-grade H50, 2 min, 20 psi) and finally an SDS gel
separation buffer rinse (10 min, 70 psi). The voltage equilibration (15 kV
for 10 min, with 5 min ramping time) was then applied to the filled SDS
gel. The total protein concentration of each sample was 2 mg/mL after
the addition of the SDS-MW sample buffer (Beckman Coulter, CA, US).
Each sample was injected into the gel-filled capillary by pressure in-
jection in reverse polarity at —5 kV for 20 s. The separation was per-
formed at 15 kV for 30 min with reverse polarity in filled SDS gel. All CE
steps were carried out at room temperature. UV detection of migrating
proteins was monitored at 220 nm. Data were analysed using 32 Karat™
software (version 8.0, Beckman Coulter, CA, US).

2.6. Differential scanning calorimetry analysis of the ingredients and
cheese alternatives

Thermograms of the CF, CPC, shea butter and chickpea-based sam-
ples were obtained using a Mettler DSC821 (Mettler-Toledo, Schwer-
zenbach, Switzerland) differential scanning calorimeter (DSC) equipped
with liquid nitrogen cooling. The shea butter ingredient was weighed
(12.5-18.1 mg) into standard aluminium pans (Mettler, 40 pL) which
were hermetically sealed. The powder ingredients (i.e., CF and CPC)
were weighed (5.2-8.6 mg) into aluminium pans and ~10 mg of water
was added to hydrate the powders. Chickpea-based samples were also
weighted (17.2-21.1 mg) into aluminium pans. The calorimeter was
calibrated for temperature and heat flow using indium. The thermal
behaviour of the ingredients and chickpea-based samples was recorded
from O to 100 °C at a heating rate of 5 °C/min. The DSC curves were
analysed using Mettler-Toledo STARe system version 8.10 for thermal
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analysis. Samples were analysed after 24 h at 4 °C and after 1 mo of
storage at 4 °C.

2.7. Confocal laser scanning microscopy

The microstructural observations of the chickpea-based samples
were performed using an OLYMPUS FV1000 confocal laser scanning
biological microscope (Olympus Corporation, Japan) with a 40x
objective lens. The chickpea-based samples were placed onto a glass
slide and fat and protein were stained as previously described by Le
Tohic et al. (2018) with ~50 pL of a mixture of Nile Red in 1,2-propane-
diol (600 pL of 0.1 g/L) and Fast Green FCF aqueous solution (200 pL of
0.1 g/L), respectively. Images were obtained after exciting the Nile Red
and Fast Green FCF at 488 and 633 nm, using Ar and He-Ne lasers,
respectively (Auty et al, 2001). Representative images of the
chickpea-based samples after ~5 d at 4 °C and after 1 mo at 4 °C were
reported.

2.8. Schreiber meltability test

Meltability of the chickpea-based samples was measured after 24 h at
4 °C and after 1 mo, using the Schreiber test (Altan et al., 2005). Cyl-
inders, of height 5 mm and diameter 41 mm, were prepared by pouring
the chickpea-based mixture into stainless steel moulds after preparation
in the Thermomix and stored. After storage, the samples were placed in a
covered glass Petri dish, pictures were taken, and the samples were
heated at 232 °C for 5 min in an oven (Memmert, Schwabach, Germany).
After cooling the samples at room temperature for 30 min, pictures were
taken again, and specimen expansion was measured with a ruler along
six lines marked on a set of concentric circles.

