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Curcuminoids from rhizomes of Curcuma longa possess various biological activities. However, low aque-
ous solubility and consequent poor bioavailability of curcuminoids are major limitations to their use. In
this study, curcuminoids extracted from turmeric powder using stevioside (Ste), rebaudioside A (RebA),
or steviol glucosides (SG) were solubilized in water. The optimum extraction condition by Ste, RebA, or SG
resulted in 11.3, 9.7, or 6.7 mg/ml water soluble curcuminoids. Curcuminoids solubilized in water
showed 80% stability at pH from 6.0 to 10.0 after 1 week of storage at 25 �C. The particle sizes of curcum-
inoids prepared with Ste, RebA, and SG were 110.8, 95.7, and 32.7 nm, respectively. The water soluble
turmeric extracts prepared with Ste, RebA, and SG showed the 2,2-diphenyl-1-picrylhydrazyl radical
scavenging (SC50) activities of 127.6, 105.4, and 109.8 lg/ml, and the inhibition activities (IC50) against
NS2B-NS3pro from dengue virus type IV of 14.1, 24.0 and 15.3 lg/ml, respectively.
� 2016 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction cancer, breast cancer, and prostate cancer (Sandur et al., 2007).
Turmeric (Curcuma longa L.) belongs to the Zingiberaceae family.
It is distributed throughout tropical and subtropical regions
of the world, and wildly cultivated in Southeast Asia (Goel,
Kunnumakkara, & Aggarwal, 2008). Turmeric contains important
analogues, curcumin, demethoxycurcumin (DMC), and bisdemethoxy-
curcumin (BDMC) as main components. It also contains 14
terpene-conjugated curcuminoids (Anand et al., 2008; Lin et al.,
2013). Depending on its origin and soil conditions, turmeric con-
tains 2–9% (w/w) curcuminoids (Priyadarsini, 2014). Curcumin is
the most abundant curcuminoid in turmeric (Anand et al., 2008).
Turmeric has been used for food flavouring, colour, and as a com-
ponent in traditional medicine. In preclinical studies, curcuminoids
have activities, such as scavengers of free radicals and reactive
oxygen species (ROS) (Ahsan, Parveen, Khan, & Hadi, 1999), antidi-
abetic by suppressing blood glucose level (Nishiyama et al., 2005),
or inhibit the proliferation of a wide variety of tumor cells,
including leukemia, lung cancer, head & neck cancer, pancreatic
Although curcuminoids are extremely safe, tolerable, and nontoxic
in animal and human studies even at very high doses (612 g per
day) (Cheng et al., 2001; Lao et al., 2006; Shoba et al., 1998), they
are not approved as therapeutic agents because of their limited
solubility in aqueous environments, such as the human gastroin-
testinal tract and limited gastrointestinal absorption (Anand
et al., 2008), rapid metabolism both in the intestines and the liver
(Ireson et al., 2002), chemical instability in alkaline medium (Wang
et al., 1997), and inability to reach the blood in concentrations
necessary to affect disease markers or clinical end points, even at
chronic doses of up to 12 g a day (Lao et al., 2006). For example,
curcumin was reported to reverse disease states at concentrations
of 12.9 lg/ml for human colon cancer cell (Collett & Campbell,
2004), 35.1 lg/ml for radical scavenging activity (Somparn,
Phisalaphong, Nakornchai, Unchern, & Morales, 2007), 9.2 lg/ml
for human pancreatic alpha amylase (Ponnusamy, Zinjarde,
Bhargava, Rajamohanan, & Ravikumar, 2012). However, curcumin
is undetectable or extremely low (6 � 10�3 lg/ml at 1 h in serum
level) with an intake dose of 2 g in humans (Shoba et al., 1998).
Even after a high dose intake of 4, 6, and 8 g of curcumin daily
for three months, serum curcumin concentration was only
1.9 � 10�1, 2.3 � 10�1, and 6.5 � 10�1 lg/ml, respectively (Cheng
et al., 2001). To overcome the low bioavailability, increasing the
serum levels of curcuminoids using liposomes, polymeric micelles,
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phospholipids, nanoparticle based drug delivery systems (Kanai
et al., 2012; Letchford, Liggins, & Burt, 2008; Li, Braiteh, &
Kurzrock, 2005; Liu, Lou, Zhao, & Fan, 2006), and the development
of new curcumin analogues (Ohori et al., 2006) have been investi-
gated to improve the water solubility as well as oral bioavailability
of curcumin. By increasing the water solubility of curcumin, oral
administration was demonstrated to yield more than 30-fold
higher bioavailability compared with conventional curcumin in
rat models (Sasaki et al., 2011). In healthy human subjects, the
maximum serum curcuminoid concentration after administration
of 30 mg of water soluble curcuminoids was 30 ng/ml compared
to 2 ng/ml after conventional curcumin administration (Sasaki
et al., 2011). Although curcuminoids can be chemically synthe-
sized, the Joint FAO/WHO Expert Committee on Food Additives
(JECFA) specifications allow only curcuminoids to be extracted
from natural source material to be used as food additives.

