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In this study, the adsorption/desorption characteristics of mulberry anthocyanins (MA) on five types of
macroporous resins (XAD-7HP, AB-8, HP-20, D-101 and X-5) were evaluated, XAD-7HP and AB-8 showed
higher adsorption/desorption capacities. On the basis of static adsorption test, XAD-7HP and AB-8 resins
were selected for kinetics, isotherms and thermodynamics. The adsorption mechanism indicated that the
process was better explained by pseudo-first-order kinetics and the Langmuir isotherm model, and the
thermodynamics tests showed that the processes were exothermic, spontaneous and thermodynamically
feasible. Dynamic tests were performed on a column packed with XAD-7HP and AB-8, and breakthrough
volume was reached at 15 and 14 bed volumes of MA solution, respectively. The purity of the fraction by
40% ethanol elution on XAD-7HP reached 93.6%, from which cyanidin-3-glucoside and cyanidin-3-
rutinoside were identified by HPLC-ESI-MS/MS. The method could be used to prepare high purity antho-
cyanins from mulberry fruits as well as other plants.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

In the past decades, there has been increased interest in diets
containing berries because of the potential health benefits derived
from the biological effects of the anthocyanins they contain
(Gardana, Ciappellano, Marinoni, Fachechi, & Simonetti, 2014).
Anthocyanins have been proven to be good antioxidant com-
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pounds due to their effective free radical scavenging properties
and their potential use as dietary modulators for various diseases
(Grigoras, Destandau, Zubrzycki, & Elfakir, 2012; He & Giusti,
2010).

Mulberry (Morus alba L.) is a traditional Chinese fruit; it serves
as a rich source of anthocyanins and has been widely consumed in
food processed products and effectively applied in folk medicines
(Chang et al., 2013). As a bioactive phytochemical, anthocyanins
extracted from mulberries are typically known as nutraceuticals
due to their excellent antioxidant capacity. In virtue of such char-
acteristics, anthocyanins provide protective effects against chronic
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diseases such as diabetes, cancer and cardiovascular diseases
(Liang, Wu, Zhu, et al., 2012; Yin & Chao, 2008). Moreover, they
have been shown to have health-promoting properties in neuro-
protective, analgesic and anti-inflammatory activities (Chen et al.,
2006; Zhao, Sheng, Zheng, & Liu, 2011). Our previous study also
showed that mulberry anthocyanins (MA) possess good antioxi-
dant activity in vivo (Liang, Wu, Zhao, et al., 2012) and neuropro-
tective effects on mice (Chen, Li, et al., 2014). Other studies have
also demonstrated that MA can exhibit inhibitory effects on the
migration and invasion of human lung cancer cell lines (Oki
et al., 2006). The mulberry fruit extract, by its antioxidant and
anti-apoptotic effects, significantly protected neurons against neu-
rotoxins in vitro and in vivo Parkinson’s disease (PD) models (Kim
et al., 2010). Therefore, the mulberry fruit could be a type of
potential functional food to protect against many types of diseases.

Despite their significant potential, mulberries have been rarely
used in the medicine industry. They are usually made into juices
and fruit wines, or even consumed directly. As a result of the low
yields achieved during extraction and the instability of antho-
cyanins, high-purity anthocyanin products are still unavailable in
the market. Hence, the preparation of pure anthocyanins from
mulberries is a very promising endeavor, if technologically chal-
lenging (Santos, Albarelli, Beppu, & Meireles, 2013).

The separation of anthocyanins from plants has been studied
using high-speed counter-current chromatography (HSCCC)
(Sheng et al., 2014), preparative high-performance liquid chro-
matography (HPLC) (Wang, Yin, Xu, & Liu, 2014), solid-phase
extraction (SPF) (Santos et al., 2014) and so on. However, these
methods are fraught with several disadvantages, in that they are
time-consuming, laborious, expensive with poor recovery, and
unsuitable for large-scale industrial production. Accordingly,
macroporous resin emerges as an alternative candidate for the sep-
aration of anthocyanins from plant materials. First, the material is
easily obtained and lost cost. In addition, the utilization of macro-
porous resin always reveals outstanding properties, including good
selectivity, high mechanical strength, and fast adsorption speed.
Moreover, macroporous resin as an efficient adsorbent has
received fruitful advancements in academia, including cyaniding-
3-0-glucoside from orange juice (Scordino, Di Mauro, Passerini, &
Maccarone, 2004), anthocyanins from citrus-processing by-
products (Di Mauro, Arena, Fallico, Passerini, & Maccarone, 2002),
anthocyanins from blueberries (Wang et al., 2014), and antho-
cyanins from blood oranges (Cao, Pan, Yao, & Fu, 2010).

