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The effects of casein and whey proteins, preheated at 40–100 �C and 45–60 �C for 15 min, respectively, on
color loss and anthocyanins degradation in grape skin anthocyanins extracts (GSAE) at pH 3.2 and 6.3
were evaluated. Preheating milk proteins effectively improved their protective effects against color loss
and anthocyanins degradation in GSAE solutions during thermal treatment (at 80 �C for 2 h), H2O2 oxida-
tion (0.005% H2O2 for 1 h) and illumination (at 5000 lx for 5 d). Whey proteins and casein, preheated at
50 �C and 60 �C for 15 min, respectively, demonstrated the optimal protective effects. However, pre-
heated whey proteins had a better protective effect on the thermal, oxidation and photo stability of
GSAE, decreasing the thermal, oxidative and photo degradation of anthocyanins in GSAE 71.59%,
32.22% and 56.92% at pH 3.2 and 54.91%, 22.89% and 46.68% at pH 6.3, respectively.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction ions, light, sulfur dioxide, enzymes and ascorbic acid
Anthocyanins are the most abundant water-soluble flavonoids
occurring in the fruits, leaves and flowers of plants. They are pig-
ments that may appear as red, blue or purple depending on the
pH (Li et al., 2013; Strack & Wray, 1994). As the pH varies from
acidic to neutral and alkaline, the color changes from red to purple,
blue and green (Wu, Guan, & Zhong, 2015). Anthocyanins are used
as natural plant pigments in the food industry due to their biolog-
ical activities and health benefits, such as their antioxidative, neu-
roprotective and anticarcinogenic properties (Philpott, Gould, Lim,
& Ferguson, 2004; Talavéra et al., 2006; Wu et al., 2015). Grape skin
anthocyanins extracts (GSAE), mainly obtained from vinification or
grape juice pressing, are often used as colorants in wines, bever-
ages, jams and candy produced in China. GSAE is composed of
many anthocyanidin-3-O-glucosides; the main anthocyanidins
forming the glycosides include malvidin, petunidin, cyanidin,
peonidin and delphinidin (Gordillo et al., 2015; Ortega-Regules,
Romero-Cascales, López-Roca, Ros-García, & Gómez-Plaza, 2006).

Anthocyanins are susceptible to food processing (especially
thermal processing) (Sadilova, Stintzing, & Carle, 2006), due to
their poor stability in aqueous solutions and sensitivity to
environmental conditions, such as pH, temperature, oxygen, metal
(Torskangerpoll & Andersen, 2005; Xiong, Melton, Easteal, &
Siew, 2006). The instability of anthocyanins limits their industrial
application as natural pigments. Therefore, reducing the loss of
anthocyanins during food processing and storage is a significant
challenge. Although previous studies have demonstrated that
copigmentation, structural modification, microencapsulation, and
food additives improve the stability of anthocyanins (Bakowska-
Barczak & Kolodziejczyk, 2011; Kopjar, Jakšić, & Piližota, 2012;
Malaj, De Simone, Quartarolo, & Russo, 2013; Wiczkowski,
Szawara-Nowak, & Topolska, 2013), studies on the protection of
anthocyanins by natural macromolecules (e.g., food proteins) have
been limited.

Milk is widely recognized as a unique source of nutrients and
compounds that are beneficial to the growth and health of children
and adults (Yazdi & Corredig, 2012). Casein and whey proteins are
two major types of proteins in milk that are defined according to
their solubility at pH 4.6 at 25 �C. Casein and whey proteins
account for 80% and 20%, respectively, of the total protein content
of milk. Casein and whey proteins are widely used in the food
industry because of their nutritional and functional properties.
Casein exists as micelles and is made of the polypeptides
a-, b- and j-casein at an approximate molar ratio of 5:4:1.3. These
polypeptides have molecular weights of approximately 24 kDa and
different hydrophilic and hydrophobic regions along their protein
chains (Dalgleish, 2011; Yazdi & Corredig, 2012). Due to its low
intrinsic hydrophobicity and high net charge, casein appears as a
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unique unfolded structure in its native form. Casein is thus less
susceptible to heating than whey proteins (Yazdi & Corredig,
2012). b-Lactoglobulin, a globular protein, is the most abundant
whey proteins (approximately 50–55%) and is folded into a calyx
known as a ‘‘b-barrel”. The b-barrel is formed by eight anti-
parallel b-strands, a three-turn a-helix and a ninth b-strand
located on its outer surface (He, Chen, & Moser, 2015; Kanakis
et al., 2011; Liang & Subirade, 2012; Shpigelman, Israeli, &
Livney, 2010, 2012). At neutral pH and room temperature, b-
lactoglobulin exists mainly as a dimer with a molecular weight
of 36 800 Da. However, it dissociates into monomers at pH < 3,
undergoing a conformational change and subsequent aggregation
as temperature increases (He et al., 2015; Liang & Subirade,
2012; Palazolo, Rodríguez, Farruggia, Picó, & Delorenzi, 2000).

