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chlorogenic acid conjugate-
based nanoparticles for delivery of
(�)-epigallocatechin-3-gallate

Yuting Fan,a Yuzhu Zhang,b Wallace Yokoyamab and Jiang Yi *a

b-Lactoglobulin (BLG)–chlorogenic acid (CA) conjugates were generated by a free radical induced grafting

method. BLG–CA conjugates showed better antioxidant activities than BLG. The antioxidant activity

increased with the increase of CA substitution. The particle sizes of (�)-epigallocatechin-3-gallate

(EGCG)-loaded nanoparticles prepared by the anti-solvent method were 110.3, 107.4, and 105.8 nm for

BLG, BLG–CA (low), and BLG–CA (high), respectively. The encapsulation efficiencies of EGCG in BLG,

BLG–CA conjugate (low), and BLG–CA conjugate (high) nanoparticles were 72.9%, 71.8%, and 73.5%,

respectively. The chemical stabilities of EGCG in both BLG–CA nanoparticles were significantly higher

than in BLG nanoparticles. BLG–CA conjugate (high) showed better EGCG retention than BLG–CA

conjugate (low) in simulated gastrointestinal digestion fluid. Little EGCG was released in both BLG

nanoparticles and BLG–CA nanoparticles under simulated gastric digestion. The release of EGCG in

BLG–CA nanoparticles was less than that in BLG nanoparticles, indicating that CA conjugating protected

BLG from the digestive enzymes.
Introduction

(�)-Epigallocatechin-3-gallate (EGCG) is the most active catechin
of tea polyphenols. It accounts for 50–80% of the total catechin
present in green tea.1,2 Potential health-promoting properties
of EGCG include strong antioxidant activity, cancer chemo-
prevention, radioprotection, cardiovascular health improvement,
anti-obesity ability.3–5 EGCG was reported to be approximately 10
times as effective as b-carotene, and L-ascorbate in alkyl peroxyl
radical scavenging.6 It was more effective than TBHQ in pre-
venting sh meat from oxidizing (p < 0.05).3 EGCG was also re-
ported to have anticancer effects through suppressing
angiogenesis by blocking the induction of vascular endothelial
growth factor (VEGF) in human colon carcinoma cells.7

However, EGCG's bioactivity is limited by its low oral
bioavailability, and poor stability. EGCG is highly soluble in
water. It can be easily oxidized in aqueous phase. Thus, it is an
unstable bioactive compound, especially under neutral and
alkaline conditions. In a phosphate buffer (PB, pH 7.4), more
than 80% of EGCG was quickly degraded in only 3 h.8 The
increase of either pH, oxygen concentration or storage
temperature accelerated its degradation. The bioabsorption of
EGCG was less than 1.1% aer oral administration.9,10 Recent
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studies showed that the absorption of EGCG was enhanced
when delivered in nanoparticles. The result was mainly attrib-
uted to the stabilization of EGCG in nanoparticles rather than
the effect of nanoparticles on intestinal transport or on efflux
proteins.9

EGCG can be protected against chemical degradation or
oxidation by nano-encapsulation with proteins mainly through
hydrophilic and hydrophobic interactions.11–13 Even though the
chemical stability of EGCG in protein nanoparticles can be
signicantly improved, more than 30% of EGCG was oxidized
during only 10 days of storage at 4 �C in the dark.13 Predictably,
EGCG oxidation will be accelerated when stored at room
temperature or higher temperature or exposed to light.
Furthermore, the early release during in vitro digestion due to
proteolysis also facilitated the oxidation or degradation and
resulted in poor bioavailability.

b-Lactoglobulin (BLG), a ligand-binding protein, was exten-
sively studied. BLG is the most abundant whey protein.14 It was
widely used for encapsulating bioactive molecules to enhance
their bioavailability.15,16 Among all tea polyphenols, EGCG
exhibited the highest affinity for BLG.17 Recent studies showed
that thermal treatment (75–85 �C) of BLG led to the increase of
its affinity for EGCG by 3.5-fold due to the exposure of hydro-
phobic amino acid residues. Compared with native BLG,
encapsulation with thermal treatment BLG resulted in
improved of chemical stability of EGCG and better protection of
its antioxidant activity.18–20 This may be mainly due to the
increased thiol group, more exposed hydrophobic group of
protein, and more EGCG bound to protein aer heat
This journal is © The Royal Society of Chemistry 2017
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treatment.21 The functional properties (heat-induced insolu-
bility, emulsifying activity, gelling property, and calcium phos-
phate solubilizing ability) of BLG can also be remarkably
improved with glycation and phosphorylation.14,22 Our previous
study showed that BLG is resistant to pepsin hydrolysis partly
due to its compact structure with almost 50% of b-sheet.23

