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effect on Vero cell.

INTRODUCTION

Nowadays, preparation of hybrid materials based on layered
inorganic materials have become one of the interesting ways
to tailor the physical and chemical properties of organic and
inorganic compounds [1-4]. One of the most famous members
of layered inorganic solids used in drug delivery technology
is a clay minerals including layered double hydroxide such as
montmorillonite, hydrotalcite, efc. [5-7]. Montmorillonite has
improved the efficacy of drug by modifying layer charge. The
changes in charge density of montmorillonite intercalated by
ciprofloxacin have controlled drug system, exhibited slower
release rate and longer released time [8].

Montmorillonite is a 2:1 layered clay mineral that consists
of negatively charged silicate layers and high exchangeable
interlayer cations [9,10]. It has been used in many industrial
and pharmaceutical fields due to its low toxicity, no side effect,
good swelling and adsorption properties. The great adsorption
ability of montmorillonite made it possible to entrap and sust-
ained release drugs or other organic compounds. The use of
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Plumbagin is a naphthoquinone derivative obtained from medicinal plant and displayed cytotoxic activity against several cancer cells. To |
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cationic surfactants to modify surface of montmorillonite can
convert a hydrophilic nature of the layered silicate to a hydro-
phobic part by the cation exchange reaction, removing an inter-
layer cation and replacing with cationic surfactant such as quater-
nary ammonium ions [11,12]. Hydrophobic modification is a
common method use to change a surface of montmorillonite
for removal a wide variety of serious organic compounds from
water pollution [13-16]. Therefore, the study on adsorption of
bioactive organic compounds by using oragnophilic montmo-
rillonite is worth investigation.

Plumbagin (Fig. 1), 5-hydroxy-2-methyl-1,4-naphtho-
quinone, exhibits a wide spectrum of pharmacological activities
such as anti-inflammatory, antioxidant, anticancer, antibacterial
and antifungal activities. Moreover, plumbagin also showed
potent cytotoxic activity against several cancer cells, including
brain tumor, leukemia, myeloma, osteosarcoma, skin carcin-
oma and breast, ovarian, cervical, prostate, liver, lung, colon
and oral cancers [17,18]. It can be isolated from the bark of
Diospyros undulata, a medicinal plant that commonly found
in the northern, northeastern and southern Thailand. For tradi-
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Fig. 1. Structure of plumbagin

tional treatment, its water decoction of stem is used to treat
paralysis and stroke [19].

In this study, the interesting possibility is to use the hybrid
of organo-montmorillonite and biologically active compounds
to modify a bioactive natural product, plumbagin. The aripi-
prazole-montmorillonite hybrid coated with polyvinylacetate
diethyl amino acetate has enhanced bioavailability and solub-
ility and suppressed drug release to the taste masking [20]. To
the best of our knowledge, there is only our report mentioned
the use of an organo-montmorillonite for adsorption of an active
species from a natural product crude to prepare a biologically
active compound [21]. Here, in order to achieve a novel bio-
active hybrid material by using mono-long chain length and
di-long chain alkylammonium as dodecyltrimethylammonium,
cetyltrimethylammonium and didodecyldimethylammonium
surfactants, which might be suitable for development of bio-
pharmaceutical products, the three organo-montmorillonites
were carried out and used as adsorbents to adsorb a plumbagin
to enhance the cytotoxicity against cancer cells. The organo-
montmorillonites and adsorbed plumbagins were studied on
their structure and evaluated their cytotoxic activity against
HCT116, HeLa and MCF-7 cancer cell lines and one non-
cancer cell (African green monkey kidney cells) called as Vero
cells.

EXPERIMENTAL

Sodium-montmorillonite (Na-Mnt, as reference clay sample,
obtained from the Clay Science Society of Japan, JCSS-3101,
Kunipia F, mined from Tsukinuno mine, Japan) was used as a
host material. The cation exchange capacity (CEC) of the mont-
morillonite is 119 meq/100 g of clay mineral. Dodecyltrimethyl-
ammonium bromide (C;sHsNBr, cetyltrimethylammonium
bromide (C;yH4,NBr), didodecyldimethylammonium bromide
(C26HseNBr) (Sigma-Aldrich Corporation, St. Louis, USA) were
used as surfactants and subsequently referred to as C12-Br,
C16-Br and DC12-Br, respectively.

