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Curcumin Nanoparticles Improve the Physicochemical
Properties of Curcumin and Effectively Enhance Its Antioxidant
and Antihepatoma Activities
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Curcumin (CUR), a natural polyphenol isolated from tumeric (Curcuma longa), has been documented to
possess antioxidant and anticancer activities. Unfortunately, the compound has poor aqueous solubility,
which results in poor bioavailability following high doses by oral administration. To improve the solubility
of CUR, we developed a novel curcumin nanoparticle system (CURN) and investigated its physicochemi-
cal properties as well as its enhanced dissolution mechanism. Our results indicated that CURN improved
the physicochemical properties of CUR, including a reduction in particle size and the formation of an
amorphous state with hydrogen bonding, both of which increased the drug release of the compound.
Moreover, in vitro studies indicated that CURN significantly enhanced the antioxidant and antihepatoma
activities of CUR (P < 0.05). Consequently, we suggest that CURN can be used to reduce the dosage of
CUR and improve its bioavailability and merits further investigation for therapeutic applications.
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INTRODUCTION

It has been well documented that many active compounds in
natural foods, including fruits and vegetables, possess bioacti-
vities that can help prevent and cure diseases. Turmeric (Curcuma
longa), a plant native to tropical South Asia, is commonly used as
a food spice in curry and also as a medicine for the treatment of
various diseases. Curcumin (CUR; Figure 1) is the major active
polyphenol compound isolated from the dry rhizomes of C.
longa (1), and this agent has been extensively investigated for its
pharmacological activities that include anticancer, anti-inflam-
matory, antioxidant, antiulcer, immunomodulatory, wound heal-
ing, neuroprotective, and antiaging effects (2).

Despite the array of bioactivities that it possesses, curcumin
has low bioavailability due to its poor aqueous solubility and
dissolution properties (3). Several clinical trials have demon-
strated that although a high dose of CUR (3600—12000 mg/day)
in patients with colorectal cancer could achieve efficient chemo-
preventive effect (4—6), the large dose of CUR and frequent
administrations involved showed an increase of side effects and
lower compliance from the users (7).

Delivery systems have been used to enhance the effectiveness of
drug and food materials and to decrease the dosage required.
Nanonization is one of the drug/food delivery processes that can
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help overcome a material’s poor aqueous solubility, dissolution,
and/or bioavailability (8, 9). Nanoparticles are stable colloidal parti-
cles that range in size from 10 to 1000 nm. Many studies have
demonstrated that reduction in particle size of the active ingredient
to nanoparticle size can improve its efficacy, solubility, and bioavai-
lability, such as seen in sirolimus, aprepitant, and fenofibrate (10).
The aim in the present study was to develop a novel curcumin
nanoparticle system (CURN) using a simple nanoprecipitation
technique with polyvinylpyrrolidone (PVP) as the hydrophilic
carrier. The physicochemical characterization of CURN was eval-
uated by photon correlation spectroscopy (PCS), yield and encap-
sulation efficiency, transmission electron microscopy (TEM),
powder X-ray diffraction (XRD), Fourier transform infrared spec-
troscopy (FT-IR), and dissolution study. In addition, the antioxi-
dant and antihepatoma activities of CURN were assessed in com-
parison to those of free CUR by examining the free radical scaveng-
ing ability, antilipid peroxidation effect, and cytotoxicity against
human hepatoma cell lines HepG2, PLC/PRF/5, and Hep3B.

MATERIALS AND METHODS

Chemical and Reagents. CUR, PVP, thiobarbituric acid, Tris-HCI,
ferrous chloride, ascorbate, 2,2-diphenyl-1-picrylhydrazyl (DPPH), di-
methyl sulfoxide (DMSO), and {sodium 3'-[1-(phenylaminocarbonyl)-3,4-
tetrazolium]bis(4-methoxy-6-nitro)benzenesulfonic acid hydrate} (XTT)
were obtained from Sigma (St. Louis, MO). Dulbecco’s modified Eagle’s
medium (DMEM), penicillin G, streptomycin, and amphotericin B were
purchased from GIBCO BRL (Gaithersburg, MD). All other chemical
reagents were of analytical grade.
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Figure 1. Chemical structure of curcumin.
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Preparation of Curcumin Nanoparticles and Solutions. Curcumin
nanoparticles (CURN) were prepared using the nanoprecipitation meth-
od (11, 12). CUR (50 mg) was dissolved in 25 mL of ethanol. The organic
phase solutions were quickly injected into 75 mL of an aqueous solution
that contained 300 mg of PVP. During the injection process, the mixed
solution was homogenized at 22000 rpm for 25 min. Following that, excess
ethanol from the mixed solution was completely removed by rotary
vacuum evaporation at 40 °C in a water bath. The remaining fraction
(approximately 70 mL), which consists of the nanoparticle solution, was
then used for particle size analysis or lyophilized and stored in a moisture-
proof instrument for subsequent characterizations. In addition, a mixture
made in a mortar with ratio of curcumin/PVP of 1:6 was also prepared as
the curcumin physical mixture for physicochemical studies.

