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Abstract

The crosslink interaction and rheological properties of transglutaminase (TGas) on the soy protein isolate (SPI) and the
effect on patty application were studied. The TGas concentration as 0, 1, 3, 5, or 10% without incubation, or incubation
at 50 °C for 1 or 4 h were measured. The molecular size of the SPI tended to increase with TGas. However, there were
no differences in the SDS-PAGE results between adding 5 or 10% TGas. The rheological properties of the SPI and TGas
interaction showed shear-thinning behavior with n values less than 1. The increase of TGas concentration and incubation
time increased the solid-like properties according to the storage modulus increased and tand decreased, especially for 5%
TGas with 1 or 4 h incubation time. The plant-based patties composed of TGas at 0, 1, 3, or 5% and incubated at 25 °C/1 h,
25 °C/2 h, or 4 °C/24 h were investigated. The color changed with increasing TGas concentration and incubation time.
The samples hardness tended to increase with higher TGas concentrations. Cohesiveness and springiness increased when
incubated at 25 °C for 2 h, especially using 5% TGas. The rheological properties and the textural properties would be highly
correlated with the concentration of TGas. The structural characteristics using confocal laser scanning microscopy showed
the clustering of green colors representing protein components with 3 and 5% TGas addition that might have been due to the
noticeable aggregation of the protein. Thus, the crosslinking between SPI and TGas affected rheological properties, texture
and structure of the plant-based patties.

Keywords Flow and deformation properties - Patty structure - SDS-PAGE - Textural properties - Transglutaminase
application

Introduction

The global food crisis and food problems arising from cli-
mate change have increased every year. Alternative food
choices to solve this problem include plant-based protein.
The growth in demand for vegetarian and vegan food prod-
ucts has propelled the market size for vegan food to an esti-
mated USD 19.7 billion in 2020 and it is expected to reach
USD 36.3 billion by 2030 [1]. Soy protein, as a plant protein
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containing water-soluble and insoluble protein, has func-
tional properties, including the gels produced having high
water holding capacity, hydrophobic interaction, foamability,
and surface elastic behavior [2]. Soy protein isolates have
been used as ingredients for meat analogs, such as sausage,
burger, or meat muscle, according to their functional ingre-
dients and the production process [2]. Textured vegetable
proteins (TVP) products have been transformed into a meat-
like texture by using the extrusion technique, commonly uti-
lizing soy protein to which provides chewiness and is fibrous
and similar to real-meat texture [3]. However, in the produc-
tion of sausage or burger, the protein needs to be mixed with
other ingredients, including an emulsion phase, in which the
protein isolate or modified starch is coalesced into patties.
Transglutaminase (TGas) is an enzyme widely used for
crosslinking protein through an acyl-transfer reaction, lead-
ing to building an e-(y-glutamyl) lysine isopeptide bond
[4]. The interaction of TGas might affect the rheological
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properties and physical properties in a product applica-
tion through the cross-linking causing protein modification
due to the interaction between an amino group on the pro-
tein bound lysine residues and a carboxyamide group on
the protein-bound glutamine residues [5]. In applications,
many products have used TGas to improve the properties
(due to their crosslinking network inside the TGas matrix)
of protein substrates such as egg proteins, fish proteins, pea
proteins, and soy proteins [4, 6, 7]. TGas has been used in
many food industries such as meat, cheese, yogurt, or bread
[8, 9]. TGas could improve the gel network structure of
myofibrillar protein by increasing the water holding capac-
ity of the gel [10]. Wang et al. [11] reported the oat noodles
contained proteins and TGas could decrease cooking loss
and increase elasticity. TGase could also restructure meat by
binding together fragments or small pieces of fish or meat
through the interaction of caseinate and TGase to become a
dense system and binding as a fish fillet or large beefsteak
[7]. Moreover, the interaction mechanism of TGas would
depend on ingredients in a system such as the interaction
between TGas and Alginate would improve the quality of
soy-based meat analogs by using in the optimal levels of
these two binding agents [6]. At present, TGas is widely
used in the meat industry to restructure meat with strong
cohesion due to it having an inexpensive source and TGas
also has been recognized as safe (GRAS) [9]. However, the
interaction between TGas and protein isolate would not have
been clear in some characteristics, especially the changing
condition affected rheological properties and lack of condi-
tion knowledge for application during food processing. Thus,
the objective of this study was to investigate the effect of
the TGas concentration and incubation time on the cross-
linking and rheological properties of soy protein isolate to
understand the interaction changing during various condi-
tions, and the changing behavior of TGas concentration and
incubation time on the physical properties in a plant-based
patty application.