Several terpene glycosides, such as mogroside V, paenoiflorin,
geniposide, rubusoside (Ru), stevioside (Ste), rebaudioside (RebA),
and steviol monoside, have shown the ability to enhance the solu-
bility of a number of pharmaceutically and medically important
compounds with poor solubility in water (Nguyen et al., 2014;
Zhang et al., 2011). Steviol glucosides, such as Ru, Ste, and RebA, are
the main sweet components of Rubus suavissimus S. Lee (Rosaceae)
and Stevia rebaudiana Bertoni leaves (Upreti, Strassburger, Chen,
Wu, & Prakash, 2011). Ru can enhance the solubility of curcumin
from 0.6 mg/ml to 2.3 mg/ml with 1–10% Ru (w/v) solution in
water (Zhang et al., 2011). Although Nguyen et al. have developed
a facile enzymatic process for preparing Ru from Ste (Nguyen et al.,
2014), currently Ste and RebA are commercially available. They
have been approved by the Food and Drug Administration to be
used in food application.

In this study, water soluble curcuminoids were directly
prepared from turmeric powder (Curcuma longa L.) by using Ste,
RebA, or SG along with the characterization of their physical and
biological functionality.

2. Materials and methods

2.1. Preparation of water soluble curcuminoids from turmeric powder
by using Ste, Reb, or SG

Turmeric powder was purchased from a local market.
Curcuminoids (P94%) containing P80% curcumin (PubChem
CID: 969516), DMC (PubChem CID: 5469424), and BDMC
(PubChem ID: 5315472) were purchased from Sigma as standard.
Ste, RebA (PubChem CID: 6918840), and SG with a-1-4 linkages
were provided by Daepyung Co., Ltd (Gyeonggi-do, Korea).
Turmeric-stevioside (turmeric powder treated with Ste to solubi-
lize curcuminoids; Tum-Ste), turmeric-rebaudioside A (turmeric
powder treated with RebA to solubilize curcuminoids; Tum-Reb),
or turmeric-stevioside glucosides (turmeric powder treated with
SG to solubilize curcuminoids; Tum-SG) solution was prepared as
reported previously (Nguyen et al., 2014). The effect of water
concentration to extract curcuminoids was investigated. Each Ste,
RebA, or SG at 10% (w/v) was mixed with 30% (w/v) of turmeric
powder followed by addition of 0–80% (v/v) of water in ethanol.
The mixture in ethanol solution was vortexed for 15 min and
centrifuged at 12,000�g for 10 min. The supernatant was trans-
ferred to a new tube and ethanol was evaporated (Nguyen et al.,
2014). The resulting powders were dissolved in water, centrifuged
at 12,000�g for 10 min, and filtered through 0.20 lm membrane
(Agilent, Santa Clara, CA, USA). Thin layer chromatography (TLC)
with an ascent of acetonitrile/water 85:15 (v/v) for curcuminoids
and chloroform/methanol 19:1 (v/v) was used to determine
curcuminoids. Curcuminoids on silica gel 60F254TLC plate (Merck,
Darmstadt, Germany) were visualized under UV254nm. They were
also visualized by dipping the TLC plate into a solvent mixture
of 0.5 (w/v) N-(1-naphthyl)ethylenediamine dihydrochloride and
5% (w/v) sulfuric acid in methanol followed by heating at 121 �C
for 3 min. The residual amount of curcuminoids was determined
using SpectraMax M3 (Molecular Devices, Sunnyvale, CA, USA) at
425 nm (Gopal, Muthu, & Chun, 2015). Water soluble curcumi-
noids yields were calculated using the following equation:

Water soluble curcuminoids yieldð%Þ

¼ Curcuminoid extractedðgÞ
Tumeric powder usedðgÞ � 100

The effect of Ste, RebA, or SG concentration to enhance the
solubility of curcuminoids from turmeric powder was studied with
different concentration of Ste, RebA, or SG (from 0.5 to 10%, w/v)
mixing with 30% (w/v) of turmeric powder in 100% (v/v) ethanol
for Ste or in 10% (v/v) of water in ethanol for RebA or SG.

The effect of turmeric concentration to enhance the yield of sol-
uble curcuminoids from turmeric power using 8% (w/v) of Ste, RebA
or SG (100% (v/v) ethanol for Ste, 10% (v/v) of water in ethanol for
RebA or SG) was studied at different concentrations of turmeric
powder (from 10 to 40%, w/v). The pH of curcuminoids in water
after extraction was determined by direct measurement with a
pH meter (Thermo Scientific, Waltham, MA, USA). Water soluble
curcuminoidswere freeze dried and stored at�20 �C for further study.