To prepare the control solution of curcumin in water (CURH), 100 mg
of CUR was added to 10 mL of distilled water and then placed in a
supersonic water bath for 10 min. Subsequently, the suspension was
centrifuged at 1000 rpm for 10 min, and the supernatant was used as
stock solution of CURH. For the preparation of curcumin in DMSO
(CURD), 1 mg of CUR was dissolved with 1 mL of 100% DMSO and
directly used as the stock solution of CURD.

CURH, CURD, and CURN were all diluted in a series of concentra-
tions with water or medium for all experimental analyses. In all assays, the
final concentration of DMSO in the CURD control group did not have
any effect on the experimental results.

Morphology and Particle Size Analysis. The morphology of CURN
was observed by transmission electron microscopy analysis (TEM) (JEM-
2000EXIT instrument, JEOL Co., Tokyo, Japan). The sample was stained with
0.5% (w/v) phosphotungstic acid and fixed on copper grids before analysis.

PCS was used for particle size analysis with an N5 Submicrometer
Particle Size Analyzer (Beckman Coulter, Inc.). A 25 mW helium—neon
laser lamp with a wavelength of 632.8 nm was employed to determine the
particle size. The polydispersity index (PI) is a measure of the distribution
broadness of the particle size, which was obtained by PCS analysis.
Samples were diluted 10 times with distilled water before assessment.

HPLC Analysis of Curcumin. The high-performance liquid chro-
matography system consisted of a pump P-680, an autosampler ASI-100,
and a UVD-170U detector. The LichroCART Purospher STAR (250 x
4.6 mm i.d., 5 um) was used as an analytical column, and the temperature
was kept at 37 °C. The mobile phase consisted of acetic acid, 10 mM
phosphate buffer, and acetonitrile (1:50:50), and phosphoric acid was also
included to adjust the pH value to 2.5. The flow rate was set at 0.8 mL/min.
The wavelength of the UV detector was operated at 250 nm.

Yield and Encapsulation Efficiency of CURN. The yield and
encapsulation efficiency were assessed to determine the loading dosage of
curcumin in the CURN, and the experiments were performed according to a
previously described method (72). Briefly, the appropriate amount of CURN
was diluted with methanol. Then, the curcumin concentration and yield were
measured by the above-mentioned HPLC method. For encapsulation effi-
ciency, 500 uL of CURN was added into centrifugal filter devices (Microcon
YM-10, Millipore) and then centrifuged at 10000 rpm for 30 min. Follow-
ing that, the encapsulated (the supernatant liquor) and unencapsulated
(the residual liquor) portions of CUR from CURN were separated.

Equations 1 and 2 were used to calculate the yield and encapsulation
efficiency of CUR from CURN, respectively, as

yield (%) = CCur(VCur/ Wcur) x 100 (1)

HQ OH

encapsulation efficiency (%) = [(CcuVew) = (Feu Ve )]/ Cou Ve
x 100

(2)

where Cc,, is the concentration of CUR from CURN, Wc,, is the
theoretical amount of CUR added, V¢, is the volume of CUR from the
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CURN, and Fc,, is the concentration of CUR in the unencapsulated
portion.

FT-IR Spectroscopy. FT-IR spectra were determined by a Perkin-
Elmer 2000 spectrophotometer (Perkin-Elmer, Norwalk, CT). Potassium
bromide (KBr) was mixed with each sample and ground by an agate
mortar to be finally compressed into a thin tablet. The study was done in
triplicate, and the scanning range was set between 400 and 4000 cm ™.

