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Abstract: This study investigated calcium sulfate and chitosan on the textural modification and
microstructure of tofu made from lentils. The addition of varying amounts of calcium sulfate
(0–12 mM) and chitosan (0–1.0%) into lentil milk could affect the gel properties of lentil-based
tofu. The gel properties, including the hardness and cohesiveness, of lentil-based tofu significantly
increased with the addition of 12 mM calcium sulfate, exhibiting a slightly discontinuous network
structure and a slightly regular pore network. However, the gel properties including hardness
and cohesiveness significantly decreased with the addition of 1.0% chitosan, presenting a slightly
continuous network structure with pores. Sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS-PAGE) analysis showed that the aggregation of the vicilin, legumin acidic unit and legumin
basic unit proteins in lentil milk was induced both by 12 mM calcium sulfate and 1.0% chitosan. Our
results suggested that calcium sulfate and chitosan could affect the gel properties, such as hardness
and cohesiveness, of lentil-based tofu. Therefore, calcium sulfate and chitosan can be used as practical
food additives for the development of texture-modified lentil-based tofu.
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1. Introduction

The consumption of lentils (Lens culinaris) has several positive effects on human
health, and lentils are an excellent source of several nutritional factors. They are one of
the staple foods in many countries, including the Indian Peninsula, and it is composed
of approximately 44.3% starch, 28.6% protein, 4.9% crude fiber and 3.1% ash. The lentil
proteins are composed of approximately 16% albumins, 11% glutelins, 3% prolamins and
70% globulins [1]. Globulins consist of vicilin and legumin proteins. Legumin (11 S)
is a hexamer with a molecular weight of approximately 320–380 kDa, consisting of six
noncovalently interacting peptide pairs. These polypeptide pairs are composed of an acidic
subunit (40 kDa) and a basic subunit (20 kDa) linked by a single disulfide bond. Vicilin
(7 S) is a trimer with a molecular weight of approximately 150–190 kDa, consisting of
three glycosylated subunits with a molecular weight of 50–60 kDa [2]. Recent studies have
identified lentil protein as having good functionality features, such as solubility, foaming
and gelling properties [3]. Lentils are high in protein and have the potential for use as an
alternative to soybean-based foods.

Soy-based foods, such as tofu, are an important plant protein source. The preparation
of tofu generally includes the coagulation, molding and pressing of soymilk. Traditionally,
coagulants such as calcium sulfate and chitosan have been used for making tofu [4,5].
Calcium sulfate dissolved in water forms calcium ions and sulfate ions [6]. Ca2+-induced
soy protein aggregation is thought to arise from effects including ion-specific hydrophobic
interactions, electrostatic shielding and crosslinking of adjacent anionic molecules [7].
Chitosan is a polysaccharide produced by the deacetylation of chitin, comprising units
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of d-glucosamine and (1,4)-linked 2-amino-deoxy-β-D-glucan. This polysaccharide has
been used to produce tofu and to improve its shelf life [8]. Kim et al. [9] also reported that
chitosan would be useful as an additive to extend the shelf-life of tofu without a severe
deterioration of physicochemical and sensory properties of tofu. The coacervation of soy
protein induced by chitosan and soy protein–chitosan interactions plays an important
structural control role in tofu [5]. These complex interactions involve hydrogen bonding
between the carboxyl groups of soy proteins (COO−) and the amine groups of chitosan
(-NH3

+). Therefore, the addition of chitosan and calcium sulfate affect the gel properties,
microstructure and texture of tofu.

As an alternative to soybean-based foods, peas (Pisum sativum) have been used to
make pea-based tofu-type products. The peas are rarely genetically modified and are
an underutilized crop that does not require allergen labeling [10]. In a previous study,
we investigated the effects of glucono-δ-lactone and chitosan on the gel properties, tex-
ture and microstructure of pea-based tofu-type products. We found that the addition of
glucono-δ-lactone and chitosan reduced the hardness and cohesiveness of the pea-based
tofu-type product. These food additives could be practical for developing texture-modified
pea-based tofu-type products. Because lentils have the potential to be used as an alternative
to soybean-based foods, the effects of calcium sulfate and chitosan on the gel properties
and texture modification of lentil-based tofu were examined. Lentils also contain many
important phytochemicals, such as phenolic compounds and flavonols, which make lentils
a functional health food [11].