It has been shown that a-casein, b-casein and b-lactoglobulin
can be used as vehicles for delivering various hydrophobic and
amphiphilic compounds, such as vitamin D, vitamin A, fatty acids,
b-carotene, phospholipids, folic acid, quercetin, resveratrol, genis-
tein, curcumin, norbixin, procyanidins, tannic acid and epigallocat-
echin gallate (EGCG), through hydrophilic and/or hydrophobic
interactions (Acharya, Sanguansri, & Augustin, 2013; Bohin et al.,
2014; Bourassa, Bariyanga, & Tajmir-Riahi, 2013; Bourassa &
Tajmir-Riahi, 2012; Helal, Tagliazucchi, Conte, & Desobry, 2012;
Liang & Subirade, 2012; Mehranfar, Bordbar, & Parastar, 2013;
Perez, Andermatten, Rubiolo, & Santiago, 2014; Yazdi & Corredig,
2012; Zorilla, Liang, Remondetto, & Subirade, 2011). The interac-
tion between milk proteins and phenols has been shown to form
complexes and affect the stability of phenols. Jing and Giusti
(2005) found that milk proteins protect anthocyanins from degra-
dation. Zheng, Bucheli, and Jing (2009) showed the positive effects
of whey proteins on the absorbance, antioxidant activity and
anthocyanins content of bog bilberry anthocyanins extract. Our
previous research also showed that casein prevents the color loss
and decreases the thermal, oxidative and photo degradation of
anthocyanins in GSAE solutions (He, Xu, Zeng, Qin, & Chen,
2016). Moreover, some studies have shown that preheated pro-
teins demonstrate enhanced protective effects on phenols. Yazdi
and Corredig (2012) reported that casein from thermally treated
milk (at 80 �C for 10 min) has a stronger affinity for curcumin than
that from unheated milk, due to heat-induced conformational
changes that result in enhanced hydrophobic interactions. Li, Du,
Jin, and Du (2012) and Shpigelman et al. (2012) also reported that
thermally treated b-lactoglobulin (at 70–120 �C) at a neutral pH
exhibits a greater affinity for EGCG than native or heat-denatured
b-lactoglobulin at an acidic pH, effectively preserving the antioxi-
dant activity of EGCG. However, little information is available on
the influence of pre-heated milk proteins on the stability of
anthocyanins.

Therefore, the aim of this study is to evaluate the effects of ther-
mally treated milk proteins (specifically, casein and whey proteins)
on the color stability and degradation of anthocyanins in GSAE
solutions at acidic and neutral pH. The results of this study are
expected to facilitate the industrial application of GSAE.

2. Materials and methods

2.1. Materials and chemicals

Casein with a protein content of 86% (w/w, dry basis) was pur-
chased from the Kerry Group (Beloit, WI, USA). Whey proteins with
a protein content of 90% (w/w, dry basis) was purchased from
Davisco Foods International Inc. (Eden Prairie, MN, USA). GSAE
with an anthocyanins content of 2.5%, was purchased from AAFUD
Industry Co., Ltd. (Zhu Hai, China). Malvidin-3-O-glucoside (97%
purity) was purchased from Sigma-Aldrich Chemical Co. (St. Louis,
MO, USA). All other chemicals were of analytical grade and were
purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China).

2.2. Preheat treatment of milk proteins

The commercial casein (0.4 mg/ml) and whey proteins (0.3 mg/
ml) solutions were prepared in PBS solutions of pH 3.2 and 6.3,
respectively. The 0.4 mg/ml casein solutions were heated in a
water bath at 40 �C, 60 �C, 80 �C and 100 �C for 15 min and were
then quickly cooled to room temperature in an ice bath. Similarly,
the 0.3 mg/ml whey proteins solutions were heated in a water bath
at 45 �C, 50 �C, 55 �C and 60 �C for 15 min and were then quickly
cooled to room temperature. The preheated casein and whey pro-
teins stock solutions and their unheated counterparts were stored
separately at 4 �C until used.

2.3. Preparation of the GSAE-milk protein mixtures

GSAE stock solutions were freshly prepared for each experiment
by dissolving 1.6 mg of GSAE powder in 1 ml of PBS solution at pH
3.2 and 6.3. The GSAE and milk proteins mixtures were prepared
by blending GSAE with unheated and preheated casein and whey
proteins stock solutions at a volume ratio of 1:1 for further stability
testing. The final GSAE concentration in the mixtures was 0.8 mg/
ml, and the final casein and whey proteins concentrations were
0.2 mg/ml and 0.15 mg/ml, respectively.

2.4. Thermal, oxidation and photo stability tests

According to our previous research (He et al., 2016), the GSAE-
milk protein mixtures and the GSAE-only samples (i.e., not mixed
with milk protein) were all subjected to thermal, oxidation and
photo stability tests. The thermal stability test was carried out by
heating the samples in 15 ml glass tubes wrapped in tin foil in a
water bath at 80 �C for 2 h and then rapidly cooling them down
to room temperature in an ice bath for further color measurement
and anthocyanins content analysis. The oxidation stability test was
performed by adding H2O2 to the samples at a final concentration
of 0.05 mg/ml and oxidizing them in the dark at room temperature
for 1 h. The oxidized samples were then collected for further anal-
ysis. The photo stability test was carried out by illuminating the
samples, which had been sealed in 15 ml transparent glass tubes
for 5 days at ambient temperature, in an SHP-150 illumination
incubator with fluorescent lamps (Samsung Laboratory Instrument
Co., Shanghai, China) at an illumination intensity of 5000 ± 500 lx.
The samples were randomly interchanged once every day to min-
imize the effects of unequal exposure. After illumination, the sam-
ples underwent stability analysis.

2.5. Color measurement

Color measurements of the heated, oxidized and illuminated
samples and the untreated GSAE sample were performed following
the method described by He et al. (2016) using an UltraScan PRO-
1166 (Hunter Associates Laboratory Inc., Reston, VA, USA) with a
quartz cuvette with a path length of 0.5 cm (2 ml of the sample).
The results were expressed as L⁄ (lightness), a⁄ (redness-
greenness) and b⁄ (yellowness-blueness) and were used to evalu-
ate the color changes of the samples. Color change (DE) was calcu-
lated according to Eq. (1) (Mercali, Schwartz, Marczak, Tessaro, &
Sastry, 2014). The treated and untreated GSAE samples not mixed
with milk proteins acted as the treated and untreated controls,
respectively.

