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Jingwen Liu,ab Lun Jiang,ab Yunyue Zhang,ab Zhongyao Du,ab Xiaoxia Qiu,ab
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In this study, we evaluated the binding behaviors and structural characteristics of multi-ligand complex of b-

lactoglobulin (b-lg) with curcumin and fatty acids. Methods of fluorescence spectroscopy, circular

dichroism spectroscopy, dynamic light scattering, Turbiscan stability analysis, HPLC quantification,

molecular docking studies, and molecular dynamics simulation were used. The results of fluorescence

measurements indicated that b-lg was able to interact with curcumin and fatty acids at the same time,

and the presence of fatty acids enhanced the binding constant of curcumin. The formation of ternary

complexes with curcumin and fatty acids did not change the secondary structure of b-lg, while this

process resulted in a considerable increase in particle size and negative charges compared to the native

b-lg (ending up at around 145 nm and �30 mV in the ternary complexes). The loading efficiencies of the

fatty acids were 32 � 2% in b-lg-myristic acid (C14:0)-curcumin and 34 � 3% in b-lg-palmitic acid

(C16:0)-curcumin, and those of curcumin were 58 � 2% in b-lg-C14:0-curcumin and 57 � 2% in b-lg-

C16:0-curcumin. These findings provide basic information to clarify the binding mechanism for the

interactions of b-lg with ligands at multiple sites on the molecular level.
Introduction

In recent years, there has been a growing interest in the food
industry to incorporate various bioactive ingredients due to
their health benets. Among them, curcumin (diferuloyl-
methane), a natural polyphenolic compound derived from the
herb turmeric (Curcuma longa), is known to exhibit numerous
biological and pharmacological activities, such as anti-tumor,
anti-oxidative, and anti-inammatory properties.1,2 In addi-
tion, several clinical trials showed that curcumin is not toxic to
humans, even at high doses (up to 8 g per day for 3 months).3

Therefore, curcumin is regarded as a promising nutraceutical to
be used in functional foods. However, being a hydrophobic
molecule, the poor water solubility and bioaccessibility of curcu-
min limit its application and biological activities. To enhance the
solubility and bioavailability of curcumin, a number of
d Nutrition and Human Health, College of

, China Agricultural University, Beijing

cau.edu.cn; Fax: +86-10-62736344; Tel:

nstructed by Ministry of Education and

of Food Quality and Safety, China

. China

itality Management, The University of

tion (ESI) available. See DOI:

67
researchers suggested complexation of curcumin with bio-based
polymeric ingredients, e.g. albumin, phospholipid, casein
micelles, chitosan, and modied starches.4–8

Milk protein-based nanoparticles are promising delivery
vehicles for nutraceuticals because milk proteins have naturally
evolved to deliver nutrients from mother to neonate. Bovine b-
lactoglobulin (b-lg) is the major whey protein from bovine milk.
Bovine b-lg consists of a 162 amino acid-long mature poly-
peptide with a molecular weight of approximately 18.3 kDa.9 It
has a hydrophobic core, containing eight antiparallel b-strands
(A–H), which is called the calyx and is the main binding site of
the protein. Furthermore, b-lg is conditional resistant to acidity
at low pH of stomach, and to digestion by gastric proteases.10,11

Therefore, it is an attractive candidate to serve as an encapsu-
lant for delivering hydrophobic nutrients and improving their
bioavailability. For example, b-lg-based delivery strategies have
been developed to carry vitamin D and naringenin to improve
their bioavailability.12,13 Moreover, a number of studies
demonstrated that the binding of curcumin to b-lg could
enhance the solubility and antioxidant activity of curcumin.14,15