2.9. Texture profile analysis

Texture profile analysis (TPA) of the chickpea-based samples,
defined as the compression of a bite-size piece of food, two times in a
reciprocating motion, imitating the action of the human jaw (Bourne,
2002a), was performed using a Texture Analyser TA-XT2i (Stable Micro
Systems, Godalming, Surrey, UK), as previously described by Grasso
et al. (2021), with minor modifications. Cylinders of 12 mm height and
20 mm diameter were prepared by pouring the chickpea-based mixture,
after the Thermomix step, in glass moulds precoated with siliconizing
reagent for glass (Sigmacote®, Sigma-Aldrich, MO, US). The samples
were kept at room temperature in the moulds for at least 4 h, after which
they were removed from the moulds and stored at 4 °C for 24 h and for 1
mo. After removal from storage, samples were compressed to 30% of
their original height in a double compression at a rate of 1.0 mm/s.
Hardness, adhesiveness, springiness and cohesiveness, as previously
defined by Fox et al. (2017) and Kasapis and Bannikova (2017), were
measured for each sample.

2.10. Statistical data analysis

Compositional analysis of the CF and CPC ingredients, and of
chickpea-based samples, was performed in triplicate, as well as DSC
analysis of the ingredients (i.e., CF, CPC and shea butter). Electropho-
retic protein profile analysis of the powder ingredients was performed in
duplicate. Two independent trials were conducted to develop the
chickpea-based samples and three independent replicates from each trial
were used for all the analyses, except for the DSC analysis of the
chickpea-based samples which was performed with two independent
replicates from each of the two trials. Results are expressed as mean +
standard deviation, unless otherwise stated. Levene’s test was used to
check the homogeneity of variance and one-way analysis of variance
(ANOVA) was carried out using SPSS version 25 (SPSS Inc., Chicago, IL,
USA). A Tukey’s paired comparison post-hoc test was used to determine
statistically significant differences (p < 0.05) between mean values for
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samples with different formulations, at a 95% confidence level. The
paired t-test was used to identify statistically significant differences (p <
0.05) between fresh and aged (1 mo) samples, at a 95% confidence level.

3. Results and discussion

3.1. Composition of chickpea flour and protein concentrate ingredients
and cheese alternatives, and physical appearance of cheese alternatives

The chickpea-based samples were formulated as described in Section
2.2, using the compositional information available for the CF and CPC
ingredients (Section 2.1), with the target compositional parameters
provided in Table 1. In good agreement with the predicted formulation,
measured protein content of the chickpea-based samples ranged from
8.68 to 21.5% (Table 2). Measured moisture contents were slightly
lower than those values from formulation prediction (50%), probably
due to water evaporation during the thermo-mechanical processing.
Consequently, the carbohydrate content of the samples, calculated by
difference, was higher than the predicted values. Fat contents, as ex-
pected from the formulations, were not significantly different among the
chickpea-based samples. Ash values were in agreement with the ash
content found in the powder ingredients, with total ash content
increasing with increasing addition level of CPC. The addition of lactic
acid led to pH values ranging from 4.39 to 4.50, similar to commercial
plant-based cheeses (Grasso et al., 2021). To achieve these pH values,
higher amounts of acid were added with increasing protein contents,
probably due to the buffering capacity of the globulin fractions of
chickpea protein (Martinez-Villaluenga et al., 2008). After 1 mo of
storage at 4 °C, pH values ranged from 4.42 to 4.50. The pH value for the
0CPC-100CF sample (i.e., 4.50) did not differ from the value measured
after 24 h at 4 °C, again, likely due to the higher buffering capacity of the
chickpea-based samples at higher protein contents; indeed, for the
100CPC-0CF sample, the pH increased very slightly from 4.39 to 4.42.
The a,, values for chickpea-based samples ranged from 0.974 to 0.981,
with the values being similar to those for plant-based cheeses available
commercially (Grasso et al., 2021). The colour space values of the
chickpea-based samples after 24 h and 1 mo of storage at 4 °C are re-
ported in Fig. 1. The L* value, representing brightness with values
ranging from 0 to 100, was significantly higher for the 0CPC-100CF
sample compared to the other samples, with values for L* decreasing
with increasing protein content. The a* value measures the degree of
redness (associated with positive values) or greenness (associated with
negative values), and increased with increasing protein content in
samples stored for 24 h at 4 °C. The b* value, representing the degree of
yellowness (associated with positive values) or blueness (associated
with negative values), was significantly lower for the 0CPC-100CF
sample than the other chickpea-based samples. After 1 mo of storage,
all samples showed lower L* and b* values compared to fresh samples
stored for 24 h.

