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A B S T R A C T   

Fish gelatin (FG) has been modified to replace mammalian gelatin, but has not been applied in the yogurt 
production. In this study, xanthan gum (XG) was used to improve the rheology properties of FG, and the XG- 
modified FG was applied in acid milk gels and low-fat yogurts to mimic the rheology and texture properties 
of porcine gelatin (PG). No obvious difference in the storage moduli was observed for the FG gels (2.5 g/100 g) 
with the addition of XG from 0 to 0.05 g/100 g, while increasing addition of XG increasingly impeded the 
gelation process of FG. Moreover, in the milk gel system with FG addition (0.4 g/100 g), an increase in the XG 
proportion caused an increase in the storage moduli. Milk gels with a XG to FG ratio of 1:99 best mimicked the 
storage moduli of milk gels with PG. In the yogurt system, yogurt with 0.4 g/100 g XG-modified FG had better 
water-holding capacity and consistency than the yogurt with 0.4 g/100 g PG, and had similar viscosity, pseu-
doplasticity, and thixotropy to yogurt with 0.4 g/100 g PG. The results suggested that XG-modified FG is a 
promising replacement for mammalian gelatin in low-fat stirred yogurt.   

1. Introduction 

Low-fat yogurt is a popular consumed milk product with an 
increasing market demand because of the trend for low-calorie diets 
around the world. Typically, the taste of low-fat yogurt is not as good as 
whole-fat yogurt because fat reduction can cause defects such as lack of 
flavor, weak body, and poor texture (Nguyen, Kravchuk, Bhandari, & 
Prakash, 2017). Gelatin is one of the most popular fat replacers, which 
can improve the rigidity and stability of low-fat yogurt. The unique 
property of gelatin is its ‘melt in the mouth’ feeling, which provides a 
fat-like sensory perception to low-fat yogurt (Karim & Bhat, 2009). 

At present, most commercial gelatin is derived from porcine and 
bovine (Sha et al., 2018). However, gelatin originating from mammals 
has the potential of spreading bovine spongiform encephalopathy (BSE), 
foot-and-mouth disease (FMD), and avian influenza. Moreover, products 
made with mammalian gelatin are not acceptable for consumer groups 
with certain religious beliefs, such as Jews and Muslims (Kamer et al., 
2019). Therefore, fish gelatin (FG) has been studied as a potential 
alternative to mammalian gelatin in the food industry in recent years 

(Sow, Chong, Liao, & Yang, 2018; Sow, Toh, Wong, & Yang, 2019; Sow 
& Yang, 2015). 

FG is a high molecular polypeptide polymer. It is partially hydro-
lyzed from fish collagen, which can be easily obtained from fish skin, 
scale, and bone. The production of FG helps to utilize waste materials in 
the fish industry. In general, FG has different rheology properties to 
those of mammalian gelatin, such as gel strength, as a result of its lower 
content of proline (Pro) and hydroxyproline (Hyp) (Jellouli et al., 2011). 
Pang, Deeth, Yang, Prakash, and Bansal (2017) studied the rheological 
performance of FG and bovine gelatin (BG) in acid milk gel and yogurt 
systems, and found detectable differences in rheological and texture 
properties. Sodium alginate and low acyl gellan have been used to 
modify and improve the rheology properties of FG; however, no research 
has applied modified FG in a yogurt system and evaluated its 
performance. 

Xanthan gum (XG) is an anionic polysaccharide produced from 
Xanthomonas campestris (Chivero, Gohtani, Yoshii, & Nakamura, 2015). 
Cations can connect with XG molecules to form salt bridges and promote 
the formation of a double helix structure (Wu et al., 2019). Tilapia skin 
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gelatin (the FG type used in this study) is positively charged at a pH 
lower than its isoelectric point (pI) (da Trindade Alfaro, Fonseca, & 
Prentice-Hernández, 2013). Therefore, the electrical interaction be-
tween FG and XG might promote the formation of the double helix 
structure in XG. Furthermore, Laneuville, Turgeon, Sanchez, and Paquin 
(2006) reported that natural β-lactoglobulin and XG are synergistic for 
gelling at a low concentration (0.1 g/100 g); and Pang, Deeth, Sharma, 
and Bansal (2015) observed a marked increase in the storage moduli (G′) 
of milk gel with 0.01 g/100 g XG addition. 

The aim of this study was to evaluate the rheological properties of 
xanthan gum-modified fish gelatin (XG-FG) in pure solutions and in acid 
milk gels. Moreover, the quality of low-fat yogurts with the addition of 
FG, XG-FG, and PG was compared. The results will contribute to the 
future application of polysaccharide-modified fish gelatin to replace 
mammalian gelatin in low-fat yogurt. 