However, most of the studies have focused on transporting
single ligand or the interferences and competitions of
secondary ligand to protein–monoligand complex.16,17 In fact,
the trend to incorporate different bioactive compounds into
food formulations and offer multiple benets simultaneously
has increased remarkably.18 It is thus required to develop
carriers that can bind a plurality of bioactive components at the
This journal is © The Royal Society of Chemistry 2017
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same time. b-lg has more than one site for ligand binding, with
the main site in the calyx and other possible sites at the dimer
interface, the outer surface near Trp19-Arg124, and the hydro-
phobic pocket in a groove between the a-helix and the b-
barrel.19–22 Hence, we speculated that b-lg could be used as
a carrier for more than one type of hydrophobic molecule at
a time. However, the specic binding behaviors of b-lg deliv-
ering multiple ligands simultaneously are still not clear. To this
end, three fatty acids, i.e. caprylic acid (C8:0), myristic acid
(C14:0), and palmitic acid (C16:0), were selected as the second
type of hydrophobic molecule to form ternary complexes with b-
lg and curcumin. Previous studies noted that b-lg has different
affinities to fatty acids of different structures.23 Therefore, the
binding of curcumin to b-lg may be affected by different fatty
acids, and vice versa.

The main objective of this study was to clarify the binding
mechanism and structural characteristics of ternary complexes
of b-lg, curcumin, and fatty acids. Complimentary techniques,
i.e. uorescence spectroscopy, circular dichroism (CD) spec-
troscopy, dynamic light scattering (DLS), Turbiscan stability
analysis, loading efficiencies measurements, molecular docking
studies, and molecular dynamics (MD) simulation were applied
to measure the binding kinetics and probe the structural details
of the complexes. This study provides valuable information for
developing new b-lg-based delivery systems for multiple ligands
with applications in the food industry.
Materials and methods
Materials

Bovine b-lg (purity > 90%) was purchased from Sigma-Aldrich
Chemical Co. (St. Louis, Missouri). Curcumin (log P ¼ 3.6,
purity > 98%) was obtained from J&K chemical (Shanghai,
China). C8:0 (log P ¼ 2.9, purity > 98%), C14:0 (log P ¼ 6.1,
purity > 99%), and C16:0 (log P ¼ 7.2, purity > 97%) were
purchased from Tokyo Chemical Industry (Tokyo, Japan). Other
reagents were of analytical grade, and double distilled water was
used throughout.
Preparation of b-lg, curcumin, and fatty acids complexes

To obtain a protein solution, b-lg was dissolved in an aqueous
solution of 10 mM Tris–HCl buffer (pH 7.4). The protein
concentration was determined using a molar absorption coef-
cient of 3278 nm ¼ 17 600 M�1 cm�1 on a UV-vis spectropho-
tometer.24 Fresh curcumin solution (4 mM) was prepared by
dissolving it in ethanol, and the solutions were protected from
light throughout the experiments. The exact concentration of
curcumin was measured using a molar absorption coefficient of
3429 nm ¼ 55 000 M�1 cm�1.25 Ethanol solutions of C8:0, C14:0,
and C16:0 (1 mM) were also prepared in advance.

The above solutions were diluted in Tris–HCl to various
concentrations required for further preparing the complex
samples. The complex samples were prepared by mixing the
diluted solutions in varying proportions. The resulting ethanol
concentration never exceeded 10% (v/v), and this concentration
had no appreciable effect on protein structure.16
This journal is © The Royal Society of Chemistry 2017
Fluorescence measurements

To reveal the binding behaviors between b-lg and ligands,
changes of b-lg tryptophan (Trp) uorescence and curcumin
uorescence emission intensity were measured. First, curcumin
(0–50 mM) was added into the b-lg solution and the b-lg-fatty acid
complexes, in which the concentrations of b-lg and fatty acid were
2 mM and 300 mM, respectively. Moreover, in order to clarify the
effect of fatty acids on the binding kinetics between curcumin and
b-lg, the binding constants, Ka, were calculated according to the
uorescence intensities of b-lg. In this case, the concentrations of
curcumin were 0, 1.6, 6, 10, 16, 30, 50, 60, 80, 100, 150, 200 mM.
Secondly, to assess the effect of curcumin presence on the binding
between fatty acids and b-lg, each fatty acid (0–200 mM) was added
into the b-lg solution (2 mM) and the b-lg-curcumin complex
containing 2 mM of b-lg and 150 mM of curcumin.