Whereas it can be digested by trypsin. Pepsin and trypsin are
the main proteases in human digestive system. Pepsin, acted in
the stomach, is specialized in hydrolyzing peptide bonds
between hydrophobic and preferably aromatic amino acids
(Phe, Trp, and Tyr). Whereas trypsin, produced in the small
intestine, mainly cleaves proteins on the carboxyl side of the
amino acids (Lys or Arg).24,25 Recently, it was reported that
protein–polyphenols conjugates with potential antioxidant
activity can be obtained through free radical induced graing
method.26–28

Nevertheless, the potential of these protein–phenolic
conjugates in the development of nanoparticles delivery
systems for labile hydrophilic molecules has not been well
investigated. Study in our group found that compared to BLG,
BLG–catechin conjugate exhibited better protection against b-
carotene oxidation in nanoemulsion.28

In this study, conjugation between BLG and chlorogenic acid
(CA) was optimized with various mass ratio of BLG : CA. The
obtained BLG–CA conjugate was characterized with SDS-PAGE,
far UV CD, and ATR-FTIR. EGCG-loaded BLG and BLG–CA
nanoparticles were prepared with an anti-solventmethod and the
storage stability was compared. In vitro release prole and
digestive stability of EGCGwas also investigated under simulated
gastrointestinal tract. The goal of this paper was to study the
potential of BLG–CA conjugates used as nano-delivery matrices
for protecting and delivering of bioactive nutraceuticals.
Materials and methods

Bovine beta-lactoglobulin ($90%, L0130), chlorogenic acid, L-
ascorbic acid, hydrogen peroxide (30%, w/w), DPPH, AAPH,
uorescein, and Trolox, were obtained from Sigma-Aldrich (St.
Louis, MO). EGCG (purity > 95% by HPLC) was purchased from
Chuangsai Co., Ltd. (Shanghai, China). All other analytical
grade chemicals and reagents were obtained from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China).
Preparation of BLG–CA conjugates

BLG–CA conjugates were produced with a free radical method
as previously reported26 with slight modications. In brief, 0.5 g
BLG was fully dissolved in 50 mL distilled water, then, 0.5 mL of
10.0 M H2O2 and 0.25 g L-ascorbic acid (1.4 mmol) were added
gradually, while the mixture was stirred at 25 �C under atmo-
spheric air. Aer 2 h, different amount of CA was added to
aliquots of the mixture (at the mass ratios of CA to BLG: 0.1 : 1,
0.25 : 1, 0.5 : 1, 0.75 : 1, and 1 : 1, respectively). Aer 24 h, the
free unreacted CA in reaction solution was removed by dialysis
against ultrapure water 10 times the volume of the reaction
solution. The dialysis bags had a 3 kDamolecular weight cutoffs
for proteins. The dialysis was carried out for 48 h at 4 �C with 10
This journal is © The Royal Society of Chemistry 2017
water changes. RP-HPLC results showed that no free CA or free
L-ascorbic acid could be detected in the dialyzed conjugate
solutions. The remaining BLG–CA conjugates solution was
lyophilized (Labconco, MO) and stored in a freezer for further
use.

Evaluation of phenolic groups by Folin–Ciocalteu reagent

The CA amount in BLG–CA conjugates was analyzed with
previous protocols with minor modication.29 In brief, 0.5 mL
of BLG–CA conjugates was mixed with 1 mL of Folin–Ciocalteu
reagent for 5 min in the dark, then 2 mL of 20% sodium
carbonate (Na2CO3) was added. The mixture was vortexed and
incubated 1 h at room temperature. The absorbance was
recorded with Nanodrop 2000c (Thermos-Scientic, U.S.) at
a wavelength of 747 nm. Gallic acid was used as a standard. The
conjugating amounts of BLG–CA conjugates were expressed as
milligrams of gallic acid equivalent per gram of conjugates.

Characterization of BLG–CA conjugates

Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE). SDS-PAGE analysis under reducing condition was
performed at a constant voltage of 120 V according to an
established protocol.30 A 4–20% gradient polyacrylamide gel
was used for the separation of BLG (control), and BLG–CA
conjugates. Samples were heated in an SDS sample buffer
(50 mM Tris–HCl, pH 6.8, 2% SDS, 0.1% bromophenol blue,
10% glycerol) containing 100 mM b-mercaptoethanol for 5 min
at 95 �C before loading. Loading volume of samples was 20 mL
(protein content was 25.0 mg). The Colloidal Coomassie G-250
Staining protocols were used for the gels staining.31 A Chem-
ilmager™ 4400 (Alpha Innotech, CA, U.S.) was used to scan the
stained gel.