The ratio of curcumin, DMC, and BDMC in the water soluble
turmeric extract by Ste, RebA, and SG was analyzed using
integrated density values (IDV) by employing the AlphaEaseFC
4.0 program (Alpha Inotech, San Leandro, CA, USA) with curcumin,
DMC, and BDMC as the standards.

2.2. pH stability of water soluble curcuminoids

For pH stability of water soluble curcuminoids extracted from
turmeric powder, several pH conditions (50 mM Na-P pH 6.0, pH
7.0, pH 7.5, NaOH-glycin pH 8.0 and pH 10.0) were evaluated.
Two micrograms of curcuminoids were dissolved in buffer and
kept at 25 �C for 1 week. The samples were then centrifuged at
12,000�g for 10 min and filtered through 0.20 lm membrane.
The residual amount of curcuminoids was determined using
spectrophotometry at 425 nm and TLC method as described
previously (Chen et al., 2015).

2.3. Particle size analysis

The samples were prepared by taking 10 mg of the lyophilized
of Ste, RebA, SG, Tum-Ste, Tum-RebA and Tum-SG in 10 ml of
distilled water or 20 mg of Tum-Ethanol in ethanol. Dynamic light
scattering (DLS) was performed to measure the size of Ste, RebA,
SG, water soluble turmeric extracts by Ste, RebA, and SG in solution
with a zetasizer Nano ZS (Malvern Instruments Ltd, Malvern, UK)
(Murdock, Braydich-Stolle, Schrand, Schlager, & Hussain, 2008) at
25 �C. Each sample was measured in triplicated and the average
values were used.

2.4. Antioxidant effects

The antioxidant activities of water soluble turmeric extracts
were evaluated by 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical
scavenging method as described previously. Samples were
dissolved in water. Each sample was mixed with 100 lM (DPPH)
in methanol solution to give a final concentration of 10–500 lg
of water soluble turmeric extract by Ste, Re, or SG per ml. After
30 min of incubation at 25 �C in total darkness, the absorbance of
each mixture was measured at 517 nm on a microplate reader
(Molecular Devices, Sunnyvale, CA, USA). A negative control
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(containing all reagents except the test sample) was used for this
test. Curcuminoids (P94%) containing P80% curcumin and
a-tocopherol, and trolox were used as the positive controls. DPPH
radical-scavenging activity was converted into percentage of
antioxidant activity using the following equation:

DPPH radical-scavenging activityð%Þ

¼ ðAbsorbance of control� Absorbance of test sampleÞ
Absorbance of control

� 100

A linear regression curve was established in order to determine
the SC50 value, i.e., the amount of sample necessary to decrease
50% of the absorbance of DPPH. All analyses were carried out in
triplicate. Results were expressed as mean ± standard error (SEM).

2.5. Inhibitory activity of curcuminoids against DENV4 NS2B-NS3pro

Recombinant DENV4 NS2B-NS3pro enzyme was prepared as
described previously (Nguyen et al., 2013). Water soluble turmeric
extract was dissolved in water and tested in triplicate at a
concentration of 1–200 lg/ml to determine its ability to inhibit
NS2B-NS3pro. Assays were performed in a reaction mixture (final
volume 100 ll) containing 0.04 U enzymes, 1.65 lM fluorogenic
tetrapeptide substrate, benzoyl-norleucine-lysine-arginine-arginine-
7-amino-4-methyl coumarin (AMC) (Bachem, Bubendorf, Switzerland),
2 ll of inhibitor, and 40 mM Tris buffer (pH 7.5). The reaction was
measured in a SpectraMax Gemini XPS apparatus (Molecular
Devices, Sunnyvale, CA, USA) (kex = 380 nm, kem = 460 nm)
at 37 �C for 20 min. Curcuminoids (P94%) containing P80%
Fig. 1. Turmeric extracts prepared with stevioside, rebaudioside A, or steviol glucosides.
and 10% (w/v) SG. Tum-water: curcuminoids was extracted from turmeric powder usi
ethanol. Tume-Ste: curcuminoids was extracted from turmeric powder using Ste ethan
Tum-RebA: curcuminoids was extracted from turmeric powder using rebaudioside A eth
Tume-SG: curcuminoids was extracted from turmeric powder using steviol glucosides
water. B: Lane Ste: 10% (w/v) of stevioside standard, lane RebA: 10% (w/v) of rebaudioside
of demethoxycurcumin in ethanol; Lane BDMC: 1% (w/v) of bisdemethoxycurcumin in
Sigma, lane 2–4: water soluble curcuminoids prepared using Ste, RebA, or SG. Thin lay
85:15 (v/v) and chloroform/methanol 19:1 (v/v). They were detected under UV254nm (B,
ethylenediamine dihydrochloride and 5% (w/v) sulfuric acid in methanol followed by he
curcumin was used as the positive control. The inhibition was cal-
culated using the following equation:

