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rcuminoid microemulsions from
Curcuma longa L. to enhance inhibition effects on
growth of colon cancer cells HT-29

Yen Chu Chen and Bing Huei Chen *

The objectives of this study were to extract curcuminoid from Curcuma longa L. (C. longa), a vital medicinal

plant demonstrated to possess many biological activities, and prepare the curcuminoid extract and

microemulsion for studying the inhibition mechanism of HT-29 colon cancer cells. Results showed that

a total of 3 curcuminoids including curcumin, demethoxycurcumin (DMC) and bisdemethoxycurcumin

(BDMC), were separated within 10 min by using an Eclipse XDB-18 column and a gradient mobile phase

of 0.1% formic acid solution (A) and acetonitrile (B). The curcuminoid microemulsion composed of

soybean oil, Tween 80, ethanol and water was prepared with a high stability and mean particle size of

10.9 nm, zeta-potential of �65.2 mV and encapsulation efficiency of 85.7%. Both curcuminoid extract

and microemulsion were effective in inhibiting HT-29 cell growth with the IC50 being 3.83 and

2.51 mg mL�1 after 24 h incubation, respectively, but further reduced to 2.23 and 1.94 mg mL�1, after 48 h

incubation. Both treatments could decrease the proportion of both viable and necrosis cells and increase

the proportion of both early and late apoptosis cells in a dose-dependent manner, with the cell cycle

arrested at the S phase. Also, both treatments could up-regulate p53 expression and down-regulate

cyclin A and CDK2 expressions through a p21-independent pathway. In addition, the expressions of Bax

and cytochrome C as well as the activities of caspase-8, caspase-9 and caspase-3 increased for the

curcuminoid extract, while the curcuminoid microemulsion showed the same trend with the exception

that an insignificant change (p > 0.05) in Bax expression was observed. Collectively, this study

demonstrated that the curcuminoid microemulsion prepared from C. longa may possess great potential

for the treatment of colon cancer in the future.
1. Introduction

Curcuma longa L. (C. longa), a well-known traditional medicinal
herb mainly produced in India, has been demonstrated to
possess vital biological activities such as anti-oxidation, anti-
inammation, anti-diabetes and anti-cancer,1 which can be
attributed to the presence of curcuminoids including curcumin,
demethoxycurcumin (DMC) and bisdemethoxycurcumin
(BDMC).2 However, because of instability and low aqueous
solubility, curcuminoids were readily metabolized to other
products aer in vivo administration and resulted in low
bioavailability and biological activity.3 Thus, nding an appro-
priate way to enhance curcuminoid bioavailability and improve
therapeutic efficiency of chronic diseases is extremely
important.

Nanotechnology belongs to a science dealing with particle
sizes in the range of 1–100 nm. Due to a large increase in both
surface area and surface atoms, many chemical and physical
properties of nanoparticles such as stability, bioavailability,
University, New Taipei City 242, Taiwan.

-2-22093271; Tel: +886-2-29053626

hemistry 2018
solubility and absorption characteristics can be different from
non-nanoparticles.4 Thus, nanotechnology nds wide applica-
tion in food science, nutritional science, environmental science,
pharmaceutical science and biomedical science. Among the
various nanosized systems in food application, both micro-
emulsion and nanoemulsion have received considerable atten-
tion in the past two decades due to their ease of preparation,
high stability, enhancement of aqueous solubility, and capa-
bility of encapsulating unstable bioactive compounds to elevate
bioavailability.5

Based on a report published by Ministry of Health of Taiwan
in 2015,6 malignant tumor is the leading cause of death with
colon cancer ranking 3rd, which may be associated with age,
heredity and dietary factors such as low intake of bers and
micronutrients and high intake of fat. It has been well docu-
mented that the frequent consumption of foods rich in phyto-
chemicals such as curcuminoids can reduce the incidence of
colon cancer.7 Nevertheless, as mentioned above, the extremely
low bioavailability and stability of curcuminoids in vivo can
limit the therapeutic efficiency of colon cancers.

Numerous studies dealing with the biological activities of
curcuminoids have been published. For instance, Ak and
RSC Adv., 2018, 8, 2323–2337 | 2323
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Gulcin8 reported that curcumin (15–45 ppm) was effective in
inhibiting hydroperoxide formation and scavenging reactive
oxygen species (ROS) such as hydrogen peroxide and superoxide
anion as well as free radicals such as DPPHc, ABTSc, and
DMPDc. In an anti-inammatory study dealing with the effect of
curcumin (0.5–8 mM) on macrophage cells RAW 264.7, the
expression of pro-inammatory inducible nitric oxide synthase
(iNOS) and activity of iNOS promoter was inhibited for further
reduction in nitric oxide (NO) production,9 as the over-
production of NO can cause excessive expansion of blood
vessels for tissue impairment. In another study Jiang et al.10 also
reported that curcumin (5–50 mM) was effective in inhibiting
growth of melanoma cells A375, MV3 and M14, with the IC50

being 8.29, 18.29 and 14.25 mM, respectively. Similarly,
following treatment of hepatoma cells HepG2 and breast cancer
cells MCF-7 and MDA-MB-231 with curcumin (5.19–162.3 mM),
DMC (4.73–147.9 mM) and BDMC (4.35–135.9 mM), the
maximum inhibition percentage ranged from 23.5–63.4%.11 A
dose-dependent cytotoxicity of liposomal curcumin was shown
towards head and neck squamous cells CAL27 and UM-SCC1
cells with an optimal growth inhibition at 200 mM and 50 mM,
respectively.12 In a later study, Yallapu et al.13 demonstrated that
the curcumin-loaded poly(lactic-co-glycolic acid) nanoparticle
(2.5–40 mM) could inhibit prostate cancer cells C4-2, DU-145 and
PC-3 dose-dependently with an IC50 value of 9.5, 4.9 and
20.4 mM, respectively. However, a larger IC50 value was shown
for free curcumin (11.2, 7.6 and >40 mM) at the same dose range.
In a study dealing with comparison of inhibitory effects of
curcumin (5–100 mM) on osteosarcoma cells (MG-63) and
normal osteoblast cells, Chang et al.14 showed <50% cell
viability with MG-63 cells at 25 mM, whereas a >80% cell viability
was shown for normal cells. Also, 5 curcumin-loaded liposome
formulations in the dose range (5–50 mM) were shown to inhibit
pancreatic cancer cells BxPC-3 with an IC50 value ranging from
1.92–3.4 mM, which was lower than that obtained for free cur-
cumin (5.84 mM).15 In a later study Chang and Chen2 developed
a curcuminoid nanoemulsion composed of curcuminoid
extract, Tween 80 and water and studied its inhibition effect on
lung cancer cells A549 and H460 growth, the IC50 was shown to
be 3.9 and 2.9 ppm, respectively, with the cell cycle being
arrested at G2/M phase for subsequent activation of pro-
apoptotic proteins such as caspase-3, leading to cell
apoptosis. More recently, Wang et al.16 reported a higher anti-
lung cancer activity towards A549 cells by curcumin-loaded
nanostructured lipid carriers prepared by fast emulsication
and low-temperature solidication, with an IC50 value of
5.66 mg L�1 which was lower than for free curcumin
(9.81 mg L�1). In addition, several comprehensive reviews on
anticancer activity of curcumin and their analogues have been
reported.17–19 However, the effect of curcuminoid micro-
emulsion or nanoemulsion on inhibition of colon cancer cells
and tumor growth was less explored.