Far UV circular dichroism (CD). The secondary structure
changes of the protein aer conjugation was determined by a J-
815 CD spectrometer (Jasco, Tokyo) between 195 and 260 nm
based on a method described previously.32 A cell with a 2.0 mm
path length was used. Samples (protein concentration is 0.2 mg
mL�1) prepared with 10 mM PB (pH 7.0) were used and the PB
solution was used as the blank for all samples. The scan rate
was 50 nmmin�1 at 20 �C. Ten scans were averaged. The results
were displayed as mean residue ellipicity (degrees per cm2 per
dmol) using 162 for the average number of amino acid residues
per molecule of BLG.33

Attenuated total reectance-Fourier transform infrared
spectroscopy (ATR-FTIR). Infrared spectra were obtained at
room temperature with ATR-FTIR spectrophotometer (Nicolet
iS10, Thermo-Scientic, Madison, WI) in the frequency range of
4000–650 cm�1. All spectra were collected at 4 cm�1 resolution.
A background spectrum was obtained for each sample. The
powder sample was placed at the center of the crystal surface.
Two hundreds and y-six scans were accumulated.

For analyzing the secondary structure of BLG and BLG–CA
conjugate, the IR spectra (1700 to 1600 cm�1) were further
subjected to Fourier self-deconvolution (FSD) using the OMNIC
soware (Thermo Scientic, West Palm Beach, FL, USA). The
FSD spectra were then curve tted assuming a Gaussian band
RSC Adv., 2017, 7, 21366–21374 | 21367
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prole. The FTIR deconvolution spectra were curve-tted by
Gaussian–Lorentzian function with PeakFit soware (Version
4.12, SeaSolve Soware Inc., Framingham, MA). Peak assign-
ment was carried out on the FSD spectra following literatures on
native BLG, and the content of each secondary structure was
expressed as the percentage of area of the corresponding
peaks.34

DPPH radical scavenging activity. The 2,2-diphenyl-1-picryl-
hydrazil (DPPH) radical scavenging activity of BLG, BLG–CA
(low), BLG–CA (high), and CA were determined according to the
method reported previously.30 The absorbance was recorded at
517 nm.

Ferric reducing power. The reducing power of BLG, BLG–CA
(low), BLG–CA (high), and CA was measured as described in our
previous reports with slight modications.30 The absorbance
was detected at 700 nm.

Oxygen radicals antioxidant capacity. The antioxidant
capacity of BLG, BLG–CA (low), BLG–CA (high), and CA was
analyzed with oxygen radicals antioxidant capacity assay, based
on a previous method.35 In each well, 50 mL of uorescein (70
nM) and 50 mL (5 mg mL�1) of sample, control (PB, pH 7.0), or
standard (trolox, 20 mM) were mixed. The mixture was kept at
37 �C for 15 min, and then 25 mL of AAPH (221 mM) were added.
The 96-well plate was placed into a uorescence Multilabel
microplate counter (Victor3, PerkinElmer, MA, U.S.). The uo-
rescence was recorded at 535 nm every 5 min for 90 min at 37 �C
with the excitation at 485 nm. The ORAC values of all samples
were expressed as mM Trolox equivalents (mM TE).

ORAC ðmM TEÞ ¼ Ct � ðAUCs �AUCbÞ � k

ðAUCt �AUCbÞ (1)

where Ct is the concentration (mM) of Trolox (20 mM), k is the
sample dilution factor, and AUC is the area below the uores-
cence decay curve of the sample, blank, and Trolox, respectively.

AUC ¼ 1þ
Xi¼90

i¼1

fi=5

f0
(2)

where f0 is the initial uorescence and fi/5 is the uorescence at
time i/5.

EGCG nanoparticle preparation. BLG-EGCG and BLG–CA-
EGCG nanoparticles were prepared by a method that has
previously been described with minor modications.36 BLG or
BLG–CA conjugates (20 mg mL�1) were fully dissolved in
ultrapure water, respectively, and the pH was adjusted to 9.0.
Pure acetone was added dropwise to BLG or BLG–CA conjugate
solution. Final acetone/water ratio was 80 : 20 (v/v). Aer des-
olvation, glutaraldehyde was added and sample was incubated
with stirring for 2 h. Acetone was removed with an evaporator
and the same volume of water was added. EGCG stock solution
were added dropwise and mixed for 1 h (molar ratio of EGCG/
BLG was 4 : 1). The obtained samples were freeze-dried and
put in a refrigerator for further use.

Particle diameter and zeta-potential analysis. The droplet
size (Dz), polydispersity index (PDI), and zeta-potential of the
samples was analyzed by Zetasizer Nano (Malvern Instruments,
Worcestershire, UK).37 All DLS measurements were performed
21368 | RSC Adv., 2017, 7, 21366–21374
in triplicate at 25 �C. The refractive index values used for the
BLG nanoparticles and the aqueous phase were 1.45 and 1.33,
respectively.

Loading amount and encapsulation efficiency. The loading
amount and encapsulation efficiency of EGCG in BLG, and
BLG–CA conjugate nanoparticles were analyzed with a recently
reported method with minor modication.29 Firstly, 2 mL of
EGCG-loaded nanoparticles was transferred into an Amicon
Ultra-3K centrifugal lter device (Millipore Corp., Billerica, MA,
USA) with a low-binding Ultracel membrane (3000 MWCO).
Aer centrifugation at 4000g for 30 min, free EGCG passed
through the Ultracel membrane, while EGCG in complexes with
BLG remained in the lter unit. The amount of EGCG in the
ultraltrate was determined by HPLC described below.