DE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðL� � L�0Þ2 þ ða� � a�0Þ2 þ ðb� � b�

0Þ2
q

ð1Þ
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where L0
⁄, a0⁄ and b0⁄ are the color values of the untreated GSAE solu-

tion (0.8 mg/ml).
2.6. HPLC-DAD analysis of anthocyanins

Similar to our previous study (He et al., 2016), 5 ml of the trea-
ted GSAE solutions with and without milk proteins and 5 ml of the
untreated GSAE solution were mixed with 5 ml of 1% (v/v) formic
acid in methanol. The mixtures were sonicated for 3 min and
centrifuged at 10,000g for 10 min at 4 �C. The supernatant was
collected and filtered through a 0.45 lm PTFE filter for the HPLC
anthocyanins analysis. The analyses were performed with a Shi-
madzu Prominence HPLC system equipped with an LC-20AD
high-pressure pump, an SIL-20AC auto sampler, a CTO-20AC
column oven and an SPD-M20A diode array detector (DAD)
(Shimadzu Co., Tokyo, Japan). Separation was achieved using a
TSK-GEL ODS-100V C18 column (5 lm, 250 � 4.6 mm i.d.; Tosoh
Co., Tokyo, Japan). The column temperature was 30 �C. Water/-
formic acid (solvent A) (90:10, v/v) and acetonitrile (solvent B)
were used as the eluents at a flow rate of 1 ml/min. The gradient
conditions for the sample elution were isocratic 10% B, 0–10 min;
linear gradient from 10% B to 60% B, 10–40 min; to 100% B,
40–45 min; isocratic 100% B, 45–50 min; linear gradient from
100% B to 10% B, 50–60 min; and isocratic 10% B, 60–65 min. The
anthocyanins were detected at 528 nm. The chromatograms were
integrated using LCsolution Software (Shimadzu Co.). Malvidin-3-
O-glucoside was used as the reference standard. Individual
Table 1
Effect of preheated milk proteins on colorimetric parameters, total anthocyanins contents

Preheat treatment
temperature (�C)

L⁄ a⁄

No protein Control 53.60 ± 0.38 27.28 ± 0.24
58.83 ± 0.24 a 16.37 ± 0.17 h

Casein (0.2 mg/ml) Unheated 56.82 ± 0.12 cd 17.91 ± 0.10 f
40 56.61 ± 0.19 d 18.83 ± 0.12 e
60 55.81 ± 0.07 e 21.83 ± 0.17 a
80 55.82 ± 0.13 e 19.64 ± 0.36 d
100 54.85 ± 0.47 g 17.66 ± 0.30 f

Whey proteins
(0.15 mg/ml)

Unheated 57.23 ± 0.18 b 18.70 ± 0.10 e

45 57.10 ± 0.07 bc 18.58 ± 0.02 e
50 55.89 ± 0.11 e 21.31 ± 0.22 b
55 55.43 ± 0.13 f 20.43 ± 0.24 c
60 55.34 ± 0.09 f 17.22 ± 0.13 g

A Values are expressed as the mean ± standard deviation. Different letters in the same
B Degradation rate (%) = 100% � (total anthocyanins in initial GSAE � total anthocyani

Table 2
Effect of preheated milk proteins on colorimetric parameters, total anthocyanins contents

Preheat treatment
temperature (�C)

L⁄ a⁄

No protein Control 55.12 ± 0.22 23.62 ± 0.48
64.51 ± 0.27 a 1.26 ± 0.15 i

Casein (0.2 mg/ml) Unheated 58.95 ± 0.34 c 4.80 ± 0.10 h
40 57.77 ± 0.32 d 7.23 ± 0.07 f
60 58.04 ± 0.04 d 10.82 ± 0.66 d
80 57.99 ± 0.16 d 9.32 ± 0.08 e
100 57.67 ± 0.19 d 6.44 ± 0.05 g

Whey proteins
(0.15 mg/ml)

Unheated 60.55 ± 0.59 b 11.39 ± 0.26 c

45 60.69 ± 0.14 b 12.48 ± 0.36 ab
50 60.66 ± 0.11 b 12.82 ± 0.05 a
55 60.73 ± 0.15 b 12.12 ± 0.07 b
60 60.41 ± 0.08 b 10.48 ± 0.18 d

A Values are expressed as the mean ± standard deviation. Different letters in the same
B Degradation rate (%) = 100% � (total anthocyanins in initial GSAE � total anthocyani
anthocyanins were quantified by integrating the peak area and
using the malvidin-3-O-glucoside calibration curve. The total
anthocyanins contents of the GSAE samples were obtained by add-
ing individual anthocyanins contents and expressing them as mg of
malvidin-3-O-glucoside per liter of solution (mg/L).

2.7. Statistical analysis

All of the experiments were carried out three times. The data
were expressed as the mean ± the standard deviation (SD).
Statistical analyses were carried out using the general linear model
procedure of the Statistix 9.0 software (Analytical Software, Talla-
hassee, FL, USA). Significant differences (p < 0.05) among the col-
orimetric parameters of GSAE solutions in the presence and
absence of preheated milk proteins at different temperatures, as
well as among their total anthocyanins contents and degradation
rates, were identified by the least significant difference procedure
of all pairwise multiple comparisons.
3. Results

3.1. The effects of preheated milk proteins on the thermal stability of
GSAE

The effects of unheated and preheated milk proteins (casein and
whey proteins) on the thermal stability of GSAE at pH 3.2 and 6.3
are shown in Tables 1 and 2, respectively. The L⁄ and b⁄ values of
and degradation rate of GSAE solutions after thermal test (at 80 �C for 2 h) at pH 3.2.A

b⁄ DE Total
anthocyanins (mg/
L)

Anthocyanins
degradation rateB (%)

0.48 ± 0.01 22.17 ± 0.52
9.41 ± 0.03 a 15.04 ± 0.22 a 11.36 ± 0.01 i 48.78 ± 0.15 a
8.26 ± 0.21 c 12.60 ± 0.22 c 15.51 ± 0.08 g 30.02 ± 0.12 c
8.32 ± 0.15 c 11.91 ± 0.08 d 16.58 ± 0.02 e 25.22 ± 0.20 ef
5.53 ± 0.26 g 7.75 ± 0.18 g 18.57 ± 0.03 b 16.26 ± 0.18 i
8.70 ± 0.08 b 11.44 ± 0.20 e 16.97 ± 0.07 d 23.46 ± 0.04 g
9.19 ± 0.05 a 13.03 ± 0.20 b 15.32 ± 0.00 h 30.90 ± 0.27 b
6.74 ± 0.06 e 11.22 ± 0.14 e 15.71 ± 0.08 f 29.14 ± 0.11 d

