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In this research, the synergistic effect of trisodium citrate (TSC) and microbial transglutaminase (TGase) treatment on the textural
properties of acidified yak skim milk gels was investigated. TSC was added to yak skim milk to concentrations of 0, 20, and
40 mmol/L, followed by adjusting the pH to 6.7. The samples were incubated with TGase for the cross-linking reaction, after which
the samples were acidified with 1.4% (w/v) gluconodelta-lactone (GDL) at 42°C for 4 h to form gels. The stiffness and water
holding capacity (WHC) of gels exhibited higher values at 20 or 40 mmol/L than without TSC. The final storage modulus (G′) of
yak milk gels was positively related to the concentration of TSC prior to TGase treatment. Cryoscanning electron microscopy
observations showed that the gel networks were more rigid with higher TSC concentrations. Overall, TSC dissociated particles in
yak milk into smaller ones. The newly formed particles in yak skim milk could form acid-induced gels with greater stiffness and
higher WHC in the presence of TGase.

1. Introduction
Yak (Bos grunniens) milk is produced in the China QinghaiTibet Plateau area at an altitude of 3000 m [1]. It has become
a new source of dairy products in China, due to its higher
nutritional properties, less allergenicity, and better digestibility than cow milk [2–4]. Of the yak milk-based
products, yogurt is the fastest growing one. However, textural defects including fragile structure (low stiffness) and
syneresis (low water holding capacity) (WHC) usually occur
in the yak yogurt gels, during storage or after mechanical
damage. These defects significantly reduce the consumer
acceptance of yak yogurt. Therefore, it is necessary to develop yak yogurt gels with higher stiffness and WHC.
The stiffness and WHC of yogurt gels are determined by
their gel network structures, whose primary building blocks
are caseins and whey proteins. In yak milk at native pH of
6.5–7.2, the casein molecules are noncovalent cross-linked by
calcium phosphate, forming particles named casein micelles
(about 200 nm in diameter) [5, 6]. On acidification,

dissociation of the micelles happens, resulting in the aggregation of caseins and thus forming a weak network structure
through noncovalent interactions at pH∼4.6 [7–10]. Whey
proteins can be denatured and interacted with caseins after
heated (higher than 70°C), which could further improve the
textural properties of acid-induced milk gels [11, 12].
Introducing covalent bonds is an effective mean to
improve the textural property of yogurt gels [13–15]. TGase
has been widely used to generate covalent bonds among
protein molecules [16–18]. TGase could catalyze the acyl
transfer reaction between c-carboxyl groups and ε-amino
groups among protein molecules, leading to the intramolecular or intermolecular cross-linking of proteins
[19, 20]. This could significantly improve the gel stiffness and
WHC of yogurt gels [21]. Unfortunately, although lots of
studies have been performed on the use of TGase to enhance
the textural properties of yogurt, the defects have not been
totally inhibited [22–25].
The calcium ions chelating agents, including trisodium
citrate (TSC), ethylene diamine tetraacetic acid, and sodium

2
phosphates, were found to disrupt the casein micelles in milk
[26–29]. This might alter the gel formation of TGase-treated
caseins [18]. In this case, the cross-link bonds among milk
proteins before or during acidiﬁcation would be altered.
Therefore, the TGase-treated milk proteins might create
diﬀerent gel network structures compared with the gels
prepared from acidiﬁed TGase-treated native milk proteins.
In this research, with the aim to improve the textural
properties of yak yogurt, we investigated the eﬀect of TSC
prior TGase treatment on the properties of acid-induced
gel prepared from heated yak skim milk. Our ﬁnding will
be beneﬁcial to improve the textural properties of yak
yogurt.

