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Abstract: Among the array of nanomaterials, carbon nanotubes have shown great potential as
drug carriers in the field of nanomedicine, owing to their attractive physicochemical structure,
which facilitates functionalization of therapeutic molecules onto their external walls or being
encapsulated inside the tubes. The aim of this preliminary study was to formulate betulinic acid
(BA), apoorly water-soluble drug, in oxidized multiwalled carbon nanotubes (MWCNT-COOH)
for enhanced delivery efficiency into cancer cells with reduced cytotoxicity. The synthesized
MWCNT-BA nanocomposite was characterized using ultraviolet-visible, Fourier transform
infrared, thermogravimetric analysis, powder X-ray diffraction, and field emission scanning elec-
tron microscopy techniques. The loading of BA in MWCNT-COOH nanocarrier was estimated
to be about 14.5%—14.8% (w/w), as determined by ultraviolet-visible and thermogravimetric
analysis. Fourier transform infrared study shows that the peaks of the resulting MWCNT-BA
nanocomposite correlate to the characteristic functional groups of BA and MWCNT-COOH.
The powder X-ray diffraction results confirmed that the tubular structures of MWCNT-COOH
were not affected by the drug loading mechanism of BA. The release profiles demonstrated
that approximately 98% of BA could be released within 22 hours by phosphate-buffered saline
solution at pH 7.4 compared with about 22% within 24 hours at pH 4.8. The biocompatibility
studies revealed that MWCNT-BA at concentrations <50 pg/mL expressed no cytotoxicity
effects for mouse embryo fibroblast cells after 72 hours of treatment. The anticancer activity of
MWCNT-BA was observed to be more sensitive to human lung cancer cell line when compared
with human liver cancer cell line, with half maximal inhibitory concentration values of 2.7 and
11.0 pug/mL, respectively. Our findings form a fundamental platform for further investigation
of the MWCNT-BA formulation against different types of cancer cells.

Keywords: multiwalled carbon nanotubes (MWCNTSs), drug delivery, controlled release,
cytotoxicity, A549 cell line, HepG2 cell line

Introduction

Nanomedicine is the application of nanotechnology to the practice of health care and
medicine.! It has various applications in areas like drug delivery systems, in vivo
imaging, in vitro diagnostics, biomaterials (eg, medical implants such as bone substi-
tutes and dental restoratives), and tissue engineering.> Among them, biocompatible
nanomaterial-based drug delivery systems have emerged as one of the most prominent
research areas in the application of nanomedicine. Nanomaterials such as carbon
nanotubes (CNTs), liposomes, micelles, dendrimers, nanogels, inorganic nanoparticles,
and quantum dots are a set of materials where at least one dimension is <100 nm, and
they can be further engineered into novel formulations for the applications of both
controlled and targeted drug delivery.’*
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Carbon-based nanoparticles such as CNTs are the most
extensively studied nanomaterials due to their unique
architectural properties. Multiwalled carbon nanotubes
(MWCNTSs) were first introduced by lijima® in 1991 via an
arc-discharge method, and 2 years later he reported another
form of nanotubes, a single-layered rolled-up graphene sheet
known as single-walled carbon nanotubes (SWCNTSs).¢ In
recent years, there has been a significant amount of work
carried out in order to study the physicochemical properties
(eg, electrical, mechanical, structural, chemical, and thermal)
of CNTs” and to explore various possible applications for
these novel materials, including being employed as the drug
delivery candidate in nanomedicine.'*'* The application of
CNTs in nanomedicine is subject to their surface functional-
ization (eg, noncovalent or covalent modification), in which
hydrophilic groups are introduced onto the hydrophobic
surface of CNTs to improve their biocompatibility in a physi-
ological environment.'*!® Many in vitro and in vivo studies
using functionalized CNTs have been performed in recent
years to enhance drug efficacy as well as solubility while
reducing the side effects of the drug. For example, Zheng
et al'® demonstrated that poly(amidoamine)-functionalized
MWCNTs with a higher drug loading capacity increased the
solubility of carvedilol (a poorly water-soluble drug used to
treat hypertension) significantly. In another study, conducted
by Ji et al'® using chitosan-functionalized SWCNTs for the
delivery of anticancer drug doxorubicin, their results showed
that the drug delivery system killed the liver cancer cells
effectively and inhibited the growth of liver cancer in nude
mice, while demonstrating negligible in vivo toxicity.

