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ABSTRACT: This work studied the influences of formation of BSA/i-carrageenan complexes on the binding, stability, and
antioxidant activity of curcumin. In the presence of BSA and 1-carrageenan, curcumin gives higher intensities of absorption and
fluorescence than free curcumin and curcumin only combined with BSA. The added i-carrageenan is observed to promote
curcumin for quenching the instrinsic fluorescence of BSA. These results are explained in terms of the formation of BSA/i-
carrageenan complexes, which help to stabilize the folded structure of BSA for providing curcumin with a more hydrophobic
microenvironment. The small difference in anisotropy values of curcumin with BSA alone and of BSA/i-carrageenan complexes
suggests that i-carrageenan acts as outer stretch conformation in BSA/1-carrageenan complexes but does not directly disturb the
hydrophobic pockets inside BSA, where curcumin is hydrophobically located. The determined values of the binding constant are
higher for curcumin with BSA/i-carrageenan complexes than with BSA alone. Moreover, BSA/i-carrageenan complexes are found
to be superior to single BSA for enhancing the stability and DPPH radical-scavenging ability of curcumin.
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B INTRODUCTION

Curcumin, a natural polyphenolic compound isolated from
turmeric powder, has recently drawn significant interest owing
to its numerous biological and pharmacological activities,
including antioxidant, antitumor, anti-inflammatory, anticancer,
and other desirable medicinal properties.' * Curcumin is a
diferuloylmethane molecule containing two ferulic acid residues
joined by a methylene bridge. Hydroxyl groups of the benzene
rings, double bonds in the alkene part, and the central -
diketone moiety are suggested to play crucial roles in the
beneficial activities of curcumin.” However, the major problem
with the limitation of application of curcumin as an effective
therapeutic promoting agent is its low bioavailability.® Only a
trace amount of curcumin appears in blood plasma, whereas
most orally administered curcumin is excreted in the feces and
the urine after rapid metabolization in the intestine to form
several reduced products. One reason is the poor solubility of
curcumin in water at acidic and neutral pH values, which makes
curcumin hard to absorb from the gastrointestinal tract after
oral administration. Another cause of low bioavailability of
curcumin is due to its limited stability aggainst gastrointestinal
fluids and neutral/basic pH conditions.”

Proteins, holding the attractive advantages of being natural,
nontoxic, and widely available, are avid binders of curcumin and
have been widely used to improve the water solubility, stability,
and bioavailability of curcumin. Esmaili et al. recently reported
that f-casein can markedly increase the solubility of curcumin
above 2500 times at pH 7, compared to the high insolubility in
water at acidic and neutral conditions.” The work from Wang et
al. in 1997 showed that about 90% of curcumin is decomposed
within 30 min in phosphate buffer of pH 7.2, whereas in the
presence of 10% serum proteins, <20% of curcumin is
decomposed within 1 h and about 50% of curcumin remained
after incubation for 8 h.® Later, many investigators also
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observed the stabilizing effects on curcumin of various proteins
including milk casein, ! Placto lobulin,'? soy protein,13’14
and bovine serum albumin (BSA).">'¢ Furthermore, Kunwar et
al.'"” and Tapal et al"® found that the complexations of
curcumin with human serum albumin and soy protein exhibit
enhanced contributions compared to free curcumin for cellular
uptake and antioxidant activities.

However, it is well-known that protein molecules tend to
undergo obvious aggregations at pH values close to the
isoelectric point, when the ionic strength is above a certain
level, and when the temperature exceeds the thermal
denaturation temperature. Thus, one of the important draw-
backs associated with the use of proteins as encapsulation
carriers is their structural instability at certain environmental
conditions. Meanwhile, as two important food components, the
interactions between proteins and polysaccharides have been
extensively investigated and reviewed."*™>° Protein molecules
carrying heterogeneously distributed charges can electrostati-
cally bind on polysaccharide chains to form soluble and
insoluble protein/polysaccharide complexes in solution,
depending on a series of electrostatic parameters such as pH,
ionic strength, protein surface charge density, and poly-
saccharide linear charge density. McClements et al. previously
used protein/polysaccharide complexes to produce food
emulsions with improved environmental stability compared
with those stabilized by a protein single layer because of the
increase in interfacial thickness and rheology.21 Here, we
assume that the presence of polysaccharide could alter the
binding behavior of curcumin with protein and then influence
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the stability and antioxidant activity of curcumin. It would be
advantageous to employ the benefits of protein/polysaccharide
complexes to get the carrier for curcumin superior to single
protein to control the physicochemical properties and
bioactivities of curcumin.