Powder XRD. XRD patterns were recorded using a Siemens D5000
(Germany) with Cu Ko radiation at 40 kV and 80 mA. The scanned angle
(26) was set from 2° to 50°, with the scanning rate at 1°/min. The study was
done in triplicate.

Dissolution Study and HPLC Analysis of Curcumin and Its
Nanoparticles. In vitro dissolution studies of CUR and its nanoparticle
system were carried out in a pH 1.2 buffer solution (containing 50 mL of 0.2
M KCl, 85 mL of 0.2 M HCl, and 65 mL of distilled water) at 37 £ 0.5 °C
(USP XXIV). Fifteen milligrams each of CUR and CURN was dissolved in
100 mL of dissolution medium, which was stirred by a paddle with a
rotating rate of 100 rpm. Then, 0.5 mL of each sample was withdrawn at
time intervals of 0, 5, 10, 20, 40, and 60 min. The concentration of CUR
from each time point was determined by HPLC analysis.

DPPH Scavenging Activity. DPPH is a stable free radical that
has been used to determine a compound’s free radical scavenging acti-
vity (13, 14). The DPPH scavenging effect was evaluated according to
modified methods from Zou et al. (/4). Briefly, CURN, CURH, and
CURD were prepared at multiple concentrations. Then, 125 uL of a 200 uM
DPPH ethanol solution was mixed with equivalent aliquots of different
samples and subsequently incubated at room temperature in the dark. After
30 min, the absorbance of the reaction solution was measured by a
microplate spectrophotometer (#Quant, Biotek Instruments, Winooski,
VT) at 517 nm. The percent free radical scavenging activity from the sample
was calculated using the following equation: % scavenging effect =
[(controls;7ym — samples;7,m)/controls;7,m] x 100. The concentration of
each sample reaching 50% of scavenging activity (SCsy) was used to
compare the levels of free radical scavenging activity between samples.

Antilipid Peroxidation Assay. Lipid peroxidation in the liver homo-
genate was measured by the thiobarbituric acid reactive method according
to Yen et al. (15). Liver tissue from Wistar rat was homogenized with ice-
cold 150 mM Tris-HCI buffer (pH 7.4) using a Potter—Elvehjem homo-
genizer and prepared to 20% homogenate (w/v). CURN, CURH, and
CURD were prepared at multiple concentrations. An amount of 50 uL of
liver homogenate was mixed with 30 4L of test sample and then mixed with
10 uL of 4 mM FeCl, and 10 uL of 0.2 mM ascorbic acid in a 2 mL
microtube for incubation at 37 °C for 60 min. Subsequently, 100 uL of 0.1
N HCl, 40 uL of 9.8% SDS, 180 uL of deionized water, and 400 uL of
0.6% TBA were successively added to each tube and vigorously shaken.
These tubes were then placed at 95 °C for 30 min. After cooling, 1000 uL of
n-butanol was added to each tube and centrifuged at 1000g for 25 min. The
supernatant was subsequently measured with a microplate spectrophot-
ometer («Quant, Biotek Instruments) at 532 nm. The percentage of lipid
peroxidation inhibition was calculated using the following equation:
[1 - (inducedSSan - SampleS32nm)/(induced532nm - Contr01532nm)] X
100%. The inhibitory concentration that suppressed 50% of the lipid
peroxide production was expressed as ICs.

Cell Culture and Antihepatoma Activity Assay. The antihepatoma
activity was evaluated by modified methods from Chiang et al. (/6). The
human hepatoma cell lines (American Type Culture Collection, Manassas,
VA) HepG2 (HB-8065), PLC/PRF/5 (CRL-8024), and Hep3B (HB-8064)
were cultured in DMEM supplemented with 10% fetal bovine serum and
antibiotics (100 units/mL penicillin G, 100 ug/mL streptomycin, and
0.25 ug/mL amphotericin B) in an incubator at 37 °C with 5% CO,.
The viability of HepG2, PLC/PRF/S, and Hep3B cells was evaluated by
the XTT assay. Briefly, cells were seeded in a 96-well culture plate with a
density of 1 x 10* cells/well and then treated with CURH, CURD, or
CURN at 20 ug/mL in DMEM medium for 48 h. At the end of the
incubation, each well was washed twice with phosphate-buffered saline,
and then 150 uL of XTT test solution (100 uL of DMEM, 50 uL of XTT-
labeling reagent, and 1 uL of electron coupling reagent) was added to each
well and further incubated for 4 h at 37 °C. The cell viability of the samples
was finally measured with a microplate spectrophotometer (uQuant,
Biotek Instruments) at a test wavelength of 492 nm and a reference
wavelength of 690 nm.
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Table 1. Mean Particle Size and Polydispersity Index of Curcumin (CUR) and
Its Nanoparticles (CURN)?