2. Materials and methods 

2.1. Materials 

Commercial tilapia FG (240 Bloom) and PG (240 Bloom) were pur-
chased from Chengdu Jingdian Co. Ltd. (Sichuan, China). Xanthan gum 
(Sigma®, 11138-66-2) and Glucono-δ-lactone (Sigma®, G4750) were 
purchased from Sigma-Aldrich Co. Ltd (Singapore). Skim milk powder 
(SMP; protein 32.3, moisture 3.9, fat 0.9, lactose 53.7, and ash 9.2 g/ 
100 g) was purchased from Cowhead Ltd. (Singapore). The yogurt 
starter (Chr. Hansen®, YC-380, Streptococcus thermophilus and Lactoba-
cillus delbrueckii ssp. bulgaricus, Chr. Hansen) was obtained from Chr. 
Hansen Co. Ltd (Singapore). 

2.2. Sample preparation 

2.2.1. The XG-FG mixture 
The samples were prepared according to the method of Wang, 

Natale, Virgilio, and Heuzey (2016) with some modifications. FG and XG 
solutions were held in deionized water for 10 h and then heated for 10 
min at 65 ◦C with stirring. Afterwards, the solutions were blended and 
heated for 30 min at 60 ◦C to reach an overall concentration of 2.5 
g/100 g and ratios of XG to FG (w/w) of 0:100, 0.5:99.5, 1:99, 1.5:98.5, 
and 2:98, as shown in Table S1. All prepared solutions had a pH between 
6.2 and 6.4. 

2.2.2. XG-FG acid milk gel and PG acid milk gel 
Reconstituted milk with 4.5 g/100 g milk protein was obtained by 

dispersing the SMP in deionized water with constant stirring for 30 min. 
Then, PG solutions and XG-FG solutions with ratios of XG to FG (w/w) of 
0:100, 1:99, and 1.5:99.5 were added to the milk to achieve an overall 
concentration of 0.4 g/100 g. The samples were kept at 4 ◦C for 10 h 
before use. Afterwards, the samples were heated at 95 ◦C for 10 min at 
their natural pH, followed by cooling down to 45 ◦C. Glucono-δ-lactone 
(1.5 g/100 g) was mixed into all samples to decrease pH to 4.6 after 4 h 
at 45 ◦C. 

2.2.3. Yogurt 

An XG-FG solution with a ratio of XG to FG of 1:99 (w/w) was added 
to the reconstituted milk (total solids 13.4, protein 4.5, fat 0.1, and ash 
1.3 g/100 g) to achieve an XG-FG concentration of 0.4 g/100 g. The 
same concentrations were studied for PG. Then, the mixtures were 
heated to 95 ◦C for 10 min and cooled to 42 ◦C immediately. And then 
the yogurt starter was inoculated into the mixtures at a concentration of 
0.2 U/kg, and mixtures were incubated at 42 ◦C for 6 h until the pH 
reached 4.6. The yogurts were then cooled rapidly for storage at 4 ◦C for 
48 h until evaluation. 

2.3. Zeta potential 

The samples were diluted with deionized water to 0.01 g/100 g, 
followed by cooling down to 25 ◦C. Zeta potential (ζ-) measurements 
were performed by a NanoBrook Omni Particle Size and Zeta Potential 
analyzer (Brookhaven Instruments, Holtsville, NY, USA) with phase 
analysis light scattering mode and Smoluchowski’s model. (Sow et al., 
2018). 

2.4. Rheological tests 

2.4.1. XG-FG gel 
Gelatin gels (2.5 g/100 g) were used for dynamic oscillatory mea-

surements by Anton Paar MCR 102 stress-controlled rheometer (Anton 
Paar, Graz, Austria). Test samples were placed onto the rheometer plate 
at 30 ◦C. The geometry used was a steel cone plate (angle: 1◦, diameter: 
60 mm, 0.1667 mm gap). Before the experiments, a strain sweep indi-
cated that 0.5 g/100 g strain at a frequency of 1 Hz fell in the linear 
viscoelastic region for all samples. The experiments were conducted in 
three stages: comprising cooling, annealing, and heating, as defined by 
Pang, Deeth, Sharma, and Bansal (2015):  

(1) Cooling: The rheometer was equilibrated at 30 ◦C and then cooled 
down to 10 ◦C at a speed of 1 ◦C/min in order to form gelatin gel;  

(2) Annealing: A time sweep (10 ◦C, 1 h) in order to record the 
maturation process of the gel;  

(3) Heating: A temperature sweep (10–30 ◦C) at a speed of 1 ◦C/min 
to record the melting of the gel, which relates to the “melt-in- 
mouth” feeling of gelatin in yogurt. 

The gelling and melting behavior were observed as complex viscosity 
(η*) significantly increases and decreases, respectively. The complex 
viscosity, η*, was described in Eq. (1): 

η ∗ = x =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

G′2 + G’′2/
√

ω (1)  

where G′ is the storage modulus; G′′ is the loss modulus; and ω is the 
frequency. 