BSA is a globular protein. In its native state, BSA has a molar
mass of 66.4 kDa and possesses about 583 amino acids with 17
disulfide bonds and 1 free cysteine group. 1-Carrageenan is one
sulfated linear polysaccharide of p-galactose and 3,6-anhydro-p-
galactose and extensively used in the food industry as a gelling-
stabilizing and viscosity-building agent. Dickinson et al. have
already demonstrated the complex formation between BSA and
l-carrageenan using a surface tension technique.22 It is
interesting to further investigate how the formation of BSA/1-
carrageenan complexes affects the binding, stability, and
antioxidant activity of curcumin. In the present work, the
characteristics of binding of curcumin to the system combined
by BSA plus i-carrageenan at pH 7 have been studied using
absorption and fluorescence measurements first. After that, we
have studied the stability and the free radical scavenging ability
of curcumin with BSA/i-carrageenan complexes in comparison
with free curcumin and curcumin combined with BSA alone.

B MATERIALS AND METHODS

Materials. Curcumin, BSA, i-carrageenan, and 2,2-diphenyl-1-
picrylhydrazyl (DPPH) were obtained from Sigma-Aldrich Chemical
Co. and used without further purification. All other chemical reagents
used were of analytical grade, and water was double distilled.

Preparation of Curcumin Samples. As curcumin is poorly
soluble in water, a solution of curcumin dissolved in ethanol at 1 g/L
was used as stock.”®'® At the same time, sodium phosphate buffer of
pH 7 was used to prepare BSA solutions with and without -
carrageenan. A small quantity of curcumin stock solution was added to
sodium phosphate buffer or biopolymer solutions to achieve a constant
concentration of 10 mg/L curcumin. The finally obtained curcumin
samples include curcumin alone, curcumin with 0.5 g/L BSA, and
curcumin with 0.5 g/L BSA and 0.5, 1.0, or 1.5 g/L i-carrageenan. All
curcumin samples are clear solutions without curcumin precipitates
even after centrifugation at 12000 rpm. Compared to the solvent of
sodium phosphate buffer, the concentration of ethanol in final
curcumin solutions is negligible (~1%).

UV-Vis Absorption Measurement. The absorption spectra of
fresh curcumin samples were acquired using a Shimadzu UV-2450
spectrophotometer at 25 °C by circulating water through the
thermostated cuvette holder. In the test of the stability of curcumin,
curcumin samples were protected from light. The maximum
absorption of curcumin at 428 nm was recorded at different time
intervals within 1000 min.

Steady-State Fluorescence Measurement. Steady-state fluo-
rescence measurements were performed with an Edinburgh FLS900
spectrofluorophotometer at 25 °C by circulating water through the
thermostated cuvette holder. The fluorescence spectra of 10 mg/L
curcumin in different samples were taken from 450 to 700 nm with the
excitation wavelength at 424 nm. Intrinsic fluorescence of 0.5 g/L BSA
was measured for the samples that contain BSA alone, BSA with 10
mg/L curcumin, and BSA with 10 mg/L curcumin and 0.5, 1.0, or 1.5
g/L i-carrageenan. The emission spectra of BSA were recorded from
300 to 390 nm at an excitation wavelength of 280 nm.