Plumbagin was isolated from the extracts of Diospyros
undulata stem bark [19]. Cisplatin (Sigma-Aldrich Corpo-
ration, St. Louis, USA) was used as the standard drug testing.
Culture media RPMI 1640, antibiotic; penicillin, streptomycin
and fetal bovine serum (FBS) (Gibco BRL, Switzerland) were
used in preparation of medium for cultured cells. Trypsin and
3(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide
(MTT) were used in the antiproliferation.

Three cancer cell lines (HCT116, HeLLa and MCF-7 cells)
and Vero cells were used to study the cytotoxic activity of

plumbagin, montmorillonite, organo-montmorillonites and
plumbagin-nanohybrids.

Preparation of organo-montmorillonite clays (R-Mnt)
and plumbagin-nanohybrids (PL-R-Mnt): Three organo-
montmorillonites (R-Mnt) including dodecyltrimethylammonium
montmorillonite (C12-Mnt), cetyltrimethylammonium-
montmorillonite (C16-Mnt) and didodecyldimethylammonium
montmorillonite (DC12-Mnt) were prepared by addition of a
powder of alkylammonium bromide surfactant (dodecyltri-
methylammonium bromide, cetyltrimethylammonium bromide
or didodecyldimethylammonium bromide (Fig. 2) to an aqueous
suspension of Mnt (0.5 g/300 mL). After the mixture was
stirred at 80 °C for 24 h, the resulting solid was separated by
centrifugation. The solid was washed repeatedly with deionized
water until a negative AgNO; test was obtained and dried at
60 °C for 24 h [21]. Then the aqueous dispersion (0.1 g/100
mL) of organo-montmorillonite (C12-Mnt, C16-Mnt or DC12-
Mnt) was stirred for 24 h, an aqueous solution of plumbagin
(40 mg/100 mL) was added. The pH of the mixture was adjusted
from 4 to 5 by dropping diluted HCI (0.1 M) and then contin-
uously stirred at room temperature for 12 h. The resulting solid
was separated by centrifugation, washed many times with
deionized water and dried at 60 °C for 24 h. The product was
ground in an agate mortar, stored in a desiccator and designated
as PL-C12-Mnt, PL-C16-Mnt and PL-DC12-Mnt, respectively.
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Fig. 2. Structures of surfactant cations

Characterization: FTIR spectra were recorded in the
range of 4000-750 cm™ using a BRUKER TENSOR 27 FTIR
spectrophotometer. X-ray diffraction patterns were measured
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on a Bruker D§ ADVANCE diffractometer equipped with a
monochromatic CuKo radiation. Thermogravimetric analysis
(TGA) data were performed on a Perkin-Elmer Pyris Diamond
TG-DTA equipment at a heating rate of 10 °C/min under a dry
air atmosphere using o-alumina (0-Al,Os) as a standard material.
The CHN elemental analysis data were obtained from a Perkin-
Elmer 2400 CHN/O analyzer.

Antiproliferative activity assay: Cell proliferation assays
were performed by MTT assay [22,23]. Three cancer cell lines
(HCT116, HeLLa and MCF-7 cells) and a non-cancer cell line
(Vero cells) were grown as a monolayer in RPMI-1640 medium
supplemented with 10% fetal bovine serum, 100,000 U/L
penicillin and 100 pg/mL streptomycin. The cells were main-
tained at 37 °C in a humidified atmosphere with 5% CO.. This
assay relied on the ability of viable cells to reduce metabolically
ayellow tetrazolium salt to purple formazan product. The cells
were grown in 96-well plates (8 x 10° cells/100 pL/well). After
24 h the cells were treated with different concentrations of plum-
bagin, montmorillonite, organo-montmorillonites, plumbagin-
nanohybrids and cisplatin and incubated for 24, 48 and 72 h.
After each period of exposure, the culture medium was removed
and the cells were treated with 100 puL of MTT (3-(4,5-dimethyl-
2-thiazoyl)-2,5-diphenyl-2H-tetrazoliumbromide) (5 pg/mL)
for 2.5 h at 37 °C. The medium was then discarded and 100 puL
of DMSO was added into each well to dissolve purple formazan
and then the absorbance (A value) was measured at the wave-
length of 550 nm with a reference wavelength of 655 nm. The
number of viable cells is corresponding to the production of
formazan. Each assay was replicated three times.