Materials and methods
Materials

Soy protein isolate (SPI; protein 90.3%, moisture 6.0%,
ash 4.8%) was purchased from Krungthepchemi (FO14SP;
Krungthepchemi; Thailand). Texture vegetable protein
(TVP) was extruded from the SPI adjusted to 25% (wet
basis) using a twin-screw extruder (Chareon Tut Co. Ltd.;
Thailand) with 450 rpm screw speed, 50 rpm feeding paddle,
highest extruder barrel temperature at 140 °C, and a short
(4 mm diameter) expansion die. Transglutaminase (TGas;
transglutaminase- ACTIVA® TG-B; Ajinomoto Ltd.; Japan)
was used as a crosslink enzyme.
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Sample preparation for investigated crosslink
properties

Each sample was prepared using SPI 5% (w/w) in distilled
water. Then, TGas at concentrations of 0, 1, 3, 5, or 10% of
SPI was added. The solutions were stirred for 10 min and then
incubated at 50 °C for 1 h or 4 h with an incubation shaker at
120 rpm. After the end of the incubation time, the TGas was
inactivated at 90 °C for 30 min in a water bath, after which the
solutions were dried to a powder using freeze-drying (Lyo-
vapor L-200, Buchi). The sample powders were kept in alu-
minum foil at —18 °C before analysis [12].

Studying protein patterns of samples using Sodium
dodecyl-sulfate polyacrylamide gel electrophoresis
(SDS-PAGE)

Proteins were extracted and separated from samples using
Tris—HCI buffer with a concentration of 50 mM at pH 8.8 at
a sample-to-buffer ratio of 1:50 (by volume) and mixed thor-
oughly before centrifugation for 30 s at 14,000% g at 4 °C.
Then, 50 pl of protein extract was mixed with 50 pl of 2 X Lae-
mmli sample buffer without the 2-mercaptoethanol for samples
without cross-linking agents. The samples with cross-linking
agents were mixed with the extract with 50 pl of 2 X Laemmli
sample buffer containing 5% (v/v) of 2-mercaptoethanol. The
samples were heated at 100 °C for 5 min. Protein standards
(Mark 12TM; Invitrogen; Thermo Fisher Scientific; USA) and
the samples were loaded onto a 12% SDS-PAGE gel (with a
protein sample load of 20 mg per well); then, the gel was run
at 200 V for 40 min. After completing the electrophoresis, the
SDS-PAGE gel was washed three times with distilled water
and the gel was stained using SimplyBlue™ SafeStain (Inv-
itrogen), with images of the SDS-PAGE gel taken using a gel
scanner [13].

Rheological properties

Analysis of the rheological properties was performed using
a rheometer (MCR 302; Anton Paar; Austria) in two modes
(steady shear test and oscillatory frequency sweep), using a
parallel-plate measuring system having a centerline diameter
of 50 mm and a gap size set at 1 mm [14].

Steady shear test: The steady shear test measured the vis-
cosity of the sample over a range of shear rates from 0.01 to
100 s~1. The data obtained were fitted to the Herschel-Bulkley
model, as described by Eq. (1), to determine the values of the
flow behavior index (n) and the consistency index (k) of the
sample.

7 =14+ ky" (D)
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where: 7 is the shear stress (Pa), 7, is the yield stress (Pa), y
is the shear rate (s_l), n is the flow behavior index, and k is
the consistency index (Pa-s").

Oscillatory strain sweep: The experiment was per-
formed at a constant frequency of 0.1 Hz with a strain
sweep of 0.01-10% at 25 °C. The storage or elastic modu-
lus (G, Pa) and loss or viscous modulus (G", Pa) were
monitored. The limit of the linear visco-elastic region
(LVR) was determined to carry out the frequency sweep
test.

Oscillatory frequency sweep: The oscillatory frequency
sweep was conducted by varying the frequency from 0.1
to 20 Hz with strain of 0.1% at a controlled temperature of
25 °C. Storage modulus (G'), loss modulus (G"), and loss
tangent (tand =G"/G') values were recorded. The frequency-
dependent G’ data were fitted to the power-law gel model
as described by Eq. (2), which were modified from method
of [15] to determine the values of S’ and n’ for the sample:

G (w)=Sa" )

where: o is the frequency (Hz), n' is the exponent used for
modelling G', and S' is the gel strength (Pa-s").

Plant-based meat patty preparation

The TVP was soaked with water for around 30 min and then
the water was drained from the TVP. A TVP sample (60 g)
from the extrudate product was mixed with TGas at concen-
trations 0, 1, 3, or 5%, and 40 g of an emulsion blended paste
(modified starch, coconut oil, canola oil, yeast extract, and
beetroot powder) to form ground meat patties. Then, 60 g
of ground meat patties were placed into a cylindrical mold
(size 16 X 67 mm). For widely used process applications,
this research tries experimenting both at room temperature
(25 °C) and refrigerator temperature (4 °C). The patties were
incubated at 25 °C for 1 h, 25 °C for 2 h, or 4 °C for 24 h
before being kept at —20 °C until cooked. The frozen patties
were thawed at 4 °C for 24 h and then were cooked to an
internal temperature of 70 °C. The patties were allowed to
cool to room temperature for 10 min before analysis.