In the determination of binding constants of curcumin with BSA
and BSA/i-carrageenan complexes, titrations were conducted by
increasing curcumin concentration. The data recorded at maximum
fluorecence of BSA at 337 nm were used to estimate the binding
constant from the equation'®

E —F
log % = log K;, + n log[Cur]

(1)
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where F;, and F are the fluorescence intensities from BSA at 337 nm in
the absence and in the presence of different concentrations of
curcumin, respectively; K, is the binding constant; # is the number of
binding sites; and [Cur] is curcumin concentration.

Fluorescence Polarization Technique. An Edinburgh FLS900
spectrofluorophotometer with parallel and perpendicular polarizers
was used to determine the fluorescence anisotropy (r) of curcumin at
pH 7. Curcumin was excited at 424 nm, and the emission spectra were
scanned from 500 to 600 nm. The fluorescence intensities were
obtained at 0°—0°, 0°=90°, 90°—0°, and 90°—90° angle settings of the
excitation and emission polarization accessories at 25 °C. The value of
r was calculated according to”®

r= (- GXI)/(Ij+2G X 1) (2)
where I and I, are the polarized fluorescence intensities in the
directions parallel and perpendicular, respectively, and G is the grating
correction factor, which is the ratio of sensitivities of the instrument
for vertically and horizontally polarized light.

DPPH-Scavenging Activity Measurement. The radical-scaveng-
ing activity of curcumin was examined according to the DPPH
method.** The procedure for dissolving DPPH was similar to that of
curcumin. For DPPH samples without curcumin, DPPH was first
dissolved in ethanol as stock, and then a small quantity of DPPH stock
was mixed with sodium phosphate buffer with and without BSA and -
carrageenan. For the samples of DPPH with curcumin, DPPH and
curcumin were dissolved in ethanol together as stock. A small quantity
of this stock was mixed with various curcumin samples. The values of
maximum absorption of DPPH at 534 nm were recorded using a
Shimadzu UV-2450 spectrometer at 25 °C. To avoid the influence of
variation of ethanol concentration on the absorption of DPPH, the
ethanol amount (~1%) is small and the same in all DPPH samples.

B RESULTS AND DISCUSSION

The spectra of absorption and fluorescence of curcumin are
often used as a tool to monitor the interaction of curcumin with
. 25 A 26 . 12,14
micelles™ and liposomes,™ as well as proteins, because of
the sensitive responses of the intensity and positition of
absorption maximum and fluorescence maximum of curcumin
to the medium environment. Figure 1 depicts the spectra of
UV—vis absorption and steady-state fluorescence of freshly
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Figure 1. Spectra of absorption and fluorescence of curcumin samples
at pH 7. Curcumin concentration, 10 mg/L; BSA concentration, 0.5 g/
L.
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prepared curcumin samples at pH 7. Whereas curcumin in
water exhibits intense absorption in the wavelengths from 300
to 500 nm with maximum absorption at 418 nm, free curcumin
also shows a low broad fluorescence peak at around 575 nm.
These observations are similar to the absorption and
fluorescence features of curucmin in aqueous buffers.”” When
0.5 g/L 1-carrageenan is added, the spectra of both absorption
and fluorescence of curcumin give curves almost identical to
those of free curcumin, suggesting no interaction between
curcumin and i-carrageenan. However, in the presence of BSA,
the curves of absorption and fluorescence of curcumin show
striking changes. The addition of BSA greatly improves the
absorption and fluorescence intensities of curcumin compared
to those in water, together with an obvious red shift of
absorption maximum from 418 to 428 nm and blue shift from
575 to 517 nm in the fluorescence peak. Similar results were
reported for curcumin mixed with proteins.'* The addition of
BSA can promote the movement of curcumin from a
hydrophilic to a hydrophobic microenvironment, because the
aryl groups of curcumin feasibly hydrophobically bind to the
hydrophobic pockets of BSA.