3.2. Protein profile of chickpea flour and protein concentrate ingredients

The protein profiles of the CF and CPC under reducing and non-
reducing conditions are shown in Fig. 2. Chickpea protein fractions
are classified as globulins, 53-60% of total protein, glutelins, 19-25%,
albumins, 8-12%, and prolamins, 3-7% (Osborne, 1924; Day, 2013).
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Fig. 1. Colour space values before and after 5 min at 232 °C of chickpea-based
samples after 24 h at 4 °C and after 1 mo of storage at 4 °C are shown. Bars
represent OCPC-100CF (M), 50CPC-50CF ([]), 75CPC-25CF (@) and 100CPC-
OCF () samples. Different letters on bars of the group (a-d) indicate signifi-
cant differences between samples (p < 0.05), with significance of differences
between samples after 24 h at 4 °C and after 1 mo of storage at 4 °C identified
with independent t-test and * indicates significant differences (p < 0.05).

The peaks around 35-40 and 20 kDa of the CF and CPC electrophero-
grams under reducing conditions (Fig. 2), corresponded to the 11S
legumin (the main globulin in chickpeas) acidic (a-legumin) and basic

Table 2
Composition of the chickpea-based samples made using chickpea flour (CF) and chickpea protein concentrate (CPC).
Protein (%) Fat (%) Carbohydrates (%) Ash (%) Moisture (%) pH () ay (-)
0CPC-100CF 8.68 + 0.10¢ 15.8 4+ 0.30% 27.8 1.07 + 0.07¢ 46.7 + 0.40?° 4.50 + 0.00° 0.981 + 0.001*
50CPC-50CF 12.2 £+ 0.20¢ 15.8 £+ 0.25% 23.2 1.33 £ 0.11¢ 47.4 + 0.94* 4.42 4+ 0.00¢ 0.979 + 0.0017
75CPC-25CF 15.7 +£ 0.01° 15.6 + 0.84% 21.4 1.64 + 0.02° 45.6 + 0.24° 4.45 + 0.01° 0.976 + 0.00
100CPC-0CF 21.5 + 0.65° 15.0 + 0.91? 16.0 2.03 + 0.07° 45.4 4+ 0.39° 4.39 + 0.00¢ 0.974 + 0.001°

Values followed by different superscript letters in a column (a-d) are significantly different (p < 0.05).
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Fig. 2. Protein profile of chickpea flour (CF) and chickpea protein concentrate (CPC) under reducing (red) and non reducing (non-red) conditions. From top to
bottom, the first two electropherograms represent CF and CPC under non-reducing conditions, respectively, third and fourth electropherograms represent CF and CPC
under reducing conditions, respectively. The bottom electropherogram represents the MW standard.