The objectives of this study were to extract curcuminoids
from Curcuma longa L. for preparation of curcuminoid extract
andmicroemulsion and study their inhibition effects on growth
of colon cancer cells HT-29.
2324 | RSC Adv., 2018, 8, 2323–2337
2. Materials and methods
2.1. Materials

A total of 6 kg Curcuma longa L. was purchased from a Chinese
drug store located at Taipei city and was washed, cut into pieces,
freeze-dried, placed into separate bags and vacuum sealed for
storage at �20 �C for use.

Curcumin standard was obtained from Enzo Life Science Co.
(Farmingdale, NY, USA), while DMC, BDMC and internal standard
methyl red were from Sigma-Aldrich Co. (St. Louis, MO, USA). The
HPLC-grade solvent acetonitrile was from Merck (Darmstadt,
Germany), while both ethanol (99.9%) and formic acid were from
Sigma-Aldrich Co. Deionized water wasmade using aMilli-Q water
purication system from Millipore Co. (Bedford, MA, USA).
Soybean oil was procured from Taiwan Sugar Co. (Tainan,
Taiwan), while Tween 80 was from Yi-Da Co. (Taipei, Taiwan).
Potassiumdihydrogen phosphate was also from Sigma-Aldrich Co.
2.2. Cell culture reagents

Human colon cancer cell HT-29 and human lung broblast cell
MRC-5 were a gi from Dr Rwei-Fen Huang of the Nutritional
Science Department, Fu Jen University (Taipei, Taiwan), which
was originally obtained from Bioresource Collection and
Research Center (BCRC) at Taiwan Food Industry Research and
Development Institute (FIRDI, Hsinchu, Taiwan). Both McCoy's
5A medium and minimum essential medium (MEM) were from
Sigma-Aldrich Co. Fetal bovine serum (FBS) and 0.25% trypsin–
EDTA were from HyClone Co. (Logan, UT, USA). Sodium pyru-
vate, non-essential amino-acid and penicillin–streptomycin
were from Gibco Co. (CA, USA). Both sodium chloride and
potassium chloride were from J. T. Baker Co. (Center Valley, PA,
USA). Trypan blue (0.4%), dimethyl sulfoxide (DMSO), propi-
dium iodide (PI), RNase A, sodium dodecyl sulfate (SDS), Tween
20, ethylenediaminetetraacetic acid (EDTA) and bovine serum
albumin (BSA) were from Sigma-Aldrich Co. 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT),
Triton X-100, glycerol, glycine, Tris(hydroxylmethyl)amino-
methane, phenylmethanesulfonyl uoride (PMSF), ammonium
persulfate (AP) and acrylamide (30%) were from USB Co.
(Cleveland, OH, USA). Both Bradford reagent protein assay and
Clarity Western ECL substrate were from Bio-Rad Co. (Hercules,
CA, USA). Both caspase 3 assay kit and FITC Annexin V
apoptosis detection kit were from BD Bioscience Co. (San Jose,
CA, USA). Both caspase 8 and caspase 9 uorometric assay kits
were from Bio Vision Co. (Milpitas, CA, USA).

The following primary antibodies: mouse anti-cyclin A and
rabbit anti-bax were from EMD Millipore Co. (Bedford, MA,
USA); mouse anti-p21, mouse anti-cytochrome C and mouse
anti-CDK2 were from BD Bioscience Co.; both mouse anti-p53
and mouse anti-GAPDH were from Novus Bio Co. (Littletown,
Co, USA).

The following secondary antibodies: goat anti-mouse-IgG-
HRP was from Jackson Immune Research Lab (West Grove,
PA, USA); anti-rabbit IgG and horseradish peroxidase linked
whole antibody from donkey were from GE Healthcare Co.
(Little Chalfont, Buckinghamshire, UK).
This journal is © The Royal Society of Chemistry 2018
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2.3. Extraction and HPLC analysis of curcuminoids

A dried curcuma powder sample (5 g) was mixed with 50 mL
anhydrous ethanol in a tube, aer which the mixture was
sonicated at 40 kHz (100 W) for 1 h and then centrifuged at
4000 rpm (4 �C) for 10 min. The supernatant was collected,
evaporated to dryness, dissolved in 20 mL anhydrous ethanol
and ltered through a 0.22 mm membrane lter for storage at
�20 �C. An HPLC method developed by Chang and Chen2 was
modied to separate, identify and quantify the various cur-
cuminoids in curcuma samples. An Agilent Eclipse XDB C18
column (150 � 4.6 mm ID, 5 mm particle size) and a gradient
mobile phase of 0.1% formic acid in water (A) and acetonitrile
(B) was used: 60% A and 40% B in the beginning, raised to 50%
B in 3 min, maintained for 3 min, raised to 90% B in 12 min
and returned to 40% B in 14 min. Three curcuminoids
including curcumin, DMC and BDMC were separated
within 10 min with ow rate at 1 mL min�1, column temper-
ature at 35 �C and detection wavelength at 425 nm. In addi-
tion, curcumin, BMC and BDMC were identied by comparing
retention time, absorption spectra and mass spectra of
unknown peaks with reference standards. For method vali-
dation, both limit of detection (LOD) and limit of quantitation
(LOQ) as well as recovery and both intra-day and inter-day
variability were determined using the same approach as
described by Chang and Chen.2 Likewise, an internal standard
(methyl red) was used for quantitation of curcumin, DMC and
BDMC in curcuma samples based on the method by Chang
and Chen.2
2.4. Preparation of curcuminoid microemulsion

Initially the 1.35 mL curcuminoid extract containing curcumi-
noid at 22.2 mg mL�1 was collected and evaporated to dryness
under nitrogen. Then 0.1 g (1%) of soybean oil was added to
dissolve the residue, followed by adding 0.3 g (3%) of anhydrous
ethanol as cosolvent. Aer mixing homogeneously, 1.4 g (14%)
Tween 80 was added and stirred, followed by adding 8.2 g (82%)
of deionized water for mixing. Aer sonication for 30 min,
a 10 mL microemulsion containing 3 mg mL�1 curcuminoid
was prepared. Based on the relative percentage of 3 curcumi-
noids as determined by HPLC, their individual concentration
was calculated to be 623, 3106.5 and 4777.2 mM for BDMC, DMC
and curcumin, respectively.
2.5. Determination of curcuminoid microemulsion
characteristics

For measurement of particle size distribution, 100 mL of cur-
cuminoid microemulsion were collected separately, diluted
with 50 mM of potassium dihydrogen phosphate solution
(pH 5.5) 50 times and poured into a polystyrene tube for
determination by a dynamic light scattering instrument (DLS)
(Brookhaven Instruments Co., Holtsville, NY, USA). The data
was analyzed by a BIC particle sizing 90 plus soware system.

For zeta potential determination, 100 mL of curcuminoid
microemulsion was collected and diluted with deionized water
50 times. Then 200 mL sample was collected in a tube for
This journal is © The Royal Society of Chemistry 2018
measurement at 25 �C by a zeta potential analyzer (Horiba
Scientic Co., Kyoto, Japan).