After the addition of i-carrageenan to the mixed solution of
curcumin and BSA, the intensities of absorption and
fluorescence of curcumin further increase to higher values
with a small blue shift than those of curcumin with BSA alone.
This result may be attributed to the formation of BSA/i-
carrageenan complexes owing to the electrostatic interaction. It
is well established that electrostatic attraction may take place
between cationic patches (i.e, —NH;*) on BSA and anionic
sulfate groups (ie, —SO,”) on i-carrageenan to form soluble
BSA/i-carrageenan complexes at pH 7> The binding of
curcumin was reported to alter BSA conformation with a major
reduction of a-helix and an increase in f-sheet and turn
structures, indicating a partial protein unfolding.'® However,
the complexation of BSA with i-carrageenan could stabilize the
folded structure of BSA, which is supported by slightly
increased molar ellipticity of protein in the presence of sulfated
polysaccharides.”® Although curcumin may bind to the
hydrophobic pockets of BSA, the retained folding structure of
BSA induced by the complexation of i-carrageenan may
promote BSA to offer curcumin with a more hydrophobic
microenvironment, which in turn increases the absorption and
fluorescence intensities of curcumin. Moreover, compared to
the appearance of a marked shoulder at 570 nm in the
fluorescence curve of curcumin with BSA, pronounced
fluorecence maximum at 517 nm but without a shoulder peak
at 570 nm is seen for curcumin combined with BSA and i-
carrageenan. This result gives evidence that curcumin locates in
a more hydrophobic microenvironment with BSA/i-carra-
geenan complexes than with BSA alone.

The changes of intrinsic fluorescence of BSA can be
employed to understand the binding of curcumin with BSA
and BSA/i-carrageenan complexes. As shown in Figure 2, BSA
alone shows a characteristic fluorescence maximum at 337 nm.
The addition of curcumin to BSA solution causes a great
decrease in the fluorescence intensity of BSA, as well as a clear
blue shift. The intrinsic fluorescence of BSA is mainly due to
tryptophan 213 (Trp 213) that is located in the hydrophobic
pockets inside the tertiary structure of BSA.*> Considering the
high hydrophobicity of curcumin, it is expected that the access
of curcumin to the hydrophobic sites close to Trp 213 results in
the quenching effect on the fluorescence of BSA. With
increasing i-carrageenan concentration from 0.5 to 1.5 g/L,
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Figure 2. Intrinsic fluorescence spectra of BSA with and without
curcumin as a function of i-carrageenan concentration. BSA
concentration, 0.5 g/L; curcumin concentration, 10 mg/L.

the added i-carrageenan leads to gradual decreasing of BSA
fluorescence. This result suggests that the complexation of BSA
with 1-carrageenan is beneficial for curcumin to quench the
fluorescence of BSA. The tightening effect of BSA structure
induced by the added i-carrageenan seems to bury Trp 213 in a
more hydrophobic microenvironment. As a result, curcumin
can penetrate inside to establish more hydrophobic contact
with Trp 213 in BSA/i-carrageenan complexes than that of
single BSA. Additionally, after the addition of i-carrageenan, the
decrease in BSA fluorescence in Figure 2 corresponds to the
increase in fluorescence due to curcumin in Figure 1. This
observation indicates a possibility of energy transfer between
curcumin and Trp 213 of BSA, which is enhanced in the
presence of i-carrageenan.

Fluorescence polarization measurement can directly provide
information on the anisotropy (r) of curcumin, which indicates
the extent of the rotation restriction of curcumin. Usually, a
higher r value reveals greater restriction of the rotation of
curcumin. Figure 3 presents r values of curcumin in various
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Figure 3. Values of the anisotropy of curcumin in different samples:
(a) curcumin alone; (b) curcumin with 0.5 g/L BSA; (c) curcumin
with 0.5 g/L BSA and 0.5 g/L i-carrageenan; (d) curcumin with 0.5 g/
L BSA and 1.0 g/L i-carrageenan; (e) curcumin with 0.5 g/L BSA and
1.5 g/L i-carrageenan.

