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ABSTRACT

Purpose To develop PEGylated multi-walled carbon nano-
tubes as a sustained release drug delivery system.

Methods Oxaliplatin was incorporated into inner cavity of
PEGylated multi-walled carbon nanotubes (MWCNT-PEG) us-
ing nano-extraction. Oxaliplatin release rates from MWCNT-
PEG-Oxaliplatin were investigated using dialysis tubing. Cyto-
toxicity of oxaliplatin, MWCNT-Oxaliplatin and MWCNT-PEG-
Oxaliplatin were evaluated in HT29 cell by MTT assay, Pt-DNA
adducts formation, y-H2AX formation and cell apoptosis assay.
Results | oading of oxaliplatin into MWCNT-PEG was ~43.6%.
Sustained release occurred to MWCNT-PEG-Oxaliplatin, with
only 34% of oxaliplatin released into medium within 6 h. In
MTT assay, MWCNT-PEG-Oxaliplatin showed slightly decreased
cytotoxic effect when cell viability was assessed at 12 and 24 h. A
drastic increase of cytotoxicity was found when cell viability was
assessed at 48 and 96 h. Pt-DNA adducts formation, y-H2AX
formation and cell apoptosis assay results showed the same trend
as the MTT assay, suggesting sustained-release for MWCNT-
Oxaliplatin and MWCNT-PEG-Oxaliplatin formulations.
Conclusions PEGylated multi-walled carbon nanotubes can be
used as sustained release drug delivery system, thus remarkably
improving cytotoxicity of oxaliplatin on HT-29 cells.
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ABBREVATIONS
AAS atomic absorption spectroscopy

CNTs carbon nanotubes

DSBs DNA double-strand breaks

MWCNT multi-walled carbon nanotubes
MWCNT-PEG  PEGylated multi-walled carbon nanotubes
Pt platinum

TEM transmission electron microscopy

TGA thermal gravimetric analysis
INTRODUCTION

Oxaliplatin, a third-generation platinum analog of the 1,2-
diaminocyclohexane families, induces DNA cross-link leading
to DNA double-strand breaks (DSBs) (1). Although it shares
various mechanistic properties with the parent platinum drug,
cisplatin, oxaliplatin has a broad spectrum of antineoplastic
activity including colon, ovarian and lung cancer. It has
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demonstrated a lack of cross-resistance with other platinum
compounds and been widely applied in chemotherapy (2).
However, like the other chemotherapeutic platinum agents,
oxaliplatin also suffers the development of tumor cell resis-
tance, which might come from the reduced cellular drug
accumulation, inactivation by conjugation with glutathione,
enhanced tolerance or increased excision-repair of platinun-
DNA adducts (2—4). Furthermore, its treatment is also associ-
ated with side effects (neutropenia, ototoxicity, hyperkalemia,
etc.) (5=7). To overcome these limitations, various carriers for
oxaliplatin, including polymer micelles (8), liposomes (9,10),
and microspheres (11), have been developed and investigated.

Since carbon nanotubes (CIN'Ts) were discovered by Iijima
in 1991 (12), the studies of CNTs have progressed rapidly in
many fields, and currently they are also used as carriers for
drug delivery in nanotechnology (13). Their needle-like struc-
ture with high length-to-diameter ratio is advantageous to
pass through cell membranes (14), moreover, their huge sur-
face area and inner hollow space are very good scaffold for the
attachment of drug molecules (15). The stability of CNT's
allows various chemical modifications on their tips and sur-
face, improving their biocompatibility and binding to the
bioactive agents as well (16,17). So far, a lot of studies of
CNTs as drug delivery system have been reported, including
the entrapment into inner cavity by adsorption and attach-
ment on the external surface by chemical binding. Ajima and
his colleagues (18) have used oxidised single-walled carbon
nanohorns (SWCNHs) to entrap cisplatin and investigated
its effect on the growth of human lung cancer cells. Feazell
and his colleagues (19) have developed a longboat structure
tethering single-walled carbon nanotubes (SWCNTs) with ¢,
¢,t-[PtNH3)oCly(OE)(OoCCHyCHoCOoH)| to deliver the
platinum-based drug into cells. There are still great con-
cerns of their toxicity and biocompatibility in the applica-
tion, since pristine CNTs are toxic to cells and adequate
functionalisation is needed to eliminate or mitigate this kind
of harm (20,21). In previous study, we explored the use of
multi-walled carbon nanotubes (MWCNTSs) as a suitable
drug carrier with good biocompatibility, excellent loading
efficiency and capability to take drug into cancer cells.
Hence we modified multi-walled carbon nanotubes
(MWCNTs) with PEG 600 and encapsulated oxaliplatin
into the PEGylated MWCNTs (MWCNT-PEG), expecting
to attain sustained release of entrapped oxaliplatin and the
improvement of cytotoxicity to tumor cells.