The encapsulation efficiency (EE) and loading amount (LA)
were calculated with the following equations:

EE ð%Þ ¼ 100

� total amount of EGCG� free EGCG in ultrafiltrate

total amount of EGCG
(3)

LA
�
mg g�1

� ¼ loaded amount of EGCG

total amount of nanoparticles
(4)

Transmission electron microscopy (TEM) analysis. The
shapes and characteristics of the EGCG loaded nanoparticles
were visualized with TEM. All samples were prepared by the
conventional negative-staining method. Nanoparticles redis-
solved in ultrapure water were placed on carbon-coated copper
grids and then the samples were negatively stained with 2% (w/
v) phosphotungstic acid (PTA). Grids bearing nano-particles
were determined with a Hitachi H-700 transmission electron
microscope (Hitachi, Tokyo, Japan).

Storage stability. Equal volumes (0.5 mL) of the EGCG and
EGCG-loaded BLG nanoparticles or BLG–CA nanoparticles with
the same concentration of EGCGwere dispersed in 9.5mL of pH
7.4 PB. At certain time intervals of 0, 0.5, 1, 2, 4, and 6 h, a 0.5
mL sample was withdrawn from each of the dispersion samples,
and extracted with the same volume of ethyl acetate thrice.
Fresh PB (pH 7.4, 0.5 mL) was replenished. Aer extraction, the
ethyl acetate phase was rotary evaporated, redissolved in water,
and analyzed using HPLC (as described below).

An Agilent 1100 HPLC system equipped with a DAD UV-vis
absorption detector (Agilent, Santa Clara, CA) and a Nova-Pak
C18 3.9 � 150 mm column (Waters) was used. The aqueous
solution of 30%methanol containing 0.1% acetic acid was used
as eluent with a ow-rate of 1.0 mL min�1 and the injection
volume was 10 mL. The detection temperature was kept at 25 �C
and the detection wavelength was 280 nm.38

In vitro release. EGCG-loaded nanoparticles in the lter unit
were collected and used for the determination of the in vitro
release prole. The samples were dispersed in simulated gastric
uid (SGF) or simulated intestinal uid (SIF), which was
immediately placed in the dialysis bags (MWCO 3.5 kDa). The
mass ratio between BLG and pepsin is 20 : 1 (w/w).39 SGF was
0.1 M HCl (pH 1.5) containing 0.1% pepsin. SIF is mainly
composed of 50 mM PB (pH 6.5) with 0.2% pancreatin and
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra28462k


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
A

pr
il 

20
17

. D
ow

nl
oa

de
d 

on
 1

1/
14

/2
02

5 
5:

05
:2

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
0.25% bile salts. For gastric digestion, the dialysis bags con-
taining SGF were put in acid release medium I (0.1 M HCl, pH
1.5). For intestinal stage, the dialysis bags containing SIF were
put in release medium II (50 mM PB, pH 6.5). Aliquots of
dissolution medium (0.5 mL) were withdrawn at certain time
intervals, and the concentration of EGCG was determined by
HPLC as described above. The same volume of buffer (0.5 mL)
was fed back to the release media. The percent cumulative
amount of EGCG released from the nanocomplexes was calcu-
lated as a function of time.

Statistics. All tests were measured in triplicate, and all data
were expressed as mean � standard deviation. The data were
analyzed by the analysis of variance (ANOVA) using the SPSS
17.0 package (IBM, New York). Duncan's multiple-range test
was used to determine the signicant differences of mean
values. Differences with P < 0.05 was considered statistically
signicant.
Results and discussion
CA conjugation optimization

The hydroxyl radicals, generated by the reaction between L-
ascorbic acid and H2O2, can react with the side chain of sensi-
tive amino residues (tryptophan, lysine, and cysteine) of
a protein, producing radical species on its structure. The radical
species react with phenolic acid producing protein–phenolic
acid covalently graed conjugates.26 The more phenolic acid
conjugated, the higher the antioxidant activity of the protein–
phenolic acid conjugate. BLG–CA conjugates with various mass
ratios of CA to BLG (0.1 : 1, 0.25 : 1, 0.5 : 1, 0.75 : 1, and 1 : 1)
were prepared and the conjugation degree was estimated to
obtain the optimal BLG–CA conjugates. As shown in Fig. 1,
lowest amount of CA was bound to BLG (31.3 mg g�1) at mass
ratio of 0.1 : 1 (CA : BLG). The conjugation degree increased
with the increase of the CA : BLG mass ratio between 0.1 : 1 to
0.5 : 1. Whereas, CA substitution reached a plateau when
further increase the mass ratio. The conjugation amounts were
Fig. 1 Impact of the various mass ratios of chlorogenic acid (CA) to b-
lactoglobulin (BLG) on the substitution and conjugation efficiency of
CA on BLG. Values with different letters (a–d; A–E) are significantly
different (p # 0.05).