The ICs, values of 72 h against cell lines by drug alone and
combination can describe predictable drug-drug interaction
[24-26]. The combination index (CI) values were calculated
by the following eqn. 1:

LD D), D)O), o
(Dx)l (Dx)z (Dx)l'(Dx)Z

where (D), and (D), are doses of drug 1 (calculation of PL in
PL-R-Mnt) and drug 2 (calculation R-Mnt in PL-R-Mnt) “in
combination” for 50% growth inhibition. The (Dx), and (Dx),
are doses of drug 1 (PL) and drug 2 (R-Mnt) “alone” for 50%
growth inhibition; o = 1 for mutually nonexclusive drug. The
CI values indicate synergism (CI < 0.9), additivity (0.9 < CI<
1.1) and antagonism (CI > 1.1).

RESULTS AND DISCUSSION

Formation of alkylammonium-montmorillonite clays
(R-Mnt): The FTIR spectra of Na-Mnt and three organo-
montmorillonites are shown in Fig. 3. The spectrum of Na-Mnt
showed the absorption band at 3621 cm™ corresponding to
stretching vibration of structural O-H of montmorillonites (Al-
OH). The broad absorption observed of band at the position
about 3413 cm™ and the band at 1636 cm™ were attributed to
-OH stretching and bending bands, respectively, for interlayer
water molecule of montmorillonite. The spectrum of montmor-
illonite showed the characteristic band of Si-O stretching vibra-
tion at 1115 cm™, while those of all three organo-montmori-
llonites (C12-Mnt, C16-Mnt and DC12-Mnt) appeared at the

lower wavenumber about 1109 cm™. The C12-Mnt spectrum
showed the characteristic bands of alkylammonium ion at 2928
and 2850 cm™, corresponding to CH stretching vibration and
the band at 1473 cm™ corresponds to CH;-N* moiety. Mean-
while, the corresponding absorption bands due to C16-Mnt
were observed at 2925, 2850 and 1471 cm™, as well as those
of DC12-Mnt were seen at 2924, 2852 and 1466 cm™. These
bands were slightly shifted towards the higher wavenumbers
that observed for the parent surfactants (at 2919, 2852 and
1467 cm™ for dodecyltrimethylammonium bromide, 2917,
2849 and 1463 cm™ for cetyltrimethylammonium bromide and
2921, 2852 and 1466 cm™ for didodecyldimethylammonium
bromide, which suggested the intercalated interactions between
montmorillonite and the alkylammonium ions. This result
supported the presence of alkylammonium surfactant in
montmorillonite.
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Fig. 3. FTIR spectra of Na-Mnt, R-Mnt and PL-R-Mnt

The XRD patterns of Na-Mnt, C12-Mnt, C16-Mnt and
DC12-Mnt are shown in Fig. 4. The typical reflection of Na-
Mnt emerged at 20 =7.28° (dyo; = 1.21 nm). The basal spacings
doo; of C12-Mnt, C16-Mnt and DC12-Mnt were 1.72, 2.09 and
2.58 nm, respectively. The XRD results showed the increase
of the basal spacings (0.76, 1.13 and 1.62 nm respectively, by
subtraction from the thickness of Mnt = 0.96 nm), indicating
the intercalation of the surfactant ions into the interlayer spaces
of Mnt. The increase of the interlayer expansions was in the



1766 Noichan et al.

Asian J. Chem.

A\3.16 nm
|
\
[ . PL-DC12-Mnt
\2.58 nm
e - DC12-Mnt
g me nm
< .  pL-C16-Mnt
‘0
é \™2.09 nm
= N C16-Mnt
—3.62 nm
Planitiz——1.53 nm PL-C12-Mnt
W/\t 1.72 nm
s o C12-Mnt
\1 21 nm
" Na-Mnt
T T T T T T I T
10 20 30 40 50
26 (°)

Fig. 4. XRD patterns of Na-Mnt, R-Mnt and PL-R-Mnt

order of C12-Mnt < C16-Mnt < DC12-Mnt, which was comp-
atible with the order of the carbon chain length and structure
of the alkylammonium ions.