MATERIALS AND METHODS
Materials

Oxaliplatin (Fig. 1) was purchased from Singapore Merlin
Standard Chemicals Pte. Ltd. MWCNTSs were purchased

Fig. I Chemical structure of oxaliplatin.

from Nanjing XFNANO Materials Tech Co., Ltd. PEG 600
was purchased from Sigma Aldrich. All other chemicals were
purchased from Shanghai Yuanxi International Trade Co.,
Ltd. TEM was carried out using JEM 2010F HRTEM
(JEOL). TGA was performed on a Perkin-Elmer Instruments,
Pyris Diamond TG/DTA Thermogravimetric/Differential
Thermal Analyzer, with a heating rate of 10°C/min in air.
AAS was measured using Perkin Elmer PinAAcle 900 Atomic
Absorption Spectrometer.

Synthesis of MWCNT-PEG

In the first step, purified MWCNTSs (100 mg) were immersed
in a mixture of 98% HySO, and 65% HNOj (3:1, v/0),
followed by ultrasonication for 5 h. After that, the MWCNT's
acidic mixture was diluted with water and centrifuged for 4~6
times to decrease the acid content until pH 5~6 was reached.
The powder form of oxidised MWCNTs MWCNT-COOH,)
was dried in vacuum.

The second step was to functionalise MWCNT-COOH
with PEG 600. MWCNT-COOH was dispersed in 20 ml of
oxalyl chloride under ultrasonication. The mixture was
stirred at 60°C for 6 h, and subsequently excess oxalyl
chloride was evaporated under vacuum. The dry powder
was dispersed in 20 ml anhydrous DMF and reacted with
PEG 600 (1 g, MW=600). After stirring at 100°C for 5 days,
the mixture was filtered through a 0.2 pm membrane and
rinsed with DMF, ethanol, and deionized water. The prod-
uct PEGylated MWCNTs (MWCNT-PEG) were collected
from the filter membrane and dried under vacuum (90 mg)
(Scheme 1). To test their solubility in water, a certain amount
of MWCNTs with or without functionalisation were dispersed
in water of specific volume under 30 min ultrasonication, and
the dispersion of MWCNTSs was then centrifugated at 1,000
rcf for 5 min; if there was no precipitation following the
centrifugation, MWCNTs were considered to be soluble at
such concentration, i.e. the solubility in water.

Oxaliplatin Incorporation into MWCNT-COOH
and MWCNT-PEG

Oxaliplatin was incorporated into the inner cavity of
MWCNTs using nano-extraction method. MWCNT-
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OH oxalyl chloride

60°C, 6 h

Scheme | Synthesis of MWCNT-PEG.

COOH (40 mg) or MWCNT-PEG (40 mg) was dispersed in
20 ml ethanol under ultrasonication to give a suspension.
Oxaliplatin (100 mg) was added to the suspension, and stirred
at room temperature for 3 days. After that, the mixture was
filtered through a 0.2 pm membrane and rinsed with ethanol
and deionized water to eliminate unincorporated Oxali-
platin. The product MWCNT-Oxaliplatin and MWCNT-
PEG-Oxaliplatin were collected from the filter membrane
and dried under vacuum (77 mg MWCNT-Oxaliplatin;
68 mg MWCNT-PEG-Oxaliplatin). The obtained pow-
ders were observed using transmission electron microscope

(TEM).