Betulinic acid (BA) (3B-hydroxyl-lup-20(29)-en-28-oic
acid, Figure 1) is a pentacyclic triterpenoid extracted from
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Figure | Chemical structure of betulinic acid, the oxidation product of betulin.

a naturally occurring phytocompound called betulin. It is
reported to possess a broad range of therapeutic proper-
ties, including antiviral, antioxidant, antibacterial, anti-
inflammatory, anti-HIV, antiangiogenic, and anticancer
effects, against neuroectodermal origin and melanomas
tumour.'*?> However, BA has a low solubility in water,
and therefore commercially oxidized MWCNTSs were used
as the drug vehicle for efficient delivery. In this work, we
report on the characterization of novel BA-loaded MWCNTs
(MWCNT-BA) by ultraviolet-visible (UV/vis), Fourier
transform infrared (FTIR), thermogravimetric analysis
(TGA), powder X-ray diffraction (PXRD), and field emis-
sion scanning electron microscopy (FESEM) techniques and
investigate their release profiles. In addition, cell cytotoxicity
properties of MWCNT-BA nanocomposite were evaluated
using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) proliferation assay in healthy mouse embryo
fibroblast cells (3T3), human liver cancer cells (HepG2), and
human lung cancer cells (A549) in order to determine the
anticancer effects of the nanocomposite in vitro.

Materials and methods

Chemicals

BA (high-performance liquid chromatography grade) and
phosphate-buffered saline (PBS) solution were purchased
from Sigma-Aldrich (Saint Louis, MO, USA). Methanol
obtained from HmbG Chemicals (Germany) was used to
dissolve BA. MWCNT-COOH with a diameter of 20-30 nm,
length of 0.5-2.0 wm, and purity of >95% from chemical
vapour deposition production were supplied by Chengdu
Organic Chemicals Co. Ltd, Chinese Academy of Sciences
(Chengdu, People’s Republic of China). All other chemicals
and solvents used in this work were of reagent grade and used
as purchased without further purification.

Physicochemical characterization

To determine the drug loading and release, a UV/vis
spectrophotometer (PerkinElmer, Lambda 35, Waltham,
MA, USA) was used. FTIR spectra were recorded over the
range of 500—4,000 cm™ on an FTIR spectrometer (Thermo
Nicolet Nexus, Smart Orbit, Vernon Hills, IL, USA) with
4 cm! resolution, fitted with attenuated total internal reflec-
tance sampling accessory. Approximately 1% sample in
200 mg of spectroscopic grade potassium bromide was used
and the pellet pressed at 10 tonnes. To determine the actual
drug loading, TGA and differential TGA (DTGA) were
performed using a TGA Q500 (TA Instruments, New Castle,
DE, USA) with a heating rate of 10°C/min, from room
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temperature to 1,000°C, under a nitrogen atmosphere (nitro-
gen flow rate 40 mL/min). The drug content was determined
from the weight loss between 200°C and 900°C. PXRD
patterns were obtained with a PXRD-6000 diffractometer
(Shimadzu, Kyoto, Japan) with a dwell time of 0.5°/min.
Data were recorded in the range of 4°-90° (diffraction angle
20) using CuKo: radiation (A=1.5418 A) at 30 kV and 30 mA.
The surface morphology of the samples was obtained with
field emission scanning electron microscopes (JEOL, JSM-
7600F, Tokyo, Japan).