6.61 ± 0.11 ef 11.20 ± 0.09 e 16.62 ± 0.10 e 25.02 ± 0.20 f
4.88 ± 0.10 h 7.76 ± 0.13 g 19.10 ± 0.14 a 13.86 ± 0.35 j
6.36 ± 0.29 f 9.21 ± 0.27 f 17.73 ± 0.14 c 20.03 ± 0.37 h
7.14 ± 0.16 d 12.19 ± 0.16 d 16.51 ± 0.05 e 25.51 ± 0.05 e

column indicate significant differences (p < 0.05).
ns in tested GSAE)/total anthocyanins in initial GSAE.

and degradation rate of GSAE solutions after thermal test (at 80 �C for 2 h) at pH 6.3.A

b⁄ DE Total
anthocyanins (mg/
L)

Anthocyanins
degradation rateB (%)

0.92 ± 0.04 20.42 ± 0.08
15.83 ± 0.29 a 28.47 ± 0.17 a 5.27 ± 0.05 h 74.19 ± 0.14 a
11.65 ± 0.52 b 22.00 ± 0.09 b 7.55 ± 0.08 g 63.03 ± 0.25 b
6.86 ± 0.09 e 17.64 ± 0.01 d 9.36 ± 0.00 d 54.16 ± 0.18 e
3.16 ± 0.09 i 13.32 ± 0.62 g 12.77 ± 0.01 b 37.46 ± 0.20 g
5.22 ± 0.21 g 15.21 ± 0.08 f 10.43 ± 0.01 c 48.92 ± 0.15 f
7.62 ± 0.13 d 18.61 ± 0.06 c 8.92 ± 0.00 e 56.32 ± 0.17 d

10.63 ± 0.16 c 16.54 ± 0.38 e 8.02 ± 0.17 f 60.78 ± 0.68 c

5.97 ± 0.58 f 13.45 ± 0.43 g 12.76 ± 0.09 b 37.51 ± 0.20 g
4.05 ± 0.44 h 12.53 ± 0.13 h 13.59 ± 0.16 a 33.45 ± 0.52 h
5.16 ± 0.12 g 13.48 ± 0.06 g 12.82 ± 0.03 b 37.22 ± 0.10 g
6.81 ± 0.15 e 15.34 ± 0.12 f 10.42 ± 0.05 c 48.97 ± 0.04 f

column indicate significant differences (p < 0.05).
ns in tested GSAE)/total anthocyanins in initial GSAE.
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the heat-treated (80 �C for 2 h) GSAE samples (both with and with-
out milk proteins) increased, whereas the a⁄ values decreased,
compared to the initial values (L0⁄, a0⁄ and b0

⁄) of untreated GSAE
samples, indicating GSAE color loss during the thermal test. The
notable decrease in total anthocyanins content showed that the
anthocyanins of the GSAE samples had been significantly degraded.
The DE values and anthocyanins degradation rates of the GSAE at
pH 3.2 were far lower than those at pH 6.3 after thermal treatment.

As shown in Tables 1 and 2, after thermal treatment the L⁄, b⁄

and DE values of the GSAE samples mixed with unheated and pre-
heated milk proteins were significantly lower (p < 0.05), whereas
their a⁄ values and total anthocyanins content were significantly
higher (p < 0.05) than those of the GSAE samples without milk pro-
teins. Accordingly, the anthocyanins degradation rates of the GSAE
samples mixed with casein and whey proteins were 16.26–30.90%
and 13.86-29.14%, respectively, at pH 3.2 and 37.46–63.03% and
33.45–60.78%, respectively, at pH 6.3, much lower than the
48.18% and 74.19% degradation rates of the GSAE-only samples
at pH 3.2 and 6.3, respectively. The DE values and anthocyanins
degradation rates of the GSAE mixed with unheated casein were
significantly higher (p < 0.05) than those of the GSAE mixed with
unheated whey proteins, suggesting that native whey proteins
had a stronger preventative effect against GSAE color loss and
anthocyanins degradation than native casein. The native whey pro-
teins and casein reduced the thermal anthocyanins degradation
rates 40.26% and 38.46% at pH 3.2, respectively, and 18.08% and
15.04% at pH 6.3, respectively.

When casein and whey proteins were respectively preheated at
40–80 �C and 45–60 �C for 15 min at pH 3.2, the DE values and
degradation rates of the GSAE samples mixed with preheated
casein and whey proteins were significantly lower (p < 0.05) than
those of the GSAE samples mixed with unheated casein and whey
proteins (Table 1). The GSAE samples mixed with casein preheated
at 100 �C for 15 min showed higher DE values and degradation
rates than when mixed with native casein. However, at pH 6.3,
all of the DE values and degradation rates of the GSAE samples
mixed with casein and whey proteins that had been preheated at
40–100 �C and 45–60 �C, respectively, for 15 min, were signifi-
cantly lower (p < 0.05) than those of the GSAE samples mixed with
unheated casein and whey proteins (Table 2). Moreover, when
casein and whey proteins were preheated at 60 �C and 50 �C,
respectively, for 15 min, the corresponding DE values and antho-
cyanins degradation rates of the GSAE were the minimum among
the respective preheated samples at different temperatures. This
suggests that the GSAE samples mixed with casein and whey pro-
Table 3
Effect of preheated milk proteins on colorimetric parameters, total anthocyanins contents a
3.2.A

Preheat treatment
temperature (�C)

L⁄ a⁄

No protein Control 53.60 ± 0.38 27.28 ± 0.24
59.98 ± 0.12 a 19.53 ± 0.26 g

Casein (0.2 mg/ml) Untreated 58.10 ± 0.16 bc 19.16 ± 0.18 g
40 57.63 ± 0.15 cd 20.68 ± 0.31 cd
60 56.37 ± 0.12 e 22.46 ± 0.35 a
80 56.33 ± 0.35 e 21.41 ± 0.20 b
100 55.95 ± 0.92 ef 20.00 ± 0.53 f