To investigate the effects of calcium sulfate and chitosan on the gel properties and texture
modification of lentil-based tofu, scanning electron microscopy (SEM), sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE) and texture analysis were conducted. Our
objective was to investigate calcium sulfate and chitosan on lentil-based tofu.

2. Materials and Methods
2.1. Preparation of Lentil-Based Tofu

The lentil-based tofu used in the current study was prepared using methods described
by Jao et al. [12] with slight modifications. Lentils (300 g, Lens culinaris) were soaked in
deionized water for 12 h at 4 ◦C. The seeds were then drained and ground with 600 mL
of distilled water using a homogenizer at 32,000 rpm for 2 min. The sample was then
passed through a cotton filter with a mesh opening size of 0.125 mm, and the filtrate
was collected. To fix the lentil-based tofu, various concentrations (0, 0.1, 0.5, and 1.0%)
of chitosan (molecular weight: 0.4–0.6 kDa, deacetylation > 90%; Simpson Biotech Co.,
Ltd., Taipei, Taiwan) or calcium sulfate (0, 4, 8 and 12 mM; Sxin Long Industry Co., Ltd.,
Kaohsiung, Taiwan) were added directly to the filtrate before heating the samples in a
water bath at 85 ◦C for 1 h. The lentil-based samples were then maintained at 4 ◦C for 12 h
until the gel properties and microstructure were measured.

2.2. Assessment of Gel Properties

The texture of the lentil-based tofu was measured using a TA-XT2i Texture Analyzer
(Stable Micro Systems Ltd., Surrey, UK) in accordance with the methods described by
Liu et al. [13]. To measure cohesiveness and hardness, the lentil-based tofu was cut into a
cylindrical shape (20 mm height and 30 mm diameter) and then compressed to 50% of its
original height at a rate of 0.5 mm/s using a cylindrical plunger P/20 (20 mm diameter).
Each sample was subjected to six measurements.

2.3. Microstructure of Lentil-Based Tofu

The microstructure of the lentil-based tofu was observed using SEM (TM4000plus, Hi-
tachi, Ltd., Tokyo, Japan). Sample preparation for SEM was conducted in accordance with the
methods outlined by Cao et al. [14]. The tofu was cut into cubes (10 mm × 5 mm × 5 mm)
and then freeze-dried directly before being sputter-coated with gold. SEM was performed
at a voltage of 15 kV with images obtained on film under 300× magnification.
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2.4. Preparation of Lentil Milk Samples

Lentil seeds (50 g) were soaked in deionized water at 4 ◦C for 12 h, followed by
grinding with deionized water (300 mL) before being passed through a cotton filter to
collect the lentil milk. The effect of adding chitosan (0, 0.1, 0.5 and 1.0%) or calcium
sulfate (0, 4, 8 and 12 mM) to lentil milk (10 mL) in terms of coagulation and antioxidant
activity were estimated. After incubation, the treated lentil milk samples were subjected
to a temperature of 85 ◦C for 15 min; the samples were separated into a lentil milk pellet
fraction (LMPF) and lentil milk supernatant fraction (LMSF) via centrifugation at 4500× g
for 15 min. The LMSF and LMPF samples were maintained at 4 ◦C prior to use.

2.5. SDS-PAGE Analysis of LMSF

LMSF samples were analyzed in accordance with the methods outlined by Hsia
et al. [15]. Briefly, the LMSF samples were analyzed using a separating gel (12.5%) and
a stacking gel (5%). Each LMSF sample (0.1 mL) was mixed with sample buffer (0.2 mL,
pH 6.8, 10% glycerol, 0.02% bromophenol blue, 5% β-mercaptoethanol, 2% SDS, and 70 mM
Tris-HCl) and heated to 95 ◦C for 5 min. A protein ladder (6 µL, 10–180 kDa) and samples
(8 µL) were loaded into separate wells. After gel electrophoresis, the gels were stained using
Coomassie Brilliant Blue R-250 and scanned using an image scanner (Epson Perfection V39;
Nagano, Japan). The coagulation of lentil proteins induced by chitosan and calcium sulfate
was assessed by the magnitude of changes in the electropherogram.

