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Abstract Simple and reproducible formulation strategies
are needed to improve the bio-availability of curcumin. In
this study, curcumin was successfully complexed with two
boron-based compounds: 2-aminoethyl diphenyl borate
(DPBA) and bortezomib (BTZ; Velcade®). In reverse-
phase high-performance liquid chromatography, DPBA/
curcumin complexes (DPBA/cur) showed delayed elution
times compared to those of free curcumin. The UV-visible
absorbance peak of DPBA/cur and BTZ and curcumin
complexes (BTZ/cur) appeared redshifted. DPBA com-
plexation has a negligible effect on the antioxidant and
antiproliferation properties of curcumin for two types of
cancer cells: MCF-7 and A549. Thus, curcumin complex-
ation with boron-based compounds could be a method to
enhance in vivo stability without loss of bioactivity (i.e.,
antioxidant and antiproliferation effects).
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Introduction

Curcumin, chemically known as diferuloyl methane, is an
active polyphenol mainly derived from turmeric (Curcuma
longa) [1]. Curcumin is a well-known antioxidant, anti-
inflammatory, antimicrobial, and anticarcinogenic, acting
by modulating multiple signaling pathways [2]. Despite its
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great biological activity and safety, curcumin applications
have been limited by its poor aqueous solubility (approx-
imately 0.6 pg/ml) and high vulnerability to autoxidation
and physiological metabolism [3]. To address these issues,
there have been many studies (e.g., chemical modification
of functional groups in curcumin, formulation of curcumin
within  nanobiomaterials—such as liposomes and
nanoparticles—and synthesis of curcumin conjugates)
[4-7]. However, simple and reproducible formulation
strategies for curcumin are still needed.

Boron has a long history with curcumin. Previously,
turmeric extracts or curcumin solutions have been used as
colorimetric detecting reagents to determine the amount of
boron in water, soil, or foods [8, 9]. Boron and its com-
pounds (especially boronic acid) form complexes with the
keto-enol moiety of curcumin, which can be measured via
change in absorbance [10, 11]. Despite the wide range of
applications for boron-based compounds in several chem-
ical fields, their applications in the biological and phar-
macological fields seem few, likely due to the toxicity of
boron compounds. However, recent studies reported the
safety of several boron-based compounds, which has
widened the utility of boron in the biological area [12].
Moreover, pharmaceutical interest in boron has increased
for the development of antifungal, antibacterial, and anti-
cancer drugs [13]. Recently, we reported curcumin com-
plexation with 2-aminoethyl diphenyl borate to improve
the in vivo and in vitro stability of curcumin [14]. How-
ever, comparative evaluation of free curcumin and for-
mulated curcumin in terms of biological activity and
biocompatibility should be performed to better understand
and broaden the use of curcumin and boron complexes.

In this study, as representative boron-based compounds,
2-aminoethyl diphenyl borate (DPBA) and bortezomib
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(BTZ) were complexed with curcumin at various weight
ratios and analyzed by ultraviolet—visible (UV—Vis) spec-
tra. DPBA and curcumin complexes (DPBA/cur) were
analyzed using reverse-phase high-performance liquid
chromatography (HPLC). To determine the effect of
boronic complexation with curcumin on radical scavenging
activity, free curcumin and DPBA/cur were analyzed using
a 1,1-diphenyl-2-picryl-hydrazyl (DPPH) assay at different
curcumin concentrations. The antiproliferation activity of
curcumin and DPBA/cur was examined for two types of
cells, MCF-7 and A549, to assess the biological activity of
curcumin-/boron-based compound complexes.

Materials and methods
Materials

Curcumin, dimethyl sulfoxide (DMSO), DPBA, and
methanol were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Phosphate buffered saline solution was
acquired from Gibco BRL (Grand Island, NY, USA). Cell
counting kit-8 (CCK-8) reagent was obtained from Dojindo
Laboratories (Kumamoto, Japan). DPPH was purchased
from Cayman Chemical Company (Ann Arbor, MI, USA).
BTZ (Velcade®) was purchased from Selleck Chemistry
(Huston, TX, USA). All other chemicals were of analytical
grade.

Reverse-phase HPLC

Curcumin and DPBA were freshly prepared for every
experiment by dissolving them with DMSO. To produce
the complexes, curcumin (50 mg) in DMSO was incubated
with DPBA at various DPBA/cur weight ratios (0, 1, and
10) for 5 min. Each sample was diluted to a curcumin
concentration of 100 pg/ml in 3 pl and analyzed using a
HPLC system (Thermo Fisher Scientific, MA, USA)
equipped with a photodiode array detector, on a Varian
polar C18 reversed-phase column (4.60 x 250 mm,
0.45 pm; Varian, CA, USA). Analytical scale chromatog-
raphy was used with a mobile phase consisting of H,O with
0.1% formic acid (pH 3.0) and acetonitrile. The percent of
acetonitrile in the mobile phase was as follows: 20% at
0 min, 45% at 10 min, 80% at 20 min, 100% at 20.1 min,
100% at 25 min, 20% at 25.1 min, and 20% at 30 min. The
flow rate was 1 ml/min. The eluent was detected at a
wavelength of 420 and 500 nm, respectively.
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UV-Vis absorption spectra of curcumin and boron
complexes