For particle size and shape determination, 100 mL of micro-
emulsion was collected and diluted with deionized water 100
times, aer which 20 mL was collected and dropped on copper
grid for 30 seconds. The extra sample was then removed with
a lter paper, followed by adding phosphotungstic acid (1%) for
negative staining for 30 seconds, removing the excess acid with
a lter paper, and placing in an oven for complete drying for
subsequent analysis by a transmission electron microscope
(TEM) (JEOL Co., Tokyo, Japan) by enlargement 300 000 times
under 120 kVA.

For encapsulation efficiency study, a method as described by
Bisht et al.20 was followed. In brief, a 10 mL sample of curcu-
minoid microemulsion was mixed with 490 mL of deionized
water and then the solution was diluted with deionized water 50
times, followed by collecting a portion in a tube containing
a dialysis membrane with the MW cut-off at 3 kDa. Aer
centrifuging at 12 000 rpm (25 �C) for 30 min, free curcuminoid
could pass through the membrane and enter into the lower
layer solution, in which a portion (300 mL) was collected, evap-
orated to dryness under nitrogen, dissolved in anhydrous
ethanol, and ltered through a 0.22 mm membrane lter for
HPLC analysis of curcuminoids. The encapsulation efficiency of
curcuminoid was then calculated using the same formula as
described by Chang and Chen.2

For storage stability study, curcuminoid microemulsion was
stored at 4 �C and 25 �C for 90 days, during which particle size
distribution and zeta potential were determined every 15 days
by DLS and zeta potential analyzer, respectively. Meanwhile, the
appearance of curcuminoid microemulsion was observed by eye
during storage to judge if there was any phase separation
phenomenon occurred.

For thermal stability study, a portion (200 mL) of curcumi-
noid microemulsion was collected and poured into a tube for
a total of 32 tubes separately, followed by heating in a water
bath (30, 40, 50, 60, 70, 80, 90 and 100 �C) for 0.5, 1, 1.5 and 2 h.
Then the particle size distribution and zeta potential were
analyzed for each curcuminoid microemulsion. Also, all the
curcuminoid microemulsions aer heating were analyzed for
curcuminoid contents by HPLC. Briey, a portion (500 mL) of
sample was collected, followed by adding 1 mL of anhydrous
ethanol for microemulsion disruption, dissolving in 500 mL
anhydrous ethanol and ltering through a 0.22 mm membrane
lter for HPLC analysis.
2.6. Cell culture

Human colon cancer cell lines HT-29 was cultured in the
McCoy's medium, which was prepared by mixing 700 mL of
deionized water, 1 L of medium powder, 2.2 g of sodium
bicarbonate, 100 mL of FBS, and 10 mL of penicillin–strepto-
mycin followed by diluting to 1 L with deionized water and
adjusting pH to 7.2–7.4. Human lung broblast cell lines MRC-5
was cultured in the Eagle's minimum essential medium, which
was prepared by mixing 700 mL of deionized water, 1 L of
medium powder, 1.5 g of sodium bicarbonate, 100 mL of FBS,
RSC Adv., 2018, 8, 2323–2337 | 2325
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10 mL of penicillin–streptomycin, 10 mL of sodium pyruvate
(100 mM) and 10 mL of non-essential amino acid (10 mM),
followed by diluting to 1 L with deionized water and adjusting
pH to 7.2–7.4. Aer preparation, both mediums were ltered
through a 0.22 mm membrane lter and stored at 4 �C. For
subculture, both HT-29 and MRC-5 cells were cultured in
a 10 cm plate separately and incubated in a 37 �C incubator (5%
CO2) for 3–4 days. Aer about 80% of cell conuency was
attained, the medium was removed and washed with PBS. Then
1 mL of 0.25% trypsin–EDTA was added and incubated for
10 min for cell loss, followed by adding 1 mL medium, trans-
ferring into a tube and centrifuging at 1500 rpm (25 �C) for
5 min. The supernatant was discarded, 1 mL medium was
added for cell dispersion, and a portion of cells was collected for
seeding in fresh medium.
2.7. Cell morphology

Cells were seeded in a 6-well plate with each well containing
5 � 105 cells and then incubated for 24 h for cell adhesion, aer
which the medium was discarded and different doses of cur-
cuminoid extracts and microemulsions were added separately
for incubation for 24 h and 48 h. Then the cell morphology was
observed under a microscope.
2.8. MTT assay

Cells were seeded in a 96-well plate with each well containing 1
� 104 cells and then incubated for 24 h for cell adhesion, aer
which the medium was discarded and various doses (1.5, 3, 4.5,
6 and 7.5 mg mL�1) of curcuminoid extracts and micro-
emulsions were added separately (200 mL each) for further
incubation for 24 h and 48 h. Then the medium was removed,
followed by adding 200 mL of MTT solution (0.5 mg mL�1 in
PBS), incubating for 2 h, adding 100 mL DMSO to dissolve purple
crystal (formazan) and measuring absorbance at 570 nm with
an ELISA reader, the relative cell survival rate and IC50

(concentration of 50% inhibition) were calculated.2
2.9. Cell cycle analysis

Cells were seeded in a 6-well plate with each well containing
1 � 106 cells and cultured for 24 h for cell adhesion, aer which
3 doses (3, 4.5 and 6 mg mL�1) of curcuminoid extracts and
microemulsions were added separately for further incubation
for 48 h. Then the medium was transferred to a tube and 0.5 mL
of trypsin–EDTA (0.25%) was added for incubation for 10 min
for cell loss, followed by adding 0.5 mLmedium, centrifuging at
1500 rpm for 5min, removing supernatant, adding PBS (0.5 mL)
twice, adding 1 mL of 70% ethanol (4 �C) and cooling overnight
for cell xation. Next, cells were centrifuged again at 1500 rpm
for 5 min. Aer removing the supernatant, PBS (0.5 mL) was
added twice, followed by adding 0.8 mL of PBS, 0.1 mL of RNase
A (1 mg mL�1) and 0.1 mL of propidium iodide (PI)
(100 mg mL�1), reacting at 37 �C for 30 min in the dark, ltering
through a 40 mm nylon screen, and analyzing cell cycle distri-
bution including sub-G1, G0/G1, S and G2/M phases, by a ow
cytometer.
2326 | RSC Adv., 2018, 8, 2323–2337
2.10. Annexin V/PI staining assay

Cells were seeded in a 6-well plate with each well containing
1 � 106 cells and incubated for 24 h for cell adhesion. Then the
medium was discarded and various doses (3, 4.5 and 6 mg mL�1)
of curcuminoid extracts and microemulsions were added sepa-
rately for further incubation for 48 h. The medium was trans-
ferred to a tube and 0.5 mL of trypsin–EDTA (0.25%) was added
for incubation for 10min for cell loss, followed by centrifuging at
1500 rpm for 5 min, removing supernatant, washing with PBS
twice, suspending cells with the binding buffer (0.1 mL), adding
5 mL of annexin V-uorescein isothiocyanate (FITC) and 10 mL of
PI for reaction in the dark for 15 min for analysis of both early
and late apoptotic cells as well as necrotic cell populations by
a ow cytometer.
2.11. Western blotting

Prior to protein extraction, cells were cultured using the same
procedure as cell cycle analysis with the exception that each well
contained 5 � 105 cells and 50 mL of cell lysis buffer was added
aer centrifugation for sonication at 4 �C for 30 min for protein
extraction and then centrifuged again at 12 000 rpm (4 �C) for
30 min. The supernatant was collected and stored at �80 �C.
Protein was quantied based on the standard curve of bovine
serum albumin (BSA), which was obtained by plotting 8 concen-
trations of BSA (6.25, 12.5, 25, 50, 75, 100, 125 and 150 mg mL�1)
containing the Bradford reagent against absorbance at 595 nm.