Color

The color of the plant-based patty samples was measured
using a colorimeter (CR-400/CR-410; Minolta; Japan),
with the CIE or L*a*b* system. The L* axis represents
lightness, with values ranging from 0 to 100, where 0
represents black and 100 represents white, the a* axis
describes color from green (—a*) to red (+a*), and the
b* axis describes color from blue (—b*) to yellow (4 b*).

Cooking yield

The cooking loss of the plant-based patties was investi-
gated during cooking. Then, the samples were heated at
120 °C for 3 min on each side until the center of the sam-
ples was 70 °C. After that, the samples were cooled at
room temperature for 10 min until they had reached room
temperature. Next, the samples were weighed before and
after cooking [16]. The cooking yield of samples was cal-
culated from Eq. (3):
sample weight after cooking

ki jeld(%) = x 100
cooking yield(%) sample weight before cooking
3)

Texture properties

Texture profile analysis of the plant-based patties was per-
formed using a material tester (TA plus; Lloyds; England). A
45 mm cylinder probe was used to determine 70% compres-
sion at a rate of 1 mm/s. Samples were evaluated for hard-
ness, cohesiveness, and springiness. Eight texture analyses
were performed on each sample [17].

Structural characteristics using confocal laser
scanning microscopy

The structural characteristics of the plant-based patties
samples treated with TGas were studied using a confocal
laser scanning microscope (CLSM; Zeiss LSM 510 META,;
Breda, the Netherlands). Samples of plant-based patties were
analyzed that had been marinated with TGas at 0, 1, 3, and
5% concentrations at a temperature of 25 °C for 2 h. The
samples were stained with fluorescein isothiocyanate iso-
mer at a concentration of 0.001% w/v (green for proteins
staining), rhodamine-B-isothiocyanate at a concentration of
0.001% w/v (red for lipids staining), and Nile Blue A at a
concentration of 0.001% w/v (blue for carbohydrates stain-
ing). The stained plant-based patties were tested at 488 nm
(Ar) and 633 nm (He), with the results being recorded in the
ranges 400-565 nm and 600-700 nm, respectively (modified
from [18]).

Statistical analysis

All the samples were analyzed statistically using the SPSS
version 22 software (IBM SPSS Statistics; Somers; NY;
USA). Different means were investigated using ANOVA
and Duncan’s multiple range tests at a level of significance
of 0.05. Correlation of variables was determined using
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Pearson Bivariate Correlations at the 0.01 and 0.05 signifi-
cance levels.

Results and discussion

Studying protein patterns of samples using
SDS-PAGE

The protein patterns of SPI that had been fermented with
TGas at different concentrations (0, 1, 3, 5, or 10%) for 1
or 4 h are shown in Fig. 1. In the absence of cross-link-
ing agents, the protein profile consisted of proteins with
approximate sizes of 17, 35, and 75 kDa. This result aligned
with the report of Wagner et al. (1996) that the major pro-
tein components of soybeans were 11S (glycinin) and 7S
(B-conglycinin), with 11S comprising proteins of approxi-
mately 20 and 40 kDa [19].

The molecular size of the SPI tended to increase when
incubated with TGas, resulting in the protein sizes exceed-
ing 250 kDa. This result was in agreement with Truong et al.
[20], who found that the intensive-stained banding for the
cross-linking (large) whey protein polymers formed when
the TGas reaction time exceeded 1 h, with larger protein
polymers forming as the incubation time increased. TGas
enzymes stimulated the acyl transfer reactions between the
carboxyl groups of the glutamine amino acids and the amino
groups of the lysine amino acids in the proteins as a result
of the cross-link formation [7]. This result led to the aggre-
gation of proteins into larger structures. From the results,
the TGas concentration and incubation time influenced the
cross-linking of protein, with the higher enzyme concen-
trations leading to better cross-linking, while the longer
incubation times also positively impacted the formation of
cross-links. The result was similar to Al-Asmar et al. [4] who
reported a chickpea protein was a more effective substrate
with increased TGas concentration, due to the increase in
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Fig. 1 Protein patterns of SPI having undergone incubation with dif-
ferent TGas different enzyme ratios of 0% (Lanes 1 and 2), 1% (Lanes
3 and 4), 3% (Lanes 5 and 6), 5% (Lanes 7 and 8), and 10% (Lanes
9 and 10) for 1 h (Lanes 1, 3, 5, 7, 9) or 4 h (Lanes 2, 4, 6, 8) and
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higher molecular mass polymers. However, the results from
SDS-PAGE did not differ between 5 and 10% TGas addition
when interacting with SPI. Thus, only the concentrations of
0, 1, 3, and 5% of TGas were studied in the next part of the
experiment.