Preparation of CNT-BA formulation

Briefly, 10 mg of MWCNT-COOH was added to 0.125 mg/mL
of prepared BA solution and sonicated for 30 minutes at room
temperature in an ultrasonic bath. The mixture was then
magnetically stirred at room temperature to facilitate BA
attachment onto the nanotubes. After stirring for 22 hours,
the mixture was centrifuged at 4,000 rpm for 15 minutes,
leaving a black precipitate (the product) at the bottom of the
centrifuge tube and a clear supernatant, which was retained
for further measurement. The product still contained an
excessive amount of unreacted (not attached) BA, which
was removed by washing with ethanol and deionized water.
After three cycles of washing, centrifuging, and decanting,
the product was finally dried at 60°C in an oven for 24 hours
to yield a dry powder of MWCNT-BA nanocomposite. The
resulting MWCNT-BA nanocomposite was stored in a desic-
cator at room temperature until further characterizations.

Drug loading evaluation

The amount of unreacted BA in the supernatant as described
was measured at A=209 nm by a UV/vis spectrophotometer.
The loading of BA in MWCNT-COOH was calculated by
the following equation:

Drug loading
_ Weight of original BA — Weight of unreacted BA
Weight of original BA

x100 %

()

In vitro release of drug at different

pH levels

The drug release process was investigated according to
the previous method.”® Briefly, suspensions of BA-loaded
MWCNTs (1 mg) were prepared in 3.5 mL of PBS solution
(pH 7.4 or pH 4.8) at a concentration of 0.01 mol/L. PBS
solution contains a number of anions, like monobasic phos-
phate H.PO,", dibasic phosphate HPO,*, and CI, which can
affect the rate of the release. At predetermined time points,

the accumulated release of BA in the release medium was
measured by UV/vis spectrophotometer at A, =209 nm due
to the observed intense absorbance of BA at 209 nm. PBS
solution of pH 7.4 or pH 4.8 was used as the blank solution
in the drug release study. Data obtained from this in vitro
release study were then fitted to three kinetic models, namely
pseudo-first order, pseudo-second order, and parabolic
equations to evaluate the release kinetic profiles. Relevant
correlation coefficients were taken into consideration for the
approach of best model selection.

Cell cultures: 3T3, HepG2, and A549

cell lines

Nontumorigenic normal mouse embryo fibroblast cells (3T3),
human liver cancer cells (HepG2), and human lung cancer
cells (A549) were purchased from the American Type Culture
Collection (Manassas, VA, USA). The cells were cultured in
RPMI 1640 medium (Invitrogen, Auckland, New Zealand)
supplemented with 10% fetal bovine serum and 1% antibiot-
ics (100 pg /mL penicillin and 100 pg/mL streptomycin). The
cells were maintained and incubated at 37°C in a humidified
chamber (5% CO,, 95% room air) and grown to 80% con-
fluence. The confluent cell layers were then harvested from
T-75 flasks using trypsin-ethylenediaminetetraacetic acid
and resuspended in fresh culture medium.

Preparation of CNT-BA formulation

for cell viability assay

In the present study, all experiments were carried out in
triplicate and a freshly prepared compound was used to treat
the cells each time. MWCNT-COOH, BA, and MWCNT-BA
compound were prepared separately in PBS solution.
A stock concentration (10 mg/mL) of each compound was
sonicated for 15 minutes with a Power Sonic 505 (HwaShin
Technology Co., Seoul, Korea) and subsequently diluted to the
required doses via serial dilutions. For further dispersion, the
suspensions were vortex agitated for 2 minutes briefly prior
to cell treatment. The suspensions of the test materials with
different doses (0.78-50 pg/mL) were immediately added to
the cells and incubated for 72 hours to assess cytotoxicity.