In this study, five macroporous resins were selected according
to their polarity and separation effects in previous studies
(Chandrasekhar, Madhusudhan, & Raghavarao, 2012; Jampani,
Naik, & Raghavarao, 2014). In these studies, the resins were used
to systematically investigate the adsorption and desorption of
anthocyanins from mulberry extract and develop a simple, effi-
cient, and eco-friendly process for the separation and purification
of MA with the optimal resin.

2. Materials and methods
2.1. Chemicals, reagents and adsorbents
Standard of cyaniding-3-0O-glucosid was purchased from J&K

Chemical Co., Ltd. (Shanghai, China). All solvent and chemicals
used were of analytical grade or HPLC grade.

2.2. Pretreatment of macroporous resins

Macroporous resins including AB-8, D101, and X-5 were pro-
vided by the Chemical Plant of Naikai University (Tianjin, China).
Amberlite XAD-7HP and HP 20 were purchased from Sigma-

Aldrich Chemical Co. (St. Louis, MO, USA) and Mitsubishi Chemical
Co. (Tokyo, Japan), respectively. The physical properties of these
resins are summarized in Table 1a. Prior to the study, adsorbent
was activated by overnight treatment with 2 bed volumes (BV)
of 95% ethanol for the removal of monomers and porogenic agents
trapped inside the pores during the synthesis process. This was
done until there was no residue after distillation, and further
rinsed by 4-5 BV distilled water until neutral.

2.3. Preparation of crude anthocyanins extracts from mulberry

2.3.1. Pretreatment of mulberry fruits

Mulberry fruits, were manually picked at the ripening stage on
the farm of Sericultural Research Institute (Jiangsu University of
Science and Technology, Zhenjiang, Jiangsu, China), and then trans-
ported to laboratory immediately, and stored in polyethylene bags
at —18 °C in a refrigerator until analysis.

2.3.2. Extraction of crude mulberry anthocyanins

Aqueous two-phase extraction was applied to extract MA
according to the method published by our previous studies (Wu
et al.,, 2011). The defrosted mulberry fruit (10 g) was triturated,
homogenized and treated with an aqueous two-phase system con-
sisting of 30% (w/w) ethanol, and 20% (w/w) ammonium sulfate.
The residue was dissolved with 1 L of 0.1% HCI acidified 70% (v/v)
ethanol and extracted for 24 h. This process was repeated until
the filtrate became light-colored. The supernatant was then con-
centrated to a volume by a rotary evaporator to remove the ethanol
at temperatures not exceeding 40 °C for 1 h, and then freeze-dried.

2.3.3. Determination of anthocyanin content

The total anthocyanins content in extracts was directly deter-
mined using the pH differential method (Hosseinian, Li, & Beta,
2008). The absorbance of anthocyanin was measured at 513 nm
and 700 nm, employing Eq. (1):

A x Mw x DF

Anthocyanins concentrations (mg/L) = ™Y

(1)

where A = (A513 — A700)pH1.0 — (A513 — A700)pH4.5] , Mw is the molecu-

lar weight of anthocyanins (449.2 g/mol); DF is the dilution factor;
¢ is the molar extinction coefficient (26,900 L/cm mol); L is the path
length (1 cm).

2.4. Static adsorption and desorption tests

2.4.1. Static adsorption and desorption properties of the resins

Activated adsorbent (2.0 g dry weight) was added to 10 mL of
anthocyanins extract in 100 mL flask while agitating on a vibratory
shaker at 25 °C for 12 h to reach the adsorption equilibrium. After
adsorption, filtration was completed, and the filtrate was subjected
to further analysis. After reaching the adsorption equilibrium, the
resin was washed with deionized water for 2-3 times and then
desorbed with 20 mL 80% ethanol in a 100 mL flask while agitating
on a vibratory shaker at 25 °C for 30 min to reach the desorption
equilibrium. The content of anthocyanins was then measured
using the pH differential method.

The adsorption capacity was quantified as follows:

o (Co — Ce) X V,'
Q.= —w 2)
Qe = (Co — Ce)/C, x 100% 3)

where Cy and C, are the initial and equilibrium concentrations of
anthocyanins in the solution, respectively (mg/mL); Q. represents
the adsorption capacity at adsorption equilibrium (mg/g dry resin);
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Table 1a
Physical and chemical properties of the tested resins.