Rheological properties

The SPI treated with TGas at concentrations of 0, 1, 3, or 5%
were studied for their rheological properties. From Fig. 2a.,
the apparent viscosity of all samples decreased as the shear
rate increased, indicating shear-thinning behavior, except for
the untreated SPI sample (0% TGas). This result suggested
that the cross-linked protein network was disrupted and that
the macromolecules (protein molecules) were elongated and
aligned in a high shear field, resulting in the reduction in
the viscosity because of the reduced volume fraction [21].
Figure 2b. shows the flow curve (shear stress against shear
rate) of TGas-treated SPI samples well fitted to the Herschel-
Burkley model (Eq. 1) with regression coefficients (R2) of
more than 0.98 (Table 1), except for the sample at a TGas
concentration of 5% and an incubation time of 4 h with low-
est R2 of 0.83. The shear-thinning behavior was exhibited by
the flow behavior index (n) values for all samples that were
less than 1, as shown in Table 1. A lower n value indicates
that flow behavior has greater shear thinning characteristics.
However, the untreated SPI sample (0% TGas) exhibited the
highest n value, which was close to 1, indicating behavior
closer to Newtonian flow. In contrast, the SPI samples that
had undergone enzyme treatment had n values less than 1,
and these n values tended to decrease as enzyme concentra-
tion and incubation time increased. This may have been due
to the increase in the enzyme concentration and incubation
time promoted the formation of disulfide bonds of intra-
and inter-chain cross-linking soybean protein molecules, and
increased protein molecular size, confirmed by SDS-PAGE
analysis (Fig. 1.), resulting in the formation of a dense or
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marker (M lanes). A: displays SPI pattern with addition of cross-
linking agents, and B: displays SPI pattern without addition of cross-
linking agents



Investigation of transglutaminase incubated condition on crosslink and rheological properties..

Fig.2 Flow curves of TGas
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Table 1 Rheological characteristics of TGas-treated-SPI with varied TGas concentrations and incubation times, and regression coefficients (R?

of fitted data to the Herschel-Burkley model

TGas concentra- Incubation Viscosity (mPa.s) Flow behavior index (n) Consistency index  Yield stress (Pa) R?

tion (%) time (h) (k) (Pa.s™)

0 0 4.24+0.82° 1.04+0.11% 0.00+0.00° - 0.990

1 1 7.15+0.65° 0.95+0.11° 0.01+0.00° 0.03+0.03¢ 0.993
4 50.55+22.56° 0.71+0.00® 0.08+0.01° 0.34+0.32¢ 0.999

3 1 58.00+22.63¢ 0.71£0.02%° 0.1040.04° 0.40+0.18¢ 0.998
4 277.50 +38.89° 0.73 +0.30% 0.20+0.20° 4.50+0.33" 0.982

5 1 210.50+30.41° 0.66+0.01%° 0.21+0.01° 2.80+0.74° 0.998
4 506.50 +36.06* 0.36+0.10° 1.19+0.48° 6.16+0.01° 0.832

“Different lowercase superscripts significant differences in each column at p <0.05. Mean + standard deviation are shown

R2 is the correlation coefficient of fitted steady shear data using the Herschel-Bulkley model
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«Fig. 3 a Strain sweep diagram at a constant frequency of 0.1 Hz; b
and c: Storage modulus (G') and loss tangent (tand) at a frequency of
0.1 Hz with strain of 0.1%, respectively; and d: Frequency-dependent
rheological parameters (G', G", and tand) of TGas-treated SPI with
varied enzyme concentrations and incubation times. *Significantly
different with same TGas concentration at 95% confidence level. Dif-
ferent capital letters (A, B) and lowercase letters (a, b, c) with same
incubation time of 1 h or 4 h, respectively

strong protein gel network structure. This led to an increase
in apparent viscosity, consistency index, yield stress, and
shear-thinning behavior (Table 1). These results concurred
with Wu et al. [10], who reported that TGas enhanced a tight
protein (sodium caseinate, soy protein isolate, and egg white
protein) gel network formation to improve the gel strength,
while TGas also induced an increase in the viscosity and
gelation of whey protein [20].

The strain of 0.1% was in the linear viscoelastic region
(LVR) for all samples (Fig. 3a.) and this strain value (0.1%)
was chosen for oscillation frequency test. Characteristics
of a protein gel network are related to rheological proper-
ties—the value of G' (storage modulus) and tan & (loss tan-
gent)—as shown in Fig. 3b. and c.). G' indicates gel rigid-
ity or gel strength. G' increased as the TGas concentration
and incubation time increased (Fig. 3b). In particular, an
increase in incubation time clearly enhanced the G' value.
The increase in G' with increasing TGas enzyme concen-
tration and incubation time indicated an increase in the
solid-like properties of the samples, which might have been
caused by the enhanced entanglement and interconnection of
protein molecules in addition to the enhanced junction zones
of the structural protein network. The value for G'y | , of the
sample with a TGas concentration of 5% and an incubation
time of 4 h was the highest of all the samples, indicating
the stronger gel matrix formation (Fig. 3b.). However, the
G'y.1 u,, value of the sample with a TGas concentration of
1% and incubation times of 1 and 4 h was not significantly
different from the un-treated sample (0% TGas). This may
have been because the TGas concentration at 1% was too low
and insufficient to induce the proteins to interact and become
entangled to form a gel network.