2.6. Extraction and Analysis of Total Phenolic Content in LMPF Samples

The total phenolic content (TPC) of the LMPF samples with or without chitosan and
calcium sulfate was measured in accordance with methods outlined by Hung et al. [16].
LMPF (0.2 g) was extracted using 80% methanol (2 mL) at 60 ◦C for 1 h. After centrifugation
at 12,000× g for 15 min, the supernatant (10 µL) was mixed with 10% Folin–Ciocalteu
reagent (100 µL) and incubated at 30 ◦C for 15 min. Then, 1 M Na2CO3 (80 µL) was
added. The absorbance at 765 nm was measured using a Versa-MaxTM microplate reader
(Molecular Devices Corporation, Sunnyvale, CA, USA). TPC was represented as gallic acid
equivalents (GAEs) per milliliter of LMPF extract (µg GAE/mL).

2.7. Statistical Analysis

Data analysis was performed using SAS® version 9.4 software (SAS Institute, Cary,
NC, USA), and the results are expressed as the mean ± standard deviation (SD). One-
way analysis of variance was used to calculate the differences among treatments. All
measurements were performed in triplicate, except for the analysis of gel properties, which
was repeated six times. Significant differences were determined at p < 0.05.

3. Results and Discussion
3.1. Effect of Calcium Sulfate and Chitosan on the Gel Properties of Lentil-Based Tofu

The hardness and cohesiveness are the most often evaluated characteristics when
determining tofu, and cohesiveness is defined as the extent to which a material can be
deformed before it ruptures [17]. Therefore, the influence of calcium sulfate on the gel
properties, including the hardness and cohesiveness, of lentil-based tofu was evaluated
(Figure 1). The hardness and cohesiveness of lentil-based tofu without calcium sulfate
heated at 85 ◦C for 1 h were 52.5 ± 2.3 g and 14.7 ± 0.4 g, respectively (Figure 1A,B). The
hardness results were lower than the results of Byars and Singh [18], who reported that
the hardness and cohesiveness of lentil gel were 165 g and 38.8 g force, respectively. We
noticed that both the hardness (62.8 ± 1.0 g) and cohesiveness (17.7 ± 0.4 g force) of lentil-
based tofu increased significantly with the addition of 4 mM calcium sulfate (p < 0.05).
The addition of 12 mM calcium sulfate of lentil-based tofu had the highest hardness
(67.5 ± 0.8 g), which was approximately 1.3-fold that without calcium sulfate. The hard-
ness and cohesiveness of soy-based tofu increased with the addition of calcium sulfate,
and the calcium ions formed bridges with the soybean proteins, resulting in a stronger
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gel [19]. Furthermore, the effect of chitosan on the hardness and cohesiveness of lentil-based
tofu was also investigated (Figure 1C,D). The hardness (63.7 ± 0.8 g) and cohesiveness
(19.0 ± 0.4 g force) of lentil-based tofu reached a maximum when 0.1% chitosan was added.
However, excess amounts of chitosan caused a significant decrease (p < 0.05) in both the
hardness and cohesiveness of lentil-based tofu. The addition of 1% chitosan to lentil-based
tofu had the lowest hardness (36.7 ± 2.2 g), indicating that the addition of chitosan could
affect the gel properties of lentil-based tofu. Kim et al. [9] indicated that tofu with chitosan
had smaller protein aggregates and looser connections between protein aggregates than
tofu without chitosan, which could account for the chitosan tofu being softer. According to
the above results, chitosan and calcium sulfate can be used as food additives to prepare
texture-modified lentil-based tofu.
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3.2. Effect of Calcium Sulfate and Chitosan on the Appearance of Lentil-Based Tofu