Fluorescence measurements were performed on a CARY
Eclipse spectrouorometer (Varian, Palo Alto, California).
Binding of these ligands was evaluated using the uorescence
emission quenching of b-lg Trp (lex ¼ 295 nm, lem ¼ 330 nm)
and the change in uorescence emission intensity for curcumin
(lex ¼ 425 nm, lem ¼ 500 nm). The uorescence intensities were
shown as the average of three replicates. Because some ligands
possess intrinsic uorescence, the intensities of b-lg and cur-
cumin in the samples were automatically subtracted from the
emission intensities of the corresponding solutions. In addi-
tion, some ligands are able to absorb energy both at the exci-
tation wavelength and emission wavelength, which is known as
the inner-lter effect. Therefore, the measured uorescence
emission intensity was corrected according to eqn (1):26

Fc ¼ Fm � 10
AexþAem

2 (1)

where Fc is the corrected uorescence intensity; Fm is the
measured uorescence intensity; Aex and Aem are the absor-
bance of the system at the excitation and emission wavelengths,
respectively.
CD measurements

CD spectra were recorded using a CD spectropolarimeter (Pistar
p-180, Applied Photophysics Ltd., Surrey, U.K.). The concen-
tration of b-lg was 10 mM for the far UV region (190–260 nm).
The molar ratio of b-lg, curcumin, and fatty acids was 1 : 1 : 1 in
the ternary complexes. The path length was 0.1 cm. Ellipticity
was recorded at a speed of 100 nmmin�1, 0.2 nm resolution, 20
accumulations, and 2.0 nm bandwidth. The collected data were
analyzed on Dichroweb (http://dichroweb.cryst.bbk.ac.uk). The
proportions of a-helix, b-sheet, turn, and unordered coil were
estimated using the SELCON3 program.27 The buffer back-
ground was subtracted from the raw spectra, and each spectrum
was obtained as the average of three consecutive scans.
DLS measurements and stability analysis

The concentrations of b-lg, curcumin, and fatty acids were 200
mM in the b-lg-curcumin, b-lg-fatty acids, and the ternary
complexes. For DLS measurements, the samples (1.5 mL) were
analyzed at 25 �C with a Zetasizer Nano-ZS90 (Malvern
RSC Adv., 2017, 7, 45960–45967 | 45961
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Instruments, Worcestershire, U.K.). The intensity of light scat-
tered was monitored at 173� for size measurements. The results
were recorded as the cumulant mean diameter (nm) and poly-
dispersity index for particle size and size distribution, respec-
tively. All experiments were performed in triplicates. For the
zeta potential, the values reported are the average of measure-
ments for three freshly prepared samples, and three readings
were recorded for each sample.

The stability of the ternary complexes at 4 �C during 14 days
storage weremonitored by twomethods, DLSmeasurement and
Turbiscan analysis. The particle sizes, zeta potentials and Tur-
biscan curves were recorded at 1, 2, 3, 4, 5, 6, 7, 10, 12, and 14 d.
The Turbiscan stability analysis was determined using Turbis-
can LAB (Formulaction, Toulouse, France). The Turbiscan
scanned the samples from the bottom to the top with near
infrared light (l ¼ 880 nm) and measured the percentage of
transmission through the samples as a function of the height of
the tube, in order to quantify the rate of destabilisation.
Loading efficiencies of curcumin and fatty acids

To assess the loading efficiencies of curcumin and fatty acids
within the complexes, 500 mL b-lg-curcumin, b-lg-fatty acids,
and the ternary complexes were prepared. The concentrations
of b-lg, curcumin, and fatty acids were 37.5 mM, 75 mM, and 75
mM, respectively. The samples were transferred into Amicon
Ultra centrifugal lter devices with a molecular weight cutoff of
10 kDa (Millipore, Boston, MA). The curcumin and fatty acids
bound to b-lg were separated from the free ligands by centrif-
ugal ultraltration (14 000 � g, 1 h). The retentate above the
membrance was removed. Aer this, the ligands remaining in
the membrance were collected by running another washing step
based on the method described in previous study.28 The free
ligands in the both two permeates were analyzed by HPLC. For
reference samples, curcumin and fatty acids dissolved in
ethanol were added to Tris–HCl solutions at the same pH and
composition as that used for the complexes, but without the
protein. Before this, an experiment was performed to conrm
that aer an additional washing step, the vast majority of the
free ligands could be collected. The loading efficiency was
calculated using the following equation:28

