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a b s t r a c t

Protein as a carrier to improve the solubility and bioavailability of curcumin has been studied widely.
However, to date the researches were mainly focused on its binding mechanism and the applications in
aqueous solution. Systematic study on the characteristics and properties of the complex in solid phase
after the binding of curcumin with protein is scarce. In this work, a powder composite of curcumin bound
to ovalbumin was prepared by freeze-drying. The FTIR and X-ray diffraction results indicated that the
crystal structure of curcumin and secondary structure of ovalbumin were changed because of the binding
of curcumin to ovalbumin, leading to the formation of an amorphous complex with the sizes in the range
of 924.20 ± 72.34 nm. Thermogravimetric analysis showed that the maximum weight loss point of
ovalbumin/curcumin complex was at 289 �C, which was lower than that of pure ovalbumin and cur-
cumin, implying that the complex was more prone to pyrolyze. Furthermore, the improved antioxidant
activity was evaluated by DPPH radical scavenging activity and reducing power assay compared with
pure ovalbumin and curcumin. This work could help to understand the characteristics of the curcumin-
protein complex which has the potential to be applied in functional foods.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Curcumin [1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-
hepadiene-3,5-dione] is the major component of turmeric (Cur-
cuma longa) (Anand, Kunnumakkara, Newman, & Aggarwal, 2007).
It is well known as a natural polyphenol with a variety of biological
activities like anticancer (Prasad, Tyagi, & Aggarwal, 2014), anti-
oxidant (Srinivasan, 2014) and wound healing (Gong et al., 2013).
The beneficial effects are believed to be attributed to its special
chemical structure, including diketone moiety, double bonds in the
alkene part and the hydroxyl groups of the benzene rings (Ruby,
Kuttan, Babu, Rajasekharan, & Kuttan, 1995). Despite of the po-
tential benefits of curcumin, the poor solubility in aqueous solution
is a major challenge limiting its development in functional food
formulations. In order to improve its water solubility and
bioavailability, various carriers have been studied, such as proteins,
liposomes and carbohydrates (Naksuriya, Okonogi, Schiffelers, &

Hennink, 2014). Protein as a carrier has been extensively studied
for the binding mechanisms between curcumin and protein,
including the binding mode and force (Hegde, Sandhya, &
Seetharamappa, 2013; Hoda et al., 2016), as well as its wide-
spread use in improving water solubility, stability and bioavail-
ability (Liu, Liu, Zhu, Gan, & Le, 2015; Wang, Liu, Xu, Yin, & Yao,
2016).

Another area of interest is the structural change and stability of
the complex after binding of protein and curcumin, which is useful
for the understanding of the product properties for industrial ap-
plications. The applied techniques include fluorescence used to
study the fluorescence quenching of proteins (Hosseini, Emam-
Djomeh, Sabatino, & Van der Meeren, 2015), circular dichroism
(CD) used to investigate the secondary structural changes in
aqueous solution (Liu et al., 2016), and molecular simulation
applied to explain the interactions between ligand and protein in
the molecular scale (Patil, Sistla, & Jadhav, 2016; Ying et al., 2015).
Whereas, these researches were carried out in aqueous solution or
simulated water environment. In food industry, so many interme-
diate or final products are in solid form, with which the properties
could directly affect the food qualities such as its stability and
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structural integrity after rehydration in water. So it is important to
understand the characteristics and properties of curcumin/protein
complex in solid form.

In this study, in order to understand the characteristics and
properties of the complex of curcumin with protein in solid phase,
the egg ovalbumin (OVA), one of the main proteins from eggs in
food ingredients, was selected as the target protein. In addition, the
CD technique was used to investigate the changes of the secondary
structures of OVA caused by curcumin. The OVA/curcumin binding
complex were prepared by freeze-drying. The morphology was
observed by scanning electron microscope (SEM), the intra-
molecular interaction was characterized by Fourier transform
infrared spectroscopy (FTIR) and their phase changes and crystal
structure were investigated with X-ray diffraction and thermogra-
vimetric analysis. The solubility and antioxidant capacities were
also studied as potential applications in functional food.

2. Material and methods

2.1. Materials

Curcumin (>98%) was purchased from China Medicine (Group)
Shanghai Chemical Reagent Co. (Shanghai, China). Ovalbumin
(from chicken egg white, lyophilized powder, >98%) was obtained
from Sigma-Aldrich Co. (St, Louis, USA). DPPH (2, 2-diphenyl-1-
picrylhydrazyl) was from Shanghai Macklin Biochemical Co., Ltd.
(Shanghai, China). Other chemicals were used analytical grade or
the highest grade available.