Cytotoxicity assay

MTT proliferation assay previously described by
Mosmann?* was used to measure the cytotoxicity and
anticancer effects of MWCNT-COOH nanocarrier, free
drug BA, and MWCNT-BA formulation on the three cell
lines. The MTT assay converts tetrazolium salt into a dark
blue formazan product via mitochondrial dehydrogenases.
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The metabolic activity of cells is proportional to the color
density formed. Considering that only active mitochondria
contain these enzymes, this reaction only occurs in viable
cells.

In brief, the cells were seeded into 96-well flat bottom
microplates at a density of 1x10° cells/mL and kept in
5% CO, humidified atmosphere at 37°C for 24 hours
(cell attachment and cell recovery after trypsinization).
Subsequently, the cells were treated with different doses
ranging from 0.78 to 50 pg/mL. The untreated cell (control)
was also included. Following incubation for 72 hours, 20 uL
of MTT solution (5 mg/mL) was added to each well and fur-
ther incubated at 37°C for 4 hours. Next, the supernatant from
the wells was carefully removed and replaced with dimethy]l
sulfoxide (100 pL/well) to dissolve the dark blue formazan
crystals formed due to the reduction of tetrazolium by living
cells. The absorbance was measured at 570 nm and 630 nm
(reference wavelength) using a microplate enzyme-linked
immunosorbent assay reader (ELx800, BioTek Instruments,
Winooski, VT, USA). The data obtained were averaged
and fitted to Equation 2 to calculate the percentage of cell
viability. The concentration that inhibits 50% of the cellular
growth (IC,
cell viability was then determined from the cell inhibitory

half maximal inhibitory concentration) of the

growth curve by extrapolation:

Cell viability (%) = (Average _ /Average ) x100 (2)

control
Statistics

Results were analyzed using SPSS Version 20.0 software
(SPSS, Chicago, IL, USA). One-way analysis of variance was
used to statistically evaluate the experimental data. All data
were expressed as mean + standard deviation. The difference
was considered significant at P-value <0.05.

Results and discussions

Physicochemical characterization

Drug loading

In the current work, the loading of BA in MWCNT-COOH was
determined by a UV/vis spectrophotometer. After the centri-
fuge separation, the supernatant was collected and then mea-
sured at 209 nm, which is the characteristic absorption for BA
(Figure 2). By comparing the absorbance of the unreacted BA
in the supernatant with the original BA solution, the loading
of BA was calculated to be around 14.8wt%. Figure 3 shows
a schematic drawing of the possible interaction of BA nonco-
valently attached to MWCNT-COOH via n—r stacking and
hydrogen bond between —OH and -COOH groups.

MWCNT-BA

Absorbance

0.8
0.6
0.4

1/ MWCNT-COOH
0.2+

0.0 — 77— — 77—
200 205 210 215 220 225 230 235 240
Wavelength (nm)

Figure 2 Ultraviolet-visible spectrophotometry of the original betulinic acid (BA)
and BA residue after removal of loaded oxidized multiwalled carbon nanotubes
(MWCNT-COOH) from the supernatant.

Fourier transform infrared

Apart from the supernatant, the product from the centrifuge
separation was also characterized using the FTIR method.
Figure 4 demonstrates the FTIR of the MWCNT-COOH
before and after loading with BA. The bands at 2,915 and
1,383 cm™ in the spectra of MWCNT-BA could be due to the
asymmetric and symmetric C—H stretching vibrations from
the methyl and methylene functional groups of BA.?® Another
absorption peak observed at 1,630 cm™ corresponding to
the absorption peak of BA at 1,640 cm™ could possibly be
attributed to the typical stretching band of C=0 vibrations
of carboxylates. The MWCNT-BA nanocomposite was
subjected to three cycles of washing after loading with BA,
which means that these bands are from BA, indicating suc-
cessful interaction of BA in the nanotubes.