Remaining activityð%Þ ¼ ½ðS� SoÞ=ðC� CoÞ� � 100

where C was the fluorescence of the control (enzyme, buffer, and
substrate) after 20 min of incubation, Co was the fluorescence of
the control at time zero, Swas the fluorescence of the tested sample
(enzyme, sample solution, and substrate) after incubation, and So
was the fluorescence of the tested sample at time zero. The 50%
inhibitory concentration (IC50) was defined as the concentration
of NS2B-NS3pro inhibitor necessary to reduce NS2B-NS3pro activity
by 50% relative to a reaction mixture containing NS2B-NS3pro

enzyme without inhibitor.

2.6. Statistical analysis

The results of turmeric extraction using Ste, RebA, and SG were
expressed as mean ± SEM of three identical experiments. One-way
analysis of variance (ANOVA) was performed using GraphPad
Prism software version 5.0 (GraphPad Software Inc., San Diego,
CA, USA) with Tukey’s multiple comparison test. Statistical
significance was determined at p 6 0.05.

3. Results

3.1. Extraction of water soluble curcuminoids from turmeric powder

The curcuminoids powder prepared with ethanol directly from
turmeric powder showed low or no solubility in water (Fig. 1A).
A: Solubility of curcuminoids in water solution with 10% (w/v) Ste, 10% (w/v) RebA,
ng water. Tum-Ethanol: curcuminoids was extracted from turmeric powder using
ol solution and ethanol was removed by evaporation and re-dissoluble in water.
anol solution and ethanol was removed by evaporation and re-dissoluble in water.
ethanol solution and ethanol was removed by evaporation and re-dissoluble in
A standard, lane SG: 10% (w/v) of steviol glucosides standard, Lane DMC: 0.5% (w/v)
ethanol; Lane FA: 0.5% ferulic acid in ethanol; lane 1: curcuminoids standard from
er chromatography analysis of curcuminoids with one ascent of acetonitrile/water
D) and by dipping the TLC plate into a solvent mixture of 0.5 (w/v) N-(1-Naphthy)
ating at 90 �C for 3 min (C, E).
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The turmeric powder treated with ethanol had yellow colour. After
solubilized in water, it showed a clear supernatant without yellow
colour. However, curcuminoids extracted directly from turmeric
powder using Ste, RebA, or SG resulted in clear and yellow colour
in water (Fig. 1A). These curcuminoids in water were confirmed
by using TLC analysis under UV254nm (Fig. 1B) and by using devel-
oping solution (Fig. 1C). Three main analogues of curcuminoids
(curcumin, DMC, and BDMC) were detected on TLC as shown in
Fig. 1D (under UV254nm) and Fig. 1E. The Rf values for curcumin,
DMC, and BDMC were 0.57, 0.41, and 0.29, respectively. Thus,
Ste, RebA or SG could be used to prepare water soluble curcumi-
noids directly from turmeric powder. The pH values of solubilized
curcuminoids prepared with Ste, RebA, and SG were 4.7, 5.0, and
4.9, respectively.

3.2. Concentration effect of water, Ste, RebA, SG, and turmeric powder
on curcuminoids yields

When Ste was used to extract curcuminoids from turmeric
powder, as water concentration with Ste increased, the amount
Table 2
Effect of stevioside, rebaudioside A, or steviol glucosides concentration on the yield of wa

Ste, RebA, SG concentration
(%, w/v)

Soluble curcuminoids with Ste
(mg/g turmeric powder)

0.5 0.2a

1 0.8b

2 6.6 ± 0.1c

3 14.0 ± 0.3d

4 20.0 ± 0.5e

5 28.1 ± 0.7f

6 28.7 ± 0.4g

8 34.5 ± 0.6h

10 29.7i

Each value is mean ± SEM of three identical experiments; mean values with the same row s

Table 1
Concentration of water soluble curcuminoids obtained from turmeric powder by using ste

Water added during turmeric
extraction process (%, v/v)

Soluble curcuminoids with Ste
(mg/g turmeric powder)

0 33.4 ± 1.3a

10 30.0 ± 2.5
20 29.8 ± 2.0
30 28.9 ± 1.7b

40 25.1 ± 2.5c

50 24.0 ± 1.4d

60 19.2 ± 0.9e

80 14.6 ± 0.7f

Each value is mean ± SEM of three identical experiments; mean values with the same row s

Table 3
Effect of turmeric powder concentration on the yield of water soluble curcuminoids from