(B-legumin) chains, respectively, probably due to the dissociation of
legumin into its acidic and basic subunits under reducing conditions, in
agreement with previous studies (Sanchez-Vioque et al., 1999; Papal-
amprou et al., 2009). Indeed, under non-reducing conditions, such peaks
were smaller and a peak at higher MW (i.e., around 60 kDa) was visible
(Papalamprou et al., 2009; Vogelsang-O’Dwyer et al., 2020). Other than
legumin, another globulin found in chickpeas is 7S vicilin, a trimeric
protein, and its subunits corresponded to the peaks around 50 kDa (i.e.,
major fraction) and around 15, 32 and 70 kDa (i.e., several minor sub-
units) of the CF and CPC electropherograms, particularly visible under
non-reducing conditions, as also reported by Chang et al. (2012). Peaks
around 20 and 55 kDa might be associated with glutelin fractions, as
observed by Chang et al. (2011); indeed, the same authors reported
similarities between these MWs of chickpea protein fractions and those
for rice glutelins. While generally similar protein profiles were evident
for both the CF and CPC ingredients, two peaks situated between 60 and
100 kDa, were more intense for the CF than the CPC ingredient, under
both reducing and non-reducing conditions. The first of the two peaks,
with lower MW, may be attributed to convicilin, a globular protein with
MW ~70 kDa. The proportion of convicilin, and more generally the
protein profile of chickpea, may vary according to the agronomic
practices used for chickpea seed production (e.g., conventional vs
organic) and to the exact chickpea genotype (De Santis et al., 2021). The
higher MW protein is possibly lipoxygenase, which normally has MW of
92-94 kDa. The lipoxygenase enzyme, an albumin protein, might be
partially lost during protein enrichment, which is why its peak is less
intense on the CPC electropherograms, in agreement with results from
previous research (Sanchez-Vioque et al., 1999).

3.3. Thermal behaviour of the ingredients and cheese alternatives

Differential scanning calorimetry (DSC) analysis was performed on
the ingredients to develop an understanding, and ultimately support
prediction, of the behaviour of these ingredients during the thermal
processing involved in the manufacture of the chickpea-based samples,
with the results presented in Fig. 3. The shea butter ingredient (Fig. 3a)
showed a main peak at 35 °C and smaller peaks at lower temperatures
(around 5, 15 and 25 °C), due to the polymorphic nature of shea butter,
in agreement with the thermograms previously reported by Lawer-Yolar
et al. (2019). The main peak of CF was at 68.1 °C (Fig. 3b), corre-
sponding to starch gelatinisation, with starch representing 37.8% of the
CF ingredient. This temperature was comparable to the peak tempera-
tures for desi and kabuli chickpea starches reported by Miao et al. (2009).
According to the same authors, some of the main factors influencing
gelatinisation temperature of chickpea starch are amylose content, size,
form and distribution of starch granules, as well as distribution of
amylopectin short chains. The CPC showed 2 peaks, the first at 77.1 °C,
which was smaller compared to the second peak at 93.7 °C (Fig. 3c). The
presence of a shoulder peak at 77.1 °C was probably associated with
denaturation of the (7S) vicilin, while the major peak (93.7 °C) corre-
sponded to denaturation of the (11S) legumin fraction, as also previ-
ously reported by Withana-Gamage et al. (2011). Denaturation
temperatures reported in the literature for chickpea protein ingredients
range between 78.7 and 99.8 °C, with protein structure and composi-
tion, chickpea variety (i.e., desi or kabuli) and the processing conditions
used to concentrate the proteins, influencing the thermal properties of
the ingredient (Paredes-Lopez et al., 1991; Kaur and Singh, 2007;
Mousazadeh et al., 2018).

Fig. 3. Differential scanning calorimetry thermograms of shea butter (a), chickpea flour (CF) (b) and chickpea protein concentrate (CPC) (c).
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Fig. 4. Differential scanning calorimetry thermograms of the chickpea-based samples, 0CPC-100CF (a), 50CPC-50CF (b), 75CPC-25CF (c) and 100CPC-0CF (d).

The thermograms of the chickpea-based samples are shown in Fig. 4.
All four samples displayed a main peak around 30 °C, corresponding to
transition of the shea butter ingredient, with a smaller peak around
70 °C related to starch gelatinisation. This second peak decreased with
decreasing carbohydrate content (i.e., mainly starch) in the chickpea-
based samples, according to the formulations (Table 1). The starch
component was gelatinised during the thermal process, due to the pro-
cessing temperature of 85 °C. However, the samples were stored for 24 h
at 4 °C before analysis (Section 2.6), leading to starch retrogradation and
consequent re-gelatinisation during the heating ramp of the DSC anal-
ysis, as previously observed for native potato starch analysed before and
after 5 d of storage (Morikawa and Nishinari, 2000). The profile of the
shea butter transition peak in the chickpea-based samples was narrower
for the 0CPC-100CF sample (Fig. 4a), comparable to the thermogram of
the shea butter ingredient (Fig. 3a), with the respective component