Trade Polarity Particle Surface area  Average pore
name diameter (mm)  (m?/g) dimeter (nm)
XAD-7HP  Weak-polar 0.6 500 20-60

AB-8 Weak-polar  1.13-1.17 480-520 75-110
HP-20 Non-polar 0.3-1.25 600 290

D101 Non-polar 0.3-1.25 600 13-14

X-5 Polar 0.3-1.25 160-200 250-290

V; is the volume of the initial sample solution (mL); W is the dry
weight of the tested resins (g); Qe (%) is the adsorption ratio.
The desorption capacity was quantified as follows:

CaVq
Q=4 @

p-_“Ya . 100%

Co—CV; ®)
where C; is the concentration of solutes in the desorption
equilibrium solution (mg/mL); Qg is the desorption capacity after
desorption equilibrium (mg/g dry resin); V; is the volume of the
desorption solution (mL); D (%) is the desorption ratio; Co, C, V;
and W are the same as described above.

2.4.2. Adsorption kinetics on the selected resins

Pre-treated resin (2.0 g) was mixed with 10 mL of MA extracts
solution in a flask and placed in a water shaker (120 rpm) at room
temperature. An aliquot of supernatant was obtained every 40 min
for the first 12 h. Adsorption kinetics were evaluated by the
pseudo-fist and pseudo-second-order model, which were tested
to predict the mechanism involved in the adsorption process (Ho,
2006). Triplicate experiments were performed.

Pseudo-first-order model:
Q= Q. —Qee™" (6)
Pseudo-second-order model:

k,Q2t

-1 + k,Q,t

where k; and k, are the rate constant of the pseudo-first and
pseudo-second-order models, respectively; Q. (mg/g) is the adsorp-
tive capacity at equilibrium; Q; (mg/g) is the concentration of
anthocyanins absorbed at time t.

Q. (7)

2.4.3. Adsorption isotherms on the selected resins

The adsorption isotherms on the selected resins at various tem-
peratures were analyzed by varying the initial concentration of
anthocyanin extracts, which were investigated by contacting
10 mL of extracting solutions at different concentrations with
pre-weighed amounts of hydrated resins (equal to 2.0 g dry resin)
on an incubation shaker (120 rpm) at 25, 30 and 35 °C, respec-
tively. The concentrations of anthocyanin extracts were set at
3.0,4.0,5.0, 6.0, 7.0 and 8.0 mg/mL. Langmuir and Freundlich equa-
tions were evaluated to analyze their degrees of fitness (Deng, Jia,
Luo, & Li, 2014). Triplicate experiments were performed.

The Langmuir model can be expressed by the following mathe-
matical formula:

_ QmKLCe
Qe - TK}_Ce (8)

Langmuir Eq. (8) can be linearized as follows:

C_ 1 G
Qe KLQm Qm

where K; is the association Langmuir constant; Q. (mg/g) is the
adsorption capacity at equilibrium; C, (mg/mL) is the concentration
of solute in solution at equilibrium; Q,, (mg/g) is the maximum
adsorptive capacity, theoretically.

The Freundlich model is widely applied for many different
adsorbate/adsorbent systems for liquid and gas phase adsorption
with a two-parameter, which can be expressed by the following
formula:

)

Q. = K:Ci (10)

A linearized formula of Freundlich can be expressed as:
ane=1n1<F+%lnCe (11)

where K is the Freundlich constant that measures the adsorption
capacity; 1/n is an empirical constant that reflects the magnitude
of the adsorption driving force.

2.4.4. Adsorption thermodynamics on the selected resins

Adsorption thermodynamics can reflect the in-depth informa-
tion regarding structural and inherent energy change of adsorbents
after adsorption. They also provide the mechanism involved in the
adsorption process (Chen, Yang, et al., 2014). Enthalpy change can
be calculated using the Clausius-Clapeyron equation, which can be
linearized as:

AS  AH
The Gibbs free energy change can be calculated as follows:
AG® = —RTIn K. (13)

where AH° (k]/mol) is enthalpy change; AS° (J mol~! K~1) is entropy
change; AG° (kjmol 'K™') is Gibbs free energy change; R
(8.314] mol~' K1) is the ideal gas constant; T (K) is the tempera-
ture; K. is the equilibrium distribution coefficient, which is the ratio
of the amount adsorbed on the solid to the equilibrium concentra-
tion in solution.

2.5. Dynamic adsorption and desorption tests

A glass column (1.6 cm x 50 cm) was loaded with the selected
resins (XAD-7HP and AB-8) with a resin bed of 10 mL.

2.5.1. Optimization of the adsorption flow rate and loading amount

The optimal adsorption flow rate was evaluated by comparing
the flow rate of 1.0, 1.5, 2.0 and 2.5 mL/min, the effluent were
collected at 5 min interval, and analyzed with a UV-VIS spec-
trophotometer at 520 nm.