For protein expressions analysis, the cell lysate was mixed with
sample buffer and heated in a 95 �C water bath for 5 min, aer
which a 40 mg sample was collected in a tank for protein separa-
tion at 90 V for 20 min and then at 110 V for 90 min on 12% SDS-
polyacrylamide gel. Next, the polyvinylidene uoride (PVDF)
membrane was activated for 1 min and soaked in transfer buffer,
followed by transblotting at 100 V (4 �C) for 1 h, soaking in
blocking buffer again, adding TBST (0.05% Tween 20 in TBS) for
washing 3 times, and adding diluted primary antibodies in the
following ratio: p53 (1 : 1000), p21 (1 : 200), cyclin A (1 : 1000),
CDK2 (1 : 1000), Bax (1 : 1000) and cytochrome C (1 : 500). Aer
shaking at 4 �C for 24 h, TBST was added for washing 3 times and
the secondary antibody horseradish peroxidase (HRP) (1 : 5000)
was added, followed by washing with TBST 3 times, adding the
chemiluminescence (ECL) reagent for reaction for 5 min, and
detection by a BioSpectrum imaging system.
2.12. Activities of caspase-3, caspase-8 and caspase-9

All the activities of caspase-3, caspase-8, caspase-9 were analyzed
using the commercial uorescence assay kits. For caspase-3, 25 mL
of the cell lysate was mixed with 100 mL of the 1� HEPES buffer 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid, followed by
reacting in a 37 �C water bath for 1 h in the dark, transferring to
a 96-well plate and measuring absorbance with excitation at
380 nm and emission at 440 nm. For caspase-8 and caspase-9,
50 mL of the cell lysate was mixed with 50 mL of the 2� reaction
buffer, followed by reacting in a 37 �C water bath for 1 h in the
dark, transferring to a 96-well plate and measuring absorbance
with excitation at 400 nm and emission at 505 nm.
This journal is © The Royal Society of Chemistry 2018
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2.13. Statistical analysis

All the data were analyzed using the statistical analysis system21

and subjected to analysis of variance by ANOVA as well as
Duncan'smultiple range test for signicance inmean comparison
(p < 0.05).
3. Results and discussion
3.1. HPLC analysis of curcuminoids in C. longa

Fig. 1 shows the HPLC chromatogram of curcuminoid stan-
dards (A) and curcuminoid extract (B). By employing the
gradient mobile phase shown in the method section, a total of 3
curcuminoids including BDMC, DMC and curcumin were
separated within 10 min and identied based on maximum
absorption wavelength and mass spectra (Table 1),22,23 with the
peak purities being 98.9, 99.4 and 98.3%, respectively. For
method validation, the LOD of BDMC, DMC and curcumin were
0.006, 0.006 and 0.004 ppm, respectively, while the LOQ were
0.018, 0.017 and 0.011 ppm. The relative standard deviation
(RSD) of intra-day variability of BDMC, DMC and curcumin were
2.6, 1.3 and 1%, respectively, whereas the RSD of the inter-day
Fig. 1 HPLC chromatogram of curcuminoid standards (A) and curcum
thoxycurcumin (DMC); 3, curcumin; IS, internal standard methyl red.

Table 1 Retention time, peak purity, UV-VIS and MS spectral data of cu

Peak no. Compound
tR
(min)

Peak
purity (%)

lmax
a

(on-line)
lma

(sta

1 Bisdemethoxycurcumin
(BDMC)

6.67 98.9 242, 418 248

2 Demethoxycurcumin
(DMC)

7.25 99.4 252, 422 250

3 Curcumin 7.9 98.3 262, 424 260
ISd Methyl red 9.87

a A gradient mobile phase of 0.1% formic acid and acetonitrile was used (
c Based on a reference by Inoue et al.23 d IS: internal standard.

This journal is © The Royal Society of Chemistry 2018
variability were 1.6, 1.2 and 1.1%, implying that a high repeat-
ability and reproducibility was accomplished by using this
method. The linear regression equations of BDMC, DMC and
curcumin were y ¼ 1.9312x + 0.2047, y ¼ 1.9841x + 0.1279 and
y ¼ 3.593x + 0.1416, respectively, with the coefficient of deter-
mination (R2) being 0.9986, 0.9978 and 0.9985. Following
quantitation based on sample dry weight, curcumin was present
in the largest amount (2632.1 mg g�1), followed by DMC
(1568.8 mg g�1) and BDMC (287.2 mg g�1). However, based on
the sample extract, the contents of BDMC, DMC and curcumin
were 71.8 mg mL�1 (233 mM), 392.2 mg mL�1 (1160 mM), and 658
mg mL�1 (1788 mM), respectively. In a previous study Ashraf
et al.24 reported that C. longa produced in the south region of
India possessed the highest amount of curcuminoids
(50.27 mg g�1), while that produced in the west region of India
contained the lowest amount (14.08 mg g�1). Similarly, Li et al.25

determined the curcuminoid contents in roots and rhizomes in 4
varieties of C. longa produced in China and reported that the
variety grown in Sichuan province contained the highest level of
curcuminoids (40.36 mg g�1), while no curcuminoids were detec-
ted in the root ofC. phaeocaulis as well as the roots and rhizomes of
C. wenyujin and C. kwangsiensis. Apparently the curcuminoid
inoid extract (B). Peaks: 1, bisdemethoxycurcumin (BDMC); 2, deme-

rcuminoid in C. longa

x
a

ndard)
lmax

b

(reported)
m/z
(on-line) [M � H]�

m/z (standard)
[M � H]�

m/zc

(reported)

, 416 248, 416 307 [M � H]� 307 [M � H]� 307

, 422 252, 422 337 [M � H]� 337 [M � H]� 337

, 424 264, 428 367 [M � H]� 367 [M � H]� 367

from 60 : 40, v/v to 10 : 90, v/v). b Based on a reference by Karioti et al.22
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content in C. longa can be varied depending on variety, growth
location and environment, as well as part of C. longa plants.

3.2. Curcuminoid microemulsion characteristics

Fig. 2A shows particle size distribution of curcuminoid micro-
emulsion as determined by DLS, with themean particle size and
polydispersity index (PI) being 10.9 nm and 0.137, respectively.
Accordingly, a narrow particle size distribution can be obtained
by controlling the PI ranging from 0.1–0.25.26 Thus, a highly
homogeneous curcuminoid microemulsion with narrow
particle size distribution was successfully prepared. The TEM
image of curcuminoid microemulsion is shown in Fig. 2B, with
the shape being oval and average particle size 10.2 nm, which is
similar to that obtained by DLS.

Compared to many published reports, the size of curcumi-
noid microemulsion prepared in our experiment was much
smaller. For instance, Anuchapreeda et al.27 prepared curcu-
minoid nanoemulsion composed of hydrogenated L-a-phos-
phatidylcholine and water, with soybean oil or lecithin as oil
phase and HCO-60 or Tween 80 as cosolvent. Result showed that
Fig. 2 Particle size distribution by DLS (A) and TEM image (B) of cur-
cuminoid microemulsion.