2.4.2. XG-FG acid milk gel and PG acid milk gel 
Test samples were loaded at 45 ◦C onto the stress-controlled 

rheometer and measurement parameters were the same as those 
described in section 2.3.1. The samples remained were immediately 
placed in a water bath at 45 ◦C for acidification. After 4 h (at pH 4.6), the 
samples were stirred at 1200 rpm for 2 min and stored at 10 ◦C in an 
incubator. Dynamic oscillatory measurements were conducted in four 
stages (acidification, cooling, annealing, and heating) as defined by 
Pang, Deeth, Sharma, and Bansal (2015):  

(1) Acidification: The samples were kept at 45 ◦C for 4 h to achieve 
pH 4.6;  

(2) Cooling: A temperature sweep to 10 ◦C at a speed of 1 ◦C/min in 
order to form gel;  

(3) Annealing: Maintained at 10 ◦C for 2.5 h in order to record the 
maturation process of the gel;  

(4) Heating: A temperature sweep to 45 ◦C at a speed of 1 ◦C/min in 
order to record the melting process of the samples. 

Pre-experiments showed that a strain of 0.5 g/100 g at a frequency of 
1 Hz fell in the linear viscoelastic region of the samples (Pang, Deeth, & 
Bansal, 2015). 

2.4.3. Yogurt 
Yogurt samples were loaded at 10 ◦C onto the same stress-controlled 

rheometer as described in sections 2.3.1 and 2.3.2. Shear stress was 
recorded with shear rate changing from 0 to 100 s− 1 (upward flow 
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curve) and followed by 100 to 0 s− 1 (downward flow curve). Afterwards, 
the upward flow curve was fitted to the Hershel-Bulkley model (Eq. (2)) 
(Luo, Liu, & Pang, 2019): 

σ=σ0 + K  γ̇n (2)  

where σ is the shear stress; σ0 is the yield stress; K is the consistency 
index; γ̇ is the shear rate; and n is the flow behavior index. The area 
under the upward flow curve (Aup) and the difference in the area under 
the two curves (ΔA) were also obtained. 

Moreover, the frequency was increased from 0.01 to 10 Hz to carry 
out a frequency sweep to evaluate the viscoelastic properties of the 
yogurt. The applied strain was 0.5 g/100 g, which fell in the linear 
viscoelastic range. The G′ and G′′ were obtained to calculate loss tangent. 
Afterwards, the slopes of the log-log plots for G′ and G′′ were calculated. 

2.5. Texture analysis 

The textural properties of yogurt were measured using a TA-XT2i 
texture analyzer (Stable Micro System Ltd., Godalming, UK). Samples 
after acidification, as prepared in section 2.3.3, were kept at 10 ◦C for 48 
h before measurement. The textural properties of yogurt were measured 
according to the method of Pang, Deeth, Sharma, and Bansal (2015) 
with some modifications. The probe was cylindrical, with a flat base of 
20 mm in diameter. The sample was contained in a cylindrical container 
of 50 mm in diameter at 75% full. The parameters were set as: Test 
speed = 1 mm/s, compression depth = 10 mm. Firmness (g), consistency 
(g⋅s), and cohesiveness (g) were quantified. 

2.6. Water-holding capacity 

The water-holding capacity (WHC) was measured according to Pang, 
Deeth, and Bansal (2015) with some modifications. Yogurt was centri-
fuged at 400×g at 10 ◦C for 10 min. WHC was defined as follows:  

WHC (%) = 100(Y weight – SE weight)/ Y weight                                     

Where Y is yogurt; SE is serum expelled. 

2.7. Sensory evaluation 

The sensory evaluation was approved by the NUS Institutional Re-
view Board (NUS-IRB). The reference code is NUS-IRB-2020-576. The 
sensory evaluation was performed using the quantitative descriptive 
analysis (QDA) method, according to Kaur, Kumar, and Dhaliwal 
(2020). Sensory evaluation was conducted by a trained panel of 6 males 
and 6 females varying from 20 to 40 years old. In the examined yogurt 
samples, 5 individual quality features were taken into account, 
including sense of melting, homogeneity, thickness, stickiness, and 
aroma. The descriptors describing the characteristics of the tested 
samples along with their definitions were decided by the panel after 
training, and are shown in Table S2. The panelists scored quality char-
acteristics of each sample on a 7-point rating scale. The score of 6 
indicated an “extremely strong” degree, while the score of 0 represented 
a “very weak” degree. 