Thermogravimetric and differential
thermogravimetric analysis

TGA-DTGA was also performed on the product, and the
weight loss profiles of MWCNTs before and after BA load-
ing were used to determine the actual drug loading capacity.
The TGA-DTGA curves of MWCNTs are shown in Figure 5.
It is well known that the thermal degradation of MWCNTs
is a multistep process. The first weight losses occurred
in the range of 75°C-153°C and 100°C-185°C for both
MWCNT-BA and MWCNT-COOH and are assigned to the
elimination of surface physisorbed water.?® Subsequently,
thermal degradation in the region between 150°C and 400°C
may be due to the decarboxylation of the -COOH functional
groups attached to the external walls of MWCNTSs.”” The
third stage, from 400°C to 600°C, could be explained by the
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Figure 3 Suggested schematic drawing of the possible interaction of betulinic acid with oxidized multiwalled carbon nanotubes.

removal of ~OH functional groups present on the MWCNT
walls.?® As presented in Figure 5B, MWCNT-BA lost about
33.6% by weight, whereas MWCNT-COOH exhibited a total
weight loss of approximately 19.1% (Figure 5A). Therefore,
the amount of drug loaded on MWCNT-COOH is calculated
to be about 14.5wt%.

Powder X-ray diffraction

In the current work, PXRD was used to investigate whether
a crystalline drug could be detected in the drug-loaded
nanotubes. Figure 6 shows the PXRD patterns of free
drug BA, MWCNT-COOH nanocarrier, and MWCNT-BA

nanocomposite. Multiple sharp peaks were observed in the
diffraction pattern of pure BA from 5° to 30°, indicating
that BA is a highly crystalline drug. These peaks were not
present in the diffraction pattern of MWCNT-BA in the
range of 5°-30°, suggesting that BA could be loaded by
MWCNTs in molecular form. In addition to that, the dif-
fraction pattern of MWCNT-BA remained the same with
the diffraction pattern of MWCNT-COOH. This indicates
that the carbon graphitic crystallite structure of MWCNTs
was not affected by the drug loading process. Similar XRD
results were also obtained by Zheng et al'® and Jain et al* on
the biomolecule-loaded nanotubes.

350

MWCNT-BA %

% transmittance (au)

()]
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L |
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Figure 4 Fourier transform infrared spectroscopy of oxidized multiwalled carbon nanotubes (MWCNT) before and after loading with betulinic acid (BA).
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Figure 5 Thermogravimetric analysis and differential thermogravimetric analysis profiles of oxidized multiwalled carbon nanotubes before (A) and after loading with betulinic

acid (B).

Field emission scanning electron microscope

The surface morphology of the MWCNTs before and after
loading with BA was observed by FESEM (Figure 7). Figure
7A shows the typical image of the commercially obtained
MWCNT-COOH with a smooth surface in an agglomerated
state. Following the drug loading process (Figure 7B), the
MWCNT-BA had a granular surface in a more dispersed
form. This indicates that the surface of MWCNTs was coated
with BA, and the coating was found to further reduce the van
der Waals force that exists between the nanotubes.

In vitro release behavior of drug

at different pH levels
CNTs tend to aggregate and form bundles due to van der
Waals forces, which can significantly decrease their surface

\______A

C(002)

MWCNT-BA
T

€0 pweNT-coo

Intensity (au)

BA

T T T T T T T T T T
10 20 30 40 50 60

26/degrees

Figure 6 Powder X-ray diffraction patterns of betulinic acid (BA), oxidized
multiwalled carbon nanotubes (MWCNT-COOH) and MWCNT-BA.

area accessible for adsorption. According to Foldvari and
Bagonluri,* there are four types of adsorption sites available
for adsorption on CNTs, namely inner tubes, external surface,
groove area, and interstitial pores. However, only the external
surface of CNTs is generally available for adsorption.’! The
inner tubes are not readily available for adsorption due to the
dimensional limitation as a result of the presence of metals
and amorphous carbon on both ends of the tube.3? Moreover,
most organic molecules are too big to be adsorbed in the
interstitial sites.** Based on the molecular structure of BA
with many aromatic rings, we conclude that the BA molecules
are noncovalently adsorbed on the surface of the oxidized
nanotubes through hydrogen bonds and by electrostatic as
well as n—r stacking interaction.