In Fig. 3c, tand decreased as the TGas concentration
and the incubation time increased. A decrease in tand
was indicative of the viscoelastic structure of the protein,
which became more solid-like in its behavior. In particular,
using TGas concentrations of 3% and 5% and an incubation
time of 4 h, resulted in tand values that were close to 0.1.
A tan § value less than 0.1 indicates a semi-solid gel [22].
These results suggested that the protein network struc-
ture would become more rigid and solid-like and exhibit
less liquid-like behavior as the enzyme concentration and
incubation time increased, which was also reflected in the
increase in G' (Fig. 3b.). In addition, the un-treated sample
(0% TGas) was a flowable, low viscous paste because there

was no TGas to catalyze the protein cross-linked interac-
tion and protein network formation, resulting in its tand
value being the highest (~0.7), as shown in Fig. 3c. The
tand value was higher than 0.1, indicating a less solid-
like behavior [14]. However, the tand value (~0.7) of the
sample treated with TGas at a low concentration (1%) and
for a short incubation time (1 h) was quite close to that of
un-treated sample (0% TGas), indicating that the low TGas
concentration and short incubation time were not sufficient
to enhance the protein molecular interaction.

The data presented in Fig. 3d. shows that the G', G”, and
tand values of all samples were dependent on frequency,
since the relaxation processes occurred even within short
time scales [23] and the sample structure was deformed
during increased in frequency [22]. However, the G' val-
ues of the un-treated sample (0% TGas) and the samples
treated with TGas for 1 h (1% and 3%) and 4 h (1%) were
clearly dependent on the frequency (1-50 Hz), with a
high value of n’ in the range 1.6375-3.8066 (as shown
in Table 2) because these samples were flowable and had
a less semi-solid structure (low G', Fig. 3b.), which had
less protein molecule interconnection, and junction zones
may be easily disrupted even with a low frequency or
shear rate application [14]. On the other hand, the sam-
ples treated with TGas for 1 h (5%) and 4 h (3% and 5%)
showed smaller changes in G', G”, and tand (as shown in
Fig. 3d). Their n' values were lower, ranging from 0.4022
to 0.6970 (as shown in Table 2). This suggested that the
gel network structure of the protein became more rigid as
the TGas concentration was higher than 3%, resulting in
fewer changes in the internal structure of the protein gel
as the frequency increased. This result was in agreement
with Udomrati et al. [14], who found that the less semi-
solid system was more dependent on frequency than were
the high semi-solid samples. The S' value related to the
strength of the protein gel, with the S' value increasing as
the TGas concentrations and incubation times increased
(Table 2). According to the Pearson Bivariate Correlation
between TGas incubation (concentration and incubation
time) and rheological properties of SPI gel in the present
study was shown in Table 3. The concentration of TGas for
using in SPI gel system affected viscosity, flow behavior
index, and especially n’. Moreover, the S’ highly corre-
lated with other properties (viscosity, flow behavior, and
consistency index). Thus, the differences in the G', n', and
S' values between the samples subjected to different TGas
concentrations and incubation times indicated that the
internal structure of the protein gel would play a crucial
role in the rheological properties of the samples.

Based on the rheological determination, it was concluded
that the SPI protein molecules could be cross-linked to form
the strongest protein gel network at a TGas concentration of
5% with an incubation time of 4 h. The rheological data were
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Table 2 Frequency-dependent rheological characteristics of TGas-
treated SPI with varied concentrations and incubation times

TGas concentration Incubation time n' S' (Pa.s™)

(%) (h)

0 0 3.8066 0.0001

1 1 2.8331 0.0019
4 1.7990 0.0540

3 1 1.6375 0.0934
4 0.5026 11.4570

5 1 0.6970 4.0622
4 0.4022 22.1260

used to evaluate the appropriate conditions (TGas concentra-
tion and incubation time).

Application in plant-based meat patties — Color

The TGas was used to treat plant-based meat patties using
different concentrations (0, 1, 3, or 5% addition) and dif-
ferent incubation conditions (not incubated, 25 °C/1 h,
25 °C/2 h, or 4 °C/24 h). The cooked plant-based meat
patties were analyzed for color, cooking yield, and texture
properties.

The plant-based meat patties samples not treated with
the TGas were incubated at 25 °C for 2 h or at 4 °C for 24 h
which produced a significant difference in lightness values
compared to samples that were not incubated. Furthermore,
the incubated sample at 25 °C for 2 h showed the effect of
reducing lightness values with increasing the TGas concen-
tration (Fig. 4.). This result was consistent with the findings
of Forghani et al. [24], who found that using microbial trans-
glutaminase (MTGas) at concentrations of 0.5% and 0.75%
resulted in a reduction in the lightness of plant-based burgers
compared to burgers without MTGas, due to the MTGas
playing a role in preventing protein denaturation during
cooking, since such denaturation led to a brownish color.