2.5.2. Optimization of the eluent

The loading of the sample solution was stopped, once reaching
the adsorption equilibrium. The column was washed with 3 BV
deionized water firstly, and then eluted with a series of ethanol
solutions (20%, 40%, 60%, 80%, 100% (v/v) ethanol solutions con-
taining 0.1% HCI, respectively), and a series of the selected ethanol
solution with different pH (3.0, 4.0, 5.0, 6.0 and 7.0). The flow rate
was set at 1.5 mL/min. The eluted aliquots were collected every
5 min, and measured with a UV-VIS spectrophotometer at 520 nm.

2.5.3. Optimization of the desorption flow rate

The desorption flow rate of the optimal elution solution was
evaluated by comparing the elution flow rate, which was set at
1.0, 1.5, and 2.0 mL/min, respectively. The eluted aliquots were
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Table 1b
Static adsorption and desorption capacities of anthocyanins on the five kinds of
resins.
Q. (mg/g) Qe (%) Qq (mg/g) D (%)
X-5 298 +0.25 7736 5.8 2.14+0.21 71.72£3.7
XAD-7HP 3.57+0.20 86.45+5.6 2.89+0.15 80.81+3.7
AB-8 3.59+0.19 86.92+43 2.79+0.18 77.86 £4.2
HP 20 3.10+£0.23 78.10£5.2 247 +0.20 79.71£49
D 101 3.01+0.16 76.69 4.6 2.00+0.12 66.49 +5.1
“P<0.01, compared with X-5 resin.
" P<0.05, compared with X-5 resin.
**7 (@)
3.0
25 [
20 204
S~
)
g
L 154
Q
1.0
= Experimental data of XAD-7HP
0.5 Pseudo-first-order model fit
Pseudo-second-order model fit
0.0 —t - 1 - T 1 1 1 1 1T 1
0 80 160 240 320 400 480 560 640 720
t (min)
3.5 (b)
3.0
2.5 ]
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Q
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715

collected every 5 min, and analyzed with a UV-VIS spectropho-
tometer at 520 nm.

2.6. Isolation and purification of MA

The crude extract was dissolved in distilled water and passed

through a

pretreatment resins column (1.6 cm x 30 cm). The

column was first eluted with a volume of 4-5 BV distilled water
to remove the majority of sugars, organic acids, proteins and ions,
and then eluted of anthocyanins by different concentrates of

ool (d) " XADTHP o AB-8
0.04
y= 0.2258x+0.0075
S R%=0.9778
© y= 0.2045x+0.0074
0.02- R2= 0.9881
0.01
T T T T 1
0.00 0.04 0.08 0.12 0.16 0.20
C, (mg/mL)
(&) » XAD-7HP o AB-8
1.4
1.2 4
y= 0.4412x+2.1460°
101 R%= 09313 ,
Q
=
08 y= 0.4074x+2.1406
R2=0.9140
0.6
n
04 T T T T 1
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lnCE
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24
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28+ R’=0.9909
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VT 107K

Fig. 1. Adsorption mechanism on XAD-7HP and AB-8 resins. (a) Adsorption kinetics curve and modeling of XAD-7HP; (b) adsorption kinetics curve and modeling of AB-8; (c)
adsorption isotherms at 25 °C; (d) Langmuir model at 25 °C; (e) Freundlich model at 25 °C; (f) adsorption thermodynamics based on Eq. (12).
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Table 2a
Kinetic parameters of MA onto XAD-7HP and AB-8 resins.
Q. (mg/g) Pseudo-first-order model Pseudo-second-order model
R? Qe (mg/g) ki (L/min) R Qe (mg/g) k2 (g/(mg min))
XAD-7HP 3.57 0.9942 3.54 247 x 1073 0.9687 5.63 3.00 x 1074
AB-8 3.59 0.9873 3.61 342 %1072 0.9861 5.88 293 x 107
Table 2b
Adsorption isotherms equation and parameters of MA on XAD-7HP and AB-8 resins at different temperatures.
T (°C) Langmuir Freundlich
Equation R? K, Qn (mg/g) Equation R? K 1/n
XAD-7HP 25 Ce/Q. = 0.2258C, + 0.0075 0.9778 30.11 4.4287 Q. = 8.5045(,04074 0.9140 8.5045 0.4074
30 Ce/Qe =0.2279C, + 0.0168 0.9829 13.57 4.3879 Qe =7.7207C, 4832 0.9346 7.7207 0.4832
35 C./Q. = 0.2435C, + 0.0449 0.9276 5.42 4.1068 Q. = 7.7383C,0-6665 0.9551 7.5383 0.6665
AB-8 25 Ce/Qe = 0.2045C, + 00074 0.9881 27.63 4.8900 Q. = 8.5506(, 04412 0.9313 8.5506 0.4412
30 C./Q. = 0.2090C, + 0.0170 0.9680 12.29 47847 Q. = 8.0221C,04990 0.9059 8.0221 0.4990
35 Ce/Q. = 0.2500C, + 0.0208 0.9756 12.02 4.0000 Q. = 5.3844(,04089 0.9415 5.3844 0.4089

Table 2¢
Thermodynamic parameters of XAD-7HP and AB-8 on the sorption process.