The DPBA/cur fraction eluted from the HPLC column was
dissolved in DMSO. The absorption spectra were measured
on a UV-Vis spectrophotometer (Molecular Devices,
Sunnyvale, CA, USA) at wavelengths between 200 and
700 nm at room temperature. The absorption spectra of
free curcumin and DPBA in DMSO were also measured.
For BTZ/cur, curcumin (10 mg) was mixed with BTZ at
two BTZ/cur weight ratios (0, 1 and 5) and stirred in
methanol for 2 h. After dilution of the reactant with
methanol containing 2.5 N HCI solution, absorption spec-
tra of curcumin (10 pg/ml) were measured at wavelengths
between 200 and 700 nm at room temperature using a UV—
Vis spectrophotometer. Free curcumin and free BTZ were
also measured on a UV-Vis spectrophotometer at wave-
lengths between 200 and 700 nm at room temperature
according to the processes described above.

DPPH assay

The percent of free radical inhibition by each substance
was assessed using a DPPH assay, based on a previous
study [14]. Ascorbic acid (25 mg) for a positive control
was dissolved in distilled water (DW) and diluted with
methanol to various concentrations (0, 0.4, 0.8, 1.6, 3.1,
6.2, and 15.6 mg/ml). For DPBA/cur complexation, cur-
cumin (50 mg) was mixed with DPBA (4 mg) and incu-
bated for 5 min. Free curcumin and DPBA/cur in DMSO
were diluted with methanol to various concentrations of
curcumin (0, 0.05, 0.1, 0.2, 0.4, 0.8, and 2.0 mg/ml).
Ascorbic acid, free curcumin, and DPBA/cur were mixed
with DPPH solution (0.04 mg) and incubated. The absor-
bance of each solution was measured at 517 nm using a
plate reader (SpectraMAX, Molecular Devices, CA, USA)
to detect changes in color of the DPPH solution.

Antiproliferation activity

MCEF-7 (human breast adenocarcinoma cell line) and A549
(human lung carcinoma cell line) were kept in RPMI 1640
supplemented with 10% FBS, 100 U/ml penicillin and
100 pg/ml streptomycin at 37 °C in a humidified atmo-
sphere of 5% CO,. Both cell lines were seeded at a density
of 1 x 10* cells per well in a 96-well plate and incubated
for 24 h at 37 °C. Curcumin (50 mg) and DPBA (4 mg)
were mixed at weight ratio of 1:0.08 in DMSO and incu-
bated for 5 min at room temperature. Free curcumin,
DPBA/cur, and a corresponding concentration of free
DPBA were used to treat cells at various curcumin con-
centrations (0, 1, 10, 25, 50, 75, and 100 uM) in a 10%
serum containing media for 24 h. The control was treated
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with 1% DMSO in the same media (w/w). After 24 h of
incubation, cell viability was measured using the CCK-8
assay according to the manufacturer’s protocol.

Results and discussion

Preparation of curcumin-/boron-based compound
complexes

To study the bioactivity effect of curcumin complexation
with boron-based compounds on curcumin, we selected
two boron-based compounds, DPBA and BTZ, as shown in
Fig. 1 [14, 15]. In our previous study, DPBA was used as a
stabilizer for keto-enol tautomer of curcumin, which
increased in vivo stability of curcumin [14]. BTZ is a
dipeptide boronic acid proteasome inhibitor, which has
been used for the treatment of refractory non-small cell
lung carcinoma and multiple myeloma [16, 17]. Interest-
ingly, recent studies reported that co-administration of BTZ
with curcumin has synergistic therapeutic effects for the
treatment of multiple myeloma [18, 19]. However, the
molecular mechanism of co-administration of BTZ with
curcumin is unknown. Sandra et al. mentioned boronic acid
interacts with curcumin during co-treatment with curcumin
and bortezomib for cancer therapy [15]. BTZ/cur was
analyzed using a UV-Vis spectrometer to examine the
interaction of curcumin with boronic acid of BTZ. DPBA/
cur was also characterized using HPLC and a UV-Vis

curcumin-/boron-based compound complexes was deter-
mined using a biochemical DPPH assay and CCK-8 cell
viability assay.