Both FTIR and XRD results indicated the ion exchange
of sodium ion and long-chain alkylammonium ion as well as
the intercalation of the alkylammonium ions in montmorill-
onite. The basal spacings of DC12-Mnt increased much higher
than those of C12-Mnt and C16-Mnt organoclays. Schematically
illustration of different arrangements of the interlayer cations

C16-Mnt

(Fig. 5) was proposed to be due to the synergistic effect of non-
bonded van der Waals and electrostatic interactions [27-29].
The expansion of the interlayer space based on the analysis of
the XRD patterns of 1.72 nm for the C12-Mnt was agreed with
abilayer arrangement of the alkyl chain in which the C12 cations
stretched its single chain parallel to the silicate layer. The
gallery height of 2.09 nm for C16-Mnt was consistent with a
pseudo-trimolecular arrangement (Fig. 5). The result of 2.58
nm for DC12-Mnt corresponded to a paraffin-type monolayer
arrangement (Fig. 5) [2,29].

Thermal stability of Na-Mnt, C12-Mnt, C16-Mnt and
DC12-Mnt was investigated by the thermogravimetric analysis
[30-32]. The TG-DTG curves of Na-Mnt (Fig. 6) showed two
steps of mass losses. The first mass loss step involved the dehy-
dration of the adsorbed water observed from room temperature
to at around 200 °C. The second step of mass losses was inter-
preted to the dehydroxylation of the structural —OH group
observed at 450-900 °C. However, the TG-DTG curves of the
C12-Mnt, C16-Mnt and DC12-Mnt that showed the three steps
of mass losses were slightly different from the Na-Mnt. The
first step of mass losses started from room temperature to at
around 150 °C for C12-Mnt as well as at 110 °C for C16-Mnt
and DC12-Mnt), involved the dehydration of the adsorbed
water on the surface. The second decomposition step observed
at 150-460 °C for C12-Mnt, 110-500 °C for C16-Mnt and
110-450 °C for DC12-Mnt, the mass losses in this step were
assigned to the loss of alkylammonium cations [29,33]. The
result was assumed to the intercalation of the organic cations.
The last mass loss step related to the thermal decomposition
of the structural OH group of Mnt and the partial decomposi-
tion of carbon residue in the different thermal reaction proce-
sses observed at 460-900 °C for C12-Mnt, 500-900 °C for C16-
Mnt and 450-900 °C for DC12-Mnt [29,33,34].

DC12-Mnt

Fig. 5. Schematic illustration of three different arrangements of alkyl chains in Mnt interlayer
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The CHN data of the surfactant showed the percentage of
carbon and nitrogen contents of the organic cations in organo-
montmorillonites (Table-1). The carbon and nitrogen were found
for all three alkylammonium montmorillonites. The calculated
empirical formulae were C;sN, C;oN and CN, compatible with
the chemical formulas of dodecyltrimethylammonium ion,
cetyltrimethylammonium ion and didodecyldimethylamm-
onium ion, respectively, suggesting the presence of the organic
cations in the interlayer of montmorillonite.

Formation of plubagin-alkylammonium montmorillo-
nites (PL-R-Mnt): The FTIR spectra of plumbagin (PL) and
plumbagin-organo-montmorillonites (PL-R-Mnt) are shown
in Fig. 3. The characteristic bands of PL showed in the FTIR
spectra were the C-H stretching (3039, 2965 cm™), C=0 stret-
ching (1662, 1643 cm™), C=C stretching (1607, 1454 cm™) and
C-O stretching (1362 cm™) due to the dicarbonyl and aromatic
groups. The new appearing bands of PL-C12-Mnt, PL-C16-
Mnt and PL-DC12-Mnt were observed in the range of 1250-
1650 cm™. The carbonyl slightly shifted the band position toward
the lower wavenumbers, the aromatic ring and C-O stretching
band slightly shifted to the higher wavenumber for the PL-R-
Mnt, suggesting the adsorption of PL onto PL-C12-Mnt, PL-
C16-Mnt and PL-DC12-Mnt.