2. Materials and Methods
2.1. Materials. Yak milk was obtained from the Maqu
grassland on the Qinghai-Tibetan Plateau in northwest
China. The altitude of pastures is about 3450 m, while the
temperature is 9.4 ± 3.7°C. The ash, dry matter, protein, fat,
and lactose in the yak milk were 0.81%, 17.38%, 5.14%,
5.47%, and 5.09% (w/v), respectively. To prevent bacterial
growth, 0.04% (w/v) sodium azide was added into the yak
milk. Calcium-independent TGase (200 U/g) was obtained
from C&P Group GmbH (Rosshaupten, Germany). GDL
and TSC were purchased from Sigma-Aldrich (St. Louis,
MO, USA).
2.2. Preparation of Acid-Induced Yak Milk Gels. The fat in
yak milk was removed by centrifugation at 4200 g at 25°C for
30 min, followed by denaturing the whey proteins at 80°C for
20 min. The skim milk was added with diﬀerent amount of
TSC powder to a concentration of 0, 20, and 40 mmol/L.
After magnetic stirred for 10 min, the pH of heated yak skim
milk was adjusted to 6.7 with 0.5 mol/L HCl. After adding
the TGase to 10 U/g milk proteins, the yak skim milk was
further magnetic stirred for 10 min. Then, all samples were
stored at 42°C for 60 min, followed by acidiﬁcation with 1.4%
GDL (w/v) at 42°C for 4 h. The ﬁnal pH of all the samples was
between 4.3 and 4.6 [30]. Finally, all the gels were stored at
4°C for 6 h for further use.
For comparison, heated yak skim milk treated with 0, 20,
and 40 mmol/L TSC (in the absence of TGase) was also
investigated. The other procedures were performed as described in the above section.
2.3. Characterization of the Treated Milk or Gels. The particle
size distribution was measured with a Zetasizer (Model
Nano-ZS3600, Malvern, UK) at 25°C [31]. The skim milk was
diluted 300-fold with ultrapure water.
The acid-induced gelation processes of yak skim
milk were determined with a rheometer (AR1500ex, TA
Instruments, USA). GDL was added into TSC- and TGasetreated samples to 1.4% (w/v). The samples were then
transferred into the concentric cylinder. The acidinduced yak skim gels were oscillated at 0.1 Hz and with
1% of applied strain. The determination temperature was
42°C.
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The stiﬀness of the acid-induced gels was determined by
the analyzer (TMS-Pro, Food Technology Corp., Sterling,
USA). The acid gels prepared in 2.2 were placed at room
temperature for 60 min before determination. A
cylinder probe (25 mm in diameter) moving into the gel to
a distance of 10 mm at 30 mm/min was used for the penetration test.
The WHC of the gels was measured according to
a modiﬁed procedure [32]. Forty millimeters of the TSC and
TGase-treated yak skim milk were acidiﬁed at 42°C for 4 h in
50 mL centrifuge tubes, followed by centrifugation at 1500 g
at 25°C for 15 min. The WHC was deﬁned as the percentage
of the weight of gels remaining in the centrifuge tubes to
their initial weight.
The gel microstructures were observed by the cryoscanning electron microscopy (S-3000N, Hitachi Co.,
Tokyo, Japan), based on the reported literatures [26].
2.4. Statistical Analysis. The experiments were performed in
at least triplicate. Data analysis of variance (ANOVA) was
used to check the signiﬁcance of diﬀerences between means
with P < 0.05 indicating signiﬁcance.

3. Results and Discussion
3.1. Particle Size. The size distribution curves by number
fraction of particles in heated yak skim milk are shown in
Figure 1. In the absence of TGase, when the added TSC
concentrations in the yak skim milk were 0, 20, and
40 mmol/L, the corresponding particle peaking diameters
were 145.1 ± 7.0, 56.9 ± 14.9, and 34.2 ± 4.6 nm (mean ± SD),
respectively. In the presence of TGase, when the
TSC concentrations in yak skim milk were 0, 20,
and 40 mmol/L, the corresponding particle peaking diameters were 151.5 ± 10.8, 61.4 ± 15.4, and 29.2 ± 9.7 nm
(mean ± SD), respectively. This suggested that the particles
in yak skim milk became smaller with increasing TSC
concentrations. It is well established that calcium-chelating
agents can disrupt the micellar framework by removing
calcium from the micelles, leading to the dissociation of
casein micelles. Therefore, it was expected that the citrate
ions would dissociate the particles in yak skim milk into
smaller particles.
3.2. Gelation Kinetics. The storage modulus (G′) evolution
of heated yak skim milk (after GDL addition) is shown in
Figure 2. It can be clearly observed that both TSC and TGase
had signiﬁcant inﬂuence on the acid-induced gelation kinetics of yak milk. Gelation time of yak skim milk was
positively related to the TSC concentrations, whether or not
the TGase is in the presence. However, the inﬂuence of
TSC on the ﬁnal storage modulus (G′) of gels was heavily
dependent on the TGase. In the presence of TGase, the ﬁnal
G′ of gels was higher at 20 or 40 mmol/L−1 TSC than at
0 mmol/L−1 TSC. As proved above, TSC favors the
dissociation of particles in the yak skim milk into smaller
particles. This could enhance the ﬂexibility of the newly
formed casein particles [10, 26] and thus favored the
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Figure 1: Particle size distribution curves of heated yak skim milk treated with different concentrations of TSC without (a) and with (b)
TGase treatment.
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Figure 2: Effects of trisodium citrate on the storage modulus of acid-induced yak milk gels without (a) and with (b) TGase.