mean particle size (nm)

polydispersity Index

CUR 2363.10 + 353.09
CURN 14290+ 3.12a

151 +£0.32
0.19+0.07a

@ All determinations were performed in triplicate and values are expressed as
mean + SD, n = 3. “a” indicates significant difference from CUR (P < 0.05).

Statistical Analysis. All data are expressed as mean + standard
deviation. Statistical analysis was done with one-way analysis of variance
(ANOVA) and Tukey’s post hoc test using SPSS 13.0 software. P < 0.05
was considered to be statistically significant.

RESULTS AND DISCUSSION

Characterization of Curcumin Nanoparticles. CURN was pre-
pared by a simple nanoprecipitation technique with PVP as the
carrier. PVP is a strong hydrophilic polymer that has been applied
to improve solubility and bioavailability of poor water-soluble
compounds, because it delays the crystallization of compounds
by forming molecular adducts (/7, 18). As Table 1 shows, the
mean particle diameters of CUR and CURN were 2362.10 £+
353.09 and 142.90 £ 3.12 nm and the polydispersity index (PI)
values 1.51 £ 0.32 and 0.19 &+ 0.07, respectively. When the PI
value is <0.3, the indication is that the sample is of narrow
distribution. On the contrary, the higher the PI value (>0.3) the
broader the distribution of the particle sizes (19). These findings
indicated that the small mean particle size and uniform particle
distribution observed in CURN are associated with the presence
of PVP. A possible explanation for this result is that the presence
of PVP could reduce the particle size and size distribution of
CUR. This phenomenon is consistent with the reports of Karavas
et al. (/7). In addition, the appearance of CURN was also
observed as small spherical shapes with a uniform size distribu-
tion (Figure 2). Moreover, the yield (91.59 + 4.49%) and
encapsulation efficiency (99.93 £+ 0.01%) of CURN also sug-
gested that PVP was an optimal polymer for curcumin in the
nanoparticle formulation.

Powder XRD and DSC analyses were applied to investigate
the crystal transformation of the nanoparticle system. Figure 3A
indicates the XRD patterns of CUR, PVP, physical mixture, and
lyophilized CURN. The characteristic peaks of CUR appeared at
a diffraction angle of 26 (8.89°, 14.48°, 17.22°, 18.18°, 23.33°,
24.60°, and 25.52°), suggesting that the drug possessed a highly
crystalline structure. In contrast, no characteristic peaks ap-
peared in the patterns of the lyophilized CURN, suggesting a
conversion of CUR from a highly crystalline condition to an
amorphous state. PVP probably suppressed the crystal aggregates
of CUR during the preparation of its nanoparticle system, thus
promoting the formation of an amorphous complex. A similar
finding has been demonstrated for piroxicam dispersed into PVP,
which also displayed an amorphous state (/8). On the other hand,
as shown in Figure 3B, the melting point of CUR displayed an
endothermic peak at 175 °C, and PVP showed a broad endother-
mic peak at around 80 °C. However, the physical mixture of CUR
displayed a weak endothermic peak, which indicated that the
crystalline structure of CUR is still present in the physical
mixture. Moreover, the endothermic peak of CUR completely
disappeared in the lyophilized CURN. This latter observation
indicated that CUR was dispersed by nanoprecipitation into PVP
to form a high-energy amorphous state.

The intermolecular interaction between CUR and the carrier
was determined by FT-IR spectroscopy. Figure 3C shows the FT-
IR spectra of CUR, PVP, and CURN. CUR displayed the

characteristic intensities of the O—H stretch at 3508 cm™ .
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Figure 2. Morphology of the curcumin nanoparticles as shown by TEM
photograph.