Whey proteins
(0.15 mg/ml)

Untreated 58.40 ± 0.04 b 20.13 ± 0.06 ef

45 57.51 ± 0.03 d 21.03 ± 0.05 bc
50 56.30 ± 0.05 e 22.42 ± 0.12 a
55 56.15 ± 0.38 ef 21.19 ± 0.42 b
60 55.71 ± 0.16 f 20.52 ± 0.09 de

A Values are expressed as the mean ± standard deviation. Different letters in the same
B Degradation rate (%) = 100% � (total anthocyanins in initial GSAE � total anthocyani
teins preheated at 60 �C and 50 �C, respectively, for 15 min have
relatively better thermal stabilities at pH 3.2 and 6.3 than the sam-
ples with milk proteins preheated at the other temperatures. As
shown in Tables 1 and 2, whey proteins preheated at 50 �C for
15 min reduced the thermal degradation rates of anthocyanins in
the GSAE 71.59% at pH 3.2 and 54.91% at pH 6.3, which is slightly
higher than the 66.67% and 49.51% of casein preheated at 60 �C for
15 min, at pH 3.2 and 6.3, respectively.

3.2. The effects of preheated milk proteins on the oxidation stability of
GSAE

The effects of unheated and differentially preheated milk pro-
teins on the oxidation stability of the GSAE samples at pH 3.2
and 6.3 are shown in Tables 3 and 4. Similar to the thermal-
induced change of GSAE, the a⁄ values of the oxidation-treated
(0.005% H2O2 for 1 h) GSAE samples decreased, whereas their L⁄

and b⁄ values increased, compared to the L0⁄, a0⁄ and b0
⁄ values, indi-

cating that the GSAE samples experienced color loss due to H2O2

oxidation. Moreover, the total anthocyanins content of the GSAE
samples showed a sharp decrease after oxidation due to the heavy
degradation of anthocyanins. The DE values and anthocyanins
degradation rates of the GSAE after oxidation at pH 3.2 were signif-
icantly lower (p < 0.05) than those after oxidation at pH 6.3.

Similarly, the L⁄ and DE values of the GSAE mixed with milk
proteins after H2O2 oxidation were significantly lower (p < 0.05),
whereas their a⁄ values and total anthocyanins content were sig-
nificantly higher (p < 0.05), than those of the GSAE samples with-
out milk proteins. At pH 3.2 the anthocyanins degradation rates
of the oxidation-treated GSAE mixed with casein and whey pro-
teins were 61.02–79.87% and 61.17–78.80%, respectively. At pH
6.3 they were 74.49–88.58% and 74.49–83.06%, respectively. These
rates were significantly lower (p < 0.05) than the 90.25% and
96.18% anthocyanins degradation rates of the GSAE-only samples
at pH 3.2 and 6.3, respectively. As shown in Tables 3 and 4, the
GSAE samples mixed with unheated casein demonstrated slightly
higher DE values and anthocyanins degradation rates compared
to the samples mixed with unheated whey proteins after oxidation.
The unheated whey proteins and casein decreased the oxidative
degradation of anthocyanins in the GSAE 12.69% and 11.50%,
respectively, at pH 3.2 and 13.64% and 7.90%, respectively, at pH
6.3.

When casein and whey proteins were preheated at 40–100 �C
and 45–60 �C, respectively, for 15 min, the DE values and degrada-
tion rates of the oxidation-treated GSAE mixed with preheated
nd degradation rate of GSAE solutions after oxidation test (0.005% H2O2 for 1 h) at pH

b⁄ DE Total
anthocyanins
(mg/L)

Anthocyanins
degradation rateB (%)

0.48 ± 0.01 22.17 ± 0.52
1.30 ± 0.07 bcd 10.07 ± 0.22 a 2.16 ± 0.03 g 90.25 ± 0.11 a
1.41 ± 0.03 ab 9.33 ± 0.13 b 4.46 ± 0.14 f 79.87 ± 0.61 b
1.21 ± 0.05 def 7.77 ± 0.28 d 6.26 ± 0.16 c 71.75 ± 0.67 e
1.05 ± 0.04 gh 5.59 ± 0.20 g 8.64 ± 0.06 a 61.02 ± 0.14 g
1.23 ± 0.05 cde 6.52 ± 0.29 f 6.75 ± 0.05 b 69.54 ± 0.13 f
1.50 ± 0.08 a 7.72 ± 0.42 d 5.73 ± 0.07 d 74.14 ± 0.24 d
1.33 ± 0.05 bc 8.65 ± 0.10 c 4.70 ± 0.11 e 78.80 ± 0.46 c

1.11 ± 0.03 fg 7.40 ± 0.13 de 6.68 ± 0.05 b 69.88 ± 0.13 f
1.12 ± 0.12 efg 5.60 ± 0.11 g 8.61 ± 0.11 a 61.17 ± 0.39 g
0.99 ± 0.12 h 6.62 ± 0.24 f 8.57 ± 0.06 a 61.36 ± 0.14 g
0.94 ± 0.04 h 7.10 ± 0.26 e 6.81 ± 0.04 b 69.30 ± 0.08 f

column indicate significant differences (p < 0.05).
ns in tested GSAE)/total anthocyanins in initial GSAE.