This journal is © The Royal Society of Chemistry 2017
102.1, 106.8, and 107.7 mg g�1, corresponding to the mass ratio
of CA to BLG of 0.5 : 1, 0.75 : 1, and 1 : 1, respectively. No
signicant differences were observed for these three mass
ratios. However, the efficiency decreased with the increase of
mass ratio between CA and BLG. The substitution efficiency
decreased from 32.4% to 12.1% with the increase of CA : BLG
mass ratio from 0.1 : 1 to 1 : 1.

Characterization of BLG–CA conjugates

SDS-PAGE. SDS-PAGE is widely used to study and conrm
the conjugation of reducing sugar and protein or protein and
polyphenols.27,28 SDS and As can be observed in Fig. 2, a clear
band, corresponding to native BLG with molecular weight of
18.2 kDa, was observed in lane 2. A small amount of BLG dimer
at 38.4 kDa was also detected.

The molecular weight of BLG increased aer CA conjuga-
tion at CA : BLG of 0.1 : 1, indicating CA was successfully
conjugated onto BLG with the free radical method. There is an
increase in the molecular weight of BLG with the increase of
the weight ratio of CA : BLG from 0.1 : 1 to 0.5 : 1, indicating
more CA was covalently bound to BLG. Similar results were
also reported by Rawel et al.40 The increase of the molecular
weight of BLG dimer was also found when the weight ratio of
CA : BLG increased. This was consistent with the phenolic
acid determination results. However, further increasing of
mass ratio resulted in no appreciable increase of BLG's
molecular weight. Similar results were also reported in
graing gallic acid onto chitosan.41 It is likely that all avail-
able binding sites on BLG were saturated with CA at the
CA : BLG mass ratio of 0.5 : 1.

It is important to note that little CA non-covalently bound to
BLG through hydrophobic interactions and hydrogen bonding
may exist,21 possibly leading to the increase of bound CA and
the increase of antioxidant activity of BLG–CA conjugate.
Fig. 2 SDS-PAGE results of BLG and BLG–CA conjugates under
reducing conditions. Lanes: 1, protein markers; 2, BLG (control); 3–7,
BLG–CA conjugates synthesized at different mass ratio of CA : BLG
(0.1 : 1, 0.25 : 1, 0.50 : 1, 0.75 : 1, and 1 : 1, respectively).

RSC Adv., 2017, 7, 21366–21374 | 21369
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Fig. 3 Far-UV CD spectra (195–260 nm) of BLG control, and BLG–CA
conjugates obtained at different mass ratio of CA : BLG (0.1 : 1,
0.25 : 1, 0.50 : 1, 0.75 : 1, and 1 : 1, respectively).
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Far UV CD. The negative peak at 216 nm of far-UV CD
spectrum indicates that BLG is rich in b-sheet secondary
structure (Fig. 3). Based on the calculation from far-UV CD
spectra data using DichroWeb online, the secondary structure
of BLG (10 mM PB, pH 7.0, 20 �C) was found to be consisted of
18.1% a-helix, 38.3% b-sheet, 18.7% b-turn, and 25.2% random
coil structure (Table 1). This is in agreement with previous
literature ndings.23,28 Aer CA conjugation, the wavelength of
negative peak at 216 nm was shied to 206 nm, indicating
changes occurred in BLG's secondary structure. The secondary
structure compositions of ve BLG–CA conjugates were calcu-
lated with DichroWeb online and shown in Table 1. CA conju-
gations led to the decrease of a-helix and b-sheet with the
corresponding increase of b-turn and random coil. The results
suggested that BLG unfolding occurred with CA conjugation. It
is noteworthy that no signicant differences were observed
between ve different BLG–CA conjugates with various conju-
gation degrees. Far UV CD results clearly demonstrated that CA
was successfully covalently bound to BLG molecules.
Table 1 Secondary structure composition of BLG and BLG–CA
conjugates prepared with various CA : BLG mass ratios (0.1 : 1 to 1 : 1)
from far UV CDa

Samples
a-Helix
(%)

b-Sheet
(%)

Turns
(%)

Unordered
(%)

BLG 18.1 38.3 18.7 25.2
BLG–CA conjugate 1 11.9 27.8 20.6 37.6
BLG–CA conjugate 2 10.7 30.2 19.7 35.7
BLG–CA conjugate 3 7.6 24.8 21.9 41.7
BLG–CA conjugate 4 9.7 29.7 21.4 36.3
BLG–CA conjugate 5 11.2 30.2 19.2 38.4

a The secondary structure composition was calculated from far-UV CD
spectra data using DichroWeb online (http://dichroweb.cryst.
bbk.ac.uk/html/home.shtml).