showing wider profiles for the samples with higher protein contents.
This was probably due to the different distribution of protein and fat
among the samples; indeed, for the 100CPC-OCF sample, the protein
formed a matrix surrounding the fat globules, as evident from the
microstructural analysis (Fig. 5g). No differences were observed be-
tween the thermograms before and after 1 mo of storage at 4 °C (data not
shown).

3.4. Microstructure

Microstructural images of the chickpea-based samples are reported
in Fig. 5. Samples after ~5 d of storage (Fig. 5a, b, ¢, d) showed for-
mation of a protein matrix and a low occurrence of the carbohydrate
components, associated with increasing protein contents. Similar ob-
servations were recorded for samples stored for 1 mo (Fig. Se, f, g, h). Fat

Fig. 5. Confocal laser scanning microscopy images of chickpea-based samples, after ~5 d at 4 °C 0CPC-100CF (a), 50CPC-50CF (b), 75CPC-25CF (c) and 100CPC-0CF
(d) and samples after 1 mo of storage at 4 °C 0CPC-100CF (e), 50CPC-50CF (f), 75CPC-25CF (g) and 100CPC-0OCF (h) are shown. Fat and protein are represented in

green and red, respectively.
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Fig. 6. Photographs of chickpea-based samples before (left) and after 5 min at 232 °C (right), samples after 24 h at 4 °C 0CPC-100CF (a), 50CPC-50CF (c), 75CPC-
25CF (e) and 100CPC-0OCF (g) and samples after 1 mo of storage at 4 °C 0CPC-100CF (b), 50CPC-50CF (d), 75CPC-25CF (f) and 100CPC-OCF (h) are shown.

globules showed both spherical and non-spherical coalesced pools in all
samples. However, the size of fat globules, as well as coalescence of
same, decreased with increasing protein contents and a homogeneous
distribution throughout the protein matrix was observed in the 75CPC-
25CF and 100CPC-0CF samples. The 0CPC-100CF sample showed many
black areas, indicating that the carbohydrate constituents gave structure
to the sample and, in turn, influenced its physicochemical properties. No
major differences in the microstructure were observed between samples
before and after storage.

3.5. Meltability

As evident in Fig. 6 (a, ¢, e, g), none of the chickpea-based samples
melted under the testing conditions, since no differences in diameter
were observed between the samples before and after the test. The same
behaviour was noted for the samples after 1 mo of storage (Fig. 6b, d, f,
h). A dry surface of the samples after oven heating was visually
observed, and this increased with increasing protein content. On heat-
ing, samples stored for 1 mo were dryer compared to samples stored for
24 h at 4 °C, with sample 100CPC-0OCF (Fig. 6h) showing fractures on the
surface. During oven heating, in the lower protein content samples water
was probably absorbed by the starch granules to gelatinise, while the
high protein samples showed more dehydration. Furthermore, with
temperature increasing over the gelatinisation temperature, water
continues to be absorbed by starch, leading to disorganisation of the
crystalline structure and more solid-like texture, affecting meltability,
and this is probably due to the high levels of amylose in chickpea starch
(Lertphanich et al., 2013; Zhang et al., 2016). Poor melting character-
istics were previously observed for commercial plant-based cheese
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products (Grasso et al., 2021). Improvements of the melting behaviour
of chickpea-based systems will be necessary for application of same in
the formulation of alternatives to cheese products. Moreover, as evident
from the data for colour analysis reported in Fig. 1, thermal processing
greatly affected the colour of the samples, which had lower L* and
higher a* values (i.e., more intense red colour), and higher b* values (i.
e., more intense yellow colour), with L* values of heated samples
decreasing after 1 mo of storage.