Turmeric concentration (%, w/v) Soluble curcuminoids with Ste So

mg/g turmeric powder mg/ml m

1 69.3 ± 4.0 0.7 70
3 56.2 ± 1.3 1.7a 65
5 51.2 ± 3.7 2.6 ± 0.2b 60
7.5 50.4 ± 0.2 4.3 48
12.5 48.7 ± 0.5 6.1 ± 01c 48
15 47.0 ± 3.2 7.0 ± 0.6d 47
17.5 44.4 ± 1.3 7.8 ± 0.3e 47
20 38.1 ± 0.8 7.6 ± 0.2f 45
25 34.7 ± 0.1 8.7g 36
30 34.5 ± 1.4 9.6 ± 0.6h 32
35 32.3 ± 2.6 11.3 ± 1.1i 27
40 24.8 ± 0.8 9.9 ± 0.4j 12

Each value is mean ± SEM of three identical experiments; mean values with the same row s
of prepared water soluble curcuminoids was reduced from
33.3 ± 1.3 to 14.6 ± 0.7 mg per gram of turmeric powder (Table 1).
The highest water soluble curcuminoids yield (33.3 ± 1.3 mg/g tur-
meric powder) was obtained with 100% (v/v) ethanol (without
adding water) with Ste. However, both RebA and SG showed the
highest yields of water soluble curcuminoids with 10% (v/v) of
water in ethanol. The yields were 26.8 ± 1.6 mg curcuminoids/g
turmeric powder with RebA and 23.1 ± 1.6 mg curcuminoids/g tur-
meric powder with SG. The effect of different concentrations of Ste,
RebA, or SG on the yields of soluble curcuminoids was also inves-
tigated. As the concentration of Ste, RebA, or SG was increased
from 0.5% to 8% (w/v), the amount of water soluble curcuminoids
was also increased from 0.2 to 34.5 ± 1.4 mg/g with Ste, from
0.04 to 32.4 ± 0.2 mg/g with RebA, and from 0.1 to 21.1 ± 0.3 mg/
g with SG (Table 2). The highest concentration of Ste, RebA, or SG
to obtain water soluble curcuminoids was 8% (w/v). In case of tur-
meric powder, the yield of water soluble curcuminoids decreased
as the amount of turmeric powder was increased (Table. 3). As
the amount of turmeric powder was increased from 1% (w/v) to
40% (w/v), the yields of water soluble curcuminoids was decreased
ter soluble curcuminoids from turmeric powder.

Soluble curcuminoids with RebA
(mg/g turmeric powder)

Soluble curcuminoids with SG
(mg/g turmeric powder)

0.04a 0.1a

1.7b 0.4b

6.2 ± 0.1 c 2.8 ± 0.1 c

12.1 ± 0.1d 6.4 ± 0.2d

17.0 ± 0.4e 9.0 ± 0.1e

20.9 ± 0.2 f 12.5 ± 0.3f

24.5 ± 0.4g 16.5 ± 0.6g

32.4 ± 0.1h 21.1 ± 0.3h

26.4 ± 0.6i 19.1 ± 0.1i

haring the same alphabetical letter superscripts are statistically significant at P6 0.05.

vioside, rebaudioside, or steviol glucosides.

Soluble curcuminoids with RebA
(mg/g turmeric powder)

Soluble curcuminoids with SG
(mg/g turmeric powder)

17.0 ± 1.2a 18.1 ± 0.6a

26.8 ± 1.6 23.1 ± 1.6
25.5 ± 1.0 23.0 ± 1.8
24.3 ± 1.6b 17.3 ± 0.8b

19.7 ± 0.6c 16.2 ± 0.6c

18.1 ± 1.7d 16.1 ± 0.8d

11.2 ± 1.2e 14.2 ± 0.5e

13.5 ± 0.6f 8.7 ± 0.2f

haring the same alphabetical letter superscripts are statistically significant at P6 0.05.

turmeric powder.

luble curcuminoids with RebA Soluble curcuminoids with SG

g/g turmeric powder mg/ml mg/g turmeric powder mg/ml

.6 ± 0.6 0.7 73.1 ± 1.0 0.7

.1 ± 0.4 2.0a 65.8 ± 1.0 2.0a

.3 ± 0.9 3.0b 61.3 ± 0.5 3.1b

.4 ± 0.4 3.6 50.7 ± 0.7 3.8 ± 0.1

.3 ± 0.6 6.0 ± 0.1c 38.1 ± 0.6 4.8 ± 0.1c

.5 ± 0.2 7.1d 37.3 ± 1.3 5.7 ± 0.2d

.1 ± 1.4 8.2 ± 0.2e 31.8 ± 1.4 5.6 ± 0.2e

.8 ± 0.9 9.2 ± 0.2f 30.8 ± 1.2 6.2 ± 0.2f

.2 ± 0.5 9.2 ± 0.1g 25.2 ± 0.2 6.3g

.6 ± 0.2 9.7 ± 0.1h 22.3 ± 0.3 6.7 ± 0.4h

.7 ± 0.1 9.7i 17.0 ± 1.1 5.9 ± 0.4i

.6 ± 1.9 5.0 ± 0.7j 11.4 ± 1.0 4.6 ± 0.4j

haring the same alphabetical letter superscripts are statistically significant at P6 0.05.