Table 4
Effect of preheated milk proteins on colorimetric parameters, total anthocyanins contents and degradation rate of GSAE solutions after oxidation test (0.005% H2O2 for 1 h) at pH
6.3.A

Preheat treatment
temperature (�C)

L⁄ a⁄ b⁄ DE Total
anthocyanins (mg/
L)

Anthocyanins
degradation rateB (%)

No protein Control 55.12 ± 0.22 23.62 ± 0.48 0.92 ± 0.04 20.42 ± 0.08
65.77 ± 0.40 a 2.05 ± 0.04 h 3.63 ± 0.06 a 24.21 ± 0.14 a 0.78 ± 0.11 h 96.18 ± 0.52 a

Casein (0.2 mg/ml) Untreated 58.25 ± 0.11 f 5.73 ± 0.22 g 1.90 ± 0.10 b 18.19 ± 0.34 b 2.33 ± 0.02 g 88.58 ± 0.21 b
40 58.16 ± 0.12 f 7.93 ± 0.36 e 1.07 ± 0.03 d 15.99 ± 0.38 d 3.47 ± 0.04 e 83.01 ± 0.13 d
60 58.21 ± 0.22 f 11.31 ± 0.59 a 0.25 ± 0.14 e 12.71 ± 0.58 h 5.21 ± 0.04 a 74.49 ± 0.10 h
80 57.43 ± 0.25 g 8.56 ± 0.25 d 1.04 ± 0.10 d 15.24 ± 0.29 e 4.11 ± 0.00 d 79.87 ± 0.08 e
100 57.27 ± 0.19 g 6.77 ± 0.20 f 1.27 ± 0.03 cd 16.99 ± 0.18 c 3.27 ± 0.05 f 83.99 ± 0.18 c

Whey proteins
(0.15 mg/ml)

Untreated 60.97 ± 0.14 b 8.06 ± 0.05 e 0.43 ± 0.16 e 16.63 ± 0.02 c 3.46 ± 0.09 e 83.06 ± 0.37 d

45 60.05 ± 0.03 c 8.93 ± 0.05 d 0.19 ± 0.09 e 15.52 ± 0.04 e 4.10 ± 0.08 d 79.92 ± 0.31 e
50 59.23 ± 0.44 d 11.56 ± 0.05 a 0.42 ± 0.05 e 12.76 ± 0.18 h 5.21 ± 0.10 a 74.49 ± 0.39 h
55 58.80 ± 0.06 e 10.76 ± 0.15 b 1.03 ± 0.21 d 13.37 ± 0.16 g 4.57 ± 0.01 b 77.62 ± 0.04 g
60 58.48 ± 0.29 ef 9.37 ± 0.22 c 1.32 ± 0.33 c 14.65 ± 0.16 f 4.27 ± 0.05 c 79.09 ± 0.16 f

A Values are expressed as the mean ± standard deviation. Different letters in the same column indicate significant differences (p < 0.05).
B Degradation rate (%) = 100% � (total anthocyanins in initial GSAE � total anthocyanins in tested GSAE)/total anthocyanins in initial GSAE.
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casein and whey proteins were significantly lower (p < 0.05) than
those of the GSAE samples mixed with native casein and whey pro-
teins. Additionally, the DE values and anthocyanins degradation
rates of the oxidation-treated GSAE samples mixed with casein
and whey proteins preheated at 60 �C and 50 �C, respectively, for
15 min were the lowest among the samples preheated at different
temperatures. Casein preheated at 60 �C for 15 min and whey pro-
teins preheated at 50 �C for 15 min reduced the oxidative degrada-
tion of anthocyanins in the GSAE 32.39% and 32.22%, respectively,
at pH 3.2 and 22.89% at pH 6.3, demonstrating similar effects on
the oxidative degradation of GSAE.
3.3. The effects of preheated milk proteins on the photo stability of
GSAE

As shown in Tables 5 and 6, the L⁄ and b⁄ values of the illumi-
nated (at 5000 lx for 5 d) GSAE samples increased, whereas their
a⁄ values decreased, compared to the L0⁄, a0⁄ and b0

⁄ values of the
non-illuminated GSAE samples. This revealed that GSAE color loss
was induced by illumination, similarly to the color changes
induced by heat and oxidation. The total anthocyanins content of
the GSAE also exhibited significant reduction (p < 0.05) after illu-
mination due to the photo degradation of anthocyanins. Similar
to the heat- and oxidation-treated GSAE, the DE values and antho-
Table 5
Effect of preheated milk proteins on colorimetric parameters, total anthocyanins contents a
3.2.A

Preheat treatment
temperature (�C)

L⁄ a⁄

No protein Control 53.60 ± 0.38 27.28 ± 0.24
59.07 ± 0.31 a 13.55 ± 0.10 g

Casein (0.2 mg/ml) Untreated 56.76 ± 0.17 b 16.03 ± 0.03 f
40 57.17 ± 0.37 b 17.28 ± 0.05 e
60 55.90 ± 0.07 cd 20.19 ± 0.09 a
80 54.98 ± 0.11 ef 18.83 ± 0.13 c
100 54.35 ± 0.33 f 17.05 ± 0.20 e

Whey proteins
(0.15 mg/ml)

Untreated 56.93 ± 0.51 b 16.20 ± 0.02 f

45 57.02 ± 0.33 b 17.37 ± 0.20 e
50 56.06 ± 0.60 c 19.98 ± 0.62 ab
55 55.47 ± 0.50 cde 19.69 ± 0.04 b
60 55.26 ± 0.61 de 18.29 ± 0.17 d

A Values are expressed as the mean ± standard deviation. Different letters in the same
B Degradation rate (%) = 100% � (total anthocyanins in initial GSAE � total anthocyani
cyanins degradation rates of the illuminated GSAE samples at pH
6.3 were much higher than at pH 3.2.

After illumination, the GSAE samples mixed with milk proteins
showed significant decreases in L⁄, b⁄ and DE values, and increases
in a⁄ values and total anthocyanins content, compared to the GSAE-
only samples (p < 0.05). The anthocyanins degradation rates of
GSAE samples mixed with casein and whey proteins were 36.14–
66.16% and 35.95–63.52%, respectively, at pH 3.2 and 54.75–
82.36% and 49.17–74.38%, respectively, at pH 6.3. These results
were significantly lower (p < 0.05) than the 83.45% and 92.21%
degradation rates of the GSAE samples not mixed with milk pro-
teins at pH 3.2 and 6.3, respectively. As shown in Tables 5 and 6,
the DE values and anthocyanins degradation rates were signifi-
cantly lower (p < 0.05) for the illuminated GSAE samples mixed
with unheated whey proteins than for the GSAE samples mixed
with unheated casein. The unheated whey proteins and casein low-
ered the photo degradation rate of anthocyanins in GSAE 23.88%
and 20.72%, respectively, at pH 3.2 and 19.34% and 10.68%, respec-
tively, at pH 6.3.