Oxaliplatin Release from MWCNT-Oxaliplatin
and MWCNT-PEG-Oxaliplatin

The rate of oxaliplatin release from MWCNT-Oxaliplatin
and MWCNT-PEG-Oxaliplatin was investigated using dial-
ysis tubing method. MWCNT-Oxaliplatin or MWCNT-
PEG-Oxaliplatin (containing 3 mg of oxaliplatin) was first
dispersed in 2 ml PBS and placed inside a cellulose dialysis
tube with 10 kDa pore size, which was subsequently immersed
in 498 ml PBS under stirring. The oxaliplatin was released
from inner cavity of MWCNT-COOH or MWCNT-PEG
and diffused out of the dialysis tube, therefore 2 ml samples of
the release medium were periodically withdrawn and also
replaced with fresh PBS. The amounts of Pt in these samples
were measured using atomic absorption spectrometer (AAS).

Cell Culture and MTT Assay

The human colon adenocarcinoma HT?29 cells (HTB-38,
ATCC) were routinely maintained in McCoy’s 5a Medium
(Sigma), which was supplemented with 10% fetal bovine
serum, 0.37% sodium bicarbonate, L-glutamine (0.03%,
w/v), 100 U/ml penicillin and 100 pg/ml streptomycin. Cul-
tures were maintained at 37°C and 5% CO» in a humidified
incubator. To evaluate the cytotoxicity of MWCNT,
MWCNT-PEG, oxaliplatin, MWCNT-Oxaliplatin and
MWCNT-PEG-Oxaliplatin, 100 ul (1x10* cells) of HT29
cells were seeded in 96-well plate to obtain exponential
growth. After a 24 h incubation, cells were then exposed to
different concentrations of formulations. At the end of indi-
cated incubation period, growth inhibition was determined by
MTT assay as previously described (22). For each formula-
tion, the results are expressed as the relative percent absor-
bance compared with controls without treatment.
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Measurement of Pt-DNA Asdducts

Pt-DNA adducts were measured as described by Walker et al.
(23,24). HT29 cells grown to 70-80% confluence on 10-cm
tissue culture dishes were treated with 5 pM of oxaliplatin,
MWCNT-Oxaliplatin or MWCNT-PEG-Oxaliplatin. After
12 or 96 h of incubation, the cells were washed twice with cold
PBS and DNA samples were extracted using the Flexigene Kit
(Qiagen) following the manufacturer’s instructions. The sam-
ples were stored at —20°C: and sonicated just before analysis.
Platinum (Pt) content was determined by AAS using Perkin
Elmer PinAAcle 900 Atomic Absorption Spectrometer as
previously reported (25). And the Pt concentrations in the
samples were calculated from a standard curve (0.5-30 ng
Pt per ml). The DNA concentration was estimated by mea-
suring absorbance at 260 nm. Results (pg Pt per ug DNA) are
expressed as the mean & SD of six independent experiments.

Cell Apoptosis Analysis

To evaluate the cell apoptosis induced by oxaliplatin,
MWCNT-Oxaliplatin or MWCNT-PEG-Oxaliplatin,
HT29 cells were plated at 5% 10" cells /well in a 96-well plate.
After 24 h of incubation, the cells were treated with 5 uM of
cach formulations and the incubation was continued for an-
other 12, 24, 48 or 96 h. At the end of each treatment, samples
were harvested and analyzed for histone-associated DNA
fragments using a Cell Death ELISA™"® Kit (Roche Molec-
ular Biochemicals) according to the manufacturer’s instruc-
tions. The test is based on a quantitative sandwich-enzyme-
immunoassay principle, using mouse monoclonal antibodies
directed against DNA and histones, respectively. This allows
the specific detection and quantitation of mono- and oli-
gonucleosomes that are released into the cytoplasm of cells
that die from apoptosis. Their enrichment in the cytoplasm is
calculated as absorbance of sample cells/absorbance of con-
trol cells. The enrichment factor was used as a measure of
apoptosis and is shown as mean + SD.

Western Blotting

HT29 cells that were treated with 5 pM of oxaliplatin,
MWCNT-Oxaliplatin or MWCNT-PEG-Oxaliplatin were
incubated for another 12 h or 96 h. Total cell lysates were
prepared by homogenizing the cell pellets in lysis buffer (Cell
Signaling Technology, USA) containing freshly added prote-
ase inhibitor cocktail (Roche Diagnostics, Germany).
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Proteins in whole cell lysates were electrophoresed on a SDS-
polyacrylamide gel, and transferred to a nitrocellulose mem-
brane. Nonspecific binding was blocked with 5% nonfat milk
for 1 h at room temperature. After immunoblotting with the
first specific antibodie (YH2AX, Santa Cruz Biotechnology,
Inc), membranes were washed three times with TBST and
incubated with horseradish peroxidase-conjugated secondary
antibodie (Santa Cruz Biotechnology, Inc) for 1 h. Mem-
branes were then visualized by enhanced chemiluminescence
[SuperSignal West Femto (Pierce, USA)]. To make sure equal
amounts of sample protein were applied for electrophoresis
and immunoblotting, f-actin (Santa Cruz Biotechnology, Inc)
was used as an internal control.