Loading efficiency ð%Þ

¼ ðtotal amount of ligands� free ligandsÞ
total amount of ligands

� 100 (2)

The amounts of curcumin and fatty acids were quantied
using a Shimadzu LC-20AT HPLC instrument (Kyoto, Japan).
The analysis was performed on a C18 HPLC column, with UV
detection at 425 nm for curcumin and 310 nm for the fatty acids
aer derivatization. Fatty acids (50 mL) were directly derivatized
by treatment with 2-nitrophenylhydrazine hydrochloride
(100 mL) in the presence of 200 mL of 1-(3-dimethyl-
aminopropyl)-3-ethylcarbodiimide hydrochloride, to obtain
non-volatile hydrazine derivatives. The derivatized fatty acids
were separated from other acid hydrazides and interfering
components by a solvent extraction using 1.5 mL of n-hexane.
45962 | RSC Adv., 2017, 7, 45960–45967
Aer that, the samples were treated under a stream of nitrogen
gas, and the residues were dissolved in methanol. The mobile
phase was a mixture of water (A) and acetonitrile (B) at ow rate
of 0.8 mL�1 min�1, and acetic acid (0.12% v/v) was added to the
mobile phase. For curcumin, the injection volume was 100 mL,
and the gradient elution program was as follows: 0–9 min, 44% B
to 62% B; 9–30 min, 62% B. For the derivatized fatty acids, the
injection volume was 40 mL, and the gradient elution condition
was as follows: 0–5 min, 75% B; 5–30 min, 95% B. Four replicates
were made to construct the calibration curve with curcumin and
fatty acids standard solutions, ranging from 0 to 100 mM.

Molecular docking studies and MD simulation

The three dimension structure of b-lg was downloaded from
RCSB Protein Data Bank (http://www.rcsb.org) with the ID
2Q2M. The structure of curcumin, C14:0, and C16:0 were ob-
tained from NCBI with the PubChem compound CIDs of
969516, 11005, and 985, respectively. Binding interactions
between ligands and protein were predicted by molecular
docking method using AutoDock 4.0 soware. All water mole-
cules were removed and polar hydrogens were added at the
beginning of the docking experiment. The docking experiment
was performed on the whole protein. To recognize binding sites
in the protein, the grid center was set at 80 Å, 80 Å, 80 Å. For
more accurate docking, the optimized AutoDocking parameters
were as follows: the maximum number of energy evaluations
were 25 000 000 per run; the iterations of Solis and Wets local
search were 3000; the number of generations was 100, and the
number of individuals in population was 300. All other
parameters were kept as default values. Result differing by less
than 2 Å in a positional root mean square deviation (RMSD)
were clustered together. The results of molecular docking were
shown by Discovery Studio 4.0 (Accelrys, San Diego, California)
to understand the binding interactions and get the lowest
energy conformations of the obtained complexes. To investigate
the stability of ligand–protein complex, MD simulation was also
used. The most favorable ligand–protein complex obtained
from docking calculations was regarded as the initial geometry
for MD via Materials Studio Version 8.0 (Accelrys, San Diego,
California). All MD simulations were performed by using the
Amorphous Cell and Forcite module of the Material Studio
simulation package with COMPASS. In the MD simulation, rst,
the amorphous cell module was employed to construct a box,
which was inundated with 200 water molecules and the ligand–
protein complex. Then, to equilibrate the system, the solute was
subjected to the position-restrained dynamics simulation of
NPT at 300 K for 20 ns. The RMSD of a selected element can be
calculated by least-squares tting the structure to the reference
structure. The results were displayed in Discovery Studio 3.0
(Accelrys, San Diego, California).

Statistical analysis

All of the data were analyzed using SPSS 17.0 package (SPSS Inc.,
Chicago, Illinois) and are expressed as means � standard
deviations. One-way analysis of variance was used to estimate
the statistical differences. Signicant differences (p < 0.05)
This journal is © The Royal Society of Chemistry 2017
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between means were determined using Duncan's multiple
range tests.