Reverse-phase HPLC

To examine the formation of DPBA/cur, curcumin was
mixed with DPBA at different DPBA/cur weight ratios (0,
I, and 10) and analyzed by reverse-phase HPLC. Fig-
ure 2A shows the free curcumin peak at 18.2 min. at a
wavelength of 420 nm. As DPBA/cur weight ratio
increased, the peak area value of free curcumin decreased
accordingly. This result might be attributed to the forma-
tion of DPBA/cur complexes. The peak areas of free cur-
cumin were 82.8, 74.8, and 66.3 at a DPBA/cur weight
ratio of 0, 1, and 10, respectively. Considering the absor-
bance peak of DPBA/cur shifted from 420 to 500 nm in our
previous study, DPBA/cur was also analyzed at a wave-
length of 500 nm [14]. As shown in Fig. 2B, a novel and
evident peak was observed in DPBA/cur. The peak area of
DPBA/cur at a DPBA/cur weight ratio of 10 was much
larger than that of a DPBA/cur weight ratio of 1. It is
conceivable that DPBA/cur complexes have higher
hydrophobicity than free curcumin, which mediated
delayed migration of samples in the reverse-phase C-18
column during HPLC. Taken together, we successfully
confirmed the formation of DPBA/cur complexes using
HPLC.
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Fig. 1 Schematic illustration of DPBA/cur and BTZ/cur to determine effects on biological activities of curcumin
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Fig. 2 HPLC analysis of DPBA/cur samples at different DPBA/cur
weight ratios at a wavelength of (A) 420 nm and (B) 500 nm

UV-Vis absorption spectra of curcumin complexes

After HPLC analysis, the fraction eluted from the HPLC
column was dissolved in DMSO to measure UV-Vis
absorption spectra. According to previous studies, cur-
cumin has the tendency to redshift after interaction with
boron-based compounds [20, 21]. In our previous study,
gradual redshift of curcumin was observed with the
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HAA I cur

DPBA/cur

-20 . . . . r r
0.05 0.1 02 04 08 20
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Fig. 4 Relative DPPH inhibition by ascorbic acid, curcumin, and
DPBA/cur at different curcumin concentrations

increasing molar ratio of DPBA [14]. Figure 3A shows that
DPBA/cur exhibited redshifted absorption spectra—having
its highest peak at a wavelength of 514 nm. As expected,
free DPBA showed no noticeable absorbance at a wave-
length of 500 nm. The interactions between curcumin and
BTZ were examined via UV-Vis absorption spectra
(Fig. 3B). After the addition of BTZ, BTZ/cur showed a
distinct absorbance peak at wavelength of 540 nm. This
result corresponds with UV absorbance wavelengths of
complexes of curcumin and boronic acids such as roso-
cyanine and rubrocurcumin [20, 21]. However, the absor-
bance peak of curcumin and BTZ complexes decreased
fast, probably due to poor stability of the BTZ/cur com-
plexes (data not shown).

DPPH assay

In our previous study, DPBA/cur exhibited higher stability
in aqueous solutions and in vivo than free curcumin [14].
However, biological activity of DPBA/cur was not evalu-
ated in terms of antioxidant and antiproliferation effect. To
verify influence of DPBA complexation with curcumin on
the antioxidant effects of curcumin, a DPPH assay was
performed with free curcumin and DPBA/cur compara-
tively. Ascorbic acid [22], known as a strong antioxidant,
was used as a positive control. Figure 4 shows that

Fig. 3 (A) UV-Vis absorption (A)
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DPBA, and DPBA/cur fraction
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Fig. 5 Cell viability of (A) MCF-7 and (B) A549 cells after treatment with curcumin and DPBA/cur complexes

curcumin and DPBA/cur exhibited similar DPPH inhibition
at different curcumin concentrations.

Antiproliferation activity

Curcumin has been reported to have antiproliferation
activity against various tumors via diverse cell signaling
[23, 24]. Previously, many studies reported that the di-keto
form of curcumin is involved in antiproliferation activity of
curcumin [25, 26]. The influence of curcumin/DPBA
complexation to antiproliferation activity was examined for
two kinds of cancer cell lines, MCF-7 and A549. Figure 5
shows that the ICsq of free curcumin were 19.5 4+ 0.6 and
32.3 £ 16.5 uM for MCF-7 and A549 cells, respectively,
which was consistent with previous studies [27, 28]. ICsq
values of DPBA/cur at curcumin with a DPBA weight ratio
of 1:0.08 were 24.2 & 3.9 and 45.0 £ 11.0 pM for MCF-7
and A549 cells, respectively. There was no significant
difference in the ICsq values of free curcumin and DPBA/
cur for both types of cells. Taken together, DPBA com-
plexation has a negligible effect on the antioxidant and
antiproliferation effects of curcumin. Considering that
DPBA complexation improved the bio-availability of cur-
cumin in vivo in our previous study [14], DPBA com-
plexation could have a great potential to improve the
therapeutic effects of curcumin in vivo.

In this study, curcumin was successfully complexed
with DPBA and BTZ as determined by HPLC and UV-Vis
absorption spectra. The absorbance peak of DPBA/cur and
BTZ/cur complexes were redshifted. DPBA complexation
has a negligible effect on the antioxidant and anticancer
effects of curcumin; this was examined for two types of
cancer cells: MCF-7 and A549. Thus, curcumin complex-
ation with boron-based compounds could be a useful
strategy for in vivo stability without loss of bioactivity (i.e.,
antioxidant and antiproliferation effects).
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