2328 | RSC Adv., 2018, 8, 2323–2337
the size of curcuminoid nanoemulsion (51 nm) with soybean oil
as oil phase was smaller than that with lecithin as oil phase
(74.6 nm). Likewise, with Tween 80 as cosolvent, the size of
curcuminoid nanoemulsion (51 nm) was smaller than that with
HCO-60 as cosolvent (95.3 nm). In a later study Ahmed et al.28

prepared curcuminoid nanoemulsion composed of 1% b-
lactoglobulin in phosphate buffered saline (PBS) and long-
chain triglyceride (LCT), medium-chain triglyceride (MCT) or
short-chain triglyceride (SCT) as oil phase and compared their
effects on size and PI. The largest size (1981 nm) and a high PI
(0.75) was observed with SCT as oil phase. However, with LCT,
MCT or LCT–SCT (50 : 50) as oil phase, a much smaller size
(174–182 nm) and PI (0.13–0.19) of the curcuminoid nano-
emulsion was obtained. Similarly, Xiao et al.29 prepared curcu-
minoid microemulsion composed of MCT (WL1349),
Cremorphor RH40, glycerol and water and reported that the
higher the level of the surfactant, the smaller the particle size
and PI and the higher the stability. Also, a highly stable cur-
cumin microemulsion composed of a-tocopherol, Tween 20,
ethanol and water (3.3 : 53.8 : 6.6 : 36.3) was successfully
prepared by Bergonzi et al.,30 as shown by a transparent
appearance over a 60 day storage period at 4 �C. Obviously the
physical and chemical characteristics of curcuminoid micro-
emulsion or nanoemulsion can be varied depending on differ-
ence in variety and amount of oil phase, surfactant, solvent or
cosolvent as well as preparation method.

In addition, zeta potential is a vital index for assessment of
curcuminoid microemulsion or nanoemulsion stability.
Accordingly, a highly stable nanoemulsion or microemulsion
can be obtained by controlling the zeta-potential at >30 mV or
<�30 mV 26 because of electrostatic repulsion between nano-
particles. In our study the zeta-potential of curcuminoid
microemulsion was�65.3 mV, demonstrating a high stability of
this microemulsion. Also, the encapsulation efficiency of cur-
cuminoids in this microemulsion was determined to be 85.7%.
Comparatively, the zeta potential and the particle size of the
curcuminoid microemulsion prepared in our study were much
smaller than that in many published reports.31,32

For stability study, the curcuminoid microemulsions were
stored at 4 �C and 25 �C for 90 days, during which both particle
size distribution and zeta-potential were determined every 15
days. Only a minor difference in both particle size distribution
and zeta potential was shown, demonstrating again a high
stability of this microemulsion. For the heat stability study, the
zeta-potential followed a time-dependent decline at 100 �C and
reached �35.7 mV at 1.5 h. However, compared to control, the
curcuminoid contents decreased to 98.8% and 89.5% aer 90 �C
and 100 �C heating for 2 h, respectively. This nding suggested
that a high stability of the curcuminoid microemulsion could still
be maintained when heated at 100 �C for 1.5 h.
3.3. Effect of DMSO and blank microemulsion on colon
cancer cell HT-29

Fig. 3 shows the effect of different doses of DMSO and blank
microemulsion on growth of colon cancer cells HT-29 (A) and
lung broblast cells MRC-5 (B) aer 48 h incubation as
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Effect of different concentrations of DMSO and blank micro-
emulsion on colon cancer cell HT-29 (A) and lung fibroblast cell MRC-
5 (B) growth after 48 h incubation as measured by MTT. Data are
represented as mean� standard deviation (n ¼ 3) with different letters
indicating significantly different cell viability at p < 0.05.
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measured by MTT assay. As DMSO was used to dissolve curcu-
minoid for subsequent cell culture study, the effect of DMSO on
both HT-29 and MRC-5 growth needs to be explored. Likewise,
the effect of blank microemulsion on both HT-29 and MRC-5
growth needs to be investigated to verify that the anti-
proliferation effect of HT-29 cells was caused by curcuminoids
instead of blank microemulsion components. It was shown that
following treatment with 0.1% DMSO or blank microemulsion,
the HT-29 growth remained no signicant difference (p > 0.05).
Thus, both doses (0.1%) of DMSO and blank microemulsion
were selected to study the effect of curcuminoid extract and
microemulsion on anti-proliferation of HT-29 cells. Similarly,
the growth of MRC-5 cells remained unaffected (p > 0.05) aer
treatment with 0.05–0.09% of DMSO or blank microemulsion.
Therefore, both doses (0.05%) of DMSO and blank micro-
emulsion were selected to study the effect of curcuminoid
extract and microemulsion on growth of MRC-5 cells.
3.4. Effect of curcuminoid extract and microemulsion on
colon cancer cells

The effect of different doses of curcuminoid extract and
microemulsion on growth of colon cancer cells HT-29 (A and B)
and lung broblast cells MRC-5 (C and D) aer 24 h (A and C)
and 48 h (B and D) incubation as measured by MTT assay is
shown in Fig. 4. A dose-dependent decline in growth of HT-29
This journal is © The Royal Society of Chemistry 2018
cells was shown for both curcuminoid extract and micro-
emulsion treatments aer 24 h incubation (Fig. 4A and C). By
comparison, the IC50 of curcuminoid extract and microemulsion
were 3.83 and 2.51 mg mL�1, respectively, implying that the latter
was more effective in inhibiting HT-29 cell growth than the
former. The same trend was also observed aer 48 h incubation
(Fig. 4B and D), with the IC50 being 2.23 and 1.94 mg mL�1 for
curcuminoid extract andmicroemulsion, respectively. Apparently
a time-dependent response also occurred for both curcuminoid
extract and microemulsion treatments, as evident by a much
lower IC50 aer 48 h incubation.

In the literature reports most studies deal with the effect of
curcumin on inhibition of cancer cell growth. For instance,
both dose- and time-dependent decrease in growth of colon
cancer cells HCT-116 was shown aer treatment with curcumin
(5–50 mM) for 24 h.33 Similarly, Su et al.34 also observed a time-
dependent decline of colon cancer cells colo 205 aer
curcumin (50 mM) treatment for 6–24 h. Also, aer treatment of
colon cancer cells HCT-116, SW-620 and HT-29 with curcumin
(10–50 mM) for 4 h, a dose-dependent response was shown with
the IC50 being 28.9, 23.1 and 37.4 mM, respectively.35 This
outcome revealed that the inhibition efficiency of curcumin
towards different types of colon cancer cells can be varied.