Table 4
Effect of pH on the stability of water soluble curcuminoids.

pH Residual amount of water soluble curcuminoids (%)

Ste RebA SG

6.0 80.3 ± 0.4 81.6 ± 0.9 82.3 ± 2.4
7.0 87.2 ± 4.1 84.2 91.0 ± 0.9
7.5 85.3 ± 2.7 84.8 ± 0.6 93.6 ± 2.8
8.0 99.2 ± 0.4 84.1 ± 3.3 90.9 ± 0.6
10.0 100 99.1 ± 0.6 85.0 ± 0.6
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from 69.3 ± 4.0 mg/g to 24.8 ± 0.8 mg/g with Ste, from 70.6 ±
0.6 mg/g to 12.6 ± 1.9 mg/g with RebA, and from 73.1 ± 1.0 mg/g
to 11.4 ± 1.0 mg/g with SG. The highest amount of water soluble
curcuminoids/ml obtained was 11.3 ± 1.1 mg/ml with 35% (w/v)
of turmeric powder with Ste, 9.7 ± 1.1 mg/ml with 30% (w/v) of
turmeric powder with RebA, and 6.7 ± 0.4 mg/ml with 30% (w/v)
of turmeric powder with SG (Table 3). At the optimum extraction
condition for soluble curcuminoids, the relative concentrations of
Fig. 2. DPPH radical-scavenging activity (A) and inhibition activity against NS2B-NS3pro o
extracts prepared by Ste, RebA, and SG B: The inhibition activity of turmeric extracts ag
purified curcuminoids (P94%) Each value is mean ± SEM (n = 3).
curcumin, DMC, and BDMC in total water soluble curcuminoids
were 32.4%, 27.0%, and 30.5%, respectively, with Ste, 31.3%, 27.1%,
and 31.4%, respectively, with RebA, and 30.3%, 26.7%, and 32.7%,
respectively, with SG by using the AlphaEaseFC 4.0 program.

3.3. Stability of water soluble curcuminoids at different pH

The effect of pH (from 6.0 to 10.0) on the stability of water
soluble curcuminoids at different pH values was investigated. As
shown in Table 4, water soluble curcuminoids extracted with Ste,
RebA, and SG at pH 6.0 exhibited stability of 80.3 ± 0.4,
81.6 ± 0.9, and 82.3 ± 2.4%, respectively. Their stabilities were
increased to over 84% when the pH value was increased from 6.0
to 7.0 (Table 4).

3.4. Particle size of water soluble turmeric extract

The size distribution of Ste, RebA, SG, turmeric extracted with
ethanol, and water soluble turmeric extracted with Ste, RebA,
f water soluble turmeric extract (B) A: DPPH radical-scavenging activity of turmeric
ainst NS2B-NS3pro of dengue fever virus type IV prepared by Ste, RebA, SG, and of
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and SG are shown in Fig. S1 in the Supplementary materials. The
mean particle sizes of Ste, RebA, and SG were 2.4 nm, 3.35 nm,
and 2.6 nm, respectively. The particle sizes of turmeric extracted
with ethanol and water soluble turmeric extracts prepared with
Ste, RebA, and SG were 2.0 nm, 110.8 nm, 95.7 nm, and 32.7 nm,
respectively (Table S1).

3.5. Biological function of water soluble turmeric extract

3.5.1. Antioxidant activity
The antioxidant activity of water soluble turmeric extracts

using different steviol glucosides was compared using a free
radical-scavenging method for DPPH (Fig. 2A). The antioxidant
activity was represented by SC50 and compared to water soluble
turmeric extracted using Ste, RebA, and SG. The SC50 values of
water soluble turmeric extracts prepared with Ste, RebA, and SG
were 127.6 ± 4.9, 105.4 ± 1.8, and 109.8 ± 3.2 lg/ml, respectively.
Curcuminoids (P94%) containing P80% curcumin and a-tocopherol,
and trolox used as positive controls, showed SC50 values of
36.2 ± 2.6 lg/ml, 3.5 ± 0.1, and 8.4 ± 0.1 lg/ml, respectively (Fig. S2).