21370 | RSC Adv., 2017, 7, 21366–21374
ATR-FTIR. The ATR-FTIR spectra (4000–650 cm�1) of native
BLG, and BLG–CA conjugates prepared at ve different mass
ratio were shown in Fig. 4A. The spectrum and the curve-tting
components of the deconvolved amide I region (1700–1600
cm�1) of BLG aer CA conjugation was shown in Fig. 4B. Bands
in this region correspond to a-helix, b-sheets, turns, and
random coils.34,42 The percentages of the secondary structures
were summarized in Table 2. Native BLG has 12.0% a-helix,
57.3% b-sheet, 16.0% turns, and 14.7% unordered in our study,
similar to previous reports.43 It's worth noting that the
percentage of secondary structure of BLG obtained with ATR-
FTIR is signicantly different with that obtained with far UV
CD. Different testing mechanism and calculation may be one
reason. Another reason was due to different water amount.
Reports showed that dehydration could lead to the increase of b-
sheet at the expense of a-helix.44 Even though, both methods
showed the similar changes of BLG aer CA conjugation. ATR-
Fig. 4 ATR-FTIR spectra (A) of BLG control, and BLG–CA conjugates
obtained at different mass ratio of CA : BLG (0.1 : 1, 0.25 : 1, 0.50 : 1,
0.75 : 1, and 1 : 1, respectively). Deconvolution of the spectra (B)
depicted detailed secondary structure profiles in the amide I band
region of BLG (1700–1600 cm�1).

This journal is © The Royal Society of Chemistry 2017
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Table 2 Secondary structure composition of BLG and BLG–CA
conjugates prepared with various CA : BLG mass ratios (0.1 : 1 to 1 : 1)
from ATR-FTIRa

Samples
a-Helix
(%)

b-Sheet
(%)

Turns
(%)

Unordered
(%)

BLG 12.0 57.3 16.0 14.7
BLG–CA conjugate 1 9.1 49.3 23.4 18.1
BLG–CA conjugate 2 8.7 47.2 22.1 22.0
BLG–CA conjugate 3 8.4 47.3 26.3 18.0
BLG–CA conjugate 4 7.9 50.6 21.7 19.9
BLG–CA conjugate 5 8.3 46.1 23.0 22.5

a The secondary structure composition was calculated from ATR-FTIR
curve-tting individual components.
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FTIR results displayed that the secondary structure of BLG
changed toward to a higher turns and random coils at the
expense of a-helix and b-sheet aer CA conjugation, consistent
with far UV CD results. No correlation between the CA conju-
gation amount and the extent of secondary structure changes
was found. ATR-FTIR results also revealed that CA was
successfully covalently bound to BLG molecules.
Fig. 5 Antioxidant activity (DPPH scavenging ability, oxygen-radical
antioxidant capacity (ORAC), and reducing power) of BLG, BLG–CA
conjugate, and CA. Values at the same concentration with different
letters (a–d) are significantly different (p # 0.05).
Antioxidant activity of BLG–CA conjugate

DPPH radical scavenging ability. To investigate the effects of
various CA conjugation on the antioxidant activity of BLG–CA
conjugate and the in vitro prole as well as chemical stability of
EGCG in BLG, or BLG–CA conjugates nanoparticle, two BLG–CA
conjugates low (31.3 mg g�1) and high (102.1 mg g�1) were used
in the following study.

The DPPH radical scavenging abilities of BLG, BLG–CA (low),
BLG–CA (high), and CA were shown in Fig. 5A. DPPH radical
scavenging ability increased with the increase of concentrations
for all samples (BLG, BLG–CA (low), BLG–CA (high), and CA). BLG
was reported to have anti-oxidative activity mainly due to
cysteine-121 group.45 However, BLG showed the least DPPH
radical scavenging ability in this study. The value was only 9.8%
at the highest concentration (1 mg mL�1). Aer CA conjugation,
the DPPH radicals scavenging ability was signicantly improved.
At 0.1mgmL�1, the value was 22.3% and 30.3% for BLG–CA (low)
and BLG–CA (high), respectively. BLG–CA (high) has better DPPH
radical scavenging ability than BLG–CA (low). CA exhibited
greatest ability in scavenging DPPH radicals for its strong
hydrogen-donating ability. The value was 92.5%, which was
remarkably higher than both BLG–CA conjugates at the same
concentration. DPPH radical scavenging abilities increased with
the increase of the concentration of both BLG–CA conjugates. At
0.6 mg mL�1, the values were 91.8%, 92.6% and 93.0% for BLG–
CA (low), BLG–CA (high) and CA, respectively. No signicant
differences were observed for either BLG–CA conjugates or CA
when concentration is higher than 0.6 mg mL�1.

Reducing power. Reducing power assay, which monitors the
reduction of Fe3+ to Fe2+ by antioxidants, has been extensively
used for antioxidant activity determination. As shown in Fig. 5B,
the reducing power of all samples (BLG, BLG–CA (low), BLG–CA
(high), and CA) increased with the increase of their
This journal is © The Royal Society of Chemistry 2017
concentration as expected. CA showed the highest reducing
power at all concentrations among three samples for its strong
hydrogen-donating ability. BLG–CA (high) exhibited higher
RSC Adv., 2017, 7, 21366–21374 | 21371
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Fig. 6 Transmission electron microscopy (TEM) images of EGCG-
loaded nanoparticles. EGCG encapsulated with BLG–CA (low) nano-
particles (A), and EGCG encapsulated with BLG–CA (high) nano-
particles (B). The mass ratio of CA to BLG was 1 : 2. The scale bar
represents 50 nm in both (A) and (B).