The XRD patterns of PL-C12-Mnt, PL-C16-Mnt and PL-
DC12-Mnt nanohybrids are shown in Fig. 4. The C12-Mnt
organoclays has a basal spacing of 1.72 nm. After adsorption
of plumbagin, the two basal spacings of PL-C12-Mnt nano-
hybrid were observed at 1.53 and 3.62 nm upon adsorption of
PL formed separately in different interlayer spaces. The spacing
of 1.53 nm was identical the surfactant transfer with concomi-
tant changes in structural arrangement of the surfactant mole-
cules effective to the lower surfactant packing density. The
adsorption of PL in arrangement of 3.62 nm could well explain
the expansion between Mnt layers that surfactants loading
affected the results of higher basal spacing. The segregation
indicated the monolayer arrangement of surfactant with lateral
paraffin-type arrangement of PL in PL-C12-Mnt. However,
for PL-C16-Mnt and PL-DC12-Mnt, there are the same d-
spacing of 3.16 nm. The expansion of the layers indicated that
PL are adsorbed in between the interlayer space of montmori-
llonite, with a paraffin-type arrangement. The differential inter-
layer spaces of the organo-montmorillonite could depend on
the surfactant loading with concomitant changes in the structural
arrangement of the surfactant molecules.

In the TG-DTG curve of PL-R-Mnts (Fig. 6), the three steps
of mass losses were observed. The first mass loss step involved
dehydration from room temperature around 150 °C. The second
step showed decomposition step at 212, 343 and 451 °C for

C12-Mnt, 325, 359 and 481 °C for C16-Mnt and 318 °C for
DC12-Mnt. The last step observed around 500 to 900 °C was
interpreted to dehydroxylation of OH group, showed decomp-
osition step at 610 and 737 °C for C12-Mnt, 611 and 743 °C
for C16-Mnt, as well as 552 and 697 °C for DC12-Mnt. The
thermal decomposition is little different from the R-Mnts, which
is assumed that the adsorbed plumbagin is decomposed simul-
taneously with the alkylammonium surfactant.

The plumbagin contents of plumbagin-nanohybrids were
calculated by using CHN analysis data and summarized in
Table-1. Based on difference values of carbon content in organo-
montmorillonites and plumbagin-nanohybrids, the results showed
that percentage of plumbagin in PL-C12-Mnt, PL-C16-Mnt
and PL-DC12-Mnt hybrids were 7.60%, 8.13% and 8.66%,
respectively. This suggested that the type and arrangement of
surfactants provided the difference of adsorption capacity in
which the adsorption amount increased with their surfactant
loading.

Antiproliferative activity: To evaluate cytotoxic efficacy
of plumbagin, montmorillonite, organo-montmorillonites and
plumbagin-nanohybrids in three cancer cell lines (HCT116,
HelLa and MCF-7 cells) and one non-cancer cell line (Vero cells),
MTT assay was performed. The testing results were observed
for exposure times of 24, 48 and 72 h as shown in Table-2.
Plumbagin showed potent antiproliferative activity against all
three cancer cell lines with ICs values of 4.16 + 0.15 pg/mL
(HCT116), 1.06 +0.07 pg/mL (HeLa) and 5.18 = 0.52 pg/mL
(MCF-7) at exposure time of 72 h. The unmodified montmorill-
onite showed non-cytotoxic activity for all cell lines, while
three organically modified montmorillonites showed weak
cytotoxic activity to all cells with ICs, values in the range of
29.44-41.38 nug/mL (HCT116), 26.25-32.11 pg/mL (HeLa),
15.24-24.71 pg/mL (MCF-7) and 35.24-56.71 pg/mL (Vero
cells) at 72 h exposure (the cytotoxic effect order: Vero cells <
HCT116 cells < Hela cells < MFC-7 cells). The results (Fig. 7)
indicated that organo-montmorillonites containing longer hydro-
carbon chain of surfactant displayed stronger cytotoxic effect
on all cancer cells (cytotoxicity: C12-Mnt < C16-Mnt < DC12-
Mnt).

After adsorption of plumbagin by organo-montmorillonites
providing three plumbagin-nanohybrids as PL-C12-Mnt, PL-
C16-Mnt and PL-DC12-Mnt, they were evaluated for their
cytotoxic activity (Fig. 7). All three nanohybrids of plumbagin
showed moderate cytotoxicity against three cancer cell lines
with ICs, values in the range of 10.56-28.54 pg/mL and showed
weak cytotoxicity against Vero cells with ICsy values in the
range of 28.01-43.89 ug/mL. In comparison of the cytotoxic
effect on all cancer cells of all three nanohybrids, the cytotoxic