Results and discussion
Fluorescence measurements

Fluorescence spectroscopy was used to monitor the intermo-
lecular binding behavior of b-lg and curcumin, both of which
produce uorescence emission upon different excitation wave-
lengths. Binding of b-lg and curcumin will change the polarity
of the surrounding environment of the uorophores, and thus
affect their uorescence intensities. At a xed curcumin
concentration (2 mM), the uorescence intensity of curcumin
increased with increasing b-lg concentration (Fig. S1†). Appar-
ently, with the addition of b-lg, curcumin was transferred from
a relatively more hydrophilic aqueous environment to a more
hydrophobic environment, i.e. the binding sites on b-lg.

When curcumin was gradually added to the b-lg and b-lg-
fatty acids complexes, a decrease in b-lg uorescence intensity
at 330 nm and a concurrent increase in curcumin uorescence
emission intensity at 500 nm were observed (Fig. 1). It indicated
that curcumin bound to b-lg despite the presence of fatty acids.
Furthermore, the binding constants of curcumin to b-lg in the
absence and in the presence of fatty acids were calculated. To
this end, the uorescence intensities data were analyzed
according to the following equation:26

F0 � F

F0 � FC

¼
½P�t þ ½Q�aþKd �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�½P�t þ ½Q�a þ Kd

�2� 4�½P�t �½Q�a
q

2� ½P�t
(3)
Fig. 1 Fluorescence emission intensity with addition of curcumin to b-
lg and b-lg-fatty acid complexes. (A)–(D) show the results of addition
of curcumin to b-lg, b-lg-C8:0, b-lg-C14:0, and b-lg-C16:0, respec-
tively. Cb-lg ¼ 2 mM; Cfatty acids ¼ 300 mM; Ccurcumin ¼ 0–50 mM.

This journal is © The Royal Society of Chemistry 2017
where F is the measured uorescence; F0 is the starting uo-
rescence; FC is the uorescence of the fully complexed protein;
Kd is the dissociation constant; [P]t is the concentration of
protein; [Q]a is the concentration of added curcumin. The
reciprocal of Kd is Ka.

The values of binding constants and the non-linear regres-
sions t based on eqn (3) are shown in Fig. 2. The binding
constant of curcumin, Ka, is 1.19 � 104 M�1 for b-lg-curcumin,
and the Ka is higher in the ternary complexes, 5.55 � 104 M�1

in b-lg-C8:0-curcumin, 2.13 � 104 M�1 in b-lg-C14:0-curcumin,
and 2.22 � 104 M�1 in b-lg-C16:0-curcumin. Therefore, it was
evident that fatty acids facilitate the binding of curcumin to b-lg.

When C14:0 and C16:0 were gradually added into the b-lg
solution and b-lg-curcumin complex, the Trp uorescence
intensities approached a maximum at 10 mM fatty acid
concentration, and then gradually decreased (Fig. 3). It revealed
that when b-lg was saturated with curcumin in advance, C14:0
and C16:0 could still interact with b-lg. While the addition of
C8:0 had little inuence on the uorescence intensity of b-lg
Trp. Similar observations were seen in previous study which
claried the crystallographic structure of C8:0 binding to b-lg.29

In fact, the results were due to the lower affinity of b-lg-C8:0
compared to those of other fatty acids with longer chains. It
was demonstrated that the binding affinity of fatty acids to b-lg
increased as the hydrocarbon chain lengthened, and the high-
est binding affinity was observed in b-lg-C16:0 complex.23,30 The
main reasons were that the addition of methylene groups in
hydrocarbon chain could increase the hydrophobic interactions
between fatty acids and b-lg, and furthermore, b-lg binding
Fig. 2 The non-linear regressions and the binding constants of
curcumin bound to b-lg. (A)–(D) show the regression curves in
b-lg-curcumin, b-lg-C8:0-curcumin, b-lg-C14:0-curcumin, and b-
lg-C16:0-curcumin, respectively. Cb-lg ¼ 2 mM; Cfatty acids ¼ 300 mM;
Ccurcumin ¼ 0, 1.6, 6, 10, 16, 30, 50, 60, 80, 100, 150, 200 mM.