Statistical Analysis

Differences between the mean values of two subgroups were
evaluated using Student’s t-test. Differences between the mean
values of three subgroups were compared by one-way analysis
of variance (ANOVA). p values<0.05 were considered statis-
tically significant.

RESULTS AND DISCUSSIONS

Characterisation of MWCNT-Oxaliplatin
and MWCNT-PEG-Oxaliplatin

The chemistry of CNTs has been developed to introduce
various functional groups to the surface and extremetries of
CNTs with the purpose of changing its physicochemical
property and binding with drug molecules (16). Various
hydrophilic molecules were attached onto CNT's to facilitate
their suspendability in water or organic solvents and to
decrease their toxicity, which is a great consideration to
exploit CNTs as vehicle for drug delivery. Therefore, in
our case, MWCNTSs were functionalised with PEG to im-
prove their hydrophilicity and it was found that the solubil-
ity of different MWCNTSs in water increased with their
functionalisation degree. The purified MWCNTSs without
functionalisation had very poor solubility of 0.026 mg/ml in
water, while the solubility of oxidised MWCNTSs increased
to 1.3 mg/ml due to the carboxylic groups. And this solu-
bility further reached 4.5 mg/ml after the functionalisation
with PEG. In comparison, the excellent solubility of
MWCNT-PEG in water was highly advantageous to be a
vehicle.

The MWCNT-COOH and MWCNT-PEG were ob-
served under TEM to identify morphological characterization.
Their length ranged from a few hundred nanometers to a few
micrometers, and their outer diameter was 40-50 nm with
approximately 15 nm thickness of multi-walls (Fig. 2). Their
images showed that both of MWCNT-COOH and

MWCNT-PEG had clean multiwall and inner cavity. While
the outside boundary of MWCNT-COOH was bare (Fig. 2a),
the outside the MWCNT-PEG was a grayish coating layer
(Fig. 2b), which was possibly due to the attachment of PEG on
the surface of MWCNT-PEG.

To confirm the PEGylation of MWCNT-PEG, TGA was
used to analyse the loading of PEG in MWCNT-PEG based
on the comparison of metal residue after high temperature
heating. These trace metal was from metal catalyst during
manufacturing, and it was stable at high temperature, which
could combust the MWCNTs, PEG, and functional groups in
metallic compounds. Hereby the metal content was consid-
ered as a constant parameter of MWCNTSs. Figure 3 showed
the TGA graphs and the derivative curves of MWCNT-
COOH and MWCNT-PEG. The combustion temperature
of MWCNT-COOH in air was around 620°C (Fig. 3a),
whereas it decreased about 100°C after conjugation with
PEG (Fig. 3b). The decomposition temperature of PEG por-
tion in MWCNT-PEG was around 380°C, This difference
therefore separated the peaks of MWCNTs and PEG clearly
in the derivative curve of MWCNT-PEG. The weight per-
centage of metal residue was respectively 7.0% for MWCNT-
COOH (Fig. 3a) and 5.8% for MWCNT-PEG (Fig. 3b),
therefore the loading of PEG in MWCNT-PEG was estimat-
ed to be 17%, and the degree of functionality in MWCNT-
PEG was 0.28 mmol of PEG for each 1 g of MWCNT-PEG.