When TGas was added to the plant-based patties at higher
concentrations, there was a significant decreasing trend in
the a* values for all incubation conditions. In particular, the
sample with 3% TGas and incubated at 25 °C for 2 h had a
significant decrease in the a* value compared to the other
incubation conditions. Incubation at 25 °C for 1 h produced
changes in the b* value. The TGas-added samples could
reduce the yellow color compared to samples without TGas.
However, MTGas addition could not significantly influence
the L* and a* color parameters of beef gels, and the color
measuring of raw meat would not be possible to predict the
impact of MTGas after cooking [25]. These differences in
color values could be attributed to variations in the formu-
lation or composition, such as protein content, fat content,
moisture content, or other ingredients, as well as to the cook-
ing process of the plant-based meat product [24].

Application in plant-based meat patties - Cooking
yield

Cooking yield is used a parameter to investigate the qual-
ity of the product after cooking, where cooking yield is the
weight remaining in the product, while cooking loss is the
weight loss of the product. Cooking loss and cooking yield
represent shrinkage in the product during cooking, which
is an important factor and an indicator for evaluating the
juiciness and yield of the final product [12, 26]. The cook-
ing yield results of plant-based patties with the addition of
TGas enzymes and with incubation under different condi-
tions were shown in Table 4. Increasing the concentration of
TGas enzymes resulted in an increase in the cooking yield
for all incubated conditions. With each TGas concentration,
incubation at 25 °C for 2 h tended to result in the highest
cooking yield for the plant-based patties samples.

The increasing trend in cooking yield was similar to the
results in the research by Pietrasik [25], who reported that
the addition of 0.5% MTGas in beef gel improved water-
holding properties, the meat became smoother, and water
release decreased compared to the samples that did not have

Table 3 Correlation between TGas incubation and rheological properties of SPI gel
concentration Incubation time viscosity Flow behavior Consistency index n S’

concentration 1 304 806" -.839" 676 -.882" 675
Incubation time 1 .621 -.661 .529 -.663 .639
viscosity 1 -.861" 914™ -.804" 976"
Flow behavior 1 -.851" 865" -784"
Consistency index 1 -.596 925
n 1 -.693

S’

*Correlation is significant at the 0.05 level (2-tailed)
*Correlation is significant at the 0.01 level (2-tailed)
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Fig.4 Color of plant-based
meat patties after cooking. *Dif-
ferent capital letters (A, B) indi-
cate significant differences in
incubation conditions with same
TGas concentration at p <0.05.
Different lowercase letters
(a,b,c) indicate significant dif-
ferences in TGas concentration
with same incubation conditions
at p<0.05
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Table 4 Cooking yield of plant-
based patties after cooking

TGas%

Incubation conditions

Not incubated

25°C/1h

25°C/2h

4°C/24 h

0 81.37+1.87°AB
1 82.88+1.37%
3 83.96+1.1248¢
5 84.11+2.63%8

80.68 + 1.70*8
79.75 +5.38%8
84.52+1.01%8
85.28 +1.1924P

82.27 +1.38%
82.58 +1.89%4
85.23+0.85%
85.61+1.69%

81.23+1.74%AB
82.20+2.39%4
83.56 +1.66°C
83.91+1.58%

*Different capital letters (A, B, C) indicate significant differences in each incubation condition (row) with
same TGas concentration at p<0.05. Different lowercase letters (a, b) indicate significant differences in
each TGas concentration (column) with same incubation conditions at p <0.05

MTGas added. In addition, Forghani et al. [24] reported that
burgers made from vegetables had reduced shrinkage when
0.5% or 0.75% MTGas had been added. However, Lantto
et al. [27] found the cooking loss increased with an increase
in the concentration of TGas enzymes added to chicken
nuggets. The addition of TGas might lead to increased pro-
tein—protein interactions, resulting in decreased protein-
water interactions due to enzyme-induced cross-linking [6].
The effects of TGas on binding properties might depend on
the concentration and type of TGas used [25].

Application in plant-based meat patties — Textural
properties

The effects of the TGas concentration and incubation con-
ditions on the textural characteristics of plant-based meat
patties were shown in Table 5. Normally, the strength of the
structure of the plant-based meat patties under compression
was indicated by their hardness [28]. The hardness of the
plant-based meat patties tended to increase with a higher
TGas concentration, particularly when the plant-based meat
patties had been incubated at 25 °C for 1 or 2 h. Incubation
at 25 °C for 1 h resulted in an increase in hardness with
TGas addition, especially when using 5% TGas addition.
Hence, the observed increase in hardness after the first hour
of incubation might be attributed to the optimum time for
TGas activity. This result was consistent with a report by
Setiadi et al.[29] that the addition of a 2% transglutaminase
enzyme concentration to textured soy protein increased the
hardness of the sample.