2.8. Microstructure 

The microstructure was studied according to the method described 
by Dai, Corke, and Shah (2016) with slight modifications. The samples 
were stored at 10 ◦C for 48 h before observation. To stain the yogurt 
samples, Rhodamine B and fluorescein isothiocyanate (FITC) were used 
to label FG and XG, respectively. Twenty microliters of Rhodamine B (1 
mg/mL in dimethyl sulfoxide (DMSO)) and 20 μL of FITC (1 mg/mL in 
DMSO) were mixed with a 1-mL yogurt sample for 30 min. The excita-
tion/emission wavelengths for FITC and rhodamine B were 495/525 nm 
and 543/580 nm, respectively. Thereafter, 50 μL of the stained sample 

was pipetted onto a glass slide and sealed with a coverslip. The micro-
structure was captured using confocal laser scanning microscopy 
(CLSM) with an Olympus Fluoview FV 1000 confocal scanning unit 
(Tokyo, Japan) embedded with argon ion and HeliumNeon (HeNe) la-
sers. Images were captured at 60× magnification with water immersion. 
Afterwards, images were annotated by Fluoview Software (Olympus). 

2.9. Statistical analysis 

All tests were performed in triplicate, independently, and the results 
were expressed as the mean ± standard deviation. SPSS Statistics 20 
software (IBM Corp., Armonk, NY, USA) was used for analysis of vari-
ance (ANOVA) (P < 0.05) testing. 

3. Results and discussion 

3.1. Effects of XG on the zeta potential of FG 

The effects of XG addition on the zeta potential of the FG solution are 
shown in Table 1. XG was strongly negatively charged (− 54.19 ± 1.80 
mV) while FG was weakly positive (10.33 ± 0.98 mV). The XG-FG 
mixtures showed a slight decrease in zeta potential as the XG ratio 
increased. The results were consistent with the report of Wang et al. 
(2016), who reported a decrease in the zeta potential of FG with the 
addition of XG caused by the electrostatic interaction. As the XG:FG 
(w/w) increased to 2:98, the zeta potential remained positive (7.33 ±
0.54 mV), indicating that the positively charged FG was not fully bound 
by XG. 

3.2. Effects of XG on the rheological properties of FG gels, acid milk gels, 
and yogurt 

3.2.1. XG-FG gel 
Preliminary data showed that 2.5 g/100 g was the minimal gelling 

concentration for pure FG solution, which agreed with the data from 
Pang, Deeth, Sopade, Sharma, and Bansal (2014, 2017). During the 
three stages (cooling, annealing, and heating), the representative 
changes in G′ and G′′ for the XG-FG mixtures at a concentration of 2.5 
g/100 g are shown in Fig. 1A–C. The mean values of G′ at the end of each 
stage are shown in Table 1. 

During cooling, the intersection point of G′ and G′′ indicates the 
gelling point (Andersen, Ibsen, & Birkedal, 2018). From Fig. 1A, the pure 
FG solution had obvious gelling point (14 ◦C), which was similar to the 
values reported by Pang et al. (2014). With the addition of XG, the 
intersection point disappeared, even at a level as low as 0.5 g/100 g. 
Without an intersection point, gelling behavior can be inferred at the 
point where an appreciable decrease in complex viscosity (η*) appeared 
(Jellouli et al., 2011; Sopade, Halley, & Junming, 2004). Fig. 1D shows 
the change of η* of XG-FG mixtures in the cooling stage. From Fig. 1D, 
the upward curve of η*, as a result of temperature reduction, became 

Table 1 
Zeta potential and storage modulus (G′) of the xanthan gum (XG)-fish gelatin 
(FG) mixtures at the end of each stage. Values are presented as the mean ± SD.  

Sample 
name 

Zeta Potential 
(mV) 

Storage modulus at the end of each stage (Pa) 

Cooling Annealing Heating 

FX0 10.33 ± 0.98a 49.6 ± 1.2ab 370.5 ± 18.9a 0.1 ± 0.0c 

FX0.5 10.18 ± 0.51a 34.6 ± 0.7b 325.4 ± 3.8a 0.3 ± 0.2c 

FX1 9.18 ± 0.31ab 36.2 ± 13.7b 320.8 ± 36.0a 0.5 ± 0.0c 

FX1.5 8.26 ± 0.7b 34.6 ± 14.8b 326.2 ± 11.2a 1.5 ± 0.5b 

FX2 7.33 ± 0.46bc 74.6 ± 3.0a 385.7 ± 1.0a 3.5 ± 0.0a 

a-c Mean values within a column and within a gel type with different letters are 
significantly different (P < 0.05). 
*FX0, FX0.5, FX1, FX1.5, and FX2 refer to the samples with proportions of 
xanthan gum to fish gelatin of 0:100.0.5:99.5, 1:99, 1.5:98.5, and 2:98 (w/w), 
respectively. 
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smoother with increasing XG concentration. FX0.5, FX1, and FX1.5 
showed gelling behavior (a sudden increase in the slope of the curve) 
within the range of 13–14 ◦C, which was similar to the pure FG solution 
(FX0). However, the curve of FX2 had no inflection point, and a steady 
increase in η* was observed. This result indicated that the addition of XG 
slowed down the gelling process of FG. Therefore, the ratio of XG to FG 
of 2:98 was not used in subsequent experiments because of the apparent 
impediment on the gelation process of FG. In addition, the ratio of XG to 
FG of 0.5:99.5 was also eliminated form following experiments because 
of its similar η* to the pure FG solution. 