Fig. 7 Chemical stabilities of free EGCG and EGCG in nanoparticles
during storage. The chemical stabilities of free EGCG (black square),
EGCG-loaded BLG nanoparticles (red circle), BLG–CA (low) (blue
triangle), and BLG–CA (high) nanoparticles (green inverse triangle) at
pH 7.0 after 6 h at room temperature are shown. Values with different
letters (a–d) at the same time intervals are significantly different (p #

0.05). Data are expressed as mean � STD.
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reducing power than BLG–CA (low) at all concentration (0.1–
1.0 mg mL�1). The reducing power of BLG–CA (low) conjugate
was 0.689, while the value was 0.783 for BLG–CA (high) conju-
gate at 1.0 mg mL�1. The reducing power of BLG (native) was
negligible (only 0.009) (Fig. 5B). The results clearly indicated the
reducing power of BLG were greatly enhanced aer conjugation
with CA.

Oxygen radical antioxidant capacity (ORAC). ORAC assay has
also been widely used for antioxidant activity evaluation of
functional bioactive compounds. As expected, BLG–CA showed
remarkably higher oxygen radical scavenging ability than BLG
(Fig. 5C). The ORAC values were 646.5, 3254.5, 4237.4, and
4840.4 for BLG, BLG–CA (low), BLG–CA (high), and CA,
respectively. BLG–CA conjugates exhibited more than 5 times
(5.0 and 6.6 for BLG–CA (low) and BLG–CA (high), respectively)
higher ORAC value than BLG. BLG–CA (high) showed higher
ORAC value than BLG–CA (low) for the higher CA conjugation
degree.

The above results (DPPH radical scavenging ability, reducing
power, and ORAC value) obviously suggested that BLG–CA
conjugate can be used as an effective stabilizer for nutraceut-
icals protection, encapsulation, and delivery.

Characterization of EGCG-loaded BLG–CA conjugate nano-
particle. The characteristics (Z-average, zeta-potential, EE, and
LA) of EGCG-loaded BLG nanoparticles were shown in Table 3.
The particle diameters were 110.3, 107.4, and 105.8 nm with
DLS (dynamic light scattering), respectively for EGCG-loaded
BLG, BLG–CA conjugate (low), and BLG–CA conjugate (high)
nanoparticles; and their zeta-potentials were �44.3, �45.6, and
�47.7 mV, respectively (P > 0.05). The EE of EGCG in BLG, BLG–
CA (low), and BLG–CA (high) nanoparticles were 72.9%, 71.8%,
and 73.5%, respectively. The LA of EGCG loaded in BLG, BLG–
CA (low), and BLG–CA (high) were 7.3%, 7.2%, and 7.4%,
respectively. No signicant differences were observed for EE
and LA. Covalently bound CA may not have signicant impacts
on the interfacial properties and emulsifying ability of BLG,
resulting in no particle size, zeta-potential, EE and LA changes
of EGCG-loaded nanoparticles.

TEM results showed that both BLG–CA (low) and BLG–CA
(high) nanoparticles were spherical, homogeneous, and
uniform (Fig. 6). The mean particle sizes were less than 50 nm,
far smaller than the results obtained with DLS. Similar results
was also reported.10 This is mainly attributed to that DLS data
were obtained in solution where nanoparticles were fully
hydrated, while TEM images were got in a dry state on carbon-
coated copper grid.
Table 3 Mean particle size, zeta-potential value, encapsulation efficienc
acid conjugate nanoparticlea

Sample Mean particle diameter (nm)

BLG 110.3 � 3.2 (a)
BLG–CA conjugate (low) 107.4 � 2.0 (a)
BLG–CA conjugate (high) 105.8 � 1.7 (a)

a Signicant differences within a column are denoted with letters (a) (P <

21372 | RSC Adv., 2017, 7, 21366–21374
Chemical stability of EGCG in nanoparticles. EGCG is very
unstable at neutral and mild alkaline solution, which decrease
the bioavailability and the potential health effects. As shown in
Fig. 7, EGCG was rapidly degraded at pH 7.4 PB buffer during
6 h of storage. Almost half of EGCG lost aer only 2 h. EGCG's
y (EE), and loading amount (LA) of EGCG in BLG, and BLG–chlorogenic

Zeta-potential (mV) EE (%) LA (%)

�44.3 � 1.6 (a) 72.9 � 1.3% (a) 7.3 � 0.1% (a)
�45.6 � 2.1 (a) 71.8 � 1.4% (a) 7.2 � 0.2% (a)
�47.7 � 2.3 (a) 73.5 � 1.5% (a) 7.4 � 0.2% (a)

0.05).