The spectrum of PVP displayed the C=0 absorption band at
1662 cm ™. In the case of CURN, the C=0 absorption band of
PVP was shifted to a lower wavenumber and the O—H absorp-
tion band of CUR was completely absent. This could be due to
the formation of intermolecular hydrogen bonds between the
O—H band of CUR and the C=0 band of PVP. Tantishaiyakul
et al. have previously pointed out that hydrogen bonding can
influence the conversion of drug crystals (20).

Enhancement of Drug Release. Figure 4 indicates the dissolution
profiles of CUR and its nanoparticles in simulated gastric
medium (pH 1.2 buffer) at 60 min. The dissolution percentage
at 60 min (Deomin) of pure CUR was <1%. Its hydrophobic
characteristic probably resulted in the drug powder drifting on
the surface of the pH 1.2 buffer solution, which prevented the
wetting process from occurring between the drug surface and the
medium. In contrast, the Dgymin, of CUR from its nanoparticles
system was > 99% under the same condition. The possible reason
was that the absorption of PVP onto the surface of the drug
crystals increased the surface wetting of the hydrophobic
drug (21). In addition, the improvement in the dissolution
percentage of CUR from its nanoparticle system could also be
attributed to the reduction in particle size, the amorphous state
transformation of its crystals that was confirmed by XRD and
DSC results, and the formation of intermolecular interactions as
depicted by the FT-IR results.

CURN Effectively Enhanced the Antioxidant Activities. Oxygen
can be catalyzed by many oxidases, such as xanthine oxidase and
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Figure 3. X-ray diffraction (A) and DSC (B) patterns of curcumin, its physical mixture, and its nanoparticles: (A) curcumin (CURY); (B) curcumin nanoparticles

(CURN); (C) curcumin physical mixture; (D) PVP. FT-IR spectra (C) of curcumin,
Results are representative from three independent experiments.
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Figure 4. Dissolution profiles of curcumin and its nanoparticles: CUR (®);
CURN (#). Values are expressed as mean + SD, n = 5, from three
independent experiments.

NADPH oxidase, and also be converted to a common free
radical, superoxide anion (O,"). O," is metabolized by anti-
oxidant enzymes including superoxide dismutase, catalase, and
glutathione peroxidase and then converted to hydrogen peroxide
(H»0,) and water, respectively, under normal conditions in the
human body. Unfortunately, oxidative stress can be produced
due to an excess of superoxide anions that participate in the
Fenton reaction, which generates the most toxic free radical, the
hydroxyl radical ("OH). These free radicals are pro-oxidant and

its physical mixture, and its nanoparticles: (A) CUR; (B) CURN; (C) PVP.

are generally referred to as reactive oxygen species (ROS). It has
been well established that ROS can react with the lipid layer of the
cell membrane, thereby resulting in lipid peroxidation, and they
can also attack DNA and protein, which could induce cell death
leading to various diseases.

Many natural foods contain active compounds that are anti-
oxidants and have been used to prevent and/or help cure diseases.
CUR is one such dietary antioxidant and food supplement.
Previous studies have demonstrated that the antioxidant activity
of CUR is attributed to its structure—activity relationship (SAR).
The CUR basic structure consists of two methoxylated phenols
and an enol from a f-diketone moiety (22). The phenolic OH
group and the hydrogen abstraction from the methylene CH,
group are responsible for the increase in antioxidant activity of
CUR (23,24).

In the present study, the antioxidant activities were determined
by DPPH free radical scavenging and antilipid peroxidation
assays. The results on the DPPH scavenging ability from CURH,
CURD, and CURN are shown in Figure SA. No statistical
significance between CURN (18.08 £ 0.54 ug/mL) and CURD
(21.43 £ 0.63 ug/mL) was observed, suggesting that CURN had
the same DPPH free radical scavenging efficiency as DMSO-dis-
solved CUR. However, when CURN was compared with CURH,
the nanonized compound was 1034-fold stronger than the water
preparation of pure CUR (18689.41 & 162.20 ug/mL) (P < 0.05).
This observation indicated that CUR from the water-soluble
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Figure 5. Antioxidant and antihepatoma activities of CURH, CURD, and CURN: (A) DPPH radical scavenging activity; (B) antilipid peroxidation; and
cytotoxicity on human HepG2 (C), PLC/PRF/5 (D), and Hep3B (E) cells. CURH, curcumin dissolved in water; CURD, curcumin dissolved in DMSO.; CURN,
curcumin nanoparticles dissolved in water. All determinations were performed in triplicate, and values are expressed as mean + SD, n = 3. #, significantly

different from CURH (P < 0.05, Tukey’s post hoc test).

nanoparticle system at low concentration could achieve efficient
DPPH free radical scavenging activity.