During annealing, the rheograms were fitted to a modified first-order 
kinetic model (Eq. (3) in Pang et al., 2014). Within the time range, 
regression analysis indicated that the first-order kinetic model showed 
prominent correlation coefficients (P < 0.05), revealing that this model 
is appropriate to describe the result data in our research: 

Gt
′

= G0
′

+ G∞− 0
′

[1 − exp( − kt)], (3)  

G∞
′

= G0
′

+ G∞− 0
′ (4)  

where G0’ is G′ at time t = 0; G∞
′ is G′ at infinite time (t → ∞); and k is 

the rate of gelation during annealing. The average gelation rate K of FX0, 
FX0.5, FX1, FX1.5, and FX2 were calculated as 3.65 × 10− 2, 3.57 ×
10− 2, 3.56 × 10− 2, 3.61 × 10− 2, and 3.74 × 10− 2 respectively, with no 
significant difference (P > 0.05). This indicated that XG within this 
concentration range had no obvious impact on the maturation process of 
the FG gel. At the end of the annealing stage, no noticeable difference in 
G′ was observed in samples with various concentrations of XG (P >
0.05). The observation in our study might be caused by the low partition 
of XG in FG, which led to an unnoticeable effect on the G′ value of the gel 
system. 

Based on the zeta potential and rheological test, Fig. 2 illustrates the 
gelling parameters of the XG-FG gel. Electrostatic interaction between 
the negatively charged pyruvate group of XG (Bergmann, Furth, & 
Mayer, 2008) and the positively charged amino group residues of FG 
(Derkach, Voron’ko, Maklakova, & Kondratyuk, 2014) is also illus-
trated. FG has an ordered helix structure reinforced by hydrogen bonds 
below the melting point and a coil structure above this point (Huang 
et al., 2017); XG has an ordered double helix structure because of 
noncovalent bonds (such as intermolecular hydrogen bonds) below the 
transition temperature (Tm, 52 ◦C), and a disordered curling chain 
structure above the Tm (Milas, Reed, & Printz, 1996; Pelletier, Viebke, 
Meadows, & Williams, 2001). Thus, XG remained in the helix structure 
during the whole experimental process. 

At the end of the heating stage, the G′ value of the XG-FG mixtures 
increased significantly with increasing XG concentration (P < 0.05; 
Table 1). At this point, the helix structure of FG broke down, while XG 
still existed in a helix form. Therefore, the rigidity of the system might be 
primarily affected by XG, which could explain the obvious difference in 
the G′ value among samples with different XG concentrations. 

3.2.2. XG-FG acid milk gel and PG acid milk gel 
The G′ value at the end of each stage improved significantly with 

increasing XG concentration (P < 0.05, Table 2). The acid milk gel with 
an XG:FG ratio of 1:99 could best mimic the G′ value of the acid milk gel 
with PG during the four stages (Table 2). Electrostatic interactions be-
tween XG and milk casein could form between the negatively charged 
pyruvate group of XG (Bergmann et al., 2008) and positively charged 
amino acid residues (Glu and Asp) in κ-casein surrounding the milk 
casein (Creamer, Plowman, Liddell, Smith, & Hill, 1998). Thus, this 
electrostatic interaction between XG and milk proteins might have 
contributed to the increase in the G′ value. Lucey, Van, Grolle, Geurts, & 

Fig. 1. Changes in the storage modulus (G′) 
and loss modulus (G′′) in a xanthan gum-fish 
gelatin mixture (A: Cooling from 45 to 10 ◦C; 
B: annealing at 10 ◦C; C: heating from 10 to 
30 ◦C.). Xanthan gum and fish gelatin were 
set at ratios of 0:100 (FX0), 0.5:99.5 (FX0.5), 
1:99 (FX1), 1.5:98.5 (FX1.5), 2:98 (FX2). , 
G′ of FX0; , G′′ of FX0; , G′ of FX0.5; , 
G′′ of FX0; , G′ of FX1; , G′′ of FX0; , 
G′ of FX1.5; , G′′ of FX0; , G′ of FX2; , 
G′′ of FX0. (D): Changes in Complex Viscos-
ity (η*) when the temperature changed from 
30 to 10 ◦C. Xanthan gum and fish gelatin 
were set at ratios of 0:100 ( , FX0), 
0.5:99.5 ( , FX0.5), 1:99 ( , FX1), 
1.5:98.5 ( , FX1.5), 2:98 ( , FX2).   
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Walstra (1997) found that 0.01 g/100 g XG could contribute to the 
formation of the casein network. Under the same measurement param-
eters as this study, Pang, Deeth, and Bansal (2015) also found an in-
crease in the G′ value ′ in a milk gel with 0.01 g/100 g XG addition 
during acidification. Previous studies by Wang et al. (2016), Pang et al. 
(2014) and Lucey, Van Vliet, Grolle, Geurts, and Walstra (1997) also 
proved that a synergistic gelling effect existed between XG and milk 
proteins. 