The MWCNT-Oxaliplatin and MWCNT-PEG-
Oxaliplatin, which were prepared using nano-extraction
method (26), were observed under TEM, and the loading of
oxaliplatin in them was also estimated using TGA. In their
TEM images, the multi-walls and inner cavity of MWCNT-
Oxaliplatin and MWCNT-PEG-Oxaliplatin were not as
clean as that of MWCNT-COOH and MWCNT-PEG, and
indeed plenty of “dirty” particulates located along their inner
cavities and were also randomly distributed within their multi-
walls. To identify the property of these particulates, EDX was
performed on them to analyse their elements. The result
showed that the regions comprising dense particulates had
strong Pt signal, while Pt signal was very weak in other regions
with few particulates, thus suggesting that the particulates
consisted of oxaliplatin molecules, which stuck to the inner
cavity and external surface of MWCNTSs (Fig. 4). It was also
found that the “dirty” particulates on the multi-walls of
MWCNT-PEG-Oxaliplatin were thicker than that of
MWCNT-Oxaliplatin, although washing procedure were
performed on both of them. We postulated that the
PEG branches on the surface of MWCNT-PEG entrap-
ped oxaliplatin molecules, which were able to escape from
the washing procedure due to their strong affinity, whereas
the external surface of MWCNT-COOH was relatively
smooth and had only weak affinity with oxaliplatin mole-
cules, thus allowing the washing agent to remove excessive
drug molecules.
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Fig. 2 TEM images of (a)
MWCNT-COOH; (b)
MWCNT-PEG; (¢) MWCNT-
Oxaliplatin and (d) MWCNT-
PEG-Oxaliplatin.

The loading of oxaliplatin in MWCNT-Oxaliplatin and
MWCNT-PEG-Oxaliplatin was analysed using TGA on the
basis of metal residue. The derivative curves of MWCNT-
Oxaliplatin (Fig. 3¢) and MWCNT-PEG-Oxaliplatin
(Fig. 3d) showed their combustion process. The first weight
loss occurred at about 300°C corresponding to oxaliplatin
degradation, in which elements of C, H, O, N combusted
leaving behind only platinum residue. When the tempera-
ture increased to about 380°C, another weight loss presented
in only MWCNT-PEG-Oxaliplatin (Fig. 3d), thus
corresponding to the decomposition of PEG, while the com-
bustion temperature of MWCNTs portion was about 510°C
for both of MWCNT-Oxaliplatin and MWCNT-PEG-
Oxaliplatin. The metal residue after TGA combustion was
respectively 28.7% for MWCNT-Oxaliplatin (Fig. 3¢) and
24.7% for MWCNT-PEG-Oxaliplatin (Fig. 3d) by weight.
Taking into account that MWCNT-COOH and MWCNT-
PEG also contained 7.0% and 5.8% of metal residue, the
loading of oxaliplatin was estimated to be 51.5% for
MWCNT-Oxaliplatin and 43.6% for MWCNT-PEG-
Oxaliplatin, respectively. We assumed that PEG branches
at the extermetries of MWCNT-PEG might obstruct

@ Springer

oxaliplatin molecules from entering its inner cavity, and the
MWCNT weight also increased by about 20% on account of
PEGylation, therefore less oxaliplatin was entrapped in

MWCNT-PEG than that in MWCNT-COOH.

Oxaliplatin Release from MWCNT-Oxaliplatin
and MWCNT-PEG-Oxaliplatin

The hydrophilic oxaliplatin incorporated inside inner cav-
ity could be easily displaced by water molecules and move
out of MWCNTs, since its affinity with hydrophobic inner
surface of MWCNTSs was weaker than that with water
molecules in release medium. Similar study of cisplatin
release has been reported by other groups (27). In our
case, the release of oxaliplatin from MWCNT-Oxaliplatin
was very quick within the 3 h, and even 50% of incorpo-
rated drug was detected in the medium within 6 h, where-
as its release reached plateau after 24 h, and finally 89%
of drug was recovered within 5 days (Fig. 5). Ajima and
his colleagues reported the slow release of cisplatin from
SWCNHs with the hole size of 0.5-1.5 nm diameter (18),
although cisplaitn was also hydrophilic and had strong affinity
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with water. Taking account of the cone-shape structure of

and water molecules, it is possible that the release of
SWCNHs and their thin cavity size relative to cisplatin

incorporated molecules was also dependent on hole size,
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which was a crucial factor in migration, therefore water
molecules together with oxaliplatin were able to smooth-
ly flow through the MWCNTSs with large hole size of
about 10 nm diamter.