This journal is © The Royal Society of Chemistry 2017
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chemical stability was signicantly enhanced with nano-
encapsulation. At 0.25 h, the retention rate of free EGCG was
81.4%. While the values were 89.2%, 93.1%, and 94.9%, in BLG,
BLG–CA (low), and BLG–CA (high) nanoparticles, respectively.
Only 18.8% of EGCG was le aer 6 h incubation. Whereas,
45.1% 57.9%, and 65.5% of EGCG still remained for BLG, BLG–
CA (low), and BLG–CA (high) nanoparticles respectively. It is
noteworthy that both BLG–CA conjugates showed better
protection for EGCG than BLG. Furthermore, the retention rate
of EGCG in BLG–CA (high) nanoparticle was greatly higher than
that in BLG–CA (low) nanoparticle. This was mainly attributed
to the higher amount of covalently bound CA in BLG–CA (high).
CA was an excellent antioxidant which can effectively reduce
metal ion, scavenging free radicals and peroxyl radicals.

In vitro release of EGCG nanoparticle in simulated gastro-
intestinal digestion. EGCG can be released from nanoparticles
under simulated gastrointestinal digestion mainly through
diffusion and destruction of the nanoparticles structure by
digestion.46 Digestive enzymes may play a more important role.
The in vitro release of EGCG from BLG, BLG–CA conjugate (low),
and BLG–CA conjugate (high) nanoparticles in a simulated gastric
environment is shown in Fig. 8A. Few EGCG was released in the
Fig. 8 In vitro release of EGCG in nanoparticles digested with pepsin
and pancreatin at simulated gastrointestinal juice. Values with different
letters (a–c) at the same time intervals are significantly different (p #

0.05). Data are expressed as mean � STD.

This journal is © The Royal Society of Chemistry 2017
whole gastric stage during 3 h incubation. Aer 3 h, only 17.1%,
15.5%, and 14.2% of EGCG was released from BLG, BLG–CA
conjugate (low), and BLG–CA conjugate (high) nanoparticles,
respectively. The mean particle size did not show signicant
changes during whole gastric digestion (data not shown), sug-
gesting BLG was resistant to proteolysis of pepsin. Similar results
were also reported that BLGwas resistant to pepsin-hydrolysis.23,39

The extent of EGCG release from BLG–CA conjugate nanoparticles
was relatively lower than that from BLG nanoparticles. The
information obtained in this study was consistent with the results
observed by Hu et al.,29who showed that the release of EGCG from
chitosan nanoparticles under gastric condition can be controlled
with phenolic acid graing. It was also reported that the activity of
digestive enzymes (such as amylase, protease and lipase) can be
remarkably inhibited by polyphenols.47,48 Conjugated CA retarded
pepsin catalytic activity in this study.

At the intestinal stage, all three nanoparticles showed a rapid
release of EGCG at the beginning and a sustained release of
EGCG during the whole digestion process. Aer the rst 30 min
of digestion, 35.1, 28.6, 17.7% of EGCG were released in BLG,
BLG–CA (low), and BLG–CA (high) nanoparticles, respectively.
The release of EGCG was relatively slow from BLG–CA conjugates
nanoparticle than from BLG nanoparticle (p < 0.05). Aer 4 h of
digestion with pancreatin, the extents of EGCG release were
48.3%, 40.3%, 32.7% for BLG, BLG–CA conjugate (low), and BLG–
CA conjugate (high) nanoparticles, respectively. The results
indicated that covalently conjugated CA inhibited the activity of
the digestive enzyme, which led to the reduction of the release
rate and extent of EGCG. Furthermore, the release of EGCG was
further inhibited with the increase of CA conjugation degree.

In conclusion, BLG–CA conjugate was prepared by the free
radicals method and characterized with SDS-PAGE, far UV-CD,
and ATR-FTIR. SDS-PAGE results clearly suggested that CA
was successfully covalently bound to BLG. a-Helix and b-sheet
structure of BLG decreased with a corresponding increase of
turns and unordered structure aer CA conjugation. The mean
particle diameters of EGCG-loaded BLG or BLG–CA (low) and
(high) nanoparticles were all approximately between 105 and
110 nm. BLG–CA showed better protection than BLG against
EGCG degradation or oxidation. Simulated gastric digestion of
EGCG-loaded nanoparticles showed limited release of EGCG,
indicating they could potentially be used as vehicles for
protection of EGCG in the stomach, and for its sustained release
in the intestine. The release of EGCG from BLG–CA nano-
particles was slower and less than that from BLG nanoparticles.
BLG–CA (high) showed higher inhibition of EGCG release than
BLG–CA (low), suggesting that CA exhibited inhibition for
digestive enzymes in intestinal stage. The results demonstrated
the potential benets of using BLG–CA conjugate as nano-
carriers for nutraceuticals.
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