T(°C) AS°(Jmol 'K™') AH°(kjmol™')  AG® (k] mol™')
XAD-7HP 25 —344.38 —-112.21 -9.39

30 -7.67

35 —6.60
AB-8 25 —-251.19 —84.35 -9.48

30 -7.85

35 —6.81

acidified ethanol solution (20%, 40%, 60%, 80% (v/v) ethanol solu-
tions containing 0.1% HCI, respectively). The separated fractions
were collected, concentrated and lyophilized to dryness.

2.7. Recovery of anthocyanins with selected resin column
chromatography

The recovery of anthocyanins was determined by calculating
the amount of anthocyanins in powered extract before and after
purification on column packed with the selected resins to evaluate
the efficiency of the method. The equation of recovery was
described by the following mathematical formula:

Recovery yield (%) — the amount of MA after column
vy °) = the amount of MA before column
x 100% (14)

2.8. Regeneration and reusability on selected resin column
chromatography

The feasibility of regenerating resins (XAD-7HP and AB-8) to
repeated use was investigated. After first use, the resin was soaked
with 4% NaOH solution (v/v), 4% HCI solution (v/v), and absolute
ethyl alcohol, successively, and then washed by volume of distilled
water for several times until becoming natural, so that the adsorp-
tion/desorption capacity of resin could be determined again. The
equation for recovery by reusability can also be described by
Eq. (14).

2.9. HPLC-ESI-MS/MS analysis

The HPLC-ESI-MS/MS system adopted in this work consisted of
Agilent 1200 system (Thermo Fisher Scientific, America), equipped
with a quaternary pump, surveyor plus detector and linear ion trap
mass spectrometer detector LXQ (Thermo Mod. Finnigan™ LXQ™).

Chromatographic separation was performed using a Hypersil ODS
column (@ 4.6 x 250 mm, 5 um, Dalian, China). Sample was fil-
trated through a syringe filter (0.45 pum), 10 puL of filtrates was
injected. The mobile phase consisted of 2% (v/v) acetic acid in
water (solvent A) and 100% methanol (solvent B) at a flow rate of
1.0 mL/min. The gradient elution programme was performed as
follows: 0-14 min, 32-70% B; 15-30 min, 70% B. The column tem-
perature was maintained at 30 °C and the detection wavelength
was 520 nm. The MS/MS parameters were as follows: positive
mode; ESI source voltage, 5.0 kV; capillary voltage, 36 V; sheath
gas flow rate, 40 arb; aux gas flow rate, 5 arb; sweep gas flow rate,
0 arb; capillary temperature, 300 °C; and scan range, 50-1200 m/z.

2.10. Statistical analyses

Data were expressed as mean + SD values. Statistical analysis
was performed by using SPSS 16.0. Significance of the differences
between variables was tested by one-way ANOVA. P values less
than 0.05 was considered statistically significant.

3. Results and discussion
3.1. Static adsorption and desorption capacities

Static adsorption and desorption capacities of anthocyanins on
the five types of resins are depicted in Table 1b. Compared with
X-5, the adsorption capacities of XAD-7HP is significantly higher
than that of X-5 ("P< 0.05), which is the same as AB-8. XAD-7HP
and AB-8 had the highest adsorption ratios of 86.45% and 86.92%,
respectively, which could be attributed to their similarity to the
polarity of anthocyanins (Jampani et al., 2014). AB-8 showed the
highest adsorption capacity (3.59 mg/g), followed by XAD-7HP at
3.57 mg/g. The slightly low adsorption capacity of XAD-7HP may
be explained by its smaller pore size and surface area than that
of AB-8. Previous research suggests that the surface area along
with pore size were the decisive factors reflecting the adsorption
capacity (Chandrasekhar et al., 2012).

In the desorption tests, the desorption capacities of XAD-7HP
was significantly higher than that of X-5 (‘P < 0.05) compared with
X-5. Polarity was one of the most significant variables that affected
the desorption capacity of resin. In other words, the higher the
polarity of resin, the weaker the desorption capacity (Buran
et al,, 2014). However, static tests indicated overall that XAD-
7HP and AB-8 were consistently more efficient at adsorption and
desorption than the other three resins, and hence they were chosen
for further tests.
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Fig. 2. (a and b) Dynamic adsorption curves of total anthocyanins on XAD-7HP and AB-8 resins at different flow rates; (c) effect of different ethanol ratios on elution capacity
on XAD-7HP and AB-8 resins; (d) effect of different pH values on elution capacity on XAD-7HP and AB-8 resins; (e and f) dynamic desorption curves of total anthocyanins on
XAD-7HP and AB-8 resins at different flow rates; (g) the elution curve of XAD-7HP resins; (h) the elution curve of AB-8 resins.