In addition to curcumin standard, the effect of curcuminoid
nanoemulsion or microemulsion on growth of colon cancer
cells was less explored. However, for some other types of cancer
cells, Aditya et al.36 reported that when compared to curcumin
standard at the same dose (20 mM), the inhibition percentage of
prostate cancer cells PC-3 was raised by 9% following treatment
with curcumin nanoemulsion composed of glycerol mono-
stearate, oleic acid, lecithin, Tween 80 and water for 24 h.
Similarly, in a study dealing with the effects of curcumin stan-
dard and nanoemulsion on growth of ovarian cancer cells
SKOV3, the IC50 were 9.8 mM for the former and 9.4 mM for the
latter composed of axseed oil, lecithin, polyethylene glycol and
water aer 3 day incubation.37 However, the IC50 could be
further reduced to 6.2 mM without polyethylene glycol in the
nanoemulsion, revealing that curcumin nanoemulsion was
more efficient in inhibiting cancer cell growth than curcumin
standard. Comparatively, the curcuminoid microemulsion
prepared in our study possessed a more pronounced anti-
proliferation effect towards colon cancer cells than curcumin
nanoemulsion in the literature reports, probably driven by the
synergistic effect of curcumin, DMC and BDMC present in the
microemulsion. Also, a smaller particle size of the curcuminoid
microemulsion may also be responsible for this effect.

For MRC-5 cells, the viability dropped to 92.12, 89.94 and
94.67%, respectively, aer treatment with 0.6, 0.9 and
1.2 mg mL�1 of curcuminoid extract for 24 h (Fig. 4C). However,
there was no signicant difference (p > 0.05) in MRC-5 cell
viability between control and curcuminoid extract treatment
with doses at 0.3 and 1.5 mg mL�1. By comparison at the same
dose and incubation time (24 h or 48 h), a much lower cell
viability was shown for curcuminoid microemulsion than for
curcuminoid extract (Fig. 4C and D). In addition, both curcu-
minoid extract and microemulsion treatments also followed
a time-dependent decline in MRC-5 cell viability. This outcome
RSC Adv., 2018, 8, 2323–2337 | 2329
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Fig. 4 Effect of different concentrations of curcuminoid extract and microemulsion on colon cancer cell HT-29 (A, B) and lung fibroblast cell
MRC-5 (C, D) growth after 24 h (A, C) and 48 h (B, D) incubation as measured by MTT. Data are represented as mean� standard deviation (n¼ 3)
with different letters indicating significantly different cell viability at p < 0.05.
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indicated that curcuminoid microemulsion was more destruc-
tive to MRC-5 cells than curcuminoid extract, probably caused
by the presence of surfactants in the microemulsion.
3.5. Cell morphology

The morphological changes of colon cancer cells HT-29 when
treated with various doses of curcuminoid extracts and micro-
emulsions for 24 h (A) and 48 h (B) is shown in Fig. 5. Apparently
the cell number followed a dose-dependent decline for both
curcuminoid extract and microemulsion treatments aer 24 h
and 48 h incubation. In addition, cells became more shrunk
and elongated at a high dose of 7.5 mg mL�1. Comparatively,
a prolonged incubation time (48 h) could lead to a greater
reduction of cell number as well as more cell shrinkage than
that at 24 h. This nding is in agreement with the MTT assay
result that both curcuminoid extract and microemulsion
possessed both dose- and time-dependent responses in inhib-
iting HT-29 cell growth. Similar outcomes were reported by
several other authors. For example, Song et al.38 pointed out that
aer treatment of HT-29 cells with curcumin (50 mM) for 24 h,
cells became shrunk and fragmented accompanied by chro-
matin condensation and nuclear fragmentation. The cell
number of both lung cancer cells NCI-H460 and hepatoma cells
HepG2 declined signicantly following treatment with curcu-
min (5–40 mM) and curcumin microemulsion for 24 h,
respectively.32,39
3.6. Cell cycle analysis

Table 2 shows the effect of various doses of curcuminoid extract
and nanoemulsion on HT-29 cell cycle phase distribution. A
dose-dependent rise in sub-G1 proportion was shown for both
curcuminoid extract and microemulsion treatments aer 48 h
incubation. By comparison at the same dose (4.5 and
6 mg mL�1), curcuminoid microemulsion showed a higher
2330 | RSC Adv., 2018, 8, 2323–2337
sub-G1 proportion than curcuminoid extract, implying that the
former could lead to a higher cell population undergoing
apoptosis. However, a reversed trend was observed for the
proportion of G0/G1, as shown by a dose-dependent decline for
both curcuminoid extract and microemulsion treatments. Also,
compared to curcuminoid extract at the same dose (3, 4.5 and
6 mg mL�1), a signicantly lower (p < 0.05) G0/G1 proportion was
shown for curcuminoid microemulsion. Interestingly, there was
no signicant difference (p > 0.05) in S proportion following the
curcuminoid extract treatment at 3 doses. Conversely, a dose-
dependent decrease in S proportion was shown for the curcu-
minoid microemulsion treatment. Interestingly, no signicant
difference (p > 0.05) in G2/M proportion was found for both
curcuminoid extract and microemulsion treatments. Collec-
tively, all the data suggested that both curcuminoid extract and
microemulsion could induce HT-29 cell cycle arrest at S phase.
However, this nding is different from that in some other
studies by Hanif et al.40 and Van Erk et al.,41 reporting that the
HT-29 cell cycle was arrested at G2/M phase aer treatment with
curcumin (25 mm). The difference in cell cycle arrest at a certain
phase may be dependent upon curcuminoid variety and
amount, method of curcuminoid preparation, type of cancer
cells and length of incubation time.

3.7. Cell apoptosis analysis

The effect of curcuminoid extract and microemulsion on
apoptosis of colon cancer cells HT-29 is shown in Table 3. Both
viable and necrotic cells showed a dose-dependent decrease,
while both early apoptosis and late apoptosis cells followed
a dose-dependent increase for both curcuminoid extract and
microemulsion treatments aer 48 h incubation. By compar-
ison at the same dose, curcuminoid microemulsion could lead
to a larger population of necrotic cells than curcuminoid
extract. However, a different trend was found for both early
apoptosis and late apoptosis cells. No signicant difference (p >
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Morphological change of colon cancer cell HT-29 treated with different concentrations of curcuminoid extract and microemulsion for
24 h (A) and 48 h (B). E, curcuminoid extract. M, curcuminoid microemulsion.
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0.05) was observed in proportion of late apoptosis cells between
curcuminoid extract and microemulsion treatments. However,
for the early apoptosis cells, a signicantly higher proportion (p
< 0.05) was shown for curcuminoid extract at 3 and 4.5 mg mL�1,
but a lower proportion (p < 0.05) at 6 mg mL�1. Compared to
many published reports, our study demonstrated that both
curcuminoid extract and microemulsion could lead to a larger
population of HT-29 cells undergoing early and late apoptosis,
probably driven by the synergistic effect of curcumin, DMC and
BDMC.