For the adhesiveness, the significant decreasing showed
with the using of 1% TGas addition at 25 °C for 1 h. There
was a significant difference in cohesiveness with 3% TGas
addition when incubated at 25 °C for 2 h. The change in
hardness and cohesiveness might be due to concentrations of
TGas, which were similar to Setiadi et al. [29] who reported
that using 2% TGas could increase hardness but decrease the
cohesiveness of texturized soy protein. The trend of gum-
miness and springiness increased with increasing of TGas
concentration in the plant-based meat patties, especially with
5% TGas addition. The increasing effect of the added TGas

@ Springer

was similar to the results of Pietrasik [25], who reported that
gel samples containing transglutaminase had increased hard-
ness, cohesiveness, and springiness than samples without
transglutaminase, with varying the amount of transglutami-
nase affecting the textural characteristics of cooked meat
emulsions. The increased springiness, gumminess, and
chewiness of TGas added plant-based meat compared to the
control might be due to the inducing of new cross-linking
in the soy protein structure from denatured protein to be
attributed to textural modification and improvement of the
cohesiveness of system [6, 30]. However, the using of TGas
would depend on a matrix in the system such as the addi-
tion of MTGase might not significantly change the texture
properties of Atlantic salmon meatballs [31]. The change
of texture profile analysis parameter of the patty could be
enhanced crosslink structure by enzyme [26]

According to the Pearson Bivariate Correlation between
TGas incubation (concentration and incubation condition)
and texture properties of the patty in the present study was
shown in Table 6. The concentration of TGas for use in patty
highly affected gumminess springiness, and chewiness. The
incubation condition was also correlated with hardness and
adhesiveness. These correlation results of TGas concentra-
tion were similar to both the SPI gel system and patty in
which the TGas concentration showed a higher effect on
the properties of the system than the incubation condition
(Table 3 and Table 6).

Application in plant-based meat patties — structural
characteristic

The structural characteristics were investigated using CLSM
of the plant-based meat patties incubated at 25 °C for 2 h
with TGas enzyme added at concentrations of 0, 1, 3, or 5%
(Fig. 5.). The red color represented the lipid components, the
green color represented the protein components, and the blue
color represented the carbohydrate components.

The color distribution appeared more scattered in the
plant-based meat patties without TGas addition, with a
more pronounced clustering of components when TGas
was added, especially at concentrations of 3 and 5%. In
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Table 5 Textural properties of

- Hardness (N)

plant-based meat patties after

cooking TGas (%) Not incubated 25°C/1h 25°C/2h 4°C/24h
0 14.27+1.67%8 14.17+2.17°8 15.24+0.70*8 17.72£2.04%4
1 13.63+3.55% 16.46+1.05°* 14.92 +3.04%4 15.88+0.74%
3 15.51+0.87% 17.10+2.31%4 16.26 +0.63 17.58 +£2.10°
5 14.72+1.04%8 19.67 +1.38%4 18.21+1.33%8 16.08 +4.79%AB
Adhesiveness (Nmm,)
TGas (%) Not incubated 25°C/1h 25°C/2h 4°C/24h
0 2.00+0.24% 224+0.16" 2.22+40.17* 1.88+0.30%
1 2.65+0.63*A 2.06+0.11348 2.01+£0.33%8 1.89+0.13%
3 270+ 1.05% 1.95+0.33% 2.12+0.41% 2.16+£0.59**
5 2.27+0.58* 1.91+0.27% 2.14+0.29*4 2.25+0.27*
Cohesiveness
TGas (%) Not incubated 25°C/1h 25°C/2h 4°C/24h
0 3.51+0.400A 4.05+0.47% 3.92+0.36" 3.41+0.424
1 3.86+0.66** 3.79+0.71%4 3.61+0.17% 3.53+0.40
3 3.35+0.10%8 3.68+0.18%8 5.17+£0.27 3.96+0.81%8
5 3.08+£0.04% 3.77+0.46 3.74+0.77% 3.62+0.944
Gumminess (N)
TGas (%) Not incubated 25°C/1h 25°C/2h 4°C/24h
0 4.09+0.50%® 3.14+0.46°C 3.70 +£0.26"8€ 4.93+0.68%A
1 4.2140.99%4 4.59 4£0.73%A 3.91+0.02% 4.35+0.29%
3 4.63+0.14% 4.59+1.10%4A 3.15+£0.13B 5.08+0.88%4
5 4.7940.32%4 5.28+1.12%4 5.64+0.24%4 530+1.51%
Springiness
TGas (%) Not incubated 25°C/1h 25°C/2h 4°C/24h
0 0.56£0.01°AB 0.55+0.01°8 0.55+0.00°® 0.57+0.01%4
1 0.56+0.01°4 0.57£0.00%4 0.57 +£0.00% 0.57 +0.00%*
3 0.57 +£0.00°4 0.58+0.02%4 0.55+0.00P® 0.57+0.01%4
5 0.59+0.01%4 0.58+0.01%°4 0.58+0.0224 0.58+0.01%4
Chewiness (N)
TGas (%) Not incubated 25°C/1h 25°C/2h 4°C/24h
0 2.28+0.29%A8 1.73+£0.29°¢ 2.04+0.15BC€ 2.60+0.26%
1 2.38+0.0.62%4 2.62 +0.44%A 2.08+0.47%4 2.46+0.18%
3 2.64+0.08%" 2.85+0.81%4 1.72+0.06%® 2.92+0.56%4
5 2.80+0.25 3.07+£0.75 2.70+1.15* 3.34+0.19*4