3.6. Textural properties

Texture is one of the principal quality features of food and is defined
as the response of the tactile sense to physical stimuli, resulting from
contact between the food and some part of the body (Bourne, 2002b).
The texture parameters hardness, adhesiveness, springiness and cohe-
siveness, derived from TPA analysis, of the chickpea-based samples after
24 h at 4 °C and after 1 mo of storage, are shown in Fig. 7. All the
samples showed increasing values of adhesiveness, springiness and
cohesiveness with increasing protein contents, with the same general
trend evident after storage. Adhesiveness is related to the structure of
the protein matrix and to the interactions between fat and protein,
which influence the adherence between the product and the contact
surface (Cunha et al., 2010); increasing adhesiveness with increasing
protein content was previously observed in processed cheese (Sotowiej
et al., 2015). The values for adhesiveness of chickpea-based samples
were higher than those observed previously for commercial plant-based
cheeses and Cheddar, being more similar to commercial processed
cheese, with the same observed for the cohesiveness results (Grasso
et al., 2021). The high cohesiveness for the 100CPC-OCF sample, which
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Fig. 7. Texture profile analysis parameters hardness, adhesiveness, springiness and cohesiveness of chickpea-based samples, after 24 h at 4 °C (@) and after 1 mo of
storage at 4 °C (M) are shown. Different letters on bars of the same colour (a-d) indicate significantly different samples (p < 0.05), with significance of differences
between samples after 24 h at 4 °C and after 1 mo of storage at 4 °C identified with independent t-test and * indicates significant differences (p < 0.05).

is a measure of the strength of the internal bonds within the product, was
attributed to the strong protein matrix, as observed from microstructural
analysis (Section 3.4). Hardness was highest for the 0CPC-100CF sam-
ple, being significantly different from the other samples; this is possibly
due to retrogradation of the starch component of the 0CPC-100CF
sample. After 1 mo at 4 °C, a slight increase in hardness was observed
for all samples, in particular for the 0CPC-100CF sample, likely due to
rearrangement of starch (e.g., retrogradation) and protein fractions
during storage. This is in agreement with the results reported by Zhang
et al. (2016), where chickpea starch gels showed increasing firmness
over time. Indeed, in combination with the high proportion of amylose
in chickpea starch, the authors related this firm texture to the crystal-
lisation of amylopectin within the starch paste. Indeed, amylose can
form junction zones quickly, re-associate, and then re-create intermo-
lecular hydrogen bonds (Zhang et al., 2016). In general, the hardness
values reported in the current study for chickpea-based samples were
lower compared to commercial plant-based and dairy cheese products
previously studied, with only the 0CPC-100CF sample being similar to
processed cheese (Grasso et al., 2021), with adhesiveness, springiness
and cohesiveness decreasing during storage for all samples.

4. Conclusion

The influence of protein concentration on key quality attributes of
chickpea-based alternatives to cheese was studied. The samples showed
differences based on protein content, particularly in terms of micro-
structure and texture. Microstructural analysis of the samples demon-
strated that formation of a stronger protein matrix, which surrounded fat
globules and reduced coalescence, was intensified with increasing pro-
tein content. The samples showed higher values for adhesiveness,
springiness and cohesiveness with increasing protein content, while
hardness was highest for the sample with lowest protein content, asso-
ciated with the high starch content of that sample. None of the samples
melted under the testing conditions; further research should focus on
improving the melting behaviour of such formulations for application as
alternatives to cheese. The effect of storage for 1 mo was mainly only
evident in terms of colour and texture analyses, with lower brightness
and higher hardness observed after storage. The results of this work
showed the effect of chickpea protein concentration on quality attributes
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in the development of chickpea-based alternatives to cheese and
improved the understanding of the challenges related to such applica-
tions. Furthermore, these new insights will help inform future research
questions in this area.
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