The inhibitory effect on FeCl,/ascorbate-induced lipid peroxida-
tion in rat liver homogenate was used to evaluate the antilipid per-
oxidation activity of the different CUR systems (CURH, CURD,
and CURN), and the results are shown in Figure 5SB. Again, CURN
(52.81 £ 10.57 ug/mL) had similar efficiency in antilipid peroxida-
tion activity when compared with CURD (56.12 £ 3.50 ug/mL),
but was 87-fold more efficient than CURH (4575.72 £ 525.46 ug/
mL) (P < 0.05). Schaffazick et al. have previously reported a simi-
lar effect in which the nanoparticle system increased the antioxidant
ability of melatonin antilipid peroxidation (25).

CURN Effectively Enhanced the Antihepatoma Activity. It is
well established that CUR can induce apoptosis or cell cycle arrest in
human cancer cell lines, including gastric, lung, pancreatic, hepato-
cellular, epithelial, and breast carcinoma cells, and also lymphocytic
leukemia cells. CUR can induce DNA damage to both the mitochon-
drial DNA and the nuclear DNA in hepatoma cells (26). Recently, a
clinical study indicated that a single high-dose of CUR (8000 mg/day)
in humans produced a biological effect for the chemoprevention of
cancer (27). Despite the low bioavailability of the orally administered
high dose of CUR, the anticancer effect was promising.

To estimate the inhibitory effects of different CUR systems
on hepatoma cell proliferation, we determined the viability of
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HepG2, PLC/PRF/5, and Hep3B cells that were treated with
different CUR preparations (CURH, CURD, and CURN) for 48
h. Results from the cytotoxicity assay showed that CURN
effectively suppressed HepG2 (41.27 £ 5.02%, Figure 5C),
PLC/PRF/S (12.48 £ 0.86%, Figure 5D), and Hep3B (16.51 £
2.10%, Figure 5E) cell growth with similar efficiency as CURD.
On the contrary, CURH did not display any cytotoxicity in any of
the cell lines (HepG2, 90.04 £+ 1.06%, Figure 5C; PLC/PRF/S,
102.42 £+ 0.36%, Figure 5D; or Hep3B, 103.18 £+ 3.39%,
Figure 5E), whereas CURN effectively achieved an antihepatoma
effect when compared with CURH at 20 ug/mL (P < 0.05). The
increased efficiency in suppressing hepatoma cell growth by
nanonized compounds has also been observed in the study by
Liangetal. (28), in which the paclitaxel nanoparticle system could
effectively inhibit the growth of HepG?2 cells.

In conclusion, a novel curcumin nanoparticle system (CURN)
was successfully developed by a simple nanoprecipitation tech-
nique with the hydrophilic carrier PVP. Our study also demon-
strated that the physicochemical properties of curcumin from
the nanoparticle system have been improved including a reduc-
tion in compound particle size, the formation of a high-energy
amorphous state, and the induction of intermolecular hydrogen
bonding, which altogether enhanced its water solubility and drug
release. Furthermore, the more efficient antioxidant and antic-
ancer effects of CURN compared to the CUR water preparation
are likely due to the increase of drug release property. Whereas
DMSO is widely used to improve compound solubility in
many laboratory studies, its clinical application to improve
drug solubility is rather limited due to several systemic side
effects, including vomiting, diarrhea, hemolysis, hypertension,
bradycardia, and heart block (29, 30). In contrast, our attempt
in nanonizing the insoluble curcumin to improve its dissolu-
tion profile represents an attractive alternative to DSMO in
solubilizing this compound. Our results clearly show that the
nanonized curcumin, which dissolves readily in water, can achieve
a very similar efficiency profile in terms of antioxidant and
anticancer activities in comparison to DMSO-dissolved cur-
cumin. Consequently, we suggest that CURN could help improve
the bioavailability of curcumin and lower its dosage. Thus, the
use of curcumin nanoparticles merits further studies for clinical
application.
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