We further investigated the gelation of lentil-based tofu with/without calcium sulfate
(Figure 2). After manufacturing, the lentil-based tofu was stored overnight at 4 ◦C, and its
appearance was observed. Figure 2A displays a photo of lentil-based tofu without calcium
sulfate. The results showed that the lentil-based tofu without calcium sulfate (control)
was thermally gelled, soft in appearance and texture, and had many pores. Compared to
control tofu, lentil-based tofu containing 4 mM calcium sulfate (Figure 2B), 8 mM calcium
sulfate (Figure 2C) and 12 mM calcium sulfate (Figure 2D) had a smooth surface and solid
structure. Kao et al. [19] reported that a denser and more compact structure maintained
by hydrogen bonds and calcium–protein bridges might account for the higher hardness
and higher springiness of soy-based tofu at higher concentrations of calcium sulfate. These
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results suggested that calcium sulfate helps to increase the hardness and cohesiveness of
lentil-based tofu. Therefore, the addition of chitosan and calcium sulfate can affect the
structure of tofu made from lentils.
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Figure 3 presents photos of lentil-based tofu with and without chitosan. The appear-
ance of lentil-based tofu without chitosan (Figure 3A), with 0.1% chitosan (Figure 3B),
0.5% chitosan (Figure 3C) and 1.0% chitosan (Figure 3D) was also evaluated. Our findings
showed that lentil-based tofu with chitosan was more yellow than tofu without chitosan.
Kim and Han [20] indicated that the addition of chitosan to soy-based tofu affected the
color of the tofu, making it slightly yellowish. The results also showed that the lentil-based
tofu without chitosan was thermally gelled, soft in appearance and texture, and had many
pores. With the increase in chitosan added to 1.0%, the lentil-based tofu changed from its
original soft appearance and texture to an uneven, porous surface and fragile structure.
These results are similar to the results of Jao et al. [12], who reported that pea-based tofu
with 1.0% chitosan had a rougher appearance than samples without chitosan. The hardness
and cohesiveness of pea-based tofu was significantly reduced after adding 1.0% chitosan to
pea milk. According to the above results, the addition of calcium sulfate and/or chitosan
was observed to alter the structure of lentil-based tofu.
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3.3. Effect of Calcium Sulfate and Chitosan on the Microstructure of Lentil-Based Tofu

The microstructure of lentil-based tofu without/with calcium sulfate is shown in
Figure 4. The lentil-based tofu without calcium sulfate presented a discontinuous network
structure with pores filled with water (Figure 4A). The lentil-based tofu samples containing
4 mM calcium sulfate (Figure 4B), 8 mM calcium sulfate (Figure 4C) and 12 mM calcium
sulfate (Figure 4D) exhibited a slightly discontinuous network structure and a slightly
regular pore network. Chen et al. [21] reported that as the amount of calcium sulfate used
to make soy-based tofu was increased from 10 to 30 mM, the microstructure became denser
and relatively more homogenous. However, the calcium sulfate level was further increased
to 40 mM, and the microstructure of the resulting tofu became rougher and coarser and less
homogenous. Kao et al. [19] reported that the addition of 0.5% calcium sulfate to soymilk
resulted in the formation of cross-linked structures and pores in soy-based tofu. These
network structures lead to an increase in tofu hardness. Zhao et al. [22] suggested that it is
easier to form a gel with more uniform and denser network structures after adding calcium
sulfate to soymilk and heating. According to our findings, lentil proteins aggregated into
larger protein particles via calcium sulfate, giving lentil-based tofu a slightly discontinuous
network structure and a slightly regular pore network.

Furthermore, Figure 5 illustrates the microstructure of lentil-based tofu without/with
chitosan. The lentil-based tofu without chitosan presented a discontinuous network struc-
ture with pores filled with water (Figure 5A). The lentil-based tofu samples with 0.1%
(Figure 5B), 0.5% (Figure 5C) or 1.0% (Figure 5D) chitosan presented a slightly continuous
network structure with pores. Compared with lentil-based tofu without chitosan, the
number of pores in lentil-based tofu after adding chitosan was increased. Chitosan has
previously been used in the preparation of soy-based tofu and pea-based tofu to modify
texture [12,23]. Li et al. [24] also reported that the micrograph of chitosan-containing
salt-soluble meat protein gels suggested that chitosan tightly associated and dispersed
uniformly into the gel network.
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3.4. SDS-PAGE Analysis of Calcium Sulfate and Chitosan on the Coagulation of Lentil Proteins in
LMSF Samples