TABLE-1
PERCENTAGE OF CARBON, NITROGEN AND PLUMBAGIN (PL) IN R-Mnt AND PL-R-Mnt
Surfactant (R) R-Mnt PL-R-Mnt
%C %N %C %N %C of R* %C of PL* YoPL**
C12 16.47 1.31 18.41 1.04 13.08 5.33 7.60
Cl16 20.75 1.31 22.66 1.07 16.95 5.71 8.13
DC12 28.50 1.31 30.88 1.14 24.80 6.08 8.66

*Calculation shown in supporting information S12; **Elemental analysis of plumbagin (PL): C, 70.21%; H, 4.29%; O, 25.51%
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TABLE-2
IC5, VALUES (ug/mL) OF ANTIPROLIFERATIVE EFFECT ON CANCER AND VERO CELLS FOR
PL, Na-Mnt, R-Mnt, PL-R-Mnt AND DRUG REFERENCE STANDARD (CISPLATIN)

HCT116 Hela

24 h 48 h 72 h 24 h 48 h 72 h
PL 8.55+0.51 5.87 +0.40 4.16 £0.15 2.04 +0.03 1.59 +0.04 1.06 £ 0.07
C12-Mnt 58.18 £0.75 49.32 + 0.61 41.38 £1.01 5221 £1.19 44.03 £ 1.05 32.11 £0.96
C16-Mnt 47.32 £ 0.46 39.16 = 0.09 32.55+0.22 46.15 £ 0.90 37.68 +0.88 29.50 + 1.28
DC12-Mnt 40.58 = 0.81 34.18 £ 0.76 29.44 + 0.98 36.08 +0.71 30.12 = 1.18 26.25 + 0.66
PL-C12-Mnt 3541 +0.46 30.18 £0.13 28.54 +0.75 25.55 +0.87 19.06 = 0.70 15.87 +0.80
PL-C16-Mnt 32.55+0.92 27.22 +£0.95 23.20 +0.29 21.22 +0.51 16.98 + 0.44 13.02 £ 0.39
PL-DC12-Mnt 28.16 + 0.66 24.88 + 0.50 21.07 £ 0.68 17.37 £ 1.45 13.11 £ 0.81 10.56 + 1.50
PL in PL-C12-Mnt 2.69 2.29 2.17 1.94 1.45 1.21
Pl in PL-C16-Mnt 2.65 2.21 1.89 1.73 1.38 1.06
PL in PL-DC12-Mnt 2.44 2.15 1.82 1.50 1.14 091
Cisplatin 18.22 +£0.76 10.94 + 0.06 6.52 +0.36 5.63 +0.36 2.92 +0.04 1.27 +£0.33

MCE-7 Vero cells

24 h 48 h 72 h 24 h 48 h 72 h
PL 10.59 + 0.55 7.44 +0.81 5.18 £0.52 23.68 +0.82 19.51 £ 0.16 17.98 + 0.44
C12-Mnt 46.09 = 0.25 33.79 + 1.58 24.71 £ 1.35 > 60 > 60 56.71 £ 0.55
C16-Mnt 30.81 £ 1.58 22.21 £ 0.50 16.33 +0.51 49.55 £ 0.42 46.10 = 0.66 44.28 + 0.68
DC12-Mnt 26.07 + 1.66 20.29 + 0.83 15.24 +0.98 40.26 = 0.65 36.98 + 0.40 35.24 +0.76
PL-C12-Mnt 30.96 + 1.12 24.68 + 1.27 20.44 +0.72 50.15 + 1.04 49.22 +0.18 43.89 +0.49
PL-C16-Mnt 24.12 £ 0.55 17.11 £ 0.31 13.62 +0.84 42.18 £ 1.21 38.26 +0.99 34.52 +0.60
PL-DCI12-Mnt 20.65 £ 0.75 16.18 = 0.09 12.02 +0.81 37.41 £0.93 31.18 £0.40 28.01 +0.87
PL in PL-C12-Mnt 2.35 1.88 1.55 3.81 3.74 3.34
Pl in PL-C16-Mnt 1.96 1.39 1.11 343 3.11 2.81
PL in PL-DC12-Mnt 1.79 1.40 1.04 3.24 2.70 243
Cisplatin 8.75+1.35 4.12 £0.54 3.31+0.26 36.74 + 0.97 11.59 + 0.99 6.12 +0.06