Fig. 3 illustrates the representative rheological results and schematic 
models of XG-FG acid milk gels during the four stages (acidification, 
cooling, annealing, and heating). The schematic models are based on the 
models given by Cho, Lucey, and Singh (1999), Creamer et al. (1998), 
Syrbe, Bauer, and Klostermeyer (1998), and Tromp, de Kruif, van Eijk, 
and Rolin (2004). 

During acidification (Fig. 3A), the primary gelling agent that caused 
an increase in the G′ value was the formation of casein network in milk 
(Pang et al., 2017). During cooling (Fig. 3B), the low temperature led to 
a decreased number or strength of hydrophobic bonds inside the casein 
particles, which caused swelling of the casein particles, and an increase 
in the G′ value (Pang et al., 2017). Moreover, low temperature caused FG 
to change into the helix form, which also contributed to the increase in 
the G′ value. During annealing (Fig. 3C), the G′ value of the gels did not 
change much with increasing time (Table 2), indicating that no obvious 
further gel-forming occurred. During heating (Fig. 3D), the G′ value of 
all samples decreased rapidly. Besides the melting of FG, shrinkage of 
the casein particles also caused this decrease (Lucey et al., 1997). The 

final the G′ value of all samples were similar at the end of this stage, as a 
result of the deformation of the gel network. 

3.2.3. Yogurt 
Previous research indicated that a XG:FG ratio of 1:99 could best 

mimic the rheological value of PG in the acid milk gel. Therefore, yogurt 
samples with a XG:FG ratio of 1:99 and an overall concentration of 0.4 
g/100 g were studied. The addition of 0.4 g/100 g of gelatin in yogurt 
was within the concentration range (0.3–0.6 g/100 g) that was usually 
applied in yogurt production in previous studies (Ares et al., 2007; Luo 
et al., 2019; Pang et al., 2017). Yogurt with 0.4 g/100 g PG was included 
for comparison. 

Fig. 4A shows the flow curves of yogurts with shear rate plotted 
versus shear stress. All samples showed hysteresis loops and thixotropic 
behavior. A higher shear stress value under the same shear rate repre-
sents a stronger gel structure with higher resistance to shear forces (Ares 
et al., 2007). The yogurts with PG (PY) and yogurts with XG-FG (XFY) 
had similar and higher shear stress values than yogurts with FG (FY) 
under shear rates from 0 to 100 s− 1, indicating a stronger gel structure in 
PY and XFY than in FY. Moreover, with an increasing shear rate, the 
difference in shear stress between FY and XFY increased. This indicated 
greater structural damage in FY at higher shear rates, whereas XFY was 
more stable under shear forces. 

The upward curves in Fig. 4A were fitted to the Herschel-Bulkley 
model, and the results are shown in Table 3. The yield stress was zero 
in all samples, indicating that FY, XFY, and PY all flowed easily without 

Fig. 2. Schematic diagram illustrating the (A) fish gelatin (FG), (B) xanthan gum (XG), (C) the xanthan gum-fish gelatin (XG-FG) complex formed by electrostatic 
interaction, and (D) the gelling properties of XG-FG with increasing XG:FG (w/w). 

Table 2 
Storage modulus (G′) of acid milk gels at the end of each stage during the dynamic oscillatory measurements. Values are presented as the mean ± SD.  

Gelatin type XG:FG Storage modulus at the end of each stage (Pa) 

Acidification Cooling Annealing Heating 

FG 0:100 379.5 ± 14.6c 1751.2 ± 2.2c 1827.7 ± 16.8c 391.7 ± 19.8c 

1:99 417.4 ± 34.1bc 1923.2 ± 79.8bc 2071.5 ± 63.1b 420.7 ± 14.7bc 

1.5:98.5 587.6 ± 6.7a 2763.6 ± 95.1a 2890.3 ± 8.5a 610.5 ± 10.9a 

PG – 466.5 ± 16.1b 2138.1 ± 135.4b 2165.1 ± 36.8b 467.1 ± 11.8b 

a-c Mean values within a column and within a gel type with different letters are significantly different (P < 0.05). 
*FG: fish gelatin, XG: xanthan gum, PG: pork gelatin. 
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a certain level of shear stress. Moreover, FY had a higher consistency 
coefficient (K) than PY. Similarly, Pang et al. (2017) found that FY had a 
lower K value than that of BY (yogurt with bovine gelatin). The addition 
of XG slightly decreased the K value of FY. Flow indexes (n) were similar 
in PY and XFY, and both of them were higher than that of FY, indicating 
that the addition of XG increased the pseudoplastic behavior of FY. The 
area of the hysteresis loop (ΔA) indicated structural breakdown and 
rebuilding with shearing (thixotropy). XFY had a higher ΔA value than 
FY. This indicated that compared with FY, XFY was less susceptible to 
structural breakdown during shearing, and more easily restructured the 
protein aggregates after shearing (Amatayakul, Halmos, Sherkat, & 
Shah, 2006; Ares et al., 2007). 