pH value is one of the most important factors for studying
the drug release process. In this work, the release profile of
BA from MWCNT-COOH nanocarrier in PBS solution at
pH 7.4 and 4.8 was investigated and is shown in Figure 8.
The release of BA from its nanocarrier showed a relatively
faster release of about 86% in the first 100 minutes (Figure
8A), followed by a slower step of sustained release of 98%
in a later period (Figure 8B) when exposed to pH 7.4 buffer.
When the pH of the buffer changed to pH 4.8, the release rate
of BA decreased to the extent of 22% in 1,300 minutes. This
indicates that the release of BA from BA-loaded MWCNTSs
is pH triggered. The different release rates observed could
possibly be attributed to the increased solubility of MWCNT-
COOH in aqueous solution of increasing pH values,** which
leads to weakening of the t— stacking interaction and hydro-
gen bonding interaction between the —OH groups from BA
and the —-COOH groups from nanotube surface. In addition,
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Figure 7 Field emission scanning electron microscopy photographs of oxidized multiwalled carbon nanotubes (A) and multiwalled carbon nanotubes loaded with betulinic

acid (B).

the repulsive forces between the ionized MWCNT-COO™ and
BA~ could be one of the reasons contributing to the different
kinetics of BA released at different pH levels. Therefore, the
release of BA would occur by an exchange process between
the anions in the buffer and -COOH from the nanocarrier.

In vitro release kinetics of drugs at
different pH levels

To evaluate a drug delivery system, drug release kinetics is
another crucial factor to take into consideration. In this study,
pseudo-first order (Equation 3), pseudo-second order (Equa-
tion 4), and a parabolic diffusion kinetic model (Equation 5)
were used® 7 to investigate the mechanism of BA release
from MWCNT-COOH nanocarrier at pH 7.4 and 4.8. The
equations used to fit the release profile data are as follows:

100
pH7.4
80
?
® 60+
2
2
X
7 404
204 pH4.8
M'“iwiwm‘
0 T T T T T T
0 20 40 60 80 100

Time (minutes)

Pseudo-first order: In(q,—q)=Inq,—kt (3)
“4)

Parabolic diffusion equation: (1 -M/M)/t=kt**+b (5)

Pseudo-second order: t/q,=1/k,g2 +t/q,

In a pseudo-first order and pseudo-second order kinetic
model, the q_and q, are the equilibrium release amount and
the release amount at time ¢, respectively; & is the constant
of the corresponding release amount in all three models; and
M, and M, in parabolic equation are the drug content that
remained in the MWCNT-COOH nanocarrier at release time
0 and ¢, respectively.

On the basis of these three models (Figure 9), it was found
that for PBS solution at both pH values, the release profiles
of MWCNT-BA formulation best fit to pseudo-second order

pH7.4
100
80
o
7}
© 60
o
o
S
xX
7 404
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o ’“WM”VWW
0 T T T T T T T T T T
0 200 400 600 800 1,000 1,200 1,400

Time (minutes)

Figure 8 Release profiles of betulinic acid from oxidized multiwalled carbon nanotubes into phospate-buffered saline solution at pH 7.4 and 4.8 within (A) 100 minutes and

(B) 1,300 minutes.
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Figure 9 Fits of betulinic acid release data for oxidized multiwalled carbon nanotube nanocarrier at pH 7.4 and 4.8 using pseudo-first, pseudo-second order kinetics, and

parabolic diffusion model.

kinetics (Figure 9B and E), with satisfactory correlation
coefficients of 0.9994 (pH 7.4) and 0.9840 (pH 4.8).
Table 1 shows the time taken for BA release to be half

of accumulated release, ¢, value, to be 58 minutes and

12
96 minutes for release in PBS solution at pH 7.4 and 4.8,
respectively.