*Calculation shown in supporting information S12; **Elemental analysis of plumbagin (PL): C, 70.21%; H, 4.29%; O, 25.51%
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Fig. 7. ICs, values of PL, Na-Mnt, R-Mnt, PL-R-Mnt and drug reference standard (cisplatin) on the HCT116, HeLa, HCF-7 and Vero cells

order was found to be PL-C12-Mnt < PL-C16-Mnt < PL-DC12-
Mnt with parallel to the cytotoxic order of three organo-
montmorillonites (cytotoxicity: C12-Mnt < C16-Mnt < DC12-
Mnt). Among three cancer cell lines, three plumbagin-nano-
hybrids inhibited cancer cells proliferation with the cytotoxic
effect order as shown as Vero cells < HCT116 cells < Hela cells
< MFC-7 cells. The testing results (Fig. 7) suggested that all
tested compounds showed antiproliferative activity against all
cancer cells in a dose- and time-dependent manner, except for
non-cytotoxic montmorillonite.

Combination of plumbagin and organo-montmorillonites
as plumbagin-nanohybrids, the percentage of PL were 7.60%,
8.13% and 8.66% for PL-C12-Mnt, PL-C16-Mnt and PL-DC12-
Mnt, respectively. Based on the amount of PL in nanohybrids
showed cytotoxicity against all cancer cells showed the ICs
values in the range of 0.91-2.17 ug/mL at 72 h exposure as
shown in Table-2.

The ICs, values of 72 h against cell lines by PL and organo-
montmorillonites alone and combination can be used to describe
predictable cytotoxic interaction as the combination index (CI)
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values, which were summarized in Table-3. Interestingly, plum-
bagin nanohybrids showed strong synergistic effect on inhibition
of MCF-7 cell proliferation with the combination index (CI)
values in the range of 0.79-0.88, confirming a synergistic inter-
action between PL and three organo-montmorillonites. While,
monohybrids displayed with the CI values in the range of 0.96-
1.03, indicating an additive interaction between them.

TABLE-3
COMBINATION INDEX (CI) VALUES AT ICy, LEVELS OF
PL AND R-Mnt AGAINST CANCER CELLS AND
VERO CELLS FOR 72 h EXPOSURE

Cell lines Combination Cijg(rlr;zn(létll;kn
PL (7.60%) + C12-Mnt 1.49
HCTI116 PL (8.13%) + C16-Mnt 1.41
PL (8.66%) + DC12-Mnt 1.38
PL (7.60%) + C12-Mnt 2.06
HeLa PL (8.13%) + C16-Mnt 1.81
PL (8.66%) + DC12-Mnt 1.55
PL (7.60%) + C12-Mnt 0.88
MCE-7 PL (8.13%) + C16-Mnt 0.85
PL (8.66%) + DC12-Mnt 0.79
PL (7.60%) + C12-Mnt 1.03
Vero PL (8.13%) + C16-Mnt 0.98
PL (8.66%) + DC12-Mnt 0.96

*Combination index values indicate synergism (CI < 0.9), additivity
(0.9 <CI < 1.1) and antagonism (CI > 1.1).

Conclusion

The smectite clay mineral, montmorillonite, modified
using different kind of surfactants (mono- and di-alkyl chains)
were successfully investigated by the ion-exchange reaction.
The interlayer expansion was observed in the order of C12-
Mnt < C16-Mnt < DC12-Mnt, which was compatible with the
order of the organic carbon of alkyl chain between interlayer
montmorillonites. The successful adsorption of bioactive plum-
bagin (PL) by organo-montmorillonites provided three PL
nanohybrids, containing 7.60% (PL-C12-Mnt), 8.13% (PL-
C16-Mnt) and 8.66% (PL-DC12-Mnt) percentage of PL. From
cell cultures experiments, plumbagin showed strong cytotoxic
activity to all cancer cells with ICs, values in the range of 1.06-
5.18 pg/mL at 72 h exposure. All three organo-montmori-
llonites showed weak cytotoxic activity to cancer cells with
ICsp values in the range of 15.24-41.38 pg/mL. Based on the
contents of plumbagin and organo-montmorillonites, all three
nanohybrids showed cytotoxicity to cancer cells higher than
alone. Interestingly, the cytotoxic interaction between plum-
bagin and three organo-montmorillonites were synergistic to
inhibition of human breast cancer cell proliferation, while they
were additive to Vero cells. Thus, plumbagin-nanohybrids should
expect continued development for anticancer-drug delivery.
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