RSC Adv., 2017, 7, 45960–45967 | 45963
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Fig. 3 Fluorescence emission intensity with addition of fatty acids to
b-lg and the b-lg-curcumin complex. The results were obtained from
complexes containing C8:0 (A and B), C14:0 (C and D), and C16:0 (E
and F). A, C, and E were recorded in the absence of curcumin; B, D, and
F were recorded in the presence of curcumin (150 mM). Cb-lg ¼ 2 mM;
Cfatty acids ¼ 0–200 mM.

Fig. 4 Far UV spectra of b-lg and b-lg-based complexes. The spectra
of b-lg, b-lg-curcumin, b-lg-C8:0, and b-lg-C8:0-curcumin are rep-
resented in (A), and the spectra related to C14:0 and C16:0 are shown
in (B) and (C), respectively.
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pocket for fatty acid accommodated the best with an aliphatic
chain constituted by 16 carbon atoms.23 Similar results were
reported when fatty acids bound to myoglobin.31 In addition,
the uorescence of curcumin at 500 nm showed no signicant
modication with the additions of fatty acids, which meant that
the binding of fatty acids did not induce release of curcumin
from the complexes.

CD measurements

To determine the effect of binding behaviors on the confor-
mation of protein, the conformational transitions of b-lg in
b-lg-curcumin, b-lg-fatty acids, and the ternary complexes were
monitored by far UV CD spectroscopy (Fig. 4). The far UV CD
spectrum showed a broad negative minimum around 217 nm,
which was characteristic of b-sheet structure. Aer the addition
45964 | RSC Adv., 2017, 7, 45960–45967
of curcumin and fatty acids, the far UV CD spectra remained
similar to that of native b-lg, indicating that the binding of
ligands to b-lg did not signicantly affect the secondary struc-
ture of the protein. Furthermore, the proportions of secondary
structures also showed little difference among the samples
(Table 1). The effect of ligands binding on secondary structure
of protein are various in different binding behaviors. It was
reported that the interaction of genistein bound to bovine
This journal is © The Royal Society of Chemistry 2017
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serum albumin led to conversion of the a-helix to b-sheet and
turn structures due to a partial protein unfolding.4 While, in our
study, the results were in agreement with several previous
studies, which had shown that the interaction of ligands with
b-lg has no signicant effect on protein secondary structure.15,32

It was suggested that the loops of b-lg was relatively exible, and
b-lg did not require extensive changes the structures to allow
ligand binding in the calyx.33,34
DLS measurements and stability analysis

The interactions between b-lg and curcumin or the fatty acids
were evaluated in terms of particle sizes and zeta potentials
(Table 2), and the sample particle size distribution curves are
shown in Fig. S2.† The polydispersity index remained within an
acceptable range (< 0.5) in all samples (data not shown). The
particle sizes and particle size distributions of the b-lg-fatty
acids were close to those of b-lg, as the dimeric structures
were mostly unaffected by ligand binding. By contrast, the
values of mean size increased dramatically with the addition of
curcumin (from 6.4 � 0.3 nm to over 110 nm). The previous
study also found that complexation with curcumin was seen to
signicantly increase the particle size of soy protein isolate
nanoparticles.35 It was reported that the addition of curcumin
accompanying with ethanol could expose more hydrophobic
sites of b-lg, and deprived the surface charge. This process
caused the formation of larger particles since hydrophobic
association increased and electrostatic repulsion reduced.11
Table 1 Secondary structure (circular dichroism spectra) of b-lg and
b-lg-based complexes

Samples
a-Helix
(�1%)

b-Sheet
(�3%) Turn (�1%)

Unordered
(�2%)

b-lg 10.4 47.5 15.4 26.7
b-lg-curcumin 10.3 47.5 16.5 25.7
b-lg-C8:0 10.4 47.1 15.3 26.1
b-lg-C14:0 10.1 48.3 15.5 25.9
b-lg-C16:0 9.4 48.7 16.8 25.7
b-lg-C8:0-curcumin 10.3 47.7 15.7 24.7
b-lg-C14:0-curcumin 9.4 49.2 15.8 25.6
b-lg-C16:0-curcumin 8.9 48.8 16.7 25.6