3.2. Adsorption kinetics on the selected resins

Adsorption kinetics describes the adsorption rate of the adsor-

bate on an adsorbent and the adsorption time

to equilibrium. The reaction rate of the adsorbate uptake is

required for selecting optimum operating conditions for the full-
scale batch process and can be evaluated by adsorption kinetics

from the beginning been applied for adsorption

studies. Both pseudo-first and pseudo-second-order models have

kinetics studies. The pseudo-first-

order model is generally applicable over the initial stage of an
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Table 3
The recovery of primary and regeneration resins.
Fractions Primary Regeneration
Recovery Recovery (%)
(%)
XAD- Fraction 1 (eluted by 40% ethanol) 39.63 36.82
7HP Fraction 2 (eluted by 60% ethanol) 22.41 17.16
Total recovery 62.04 53.98
AB-8 Fraction 1 (eluted by 20% ethanol) 9.77 7.34
Fraction 2 (eluted by 40% ethanol) 33.14 28.36
Fraction 3 (eluted by 60% ethanol)  8.04 6.82
Total recovery 50.95 42.52

adsorption process, while the pseudo-second-order model
assumes that the rate-limiting step is chemisorption and predicts
the behavior over the whole range of adsorption (Chang et al.,
2012). The adsorption kinetics of anthocyanins on XAD-7HP and
AB-8 resins were shown in Fig. 1(a), (b) and Table 2a.

Fig. 1(a) shows that the adsorption of MA on XAD-7HP
increased rapidly at the first 320 min and then increased slowly
until equilibrium at approximately 560 min. Moreover, the
adsorption rate constants and liner regression values from two
kinetic equations were summarized in Table 2a. R?> for the

pseudo-first-order kinetic model (0.9942) was better than that of
the pseudo-second-order kinetic model (0.9687). The pseudo-
first-order kinetic model calculated value (Q,, 3.54 mg/g) was also
close to the experimental data (Q,, 3.57 mg/g). The results showed
that the pseudo-first-order model gave a better fit to the kinetic
adsorption data of MA onto XAD-7HP. As shown in Fig. 1(a) and
Table 2a, the same results were observed for AB-8. Similar
observations were made in previous studies using resins on
different compounds (Chen & Zhang, 2014; Sandhu & Gu, 2013).

3.3. Adsorption isotherms on the selected resins

Adsorption isotherms described the relationship between the
equilibrium adsorption capacity of adsorbate adsorbed onto
adsorbent and the equilibrium concentration of adsorbate in liquid
at a constant temperature. The adsorption isotherms of MA onto
XAD-7HP and AB-8 resins at 25 °C, 30 °C and 35 °C are summarized
in Table 2b, and the adsorption isotherms at the optimum temper-
ature is presented in Fig. 1(c).

The adsorption capacity of XAD-7HP and AB-8 of MA (Fig. 1(c))
increased rapidly at lower mulberry extract concentration and
then approached equilibrium slowly. However, the adsorption
capacity of MA was found to decrease following a rise in tempera-
ture from 25 °C to 30 °C. The results suggested that the adsorption
processes of MA onto XAD-7HP and AB-8 were exothermic in
nature, which were in conformity with the results of the thermo-
dynamic studies.

To establish the optimum model, the experimental equilibrium
data were fit into two isotherm models: the Langmuir and
Freundlich models.

3.3.1. Langmuir equation

The Langmuir isotherm model, shown in Fig. 1(d), described the
monolayer adsorption onto a homogeneous surface with no inter-
action between adjacent adsorbed molecules (Huang, Sun, Wang,
Yue, & Yang, 2011). The correlation coefficients of the Langmuir
equation for MA on XAD-7HP and AB-8 resins were above 0.97
and 0.98, respectively. The high correlation coefficients indicated
that the models were suitable for describing the tested adsorption
system in the concentration range studied. K; is the Langmuir con-
stant, the values of K; indicate whether the isotherm is favorable
(0<K;<1), linear (K, =1), or unfavorable (K; >1). The values of
K; at different temperatures summarized in Table 2b suggested
that the isotherm of XAD-7HP and AB-8 were favorable.