3.5.2. DENV4 NS2B-NS3pro inhibition activity
Water soluble turmeric extracted with Ste, RebA, and SG

showed inhibitory activity against NS2B-NS3pro of DENV4 with
IC50 of 14.1 ± 0.2, 24.0 ± 0.4, and 15.3 ± 0.4 lg/ml, respectively.
Detailed inhibition results of water soluble turmeric extracted with
Ste, RebA, and SG are shown in Fig. 2B. Curcuminoids (P94%)
containing P80% curcumin, used as positive controls, showed
IC50 values of 5.2 lg/ml (Fig. 2B).
4. Discussion

To extract curcuminoids from natural sources, organic solvents,
such as acetone, methanol, ethanol, ethyl acetate, isopropanol, and
hexane, have been used with soxhlet, ultrasonic, microwave-
assisted zone-refining and dipping techniques, and subsequent
crystallization (Gopal et al., 2015). However, curcuminoids are
hydrophobic polyphenols with poor water solubility. In addition,
they are unstable in both in vivo and in vitro environments with
extremely low bioavailability, thus limiting their applications in
the food and pharmaceuticals industries (Aditya et al., 2013). To
address the poor solubility, poor stability, and poor bioavailability
issues of curcumin, several studies have used hydrophobically
modified water-soluble polymers that can self-assemble to form
micelles in aqueous phase as curcumin platforms (Letchford
et al., 2008; Salmaso, Bersani, Semenzato, & Caliceti, 2007).
Letchford et al. have shown a 1.3 � 105 fold increase in curcumin
solubility in a polymeric micellar formulations containing methoxy
poly (ethylene glycol)-block-polycaprolactone diblock copolymers
(MePEG-b-PCL) (Letchford et al., 2008) compared to free curcumin.
In addition, the biological half-life of curcumin solubilized in a
mixture of DMA, PEG, and dextrose was 60-fold longer than that
of free curcumin in rats (Salmaso et al., 2007). Bioconjugation of
curcumin, PEG and b-cyclodextrin followed by subsequent
functionalization with folic acid (CD-(C6-PEG)5-FA) has shown a
3200 fold increase in solubility of curcumin while decreasing the
degradation rate of curcumin at pH 6.5 and 7.2 by 10 and
45-fold, respectively (Salmaso et al., 2007). Until now, most studies
have used commercial available curcuminoids extracted by organic
solvents. They have enhanced its solubility by using nanoparticles,
liposomes, micelles, phospholipid complexes (Ji, Huang, & Zhu,
2012), or rubusoside (Zhang et al., 2011). The processes for
preparing water soluble curcuminoids are complicated and expen-
sive. For the first time, we report the simple preparation of water
soluble curcuminoids from turmeric powder by using Ste, RebA,
or SG. With optimum extraction condition, the yields of soluble
curcuminoids by Ste, RebA, and SG were 11.3, 9.7, and 6.7 mg/ml,
respectively. The water soluble curcuminoids prepared in this
study contained similar amounts of curcumin, DMC, and BDMC.
Depending on the targets, curcumin, DMC, and BDC have different
activities. BDMC has more activity (cytotoxicity) against ovarian
cancer (Syu et al., 1998), for suppressing carcinogenesis (Anto,
George, Babu, Rajasekharan, & Kuttan, 1996), reducing nicotine-
induced oxidative stress (Kalpana, Sudheer, Rajasekharan, &
Menon, 2007), inducing NRF2-mediated induction of heme
oxygenase-1 (Devasena, Rajasekaran, Gunasekaran, Viswanathan,
& Menon, 2003), and inhibiting human pancreatic a-amylase
(Ponnusamy et al., 2012), with more antimutagenic and anticar-
cinogenic activity (Anto et al., 1996) than curcumin or DMC.
Compared to curcumin or BDMC, DMC is more potent in inhibiting
the proliferation of breast cancer cells (Simon et al., 1998) or
inducing nematocidal activity. Curcuminoids are unstable in
solutions of a basic pH and about 90% of curcuminoids were
decomposed within 30 min in 0.1 M phosphate buffer (pH 7.2)
and serum-free medium (Wang et al., 1997). Curcuminoids are
practically insoluble in acidic solutions, and can be broken down
easily, producing mainly ferulic acid, feruloylmethane, and yellow
brown condensation products (Wang et al., 1997). In aqueous solu-
tions of Ste, RebA, and SG, curcuminoids are stable over a wide
range of pHs (2–10) at 80 �C for 2 h or 120 �C for 1 h (Kroyer,
2010). Complexes of water soluble curcuminoids in Ste, RebA, or
SG also showed over 80% stability at pH 6.0 and the stability
increased to over 84% when the pH value was increased from 6.0
to 10.0 (Table 4). These results were in agreement with the report
by Kroyer that Ste has a protective effect resulting from delayed
degradation of ascorbic acid (Kroyer, 2010). Water soluble curcum-
inoids in Ste, RebA, and SG showed nano sizes. As a particle
becomes smaller, the surface area to volume ratio increases. The
larger surface area allows greater interaction with the solvent, thus
increasing solubility (Savjani, Gajjar, & Savjani, 2012). Water sol-
uble curcuminoids have a fairly narrow size distribution because
their polydispersity index (PI) is lower than 0.2 (Murdock et al.,
2008) (Table S1). Nanoparticle curcuminoids, that is curcuminoids
controlled for a distribution between 100 and 1000 nm with mean
particle sizes of 190 nm, show improved bioavailability of up to
27-fold in human blood compared to curcumin powder. They also
exhibit inhibitory action against intoxication after alcohol
consumption in humans by reducing acetaldehyde concentration
in the blood (Sasaki et al., 2011). This demonstrates the potential
for improving the bioavailability of water soluble curcuminoids
through extraction using Ste, RebA, and SG in the future.