As casein and whey proteins were preheated at 40–100 �C and
45–60 �C, respectively, for 15 min, the illuminated GSAE samples
mixed with preheated casein and whey proteins showed signifi-
cant decreases (p < 0.05) in their DE values and degradation rates
compared to the GSAE samples mixed with native milk proteins.
Furthermore, as shown in Tables 5 and 6, among all of the
nd degradation rate of GSAE solutions after illumination test (at 5000 lx for 5 d) at pH

b⁄ DE Total
anthocyanins
(mg/L)

Anthocyanins
degradation rateB (%)

0.48 ± 0.01 22.17 ± 0.52
11.05 ± 0.04 a 18.17 ± 0.13 a 3.67 ± 0.01 g 83.45 ± 0.02 a
5.20 ± 0.48 c 12.60 ± 0.21 b 7.50 ± 0.01 f 66.16 ± 0.08 b
4.70 ± 0.30 d 11.43 ± 0.16 d 9.82 ± 0.02 d 55.73 ± 0.08 d
4.07 ± 0.07 e 8.27 ± 0.14 f 14.16 ± 0.03 a 36.14 ± 0.10 h
4.66 ± 0.10 d 9.53 ± 0.20 e 11.28 ± 0.17 b 49.12 ± 0.63 f
5.71 ± 0.29 b 11.51 ± 0.28 d 8.17 ± 0.06 e 63.17 ± 0.15 c
4.21 ± 0.09 e 12.16 ± 0.14 c 8.09 ± 0.03 e 63.52 ± 0.00 c

4.10 ± 0.54 e 11.09 ± 0.37 d 10.56 ± 0.01 c 52.35 ± 0.14 e
3.42 ± 0.04 g 8.25 ± 0.43 f 14.20 ± 0.04 a 35.95 ± 0.06 h
3.59 ± 0.05 fg 8.41 ± 0.18 f 14.20 ± 0.07 a 35.95 ± 0.09 h
4.02 ± 0.15 ef 9.80 ± 0.36 e 11.38 ± 0.07 b 48.68 ± 0.14 g

column indicate significant differences (p < 0.05).
ns in tested GSAE)/total anthocyanins in initial GSAE.



Table 6
Effect of preheated milk proteins on colorimetric parameters, total anthocyanins contents and degradation rate of GSAE solutions after illumination test (at 5000 lx for 5 d) at pH
6.3.A

Preheat treatment
temperature (�C)

L⁄ a⁄ b⁄ DE Total
anthocyanins
(mg/L)

Anthocyanins
degradation rateB (%)

No protein Control 55.12 ± 0.22 23.62 ± 0.48 0.92 ± 0.04 20.42 ± 0.08
64.44 ± 0.06 a 0.59 ± 0.05 h 18.84 ± 0.13 a 30.63 ± 0.05 a 1.59 ± 0.10 i 92.21 ± 0.46 a

Casein (0.2 mg/ml) Untreated 58.95 ± 0.25 d 2.65 ± 0.28 g 14.66 ± 0.38 b 25.36 ± 0.27 b 3.60 ± 0.03 h 82.36 ± 0.08 b
40 58.12 ± 0.33 f 7.46 ± 0.16 ef 7.85 ± 0.14 d 17.84 ± 0.16 d 5.76 ± 0.09 f 71.79 ± 0.33 d
60 58.26 ± 0.16 ef 10.11 ± 0.02 b 4.42 ± 0.12 gh 14.31 ± 0.05 g 9.24 ± 0.02 c 54.75 ± 0.08 g
80 57.93 ± 0.18 fg 8.68 ± 0.12 d 6.65 ± 0.11 e 16.25 ± 0.12 e 7.29 ± 0.01 e 64.30 ± 0.09 e
100 57.50 ± 0.21 g 7.33 ± 0.21 f 7.75 ± 0.29 d 17.82 ± 0.07 d 5.79 ± 0.00 f 71.65 ± 0.11 d

Whey proteins
(0.15 mg/ml)

Untreated 59.95 ± 0.44 b 7.70 ± 0.14 e 8.48 ± 0.40 c 18.28 ± 0.17 c 5.23 ± 0.02 g 74.38 ± 0.00 c

45 59.47 ± 0.26 bc 8.74 ± 0.22 d 5.16 ± 0.06 f 16.07 ± 0.27 e 9.73 ± 0.09 b 52.35 ± 0.25 h
50 59.12 ± 0.59 cd 11.68 ± 0.18 a 4.62 ± 0.24 g 13.14 ± 0.10 h 10.38 ± 0.19 a 49.17 ± 0.73 i
55 58.79 ± 0.08 d 9.58 ± 0.06 c 4.14 ± 0.09 h 14.86 ± 0.03 f 9.76 ± 0.10 b 52.20 ± 0.30 h
60 58.69 ± 0.07 de 8.51 ± 0.06 d 5.09 ± 0.06 f 16.08 ± 0.06 e 7.51 ± 0.06 d 63.22 ± 0.15 f

A Values are expressed as the mean ± standard deviation. Different letters in the same column indicate significant differences (p < 0.05).
B Degradation rate (%) = 100% � (total anthocyanins in initial GSAE � total anthocyanins in tested GSAE)/total anthocyanins in initial GSAE.
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differentially preheated casein samples, the GSAE samples mixed
with casein preheated at 60 �C for 15 min had the lowest DE value
and anthocyanins degradation rate at pH 3.2 and 6.3 after illumina-
tion. However, for the preheated whey proteins, minimum values
occurred for the GSAE samples mixed with whey proteins pre-
heated at 50 �C and 55 �C for 15 min at pH 3.2, whereas samples
with preheated whey proteins at 50 �C for 15 min yielded mini-
mum values at pH 6.3. Additionally, casein preheated at 60 �C for
15 min decreased the photo degradation rate of anthocyanins
56.69% at pH 3.2 and 40.62% at pH 6.3. The decreasing percentages
in anthocyanins degradation rates for whey proteins preheated at
50 �C for 15 min were 56.92% and 46.68% at pH 3.2 and 6.3,
respectively.
4. Discussion