3.3.2. Freundlich equation

Compared with the Langmuir isotherm model, the Freundlich
isotherm model reflects the adsorption process on a heterogeneous
surface and is suitable to describe adsorption in a narrow range of
solute concentration (Gao, Yu, Yue, & Quek, 2013). The Freundlich
isotherm models about MA onto XAD-7HP and AB-8 at 25 °C are
presented in Fig. 1(e). The linear plot of InQ, and InC, suggested
that the applicability of the Freundlich adsorption isotherm as
the correlation coefficient was high. Kr is a Freundlich affinity
parameter for a hetero-disperse system, n is related to the magni-
tude, which is related to the sorption driving force and the energy
distribution of the sorption sites, and the value of 1/n indicates the
type of isotherm (Chen & Zhang, 2014). Adsorption can take place
easily when the value of 1/n is between 0.1 and 0.5, but when the
value of 1/n is between 0.5 and 1, it is difficult for adsorption to
occur. Furthermore, adsorption occurs with difficulty if the 1/n
value exceeds 1 (Vasiliu, Bunia, Racovita, & Neagu, 2011). As shown
in Table 2b, the values of 1/n reflected that the adsorption of MA on
XAD-7HP and AB-8 were both favorable at the selected tempera-
ture, indicating that the adsorption of MA on XAD-7HP and AB-8
resins could take place easily. The results obtained from the
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Freundlich adsorption isotherm provided further confirmation of
the exceptional promise in the separation of this compound for
both the selected resins.

3.4. Adsorption thermodynamics on the selected resins

To understand the sorption process from the aspect of energy
change, three basic thermodynamic constants were chosen in the
thermodynamic analysis, which were shown in Table 2c and
Fig. 1(f). AH° was determined through the slope of InK; versus 1/T,
AG° and AS° also could be calculated by using Egs. (12) and (13).

The negative AH° value demonstrated the exothermic nature of
MA adsorption onto XAD-7HP and AB-8 resins (Cheng, Jin, Gao, Xia,
& Chen, 2013). It suggested that the initial adsorption occur on the
active sites with a low value of AH°. During the adsorption process,
the active sites decrease, and further adsorption became more dif-
ficult with a high value of AH°. The values of AH° were less than
40 kJ/mol where physical adsorption was expected to be the dom-
inating mechanism (Gao et al., 2013). As chemical adsorption was
not the main process, it was anticipated that both resins would not
stand any structural changes during the adsorption process. This is
up to the specifications made by the Codex Alimentarius Commis-
sion, as fruit juice production should only be conducted through
physical methods to avoid any chemical interaction with juice
components during processing (Qiu, Guo, & Chang, 2007).

The values of AG° were found to be negative at all tempera-
tures, suggesting that the sorption of MA on XAD-7HP and AB-8
resins were both spontaneous and thermodynamically feasible
(Yousef, El-Eswed, & Al-Muhtaseb, 2011). Meanwhile, the AG°
values of AB-8 were similar to that of XAD-7HP, indicating that
XAD-7HP and AB-8 favored the sorption of MA.

In addition, AS° was also determined to be negative, showing
that the randomness of the adsorption process decreased at the
solid-liquid interface, which occurs due to the anthocyanin mole-
cules being firmly adsorbed onto the surface of the resins (Duran,
Ozdes, Gundogdu, & Senturk, 2011).

3.5. Dynamic adsorption and desorption curves on the selected resins

3.5.1. Optimization of the adsorption flow rate and loading amount

The dynamic leakage curves of MA on XAD-7HP and AB-8 resins
were obtained on the volume of effluent liquid and the absorbance
of eluents herein. As shown in Fig. 2(a) and (b), the higher the load-
ing flow rate was, the faster the increase of the amount of MA in
leak solution. Meanwhile, the higher flow rate would provide a
higher adsorption efficiency in a short time; however, as adsorp-
tion time increased, the accumulative adsorption ratio using the
higher flow rate remained approximately constant. The flow rates
of XAD-7HP and AB-8 were both set at 1.5 mL/min; under this con-
dition, the processing volume of the MA solution on the two resins
were approximately 450 and 500 mL, respectively.

3.5.2. Optimization of the eluent

To understand the effect of ethanol concentration and pH on the
elution of anthocyanins, studies have been carried out with
acidified aqueous solution, and the results are shown in Fig. 2
(c) and (d). As shown in Fig. 2(c), for XAD-7HP resin, the elution
capacity increased before the ratio of ethanol reached 80%, but
AB-8 resin just reached 60%.

The effects of eluent (80% and 60% ethanol for XAD-7HP and
AB-8, respectively) on desorption capacity at different pH values
were studied. As presented in Fig. 2(d), the elution capacity of
XAD-7HP resin towards MA linearly increased with increasing pH
value of 80% ethanol solution from 1.0 to 3.0, while AB-8 resin is
from 1.0 to 4.0. With the results above, the MA behaves as a weak
acid according to the presence of phenolic hydroxyl groups, and

the solubility of MA increases with increasing pH. However, the
molecular structures of all types of anthocyanins are similar just
with different substituent groups; as a result, their solubility
increased with increasing pH, so a different concentration of
ethanol solution with 0.1% HCl was selected. It was rational to
employ 80% and 60% ethanol with 0.1% HCI as the main eluent of
XAD-7HP and AB-8 resin, respectively.