samples, including free curcumin, curcumin with BSA, and
curcumin with BSA/1-carrageenan complexes. The r values of
curcumin in water and BSA are 0.23 and 0.32, respectively. The
higher r value of curcumin in the presence of BSA suggests that
curcumin is bound in the hydrophobic pockets inside tertiary
structure of BSA, where curcumin experiences a restricted
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motion and, therefore, an increase in the anisotropy occurs. A
similar increase in r values was also observed by Barik et al. in
the case of curcumin bound to proteins.'® After the addition of
1-carrageenan to the mixture of curcumin and BSA, curcumin
continues to give a slight increase of r value. This can support
our above discussion that the addition of i-carrageenan may
promote BSA to offer curcumin with a more hydrophobic
microenvironment. However, it should be noted that the
changes of r values of curcumin after the addition of 0.5—1.5 g/
L i-carrageenan are not significant, compared to those in water
and in BSA. Although cationic —NH;" groups of BSA may
electrostatically interact with anionic —SO4~ groups on i-
carrageenan, cationic —NH;" groups are located on the surface
of BSA. Therefore, i-carrageenan appears as outer stretch
conformation in BSA/i-carrageenan complexes. The small
difference in r values of curcumin with BSA and BSA/i-
carrageenan complexes reveals that formation of BSA/i-
carrageenan complexes does not directly disturb the hydro-
phobic pockets inside BSA where curcumin is located
hydrophobically.

The binding constant (Kj,) values of curcumin with only BSA
and BSA/i-carrageenan complexes have been determined by
recording BSA fluorescence at various curcumin concentrations.
Figure 4 shows the representative changes of fluorescence
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Figure 4. Variations of fluorescence spectra of BSA as a function of

curcumin concentration. Spectra 1—9 correspond to the spectra of 5

g/L BSA with 0, 0.7, 2.1, 3.4, 4.8, 6.1, 6.8, 8.2, and 9.5 uM curcumin,

respectively. (Inset) Linear plot of log((Fy — F)/(F)) vs log[Cur] for

the determination of the binding constant of curcumin with BSA
alone.

spectra of BSA in the presence of different curcumin
concentrations. It can be seen that maximum fluorescence
intensity of BSA at 337 nm decreases gradually with increasing
curcumin concentration. The changes in maximum fluores-
cence were used to calculate K, value of curcumin with BSA
from the linear plot of log((F, — F)/(F)) versus log[Cur], as
shown in the inset of Figure 4. The Kj values of curcumin with
BSA/i-carrageenan complexes were obtained in the same way.
The acquired K, values are 2 X 10°, 2.7 X 10, 1.2 X 107, and
1.5 X 10" M™" for curcumin with 0.5 g/L BSA alone, 0.5 g/L
BSA and 0.5 g/L i-carrageenan, 0.5 g/L BSA and 1.0 g/L 1-
carrageenan, and 0.5 g/L BSA and 1.5 g/L i-carrageenan,
respectively. The K value of curcumin with BSA without -
carrageenan is close to the reported Kj, value of curcumin with
proteins.'” In the presence of i-carrageenan, the values of K, are
higher for curcumin with BSA/i-carrageenan complexes than
for curcumin with BSA alone, indicating increased affinity for
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curcumin with BSA/i-carrageenan complexes. This result may
be ascribed to the more hydrophobic microenvironment in BSA
in the presence of i-carrageenan than that of single BSA.

The changes of the relative intensity of the characteristic
maximum absorption of curcumin as a function of time are
used to evaluate the stability of curcumin in the samples of free
curcumin, curcumin with BSA, and curcumin with BSA/-
carrageenan complexes. As shown in Figure S, about 53% of
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Figure S. Relative intensity of the maximum absorption of curcumin in
different samples as a function of time. Curcumin concentration, 10
mg/L; BSA concentration, 0.5 g/L.