In several similar reports Patel et al.42 pointed out that the
proportion of both colon cancer cells HCT-116 and HT-29
This journal is © The Royal Society of Chemistry 2018
undergoing apoptosis could rise by 4- and 2.5-fold,
respectively, when treated with 10 mM curcumin for 48 h.
Similarly, more than 20% of HCT-116 cell apoptosis occurred
aer curcumin (35 mM) treatment for 18 h. Cao et al.43 further
reported that following treatment of HT-29 cells with
curcumin (40 mM) for 24 h, the proportion of early and late
apoptosis cells could increase by 20.07% and 20.79%,
respectively. Similar ndings were also observed for some
other types of cancer cells such as prostate cancer cells PC-3,44

melanoma cells (A375, MV3 and M14),10 and pancreatic cancer
cells PANC-1.45
RSC Adv., 2018, 8, 2323–2337 | 2331
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Table 2 Effect of different concentrations of curcuminoid extract and microemulsion on cell cycle of colon cancer cell HT-29a

Concentration (mg mL�1) sub-G1 (%) G0/G1 (%) S (%) G2/M (%)

Control 6.72 � 0.79e 55.91 � 1.14a 16.93 � 0.54c 21.26 � 1.75a

Extract
3 15.09 � 1.08d 41.14 � 1.07b 23.68 � 0.54b 20.71 � 2.6a

4.5 30.86 � 2.76c 26.33 � 1.60d 23.65 � 3.06b 20.25 � 1.65a

6 36.89 � 2.57b 24.71 � 1.25d 20.32 � 2.06b,c 18.64 � 0.06a

Microemulsion
3 9.65 � 1.37e 37.39 � 2.79c 33.86 � 3.49a 20.17 � 2.1a

4.5 38.65 � 0.79b 18.76 � 1.74e 24.02 � 0.69b 19.25 � 0.93a

6 45.16 � 2.73a 13.34 � 1.12f 22.43 � 2.91b 20.97 � 2.80a

a Data shown are mean � standard deviation (n ¼ 3). Data with different letters in the same column are signicantly different at p < 0.05.

Table 3 Effect of curcuminoid extract and microemulsion on apoptosis of colon cancer cell HT-29a

Concentration (mg mL�1) Necrotic cells (Q1) (%) Late apoptosis cells (Q2) (%) Viable cells (Q3) (%)
Early apoptosis
cells (Q4) (%)

Control 32.45 � 0.41a 10.02 � 0.96e 54.37 � 0.96a 4.16 � 0.23e

Extract
3 9.73 � 1.31c 21.04 � 2.78d 29.34 � 4.93c 39.89 � 2.29c

4.5 4.91 � 0.52d 39.08 � 1.81c 12.22 � 1.85d,e 43.77 � 0.7b

6 0.34 � 0.04g 46.27 � 1.84a 8.10 � 1.13e,f 45.29 � 1.15b

Microemulsion
3 23.48 � 0.19b 19.35 � 3.22d 38.12 � 4.19b 19.25 � 1.16d

4.5 8.49 � 0.49e 39.82 � 1.9b,c 13.44 � 1.27d 38.25 � 1.67c

6 1.49 � 0.27f 42.93 � 0.47a,b 6.05 � 0.77f 49.52�1a

a Data shown are mean � standard deviation (n ¼ 3). Data with different letters in the same column are signicantly different at p < 0.05.
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3.8. Protein expression associated with cell cycle and
apoptosis

The expression of proteins associated with cell cycle and
apoptosis including p53 (A), p21 (B), cyclin A (C), CDK2 (D), Bax
(E) and cytochrome C (F) is shown in Fig. 6. Accordingly, p53,
a protein for tumor inhibition, can conjugate with damaged
DNA for induction of the downstream protein p21 expression,
a protein for inhibition of CDK activity (CDKI) at G1/S phase for
cell cycle arrest. A dose-dependent rise in p53 expression was
shown for both curcuminoid extract and microemulsion treat-
ments (Fig. 6A). However, by comparison at the same dose (4.5
and 6 mg mL�1), a higher p53 expression was found for the
curcuminoid extract than for the curcuminoid microemulsion.
Interestingly, there was no signicant difference (p > 0.05) in
p21 expression between control and both curcuminoid extract
and microemulsion treatments, as well as between both treat-
ments at the same dose (Fig. 6B). It may be postulated that the
regulation of p21 expression is independent of p53 expression.

As mentioned before, the cell cycle of HT-29 cells was
arrested at S phase. At S phase, the cyclin A expression can be
elevated instead of the cyclin E for conjugation with CDK2.
Thus, both cyclin A and CDK2 expressions need to be further
investigated. Both cyclin A and CDK2 expressions followed
2332 | RSC Adv., 2018, 8, 2323–2337
a dose-dependent decrease for both curcuminoid extract and
microemulsion treatments (Fig. 6C and D). However, by
comparison at the same dose, there was no signicant difference
(p > 0.05) in cyclin A expression between both treatments at 3 and
4.5 mg mL�1, while a signicantly higher (p < 0.05) cyclin A
expression was found for the curcuminoid extract at 6 mg mL�1.
Similarly, no signicant difference (p > 0.05) in CDK2 expression
was observed between both treatments at 3 and 4.5 mg mL�1.
Interestingly, a signicantly lower (p < 0.05) CDK2 expression was
shown for the curcuminoid extract at 6 mg mL�1. Taken together,
the microemulsion showed a lower cyclin A expression and
higher CDK2 expression than the extract.

Bax, a pro-apoptotic protein belonging to the BCL-2 family,
has been demonstrated to be capable of promoting cytochrome
C release from mitochondria for caspase activation for
apoptosis execution. With the exception of the curcuminoid
microemulsion at 6 mg mL�1, a dose-dependent rise in Bax
expression was shown for both extract and microemulsion
treatments (Fig. 6E). However, there was no signicant differ-
ence (p > 0.05) in Bax expression between 3 and 6 mg mL�1 of the
microemulsion. By comparison at the same dose, a signicantly
lower (p < 0.05) Bax expression was observed for the micro-
emulsion than for the extract, probably caused by a lower
This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Effect of curcuminoid extract and microemulsion on p53 (A), p21 (B), cyclin A (C), CDK2 (D), Bax (E) and cytochrome C (F) expression of
colon cancer HT-29. Data are represented as mean� standard deviation (n¼ 3) with different letters indicating significantly different cell viability
at p < 0.05.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ja

nu
ar

y 
20

18
. D

ow
nl

oa
de

d 
on

 1
2/

7/
20

25
 1

2:
05

:4
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
proportion of HT-29 cells undergoing apoptosis for the former
treatment. Likewise, a dose-dependent increase in cytochrome
C expression was shown for both curcuminoid extract and
microemulsion treatments (Fig. 6F). By comparison at the same
dose (3 and 4.5 mg mL�1), there was no signicant difference
(p > 0.05) in cytochrome C expression between both treatments.
However, at 6 mg mL�1, a signicantly higher (p < 0.05) cyto-
chrome C expression for the extract treatment was found,
implying that the extract was more efficient in raising cyto-
chrome C expression than the microemulsion.