3.5.3. Optimization of the dynamic desorption flow rate

To effectively elute MA from the resins, a proper flow rate is
necessary. As presented in Fig. 2(e) and (f), the desorption pro-
cesses of XAD-7HP and AB-8 under different flow rates succes-
sively reached their plateaus after the consumption of the eluent.
It is obvious that, when XAD-7HP and AB-8 resins reached the flow
rate of 2.0 mL/min and 1.5 mL/min, respectively, they both could
afford the best desorption capacity per unit volume of eluent.

3.6. Isolation and purification of mulberry anthocyanins

To isolate high-purity anthocyanin mixtures and monomers
from mulberries, this study successively eluted anthocyanins by
different concentrations of acidified ethanol solution (20%, 40%,
60%, 80% (v/v) ethanol solutions containing 0.1% HCI, respectively).
The eluted fractions were shown in Fig. 2(g) and (h). There were
two fractions for XAD-7HP and three fractions for AB-8.

280 -
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Fig. 3. (a) Analytical HPLC-ESI-MS/MS chromatograms of standard sample and MA
extract at 520 nm; (b) the ESI full mass chromatogram of the MA extract; (c-f) the
mass spectra of component 1 and 2 of the full mass chromatogram.
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The dynamic adsorption and desorption tests were triplicate
under optimal conditions, and the percent recovery of MA was cal-
culated by Eq. (14). After the treatment of XAD-7HP and AB-8
resins, the recovery of different fractions was summarized in
Table 3. The recovery of regenerated resins was similar to the
primary resins. This demonstrated that both XAD-7HP and AB-8
resins had high reusability and were perfect sorbent for antho-
cyanin purification from mulberry fruits.

3.7. HPLC-ESI-MS/MS analysis

The highest purity fraction of the 5 fractions eluted from XAD-
7HP and AB-8 resins was the 40% XAD-7HP elution fraction, as the
purity of the fraction could reach 93.6% with a recovery of 39.63%.
To understand the basic structure as well as the structural stability
of anthocyanins, the chemical structures were determined by

HPLC-ESI-MS/MS, and the results are shown in Fig. 3. The major
anthocyanin peaks in the highest purity fraction were identified
by comparing the retention times of the standards, the m/z of each
anthocyanin molecule, and the fragmentation patterns with the
previous value (Barnes, Nguyen, Shen, & Schug, 2009).
Component 1 (retention time (tgz)=8.33 min) produced a
molecular ion at m/z 449 and a fragment ion at 287, indicating that
it is a cyanidin derivative. The neutral loss of 162 mass units corre-
sponded to a hexose molecule. Hence, component 1 tentatively
identified as cyaniding-3-glucoside. Component 2 (tz = 8.49 min)
revealed a molecular ion at m/z 595 and a MS? fragment at 287;
the neutral loss of 308 mass units corresponded to a rutinose. As
a result, the component was in conformity with cyaniding-3-
rutinoside. This result was in agreement with our previous studies
(Liang, Wu, Zhu, et al., 2012; Wu et al., 2011) and other published
studies (Pawlowska, Oleszek, & Braca, 2008; Wu et al., 2013)
that determined that cyaniding-3-glucoside and cyaniding-3-
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rutinoside are the two main components in mulberry (M. alba L.)
fruits.

4. Conclusions

In conclusion, this study has provided insights into the separa-
tion and purification of anthocyanins from mulberry extract using
an adsorbent (Amberlite XAD-7HP). XAD-7HP showed higher
adsorption/desorption capacities and ratios than other resins. The
adsorption capacity was 3.57 mg/g, while the ratios of adsorption
and desorption were 86.45% and 80.81%, respectively. The
pseudo-first-order model and Langmuir isotherm model were suit-
able to describe the process of adsorption of MA from mulberry
fruits. In the investigation of adsorption thermodynamics, the
negative value of AG° and AH° indicated that the process was
spontaneous and exothermic. Hence, the adsorption process was
controlled by a physical mechanism rather than a chemical

mechanism. The purity of the fraction by 40% ethanol elution on
XAD-7HP reached 93.6%, from which cyanidin-3-glucoside and
cyanidin-3-rutinoside were identified by HPLC-ESI-MS/MS. The
results reflected the advantages of the method, which are environ-
mental friendliness, procedural simplicity, lower cost and high
efficiency. The results also present a valuable and practical strategy
for separating high-purity anthocyanins and help to promote the
purification of anthocyanins from mulberry fruits as well as from
other plant.
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