The test results showed that the release rate of BA is sig-

nificantly higher at pH 7.4 than at pH 4.8. This could possibly

be due to the stronger electrostatic interaction and hydrogen
bond?*® at pH 4.8 compared with pH 7.4, which should reduce
the amount of BA released from MWCNT-COOH. It has
been reported that the intracellular pH of tumor tissues is
slightly more alkaline than the extracellular fluid, which
is acidosis due to the exportation of lactic acid and protons
by acid base regulators from the tumor tissues.***! Therefore,
the pH-dependent release behavior of the synthesized
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Table | Correlation coefficient, rate constant, and half-time obtained by fitting the data of the release of betulinic acid from oxidized
multiwalled carbon nanotubes into phosphate-buffered saline solution at pH 7.4 and 4.8 using pseudo-first, pseudo-second, and

parabolic diffusion kinetic models

Aqueous Saturated Correlation coefficient, R? Rate constant of t,, of pseudo-second

solution release (%) Pseudo-first Pseudo-second Parabolic pseudo-second order, order (min)
diffusion k (mg/min)

pH 7.4 98.2 0.8476 0.9994 0.4258 21.73x10™* 58

pH 4.8 21.9 0.7603 0.9840 0.7883 25.14x10* 96

Note: *Estimated using pseudo-second order kinetics.

MWCNT-BA nanocomposite could benefit tumor treatment
with controlled and sustained release properties.

Cytotoxicity assay

Prior to accessing drug delivery efficiency of MWCNT-BA,
the biocompatibility of free drug, MWCNT-COOH, and
MWCNT-BA was evaluated in advance. 3T3 normal strain
fibroblasts were incubated with all of these compounds
for 72 hours (Figure 10A) and the cell viabilities were
tested by MTT assay. The obtained results indicated that
incubation of MWCNT-BA formulation at concentration
of 25 ug/mL did not cause any significant toxicity on the
proliferation and viability of the 3T3 cells. However, high
concentration of MWCNT-BA (50 pg/mL) resulted in a
64% loss of viable cells in 3T3 fibroblasts after 72 hours.

o BA = MWCNT-COOH o MWCNT-BA

120

Cell viability (%)

3125 6.25 125 25 50

o o078 156
Concentration (ug/mL)

(9]

O0BA = MWCNT-COOH

The cause for this reduction of viable cells could possibly
be associated with the effect of BA and also the functional
groups (—C=0, —-COOH, and/or —OH)* present in MWCNT-
COOH. On the other hand, the cell viability assay revealed
that the MWCNT-COOH is concentration dependent with
inhibitory response induced at the highest concentration of
oxidized MWCNTs (50 pug/mL), causing a loss of >60% of
the cells. This observation is in accordance with the cytotox-
icity studies of Patlolla et al* performed in normal human
dermal fibroblast cells using oxidized MWCNTs at three
concentrations (40, 200, and 400 pg/mL). Their findings
suggested that an amount <40 pg/mL of oxidized MWCNTs
could be utilized for a CNT drug delivery system in nano-
medicine. Based on the MTT results in this study, the IC, of
BA, MWCNT-COOH, and MWCNT-BA was 38.0, 38.0, and

o BA = MWCNT-COOH o MWCNT-BA

120

100+

80

60

40

Cell viability (%)

20+

3125 6.25 12.5 25 50

0 o078 156
Concentration (pg/mL)

o MWCNT-BA

120

Cell viability (%)

0.78 1.56

3.125

625 125 25 50
Concentration (pg/mL)

Figure 10 Cell viability of (A) normal mouse embryo fibroblast cells, (B) human lung cancer cells, and (C) human liver cancer cells treated with free betulinic acid (BA),
oxidized multiwalled carbon nanotube (MWCNT-COOH) nanocarrier, and MWCNT-BA nanocomposite for 72 hours. The data presented are mean * standard deviation

of triplicate samples and the difference was considered significant at P-value <0.05.