In several previous studies Song et al.38 reported that both
p53 and Bax expressions in HT-29 cells followed a time-
dependent rise when treated with curcumin (50 mM) for 1–
24 h, while the anti-apoptotic protein BCL-2 followed a time-
dependent decrease. In a later study Wang et al.46 also re-
ported that the Bax mRNA expression in HT-29 cells remained
unaffected when treated with 10 and 20 mM of curcumin.
However, the Bax mRNA expression became signicant (p <
0.05) following a rise in curcumin dose to 40–80 mM. For some
This journal is © The Royal Society of Chemistry 2018
other types of cancer cells, a time-dependent rise in Bax
expression in breast cancer cells MCF-7 was shown following
treatment with curcumin (10 mM) for 4–24 h. However, aer
prolonged incubation (24–48 h), the Bax expression followed
a declined trend.47 Likewise, Wu et al.39 also observed a time-
dependent decline in Bax expression in lung cancer cells NCI-
H460, accompanied by a decrease in expressions of cyclin D
and E as well as CDK1, 2, 4 and 6, leading to cell cycle arrest at
G2/M and apoptosis. In a study dealing with the effect of cur-
cumin (5–12.5 mM) on bladder cancer cells T24, the cell cycle
was arrested at G2/M and no signicant difference (p > 0.05) in
p53 mRNA expression was shown aer 48 h incubation.48

However, the p21 mRNA expression followed a dose-dependent
rise, and a reversed trend was observed for the cyclin A mRNA
expression.48 This outcome revealed that the cancer cell growth
may be regulated through p53-independent pathway in the
presence of curcumin. Also, both dose and incubation time are
vital factors in evaluating the inhibition efficiency of curcumin
towards cancer cells.
RSC Adv., 2018, 8, 2323–2337 | 2333
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In addition to Bax, both caspase-8 and caspase-9 are
responsible for initiation of apoptosis, while caspase-3
responsible for execution of apoptosis. With the exception of
the microemulsion at 6 mg mL�1, a dose-dependent rise in
activities of caspase-3, caspase-8 and caspase-9 was found for
both curcuminoid extract and microemulsion treatments
(Fig. 7). By comparison at the same dose, a signicantly higher
(p < 0.05) caspase-8 activity was shown for the extract than for
the microemulsion (Fig. 7A). However, the extract only showed
a higher caspase-9 activity than the microemulsion at
3 mg mL�1, as no signicant difference (p > 0.05) was observed
between 4.5 and 6 mg mL�1 (Fig. 7B). For the caspase-3 activity,
the same trend was shown as the caspase-8 activity (Fig. 7C). All
the data suggested that both curcuminoid extract and micro-
emulsion were effective in inducing HT-29 cell apoptosis, with
the former being more efficient than the latter.

In the literature reports Wang et al.46 found a dose-
dependent increase in expressions of both cytochrome C and
caspase-3 aer treatment of HT-29 cells with curcumin (10–
80 mM) for 12 h and 24 h. Similarly, both caspase-3 and caspase-
9 activities were shown to increase by 3-fold following treatment
of colon cancer cells LoVo with curcumin (2.5–30 mg mL�1) for
24 h.49 The same result was shown for colon cancer cells SW480
and SW620 when treated with curcumin (50 mM) for 8 h.50
Fig. 7 Effect of curcuminoid extract and microemulsion on caspase 8 (A
Data are represented as mean � standard deviation (n ¼ 3) with differen

2334 | RSC Adv., 2018, 8, 2323–2337
Collectively, both curcuminoid extract and microemulsion can
elevate p53 expression and decrease both cyclin A and CDK2
expressions through p21-independent pathway for cell cycle
arrest at S phase (Fig. 8). In addition, both curcuminoid extract
andmicroemulsion could enhance cytochrome C expression for
release from mitochondria to increase activities of caspase-8,
caspase-9 and caspase-3, leading to HT-29 cell apoptosis
(Fig. 8). However, the Bax expression was enhanced for the
curcuminoid extract, but not for the curcuminoid micro-
emulsion, which may be accounted for by a lower proportion of
HT-29 cells undergoing apoptosis as well as long incubation
time (48 h).
3.9. Potential benets of microemulsion as a delivery vehicle
for curcuminoids

Despite the wide-spectrum biological and pharmacological
activities of curcuminoids from C. longa, an extremely low water
solubility (11 ng mL�1 in pH 5.0 buffer),51 fast metabolism,
rapid systemic elimination and poor oral bioavailability (1% in
rats)52 limits their application although considered safe even at
high doses (12 g per day) in humans.51–53 In addition, curcumin
is highly unstable at neutral and basic pH values, degrading
into vanillin, ferulic acid and trans-6-(40-hydroxy-30-methoxy-
phenyl)-2,4-dioxo-5-hexenal.54 Among various approaches to
), caspase 9 (B) and caspase 3 (C) activity of colon cancer cell HT-29.
t letters indicating significantly different cell viability at p < 0.05.

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Hypothesized signaling pathway of curcuminoid extract and microemulsion induced cell cycle arrest and apoptosis of colon cancer cell
HT-29.
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enhance curcuminoids stability and bioavailability, the micro-
emulsion technique has gained popularity over the past decade
due to formation of transparent and thermodynamically stable
colloids through encapsulation of unstable bioactive
compounds.55 Microemulsions are dened as an optically
isotropic colloidal system composed of oil, surfactant, cosur-
factant and water.56 Several studies have shown a substantial
improvement in bioavailability of poorly water-soluble botanic
drugs. For instance, Hu et al.57 demonstrated curcumin micro-
emulsion could signicantly increase pharmacokinetic param-
eters such as Cmax (maximum concentration in plasma) and
AUC (area under the curve) with the relative bioavailability of
curcumin in microemulsion being 22.6-fold higher than that in
suspension. Likewise, the incorporation of curcumin into
a microemulsion system could greatly enhance the in vivo
absorption and facilitate its delivery into brain with the abso-
lute bioavailability being 55.82% upon intranasal administra-
tion.58 More recently, Lu et al.59 have shown an increase in Tmax

(time to attain maximum concentration in plasma), t1/2 (half-
life), Cmax and AUC upon oral administration of curcuminoids
microemulsion compared to suspension resulting in 5 to 7-fold
rise in absolute bioavailability of curcuminoids in rats.
Accordingly, in this study, we extracted curcuminoids from C.
longa and incorporated into a microemulsion system consisting
of soybean oil (1%), ethanol (3%), Tween 80 (14%) and water
(14%), demonstrating the potential application of micro-
emulsion as an efficient delivery vehicle for curcuminoids
This journal is © The Royal Society of Chemistry 2018
towards colon cancer treatment. Microemulsions being a drug
delivery system can be prepared easily to possess the following
advantages: a thermodynamically stable self-emulsifying
system, low viscosity compared to primary and multiple emul-
sions, the original stability can still be maintained following
a change in temperature, enhancement of the solubility of both
hydrophilic and lipophilic drugs, protection of the drug in
different biological environments, prevention of degradation in
stomach and intestine, elevation of bioavailability with longer
half-life in vivo, improvement of biological transport due to high
surface area, and reduction of administration dose to minimize
side effects and increase therapeutic efficiency.55,56 All in all,
microemulsion can be a promising technique used as a botanic
drug for enhancing therapeutic efficiency of curcuminoids for
possible future treatment of several human diseases including
colon cancer. Furthermore, this technique can be employed to
enhance bioavailability of curcuminoids in both functional
foods and nutraceutical formulations.
4. Conclusions

Curcuminoids were extracted from C. longa and curcuminoid
microemulsion was successfully prepared for enhancing the
inhibition effects on growth of colon cancer cells HT-29. Both
curcuminoid extract and microemulsion were effective in
inhibiting colon cancer cells HT-29 growth through elevation of
p53 expression and p21-independent route, inhibition of both
RSC Adv., 2018, 8, 2323–2337 | 2335
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cyclin A and CDK2 expressions for cell cycle arrest at S phase,
and increase of cytochrome C expression as well as activities of
caspase-8, caspase-9 and caspase-3. However, a decline in Bax
expression was shown for curcuminoid microemulsion. Taken
together, the curcuminoid microemulsion prepared in this
study may be used for treatment of colon cancer.
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