“Different capital letters (A, B) indicate significant differences for each set of incubation conditions with

same TGas concentration at p<0.05

“Different lowercase letters (a,b,c) indicate significant differences for each TGas concentration with same

incubation conditions at p <0.05

these cases, there was noticeable aggregation of biomac-
romolecules in the plant-based meat patties and the green
color (representing protein components) became more
distinct when the level of TGas increased. Additionally,
the blue color in all experimental samples increased with
the addition of TGas, which might have been due to the
composition of the modified starch (used as a binder)
and the commercial TGas enzyme (containing maltodex-
trin) in the system. The structure of the plant-based meat
patties was similar to the network pattern of plant-based

protein in plant-based hamburger and plant-based chicken
meat products, as the distribution of fat appeared to inter-
weave with the components of the samples [18]. Fat or
binders would be obtained as a protein—fat interphase
in recombinant plant-based meat alternatives with good
texture, juiciness, and chewiness for selecting optimized
structural quality [28]. The results in (Fig. 5) could be
observed that the protein components (represented by the
green color) remained integrated as a cohesive structure
with the other parts of the sample. The structure of the
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Table 6 Correlation between TGas incubation and texture properties of patty application

Concentration Condition Hardness Adhesiveness Cohesiveness Gumminess Springiness Chewiness

Concentration 1 .000 498" 102 -.059 634" 127 657"
Condition 1 558" 617" 414 .008 —.072 —.034
Hardness 1 -.501" 072 6427 451 536"
Adhesiveness 1 -.030 —.092 —.163 —.049
Cohesiveness 1 —.532° —.634™ — 525"
Gumminess 1 831" 917"
Springiness 1 839"
Chewiness

1

*Correlation is significant at the 0.05 level (2-tailed)
“*Correlation is significant at the 0.01 level (2-tailed)

e
L

SPI-TGas 0%

S

R

SPITGas 3%

Fig.5 Structural characteristic of plant-based meat patties after cooking using CLSM

5% TGas concentration added to plant-based meat pat-  binding and shrinkage of the product, which could con-
ties might have been influenced by the high hardness, tribute to the texture of soy protein after fat and moisture
springiness, and cooking yield for the same incubation  loss [24].

conditions. The addition of transglutaminase to plant pro-

tein would form a covalent crosslink between primary

amines (lysine and glutamine) resulting in the protein

network structure accumulating a high moisture content

in the plant-based product, with a positive effect on water
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Conclusion

The TGas concentration and incubation time influenced the
cross-linking of protein, with higher enzyme concentrations
leading to better cross-linking, while longer incubation times
also positively impacted the formation of cross-links. How-
ever, the result from SDS-PAGE were the same for 5% and
10% TGas. Thus, later experimentation would focus on only
on concentrations of 0, 1, 3, or 5% of TGas. The interaction
of SPI solution and TGas led to an increase in apparent vis-
cosity and in the shear-thinning behavior which enhanced
solid-like properties (increased G' and decreased tand) due
to the increased enzyme concentration and longer incuba-
tion time producing a more rigid protein gel structure due
to the protein molecules becoming cross-linked to form a
viscoelastic protein gel network. The characteristics of the
plant-based meat patties samples could be altered by differ-
ent added TGas concentrations and incubation conditions.
The highest cooking yield for plant-based patties resulted
from incubation at 25 °C for 2 h. The hardness of the plant-
based meat patties tended to increase with a higher TGas
concentration, especially following incubation at 25 °C for 1
or 2 h. Cohesiveness and springiness increased with incuba-
tion at 25 °C for 2 h. Thus, adding 5% TGas with incubation
at 25 °C for 2 h might be the best conditions for plant-based
meat patties in this experiment. From rheological properties
and texture properties, the concentration of TGas was an
important factor affecting the characteristics of the system,
as shown by clearly correlated results. The structural char-
acteristics of the plant-based meat patties observed using
CLSM indicated there was aggregation of the protein com-
ponents with increased levels of TGas enzyme. The results
from this research should help to elucidate the interaction
of SPI and TGas enzyme incubation and their effects on the
characteristic structure and texture in such practical food-
based applications especially, using 5% TGas with incu-
bation at 25 °C for 2 h was preferred to develop hardness
cohesiveness and springiness. However, the limitations of
this research would be held on the interaction of TGas. The
other compositions of the matrix would be important for
interaction in the system and affect changing shelf life.
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