Although many studies have reported that the solubility of
bioactive molecules can be enhanced using steviol glucosides
(Nguyen et al., 2014; Zhang et al., 2011), the enhancing mechanism
remains unknown. Cyclodextrins are used as drug carriers to
enhance the solubility, stability, and bioavailability of bioactive
molecules. They have been approved by the Food and Drug Admin-
istration (Davis & Brewster, 2004). Cyclodextrins have a truncated
cone shape, with an internal hydrophobic zone and a hydrophilic
external surface. Therefore, they are able to form inclusion com-
plexes with poorly water soluble molecules, thus improving the
solubility of the molecules (Davis & Brewster, 2004). Ste, RebA,
and SG are glycosides on aglycone’s carbon skeleton steviol. Ste,
RebA, and SG have a D-glucose group affixed at C19. In addition,
Ste has a di-glucosyl while RebA has a tri-glucosyl sugar moiety
affixed at C13. SG is the glycoside of stevioside. While Ste, RebA,
and SG show high solubility in water (Kroyer, 2010), steviol is
hydrophobic in the center. According to the yield of water soluble
curcuminoids obtained from turmeric powder, as the glucose unit



372 T.T.H. Nguyen et al. / Food Chemistry 214 (2017) 366–373
connected to steviol at C13 was increased, the yield of water soluble
curcuminoids decreased (Tables 1–3). Analysis of the main
products in water soluble curcuminoids showed that DMC had
the lowest relative concentration in water soluble curcuminoids.
There was a slight decrease in the relative concentration of
curcumin when SG instead of Ste was used. But the relative
concentration of BDMC was slightly increased when SG instead
of Ste was used. Based on these results, the glucose connected to
steviol might have enhanced the yield of water soluble curcumi-
noids and the ratio of each compound. Therefore, a complex with
Ste, RebA, and SG might be able to stabilize curcuminoids at
different pHs. However, the exact mechanisms of the solubilization
of water insoluble compounds require further study.

Water soluble turmeric extracts are a mixture of three main
analogues: curcumin, DMC, and BDMC. Their biological activities
were evaluated through DPPH radical scavenging activity and
inhibition activity against NS2B-NS3pro of DENV4. Somparn et al.
reported that among the three main analogues above, curcumin
has the strongest DPPH radical scavenging activity. The SC50 values
of curcumin, DMC, and BDMC are 35.1, 53.4, and more than
200 lg/ml, respectively (Somparn et al., 2007). Water soluble
turmeric extract with Ste showed slightly higher DPPH activity
than pure BDMC. There were small changes in the ratio of
curcumin, DMC, and BDMC in water soluble curcuminoids pre-
pared with Ste, RebA, or SG. In addition, they showed different
DPPH activities. Therefore, the ratio of curcumin, DMC, and BDMC
in water soluble curcuminoids might affect their DPPH activities.

Chen et al. reported that curcumin can interfere with the
infection processes of viruses, such as dengue virus type 2
(Chen et al., 2013). The water soluble turmeric extract prepared
with Ste and SG showed higher inhibitory activity against
NS2B-NS3pro of DENV4 than water soluble turmeric extract pre-
pared with RebA. Therefore, water soluble curcuminoids extracted
with Ste, RebA, or SG maintained their biological activities.

5. Conclusion

Curcuminoids in turmeric Curcuma longa has been widely used
as pigments in food processing as well as in traditional medicine.
For various applications of curcuminoids, water solubility is an
important factor to achieve their desired plasma levels for
pharmacological response. For the first time, we prepared water
soluble curcuminoids directly from turmeric Curcuma longa
powder by using Ste, RebA, and SG, forming nanoparticles with
fairly narrow size distribution. These water soluble curcuminoids
have antioxidant activity and inhibition activity against NS2B-
NS3pro of dengue virus type 4. This facile method of preparing
water soluble curcuminoids come with a significant advantage to
be widely applicable for solubilization of various insoluble
functional flavonoids in plants, fruits, or food materials.
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