2.2. Preparation of complex and mixture samples

The OVA/curcumin complex powder was prepared by freeze-
drying. Briefly, 2.15 g OVA was dissolved into 500 mL deionized
water in a beaker with constantly stirring at 500 rpm using a
magnetic stirrer. Curcumin of 18.42 mg was added into the OVA
solution slowly and the mixture solutionwas stirred at 500 rpm for
2 h at room temperature until the curcuminwas dissolved. The final
concentrations of curcumin and OVA were 1.0 � 10�4 mol/L at
1:1 M ratio. Then the OVA/curcumin complex solution was frozen
at �20 �C and freeze-dried for 48 h. The complex powder was
rehydrated at a desired concentration in the subsequent experi-
mental process. The OVA/curcumin mixture samples was prepared
with the same ratio as above and mixed in a mortar as a control.

2.3. SEM and particle size distribution

The micrographs of the OVA and OVA/curcumin complex pow-
ders were examined by scanning electron microscope (SEM, XL-30-
ESEM, Netherlands FEI). Samples were put on the conductive sili-
cone and coated by gold. And then, the samples were observedwith
20 kV accelerating voltage. The particle size distributions of pure
OVA and OVA/curcumin complex were determined using laser
particle size analyzer (BI-200SM, Brook Heaven, USA). 3.0 mL of
complex sample (0.1 mM) was added to polystyrene latex cells to
measure themean particle size at 25 �Cwith a detector angle of 90�

with five repeats. The pure OVA sample was treated by the same
method after stirring at 500 rpm for 2 h. The Tyndall effect was
investigated by a common red laser pointer.

2.4. HPLC analyses

The solubility of curcuminwas determined by HPLC according to
the reported method (Sneharani, Singh, & Appu, 2009) with some
modifications. Briefly, the standard curcumin was dissolved by
HPLC grade methanol for obtaining a standard curve and samples

solution was filtered through a 0.22 mm filter before use. Stationary
phases used was C18 column with detection at 425 nm, and the
elution was carried out using acetonitrile-1% acetic acid (55:45).
Injection volume was 20 mL under the condition of 1.0 mL/min flow
rate at room temperature. The concentration of curcumin was
calculated with the peak area.

2.5. CD spectroscopy

The CD spectra of OVA were recorded in the range of
190e260 nm at 23 �C with a circular dichroism spectrometer
(Applied Photophysics Ltd, U.K.). The concentration of OVA was
maintained at 1.0 � 10�6 mol/L, and the molar ratios of OVA to
curcuminwere varied from 1:0, 1:1, 1:2 to 1:5. The spectra were the
average result of three scans using a 0.1 cm quartz cell under
constant nitrogen flush. The contents of different secondary
structures of OVA were calculated by the online SELCON3 program
(Whitmore & Wallace, 2004).

2.6. FTIR analyses

FTIR analyses of pure OVA, curcumin, OVA/curcumin mixture
and OVA/curcumin complex samples were carried out in the range
of 500e4000 cm�1 by a Bruker Equinox 55 spectrometer (Equinox
55 Bruker Banner Lane, Coventry, Germany). 2.0 mg samples were
pressed within a KBr slice and dried for 2 min with infrared drying
lamp. For each spectrum, 16 scans at a resolution of 4 cm�1 were
obtained.

2.7. Thermogravimetric analysis

Differential scanning calorimetry (DSC) was performed on a
differential scanning calorimeter (DSC 8000, PerkinElmer, USA) in
the temperature range of 80e220 �C at a scanning rate of 5 �C/min
in the presence of dry nitrogen. Samples of 5.0 mg were sealed in
hermetic aluminum pans by a bead machine and a baseline was
recorded with blank hermetic aluminum pan.

A simultaneous thermal gravimetric analyzer (TGA-60, Shi-
madzu, Japan) was used for thermogravimetric analysis. Samples of
2e4mgwere taken and the instrument was set towarm up from 40
to 600 �C at a heating rate of 10 �C/min under nitrogen flow of
30 mL/min. The thermal weight loss and derivate thermal (DTG)
analysis were performed of pure curcumin, OVA, OVA/curcumin
mixture and OVA/curcumin complex samples.

2.8. X-ray diffraction analysis

The X-ray diffraction pattern was obtained using powder X-ray
diffractometer (MiniFlex 600, Rigaku, Japan) with CuKa radiation
generated at 15 mA and 30 kV. Samples were paved on the surface
of a glass plate and put into the instrument. Scanning speed used
was 5�/min in the range of 5�e60�diffraction angle (2q).

2.9. Antioxidant activity analysis

2.9.1. DPPH radical scavenging activity
The radical scavenging activity was measured using the DPPH

method (Huang et al., 2012) with some modifications. Briefly,
1.0 mL of different concentrations (10, 20, 30, 40 and 50 mM) pure
OVA, curcumin or the complex samples were added into 2.0 mL of
0.2 mM DPPH. The samples were dissolved fully and allowed to
stand at room temperature in the dark for 30 min. The resulting
solutions were centrifuged at 4000 rpm for 10 min, and the
absorbance of the supernatants were measured at 517 nm using a
spectrophotometer (UV-2450, Shimadzu, Japan). The solution
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