free curcumin is decomposed rapidly after 1000 min of
incubation, whereas curcumin combined with BSA is degraded
about 24%, and the additions of BSA with 0.5, 1.0, and 1.5 g/L
1-carrageenan let curcumin degrade about 16, 12, and 10%,
respectively. The rapid degradation of free curcumin at pH 7 is
consistent with the reported work from Tennesen et al.” Free
curcumin is decomposed induced by the destruction of
conjugated diene structure due to the loss of a proton from
the activated carbon atom in the keto—enol group of
curcumin.*® When curcumin binds to the hydrophobic pockets
of BSA, the greatly enhanced stability of curcumin indicates
that the keto—enol group of curcumin is effectively protected
from aqueous medium, like high stability of curcumin with
casein'® and f-lactoglobulin.'* Higher suppression yields of
BSA/i-carrageenan complexes than BSA alone correspond well
to higher K values of curcumin with BSA/i-carrageenan
complexes. Stronger binding of curcumin to the hydrophobic
pockets of BSA in the presence of 1-carrageenan can inhibit the
interaction of curcumin with water more sufficiently, leading to
higher yields of suppression of curcumin degradation.

Finally, the DPPH scavenging method is employed to test
the radical-scavenging ability of BSA/i-carrageenan complexes.
When DPPH encounters a proton-donating substance, such as
an antioxidant, the radical is scavenged and the absorbance of
DPPH is reduced.** Figure 6 outlines the values of maximum
absorption of DPPH alone and in the presence of pure
curcumin, pure BSA, pure i-carrageenan, curcumin with BSA,
and curcumin with BSA/i-carrageenan complexes. Whereas
pure i-carrageenan almost cannot reduce DPPH absorption,
addition of BSA alone can reduce the absorption of DPPH
about 5%. Proteins and protein hydrolysates from plant and
animal sources were reported to possess antioxidative acitivity,
which is highly related to the level, sequence, and composition
of amino acids and peptides.'>*"> It is observed that pure
curcumin can reduce the absorption of DPPH about 10%,
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Figure 6. DPPH absorption at 534 nm in different samples: (a) DPPH
alone; (b) DPPH with 0.5 g/L i-carrageenan; (c) DPPH with 0.5 g/L
BSA; (d) DPPH with 10 mg/L curcumin; (e) DPPH with 10 mg/L
curcumin and 0.5 g/L BSA; (f) DPPH with 10 mg/L curcumin, 0.5 g/
L BSA, and 0.5 g/L i-carrageenan; (g) DPPH with 10 mg/L curcumin,
0.5 g/L BSA, and 1.0 g/L i-carrageenan; (h) DPPH with 10 mg/L
curcumin, 0.5 g/L BSA, and 1.5 g/L i-carrageenan.

which reveals the higher scavenging ability of curcumin when
compared to pure BSA. The antioxidative effectiveness of
curcumin is manily contributed to the ability to donate its
hydrogen atom to DPPH.*® Although the addition of curcumin
with BSA alone leads to smaller absorption of DPPH compared
to free DPPH, the absorbance value of DPPH in the presence
of curcumin with BSA alone is quite higher than the value with
free curcumin. The reducing DPPH radical-scavenging ability of
curcumin with single BSA may be attributed to the restraining
effect of BSA on curcumin to offer the H atom. However, when
BSA and i-carrageenan are combined to form complexes, the
DPPH radical-scavenging ability of curcumin performs even
better than free curcumin. In this case, the structure stability of
BSA induced by the complexation of i-carrageenan brings about
a more proper microenvironment for the reaction of curcumin
with DPPH. Hence, curcumin can donate an H atom to lead
DPPH to be reduced into nonradical form more easily.

In conclusion, BSA/i-carrageenan complexes are formed
through the electrostatic attraction between cationic —NH;"
patches on BSA and anionic —SO,~ groups on I-carrageenan at
pH 7. The formation of BSA/i-carrageenan complexes may
stabilize the folded structure of BSA to provide a more
hydrophobic microenvironment to curcumin. Compared to
curcumin combined with BSA alone, the added i-carrageenan
makes hydrophobically BSA-bound curcumin to give higher
absorption and fluorescence intensities, bigger binding constant
values, more enhanced stability, and stronger DPPH radical-
scavenging ability. The present work reveals that protein/
polysaccharide complexes could be used as an effective carrier
to encapsulate bioactive compounds in functional foods.
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