Drug Design, Development and Therapy 2014:8

submit your manuscript

2341

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Tan et al

Dove

42.5 ug/mL, respectively. The results suggest that BA-loaded
MWCNTs could further reduce cytotoxicity and drug-related
side effects arising from the treatment with BA.

In order to evaluate the anticancer activity of the three
compounds, in vitro cytotoxicity studies were also performed
on two human cancer cell lines, namely A549 cells and
HepG2 cells, for a treatment period of 72 hours, as shown
in Figure 10B and C. It was observed that MWCNT-BA
demonstrated significant cell growth inhibitory to A549 cells
and moderate cell growth inhibitory activity to HepG2 in a
concentration-dependent manner. The IC, of MWCNT-BA
in A549 and HepG2 cell lines was 2.7 and 11.0 pg/mL,
respectively, and these values were far below those of free
BA (IC,=3.5 and 15.0 ug/mL, respectively). On the other
hand, MWCNT-COOH also exhibited significant cytotoxic-
ity on A549 cells in comparison with HepG2 cells. However,
cellular and molecular mechanisms of the nanocomposite
were not known based on the present investigation. Other
researchers have conducted a related experiment using
MWCNT-OH at various concentrations (10, 20, 40, and
100 pg/mL) on A549 cell line. In their investigation, a
concentration-dependent reduction in cell viability was
detected after 24 hours of exposure to MWCNT-OH,* and
results showed that the viable cells were reduced by 40%
at a concentration of 40 pug/mL. However, their lactate
dehydrogenase results demonstrated that there was no sig-
nificant cellular lactate dehydrogenase release, indicating
that the membrane of the cells was not damaged. Hence,
further experimental investigations are needed in order to
elucidate the cellular uptake mechanism of BA in MWCNT-
COOH.

Recently, another group of researchers reported the
synthesis and characterization of BA prodrugs using mul-
tiarm polyethylene glycol linkers and investigated the in
vitro effectiveness of the system on A549 cell line.** Based
on the cytotoxicity studies, the IC, of BA prodrugs was
27.19—44.18 pg/mL with concentrations ranging from 2.5 to
500 ug/mL. Ata concentration of 500 pg/mL, the cell viabil-
ity of PEG-BA prodrugs was reduced by 90% after 72 hours
of treatment. It was observed that our prepared MWCNT-BA

nanocomposite demonstrated a much lower IC_, and when

50°
applied at a concentration of 50 Lg/mL, the cell viability was

reduced by about 80%.

Conclusion

In summary, we have designed an MWCNT formulation
for the delivery of BA with enhanced delivery efficiency
into cancer cells by using a simple preparation method. The

characterization of the MWCNT-BA nanocomposite by FTIR
and microscopic studies showed that BA molecules are loaded
on the outer surface of MWCNT-COOH. This indicates that
BA could be attached on the external walls of MWCNT-COOH
via m—T stacking interaction due to the strong nonspecific
adsorption of CNT, with a ~15% (w/w) loading of the active
drug. As a result of the desorption process, BA was released
from its nanocarrier in a controlled and sustained manner fol-
lowing pseudo-second order kinetic model. According to the
in vitro MTT assay, it was observed that the MWCNT-BA
nanocomposite demonstrated enhanced anticancer activity
against A549 cell line in comparison with HepG2 cell line. The
IC,, for MWCNT-BA in A549 and HepG2 cells was 2.7 and
11.0 pg/mL, respectively. By comparing the anticancer activity
of BA alone (3.5 and 15.0 ug/mL for A549 and HepG2 cells),
the studies clearly show that MWCNT-BA (about 15%wt of
loaded BA) is more potent than the free drug (100% of BA),
with the suggested range of concentrations <50 pg/mL. Based
on these preliminary findings, our results indicate that a CNT-
based delivery system could be utilized as a controlled release
formulation for the delivery of drugs in cancer chemotherapies
with improved therapeutic properties.
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