Table 2 The mean sizes and zeta potentials of the samplesa

Samples Size (nm) Zeta potential (mV)

b-lg 6.4 � 0.3 a �11.6 � 0.2 a
b-lg-curcumin 113 � 2 b �30.4 � 0.3 e
b-lg-C8:0 6.5 � 0.2 a �10.5 � 0.5 a
b-lg-C14:0 6.7 � 0.4 a �23.5 � 0.4 c
b-lg-C16:0 6.9 � 0.2 a �20.1 � 0.5 b
b-lg-C8:0-curcumin 115 � 3 b �25.9 � 1.3 d
b-lg-C14:0-curcumin 145 � 2 c �29.1 � 0.9 e
b-lg-C16:0-curcumin 146 � 4 c �30.8 � 1.2 e

a Means with different letters in the same column are signicantly
different at p < 0.05.

This journal is © The Royal Society of Chemistry 2017
When C8:0 was added to form ternary complex, the particle size
of complex showed little difference. While, with the addition of
C14:0 and C16:0, further signicant increases in particle sizes
compared to b-lg-curcumin were observed (p < 0.05), from 113�
2 nm to 145� 2 nm and 146� 4 nm, respectively. The reason of
the increased particle size in ternary complexes may be related
to the aggregation and cross-linking of b-lg caused by curcumin.
The specic mode might be similar to the lactoferrin–EGCG
aggregates, in which EGCG acted as linkage among proteins.36

The zeta potential results indicated that all samples were
negatively charged, and did not exceed absolute values of
40 mV, which is the signal of complex stabilization by electro-
static interactions.37 Thus, the physical stabilities of the
samples could not be explained by electrostatic stabilization,
and this suggested that other forces, including hydrophobic
interactions, Van der Waals interactions or steric overlap
interactions, were involved. Except for C8:0, all ligands signi-
cantly increased the negative charges of b-lg (p < 0.05), revealing
a higher colloidal stability upon their addition. The zeta
potentials of the b-lg-fatty acids (C14:0 and C16:0) were around
�20.0 mV, and that of b-lg-curcumin was �30.4 � 0.3 mV. The
biggest change was observed between b-lg (�11.6� 0.2 mV) and
b-lg-C16:0-curcumin (�30.8 � 1.2 mV).

Moreover, the stability of the ternary complexes were evalu-
ated by DLS measurement and Turbiscan stability analysis. As
shown in Fig. S3,† the particle sizes and zeta potentials of the
ternary complexes showed little differences during storage time.
The Turbiscan curves also observed no destabilization
phenomena in the complexes (Fig. S4†). Therefore, the results
of both two methods veried that the ternary complexes were
stable at 4 �C for at least 14 days.
Loading efficiencies

The loading efficiencies of curcumin and fatty acids in their b-lg
complexes are presented in Table 3. Since C8:0 resulted in
nearly no changes in uorescence and dynamic light scattering
measurements, the loading efficiencies of fatty acids were
evaluated in the complexes including C14:0 and C16:0. The
loading efficiency of curcumin in b-lg-curcumin was 49 � 2%,
and this signicantly increased in the presence of fatty acids
(p < 0.05). The biggest increase was observed when C14:0 was
added, with a loading efficiency of 58 � 2% for b-lg-C14:0-
curcumin. In terms of fatty acids, the loading efficiency of
Table 3 Loading efficiencies of curcumin and fatty acids in samplesa

Samples Curcumin (%) Fatty acids (%)

b-lg-curcumin 49 � 2 a N/A
b-lg-C14:0 N/A 46 � 1 b
b-lg-C16:0 N/A 47 � 2 b
b-lg-C14:0-curcumin 58 � 2 b 32 � 2 a
b-lg-C16:0-curcumin 57 � 2 b 34 � 3 a

a Means with different letters in the same column are signicantly
different at p < 0.05. N/A, not applicable.
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C14:0 was 32 � 2% in b-lg-C14:0-curcumin and that of C16:0
was 34� 3% in b-lg-C16:0-curcumin. On the basis of the loading
efficiencies of curcumin and fatty acids, it showed that the
ternary complexes were able to deliver curcumin and the fatty
acids simultaneously, and furthermore, the presence of fatty
acids enhanced the loading efficiencies of curcumin in the
complexes.
Fig. 5 Docked structure corresponding to the minimum energy
conformation for the complex. (A) Overview of binding behaviors of
b-lg with curcumin and C16:0. (B) Detailed illustration of the amino
acids near curcumin. In the complex, the yellow ligand represents
curcumin, and the grey ligand represents C16:0.