The effects of preheated milk proteins, casein and whey pro-
teins, on the thermal, oxidation and photo stability of GSAE at
pH 3.2 and 6.3 were investigated. Color and anthocyanins content
are the two important features of naturally pigmented antho-
cyanins products. The stability of natural anthocyanins pigments
can be evaluated by measuring the changes in color and antho-
cyanins content in the accelerated tests (He et al., 2016). As shown
in Tables 1–6, the color of GSAE samples faded and their antho-
cyanins contents decreased significantly after heat treatment, oxi-
dation and illumination. At pH 6.3, the color loss and anthocyanins
degradation of GSAE were much more severe than at pH 3.2, which
suggests that GSAE was more susceptible to thermal, oxidative and
photo degradation at neutral rather than acidic conditions. Many
studies have shown that anthocyanins is very sensitive to some
factors, such as pH, heat, light and oxygen. Anthocyanin’s pyrylium
ring easily opens and forms a chalcone structure due to its suscep-
tibility to hydration and oxidation at the C2 position, which results
in anthocyanins degradation (He et al., 2016; Torskangerpoll &
Andersen, 2005; Wu et al., 2015; Xiong et al., 2006).

As shown in Tables 1–6, when mixed with milk proteins, all of
the GSAE samples demonstrated reduced color change and antho-
cyanins loss during the stability tests, indicating that milk proteins
prevented color loss and anthocyanins degradation in GSAE sam-
ples subjected to thermal treatment, oxidation and illumination.
Native whey proteins had slightly stronger preventative effects
than native casein. Previous studies have shown that milk proteins,
such as a-casein, b-casein and b-lactoglobulin, can form complexes
with bioactive compounds, such as retinol, folic acid, resveratrol,
EGCG and malvidin-3-O-glucoside, through hydrophilic and/or
hydrophobic interactions. This is thought to contribute substan-
tially to the protective effects of milk proteins on these bioactive
ligands (He et al., 2016; Liang, Zhang, Zhou, & Subirade, 2013;
Zorilla et al., 2011). Thus, the slightly stronger protective effect of
native whey proteins on GSAE is likely due to the stronger molec-
ular binding interaction of its globular lactoglobulins with the
anthocyanins in GSAE than the natively unfolded casein proteins.

As shown in Tables 1–6, when mixed with casein and whey pro-
teins preheated at 40–100 �C and 45–60 �C for 15 min, respec-
tively, GSAE samples showed significantly less (p < 0.05) color
change and anthocyanins degradation compared to the samples
mixed with the native milk proteins during the thermal, oxidation
and photo stability tests. The GSAE mixed with casein and whey
proteins preheated at 60 �C and 50 �C for 15 min, respectively,
demonstrated the weakest color changes and lowest anthocyanins
degradation rates, respectively. These results indicate that preheat-
ing casein and whey proteins effectively improved their protective
effects against the thermal-, oxidation- and photo-induced color
loss and anthocyanins degradation of GSAE. Additionally, GSAE
samples mixed with casein and whey proteins, respectively pre-
heated at 60 �C and 50 �C for 15 min, demonstrated relatively good
thermal, oxidation and photo stability. Previous studies have also
demonstrated that heat-treated milk proteins (e.g., casein and b-
lactoglobulin) preserve curcumin and EGCG more effectively than
native milk proteins, thus attributing the enhanced protective
effects of preheated proteins to their stronger binding affinity for
these bioactive ligands than unheated proteins (Li et al., 2012;
Shpigelman et al., 2012; Yazdi & Corredig, 2012). When subjected
to heat treatment, milk proteins, such as b-casein and b-
lactoglobulin, generally undergo structural and conformational
changes, which vary according to pH and temperature. At acidic
pH and low temperatures, their structures were stable and
remained mostly intact. However, at neutral pH and/or increasing
temperatures, b-casein and b-lactoglobulin exhibited more open
conformations due to structural unfolding, thus exposing more
interior residues and enhancing the binding interactions between
the milk proteins and ligands (e.g., EGCG) via hydrophobic interac-
tions and hydrogen bonding (He, Chen, Moser, Jones, & Ferruzzi,
2016; He et al., 2015). Furthermore, as shown in Tables 1–6, whey
proteins preheated at 50 �C for 15 min had stronger protective
effects than casein preheated at 60 �C for 15 min on the thermal
stability of GSAE at pH 3.2 and 6.3 and photo stability at pH 6.3.
However, they had similar effects as casein preheated at 60 �C for
15 min on the oxidation stability of GSAE at pH 3.2 and 6.3 and
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photo stability at pH 3.2. In general, whey proteins preheated at
50 �C for 15 min exhibited comparatively better protective effects
on GSAE stability than casein preheated at 60 �C for 15 min.
5. Conclusions

The addition of whey proteins and casein significantly pre-
vented color loss and anthocyanins degradation (p < 0.05) in GSAE
samples during heat treatment, oxidation and illumination at pH
3.2 and 6.3. Furthermore, thermal pretreatment of milk proteins
effectively increased their protective effects on the thermal, oxida-
tion and photo stability of GSAE. Whey proteins preheated at 50 �C
for 15 min and casein preheated at 60 �C for 15 min produced opti-
mal effects. Comparatively, whey proteins preheated at 50 �C for
15 min had a better protective effect on GSAE stability, which
reduced the thermal, oxidative and photo degradation rates of
anthocyanins in GSAE to a greater extent. These results should help
facilitate the widespread application of GSAE as natural and func-
tional colorants in the food industry.
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