Fig. 4B shows the changes in the G′ and G′′ values in yogurt samples 

as a result of frequency change. All yogurts exhibited viscoelastic 
characteristics in the frequency sweep. The slope of the G′ plot was 
observed to be higher for XFY and PY than FY (Table 3), indicating a 
more frequency-dependent G′ value; and the slope of the G′′ plot was 
lower for XFY and PY than for FY, indicating that the G′′ value was more 
frequency-dependent in FY than PY and XFY. Similar relationships were 
shown between BY and FY (Pang et al., 2017). According to Pang et al. 
(2017), the moduli at a frequency (ω) of 1 Hz are shown in Table 3. XFY 
and PY had similar G′ and G′′ values and were higher than those of FY, 
indicating a stronger yogurt gel structure was formed in XFY and PY, 
which was in accordance with the conclusions obtained by the acid milk 
gel test. The loss tangent (δ) values in Table 3 showed that the XFY and 
PY yogurts were more viscous in than FY. 

Fig. 3. Changes in storage modulus (G′) in acid milk gels with fish gelatin (FG), xanthan gum (XG)-FG at ratios of 99:1 (FX1) and 98.5:1.5 (FX1.5), and pork gelatin 
(PG) and the gelling schematic diagram during the process. (A,a) Acidification at 45 ◦C; (B,b) cooling from 45 to 10 ◦C; (C,c) annealing at 10 ◦C; and (D,d) heating 
from 10 to 45 ◦C. , G′ of FG; , G′ of FX1; , G′ of FX1.5; , G′ of PG. Images a-d indicate schematic diagrams of each step, respectively. 

Fig. 4. (A) Flow curves of yogurt with shear rate first increasing (up) and then decreasing (down); FY: yogurt with fish gelatin, XFY: yogurt with fish gelatin and 
xanthan gum, PY: yogurt with pork gelatin. , FY-up; , FY-down; , XFY-up; , XFY-down; , PY-up; , PY-down. (B) Frequency sweeps of yogurt from 0.01 
to 10 Hz. G′: storage modulus, G′′: loss modulus. , FY-G′; , FY-G′′; , XFY-G′; , XFY-G′′; , PY-G′; , PY-G′′. 
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3.3. Quality related analysis of yogurt 

Whey expulsion as a result of spontaneous syneresis is a major 
parameter in the evaluation of yogurt quality. It happens because of the 
rearrangement of the gel network and the expelling of moisture during 
storage (Lucey, 2001). WHC measures the water-holding ability of 

yogurt and its stability from whey expulsion. Table 3 shows the WHC 
results of XFY, FY, and PY. PY had a similar WHC to FY, which agreed 
with the results of Shakila, Jeevithan, Varatharajakumar, Jeyasekaran, 
and Sukumar (2012), who found that the FG and PG had nearly the same 
WHC. No whey separation occurred in the XFY. This result indicated that 
XG could help to decrease whey separation in yogurt. 

Table 3 
Rheological, viscoelastic, texture, and water-holding parameters of yogurts. Values are presented as the mean ± SD.  

Test Type Parameter Sample Name 

FY XFY PY 

Flow 
Curves 

Yield stress, σ0 (Pa) 0.00 ± 0.00a 0.00 ± 0.00a 0.00 ± 0.00a 

Consistency Coefficient, 
K (Pa⋅sn) 

23.29 ± 0.91b 29.05 ± 1.75a 29.82 ± 2.40a 

Flow behavior index (n) 0.17 ± 0.01b 0.19 ± 0.01a 0.19 ± 0.01a 

Area under up-curve, 
Aup (s− 1 Pa) 