adequate rearrangement of caseins during gelation. This
made the newly formed particles to be more susceptible to
TGase cross-linking [33].
3.3. Stiffness and WHC. The stiffness of the acid-induced
yak skim milk gels is shown in Figure 3. In the samples
without TGase, it can be seen that the addition of TSC
reduced the stiffness of acid-induced casein gels, which was
consistent with the G′ results. It was observed that the
stiffness of gels prepared in the presence of TGase was higher

at 20 or 40 mmol/L−1 TSC than those without TSC addition.
The reasons for this can also be explained as described in the
storage modulus (G′) of gels. It can also be observed that, in
the same TSC concentrations, the stiffness of gels prepared
in the presence of TGase was significantly higher than
those in the absence of TGase. This indicated that the
TGase cross-linking played an important role in the gel
stiffness.
The effect of TSC on the WHC of acid-induced yak skim
milk gels is shown in Figure 4. In the same TSC concentration, the WHC of gels prepared in the presence of

4

Journal of Food Quality
0.8
5
4
Stiffness (N)

Stiffness (N)

0.6

0.4

0.2

0.0

3
2
1

0

20
TSC concentration (mM)

0

40

0

20
TSC concentration (mM)

(a)

40

(b)

100

100

80

80

60

60

WHC (%)

WHC (%)

Figure 3: Effects of trisodium citrate on the stiffness (N) of acid-induced yak milk gels without (a) and with (b) TGase.
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Figure 4: Effects of trisodium citrate on the water holding capacity of acid-induced yak milk gels without (a) and with (b) mTGase.

TGase was significantly higher than those in the absence of
TGase. This indicated that the TGase cross-linking
played a crucial role in improving the WHC. It can be
seen that, in the presence of TGase, when the concentration of TSC was 20 or 40 mmol/L, little water in the final
gels prepared was expelled after centrifugation. This indicated that the gels prepared from the newly formed
smaller particles exhibited greater water retention in the
presence of TGase. However, in the absence of TGase, more
than 60% of water was expelled. This was identical with the
results of gel stiffness because weak gels from noncovalent
bonds are easier to shrinkage and subsequent expulsion of
water.
3.4. Microstructure. The microstructures of acidified yak
skim milk gels are exhibited in Figure 5. In the samples, in

the presence of TGase, it can be observed that network
structures were more rigid with TSC addition than without
TSC addition. This was consistent with the previous textural
property results.

4. Conclusion
In this study, the effect of TSC on the stiffness of acidinduced, TGase-treated yak milk gels was investigated. Yak
milk first treated by TSC (20 or 40 mmol/L) and then crosslinked with TGase resulted in gels with higher
stiffness, WHC, and storage modulus (G′). TSC could
dissociate the casein micelles in yak milk into smaller particles. In the presence of TGase, the newly formed particles
formed acid-induced gels with higher stiffness, higher WHC,
and storage modulus (G′).
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Figure 5: Eﬀects of trisodium citrate on the microstructure of acid-induced yak milk gels without ((a) 0 mmol/L−1 TSC; (b) 30 mmol/L−1
TSC) and with ((c) 0 mmol/L−1 TSC; (d) 30 mmol/L−1 TSC) mTGase.
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