Joehnke et al. [25] reported that lentil globulins consist of two types of proteins: vicilin
and legumin. Vicilin consists of three subunits, while legumin consists of six acidic subunits
and six basic subunits. Lentil samples were incubated with various amounts of calcium
sulfate (0, 4, 8 and 12 mM) incubated at 85 ◦C for 15 min, and lentil milk samples were
separated into the LMSF. As shown in Figure 6A, SDS-PAGE separated the main storage
proteins, including vicilin, legumin acidic unit and legumin basic unit proteins, in the
LMSF sample without calcium sulfate. The concentrations of the vicilin, legumin acidic
unit and legumin basic unit proteins in the LMSF decreased with the addition of 12 mM
calcium sulfate. Ono [26] reported that the coagulation of soymilk occurs due to the
binding of calcium ions and soymilk proteins, in which the protein molecules bound by
calcium ions have been described as being located on the side-chain imidazole group of
histidine residues and the side-chain carboxyl groups of aspartic and glutamic acid residues.
Therefore, our results suggested that the vicilin, legumin acidic unit and legumin basic unit
proteins were aggregated from LMSF into LMPF by calcium sulfate.
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Lentil samples were also incubated at 85 ◦C for 15 min with various amounts of
chitosan (0%, 0.1%, 0.5% and 1.0%), and lentil samples were then separated into the LMSF.
As shown in Figure 6B, SDS-PAGE separated the main storage proteins, including vicilin,
legumin acidic unit and legumin basic unit proteins, in the LMSF sample without chitosan.
The concentrations of the vicilin, legumin acidic unit and legumin basic unit proteins in
the LMSF decreased with an increase in the amount of chitosan, and these proteins almost
disappeared after the addition of 1.0% chitosan. Hsiao et al. [5] reported that soybean
proteins in soymilk were aggregated by the addition of 0.5% chitosan. These complex
interactions involved hydrogen bonding between the carboxyl groups (-COO−) of soy
proteins and the amine groups (-NH3

+) of chitosan [27].

3.5. Effect of Calcium Sulfate and Chitosan on the TPC in LMPF Samples

Xu and Chang [28] reported that lentil has the highest TPC of 7.53 mg gallic acid
equivalents/g dry weight among eight legume materials. Zhang et al. [29] indicated that
the major phenolic compounds found in lentils include flavan-3-ols, flavonols, stilbenes,
anthocyanidins, flavanones and flavones. Phenolic compounds contained in lentil seeds are
important components with redox properties and are responsible for antioxidant activity.
These phytochemicals can form complexes with bean proteins. Therefore, the phenolic
compounds were extracted from the LMPF samples, and the TPC was analyzed. As shown
in Figure 7A, the TPCs of the LMPF samples with 0, 4, 8 and 12 mM calcium sulfate
were 55.4 ± 1.5, 51.8 ± 2.3, 52.6 ± 1.5 and 53.7 ± 1.8 µg/mL, respectively. These results
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suggested that the TPC of the LMPF samples did not increase with the addition of calcium
sulfate (p < 0.05). However, we noticed that the TPC of the LMPF samples increased
significantly with the addition of chitosan (p < 0.05). The TPCs of the LMPF samples with
0, 0.1, 0.5 and 1.0% chitosan were 55.4 ± 1.5, 55.6 ± 1.8, 60.6 ± 0.9 and 67.1 ± 1.9 µg/mL,
respectively (Figure 7B). These suggested that lentil-based tofu contains many phenolic
compounds, making it a functional health food. Hu and Luo [30] reported that chitosan is
a positively charged polysaccharide that can combine with phenolic compounds to form
polyphenol–chitosan conjugates. These polyphenol–chitosan conjugates have stronger
free radical scavenging capability and more enhanced reducing power than chitosan [31].
The above results suggested that the phenolic compounds bonded to lentil proteins form
complexes in lentil milk, and a portion of these complexes are then coagulated by 1.0%
chitosan into LMPF.
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4. Conclusions

The effects of calcium sulfate and chitosan on the textural modification and microstruc-
ture of lentil-based tofu were investigated. Our results showed that lentil-based tofu was
formed by heating lentil milk at 85 ◦C for 1 h. The addition of 12 mM calcium sulfate
increased the hardness and cohesiveness of lentil-based tofu, while 1.0% chitosan decreased
the hardness and cohesiveness of lentil-based tofu. The SEM results showed that the
addition of calcium sulfate and chitosan changed the microstructure of lentil-based tofu.
Adding both calcium sulfate and chitosan aggregated the vicilin, legumin acidic unit and
legumin basic unit proteins. According to our findings, the gel properties of lentil-based
tofu increased after adding calcium sulfate, while the gel properties decreased after adding
chitosan. Therefore, calcium sulfate and chitosan can be useful food additives for texture
improvement in lentil-based tofu.
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