4261.06 ± 122.07b 5787.78 ± 110.92a 5942.66 ± 112.92a 

Area difference ΔA 733.71 ± 38.30c 1193.06 ± 106.10a 1054.13 ± 38.73b 

Frequency 
Sweeps 

G′ , at 1 Hz 37.07 ± 2.77c 65.4 ± 3.69b 76.74 ± 7.68a 

G′′ , at 1 Hz 4.59 ± 0.35c 16.93 ± 1.58b 21.08 ± 1.94a 

Lost tangent δ, at 1 Hz 0.12 ± 0.01c 0.26 ± 0.01b 0.28 ± 0.02a 

Slope of log (G′) vs. frequency 0.12 ± 0.00b 0.15 ± 0.00a 0.15 ± 0.01a 

Slope of log (G′’) vs. frequency 0.23 ± 0.03b 0.18 ± 0.01a 0.19 ± 0.01a 

Texture 
Analysis 

Firmness (g) 30.89 ± 0.29b 33.57 ± 0.83a 32.29 ± 1.06a 

Consistency (g⋅s) 210.51 ± 1.18c 225.70 ± 2.92a 217.77 ± 3.40b 

Cohesiveness (g) − 15.54 ± 0.25b − 20.69 ± 0.41a − 19.53 ± 0.27a 

Water-Holding Capacity WHC (%) 97.08 ± 0.21b 100.00 ± 0.00a 98.46 ± 0.04b 

a-c Means within a row with different letters are significantly different (P < 0.05). 
XY: yogurt with fish gelatin; XFY: yogurt with fish gelatin and xanthan gum; PY: yogurt with pork gelatin. 
*R2 for the fitting of the flow curves results to Eq. (2) for all the samples were greater than 0.97. Mean squared error (MSE) for the fitting of the flow curves results to Eq. 
(2) for all the samples were less than 14.73. 

Fig. 5. Microstructure of yogurt with fish gelatin (FY, A and B), and yogurt with the mixture of fish gelatin and xanthan gum (XFY, C and D). *Rhodamine B stained 
proteins (red), while fluorescein isothiocyanate (FITC, green) stained polysaccharides and proteins. 
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Texture is another essential parameter to evaluate yogurt properties 
as it directly influences sensory perception by consumers. As a stabilizer, 
Gelatin is commonly used to modify the texture (Paseephol, Small, & 
Sherkat, 2008). Table 3 shows the texture results of FY, XFY, and PY. The 
addition of XG increased the firmness of the yogurt compared with that 
of FG (P < 0.05) and achieved a similar value to that of PY, which 
correlated with the results of the rheology test. Moreover, the consis-
tency of the yogurt samples was also significantly increased by the 
addition of XG. From Table 3, the cohesiveness of XFY and PY were 
similar, and both were significantly higher than that of FY. Thus, the 
inner structures of XFY and PY were stronger than that of FY, which was 
as predicted from the results obtained in the rheology test. 

The average results from two independent yogurt evaluation sessions 
are presented as spider diagram Figure S1. From the results, FY, XFY and 
PY had similar sense of melting. The homogeneity, thickness, and 
stickiness of the three samples were also comparable. And they had 
similar aroma without any weird smell. However, a slight increase was 
shown in thickness and stickiness scores with the addition of XG in 
yogurt, from 2.13 to 2.63, and 2.30 to 2.77, respectively (P < 0.05). The 
results were in accordance with the texture analysis. 

3.4. Microstructure of yogurt 

CLSM was used to observe the FY and XFY and illustrate the influ-
ence of XG on the microstructure of yogurt with FG (Fig. 5). Rhodamine 
B stained proteins in the yogurt samples with red color (Fig. 5A and C). 
Denser protein aggregates appeared in a lighter color, and the black 
areas represented serum pores (Dai et al., 2016). From Fig. 5A and C, 
XFY showed a homogeneous structure with a uniform appearance, while 
FY had a non-uniform structure with some over-dense parts, which 
represented protein aggregates. This indicates a more uniform structure 
in XFY than in FY, which correlated with the consistency result of TPA. 
Moreover, the black areas of the FY, representing serum pores, were 
larger than those of XFY, which helped to explain the better WHC of XFY 
compared with that of FY. 

FITC stains both proteins and polysaccharides with green color (Qiu, 
Zhao, & McClements, 2015). Fig. 5A and B were from one FY sample at 
the same position under different wavelengths. Similarly, Fig. 5C and D 
were from one XFY sample at the same position under different wave-
lengths. Therefore, the existence of polysaccharides can be observed by 
comparing 5A with 5B, 5C with 5D, respectively. We can see similar 
structure and density in Fig. 5A and B. However, comparing to Fig. 5C, 
some denser aggregates were observed in Fig. 5D, indicating the pres-
ence of XG. Li and Shah (2015) also observed denser aggregates in the 
fermented milk with polysaccharides extracted from Pleurotus eryngii 
compared with those in the fermented milk without polysaccharide 
addition. 

4. Conclusions 

The main objective of this study was to determine the influence of XG 
addition on the rheological properties of FG, and to evaluate the po-
tential of XG-modified FG as a replacement for mammalian gelatin in 
acid milk gels and low-fat yogurt. At a total concentration of 2.5 g/100 
g, XG (0.0125 g/100 g to 0.05 g/100 g) did not influence the value of the 
storage moduli of FG gels but impeded the gelation process of fish 
gelatin as the amount of added XG increased. Moreover, the stages 
during yogurt manufacturing and consumption were monitored using 
acid milk gels as model systems. A proportion of XG to FG of 1:99 best 
mimicked the storage moduli of PG in milk gels. The addition of XG 
resulted in a more homogeneous structure of the yogurt made with FG. 
Yogurt with XG-modified FG had a better WHC than yogurt made with 
PG. However, their viscosity, pseudoplasticity, and thixotropy were 
similar. We concluded that XG-modified FG could be a potential 
replacement for PG in low-fat stirred yogurt. 
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