Fig. 6 Schematic representation of the possible mechanisms involved
in the formation of the ternary complexes of b-lg, curcumin, and fatty
acids (C14:0 or C16:0).
Binding behaviors in the formation of the ternary complexes

To determine the preferred binding sites on b-lg, docking
experiments were performed with curcumin. When b-lg
interacted with curcumin alone, the results showed that cur-
cumin was surrounded by Phe105, Val41, Lys60, Leu46, Leu54,
Ile56, and Val92 with hydrophobic interactions, and Pro38
with hydrogen bonds (Fig. S5†). These amino acids were
located near the calyx, with Ile, Leu and Val lining the wall of
the calyx, and Phe105 in an orientation that was suitable to
establish a p–p interaction with the phenol ring of curcu-
min.15 Thus, the result indicated that curcumin binding to b-lg
in the calyx occurred mainly through hydrophobic interac-
tions. According to a crystallographic study, the primary
binding site of C14:0 and C16:0 in b-lg are also the calyx, with
end of ligand hydrocarbon chain bound deep in the hydro-
phobic part of the calyx and carboxyl group located near the
calyx entrance.38 With respect to the ternary complexes, when
C16:0 occupied the calyx site rst, there was another binding
site at the surface region for curcumin (Fig. 5). The result for
C14:0 was similar to that for C16:0 (data not shown). Curcu-
min located near Trp19, Tyr20, Thr125, Pro126, Glu158 and
Glu44 through both hydrophobic interactions and hydrogen
bonds, which was similar to the binding site in b-lg–resvera-
trol and b-lg–isoxazole interactions.39,40 Moreover, the binding
mode for curcumin out of the b-lg calyx was still stable when
solvation and exibility was present in the biological system
(Fig. S6†). C14:0 and C16:0 lled available spaces in the calyx
with the size and shape corresponding well to geometry of the
binding site, and Phe105, a key protein residue in the inter-
action, could specially provide an additional hydrophobic
clamp for C16:0.29,38 Nevertheless, similar phenomenon was
not observed with curcumin and thus might result in the
preference for fatty acids appearing in the calyx. While, the
presence of C8:0 showed little effects on the binding of cur-
cumin since its hydrocarbon tail is shorter compared to the
other fatty acids, and thus could not insert deep in the protein
calyx.29 Moreover, fatty acid, especially C16:0, is considered to
be natural b-lg ligands with relative high affinity compared
with other ligands.38 The binding affinities of C14:0 and C16:0
are ranged between 105–107 M�1,30 which is much higher than
that obtained for curcumin in this study (1.19 � 104 M�1).
Therefore, the possible mechanisms involved in the formation
of the ternary complexes are shown in Fig. 6. C14:0 and C16:0
were more likely to be located in the calyx preferentially over
curcumin, resulting in the curcumin occupied in a different
binding site. Certainly, the simulations provide preliminary
information, and further studies need to be carried out to
unveil the more detailed mechanism.
45966 | RSC Adv., 2017, 7, 45960–45967
Conclusions

Our results showed that b-lg could interact with curcumin and
the fatty acids simultaneously. Compared to the interaction of
single ligand with b-lg, the binding constant of curcumin
enhanced. The particle sizes of the ternary complexes showed
signicant increases, but the secondary structure of b-lg was
This journal is © The Royal Society of Chemistry 2017
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unchanged. Furthermore, the loading efficiencies of the fatty
acids (C14:0 and C16:0) were more than 30% in the ternary
complexes, and those of curcumin were over 50%. Therefore,
the results suggest the b-lg-based nanocarrier could be of great
potential to deliver more than one nutraceutical simultaneously
in the food industry.
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