On the other hand, slower release of Oxaliplatin oc-
curred to MWCNT-PEG-Oxaliplatin. Only 34% of Oxali-
platin was found in the medium after 6 h, and its plot
showed a mild ramp between 18 h and 120 h (Fig. 5). This
was in agreement with the study of plug effect caused by
functional groups at hole edges (28), which concluded that
the functional groups at the hole edges of carbon nanohorns
could plug the holes, leading to the small quantity of cis-
platin release at slow rate. In our study, the long-chain PEG
at the hole edges of MWCNTSs also blocked a part of the
holes and reduced their effective diameter, thus causing an
obstacle to movement of oxaliplatin molecules, although

100 4
80 =
=
604 o
.
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2
w  if
:
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o

Release percentage (%)
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Fig. 5 Release plot of oxaliplatin from MWCNTand MWCNT-PEG in PBS.
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MWCNTs had large original diameter of about 10 nm.
This result suggested that MWCNT-PEG-Oxaliplatin had
better effect of sustained release to prevent drug dissipation
before reaching the tumor.

Cytotoxicity Evaluation of Oxaliplatin,
MWCNT-Oxaliplatin and MWCNT-PEG-Oxaliplatin
on HT29 Human Colon Adenocarcinoma Cells

The cytotoxicity of Oxaliplatin, MWCNT-Oxaliplatin and
MWCNT-PEG-Oxaliplatin on HT29 human colon adeno-
carcinoma cells were firstly evaluated with a MTT method.
In the MTT assay, mitochondrial dehydrogenases cleave
the tetrazolium ring and reduce MTT to insoluble dark
blue formazan crystals. Only active mitochondria contain
these enzymes and, therefore, the reaction only occurs in
viable cells. Absorbance, directly proportional to cell viabil-
ity, was determined at 550 nm in a Bio-rad microplate
reader. The absorbance values were normalized by the
controls and expressed as percent viability. There were
reports suggested that the MTT method is not reliable for
finding out the cytotoxity of CNT based materials, as the
MTT formazan crystals formed in the MTT reaction are
lumped. As a consequence, false results may show a strong
cytotoxic effect (29-31). However, there are still studies that
use this method to assay the toxicity of MWCNT (27,32). In
our experiment, the cell viability of HT29 remained at high
percentage after treatment with 1-8 uM of MWCNT or
MWCNT-PEG (Fig. 6). This result suggested that
MWCNT did not interfere with MTT assay in our case.
We deduce the variation from different reports to the dif-
ference in M'TT concentration used in the assay (the lower
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in MTT concentration, the less precipitation be formed),
time intervals between MTT addition and detection (the
shorter in the time interval, the less interference be ob-
served), and even the quality of MWCNT purchased from
different manufactures. When concentrations of
MWCNTs and MWCNT-PEG gradually increased to
a higher level (64 pM), the pristine MWCNTSs group
had a rapid decrease of viability to about 70%, whereas
the MWCNT-PEG was still maintained above 90%
(Fig. 6). This result suggested that pristine MWCNTs
would still lead to cell death at high concentrations, while its
cytotoxicity could be overcome by functionalisation with
PEG. It is possible that the surface of MWCNTs was
enshrouded by PEG molecules after PEGylation, therefore
MWCNT-PEG improved its solubility and biocompatibil-
ity in comparison to pristine MWCNTs. Furthermore, the
length MWCNT was shortened in the process of oxida-
tion, thus helping reduce its cytotoxicity as well (21).
When oxaliplatin was loaded onto MWCNT-COOH or
MWCNT-PEG, the formulations yielded different cytotox-
icity at different treatment time points. Compared with the
free oxaliplatin, MWCNT-Oxaliplatin and MWCNT-
PEG-Oxaliplatin showed a slightly decreased cytotoxic ef-
fect when the cell viability was assessed at 12 and 24 h
(Fig. 7a and b). The decrease might originate from the
retarded release of oxaliplatin from MWCNT-Oxaliplatin
or MWCNT-PEG-Oxaliplatin. The i vitro release test
showed that most of the incorporated oxaliplatin was dif-
fused into medium in a relatively short time. While only
50% of oxaliplatin was released from MWCNT-PEG-
Oxaliplatin, more than 80% the oxaliplatin was released
from MWCNT-Oxaliplatin within 20 h (Fig. 5). This
explains why MWCNT-PEG-Oxaliplatin showed a more
reduced cytotoxicity than MWOCNT-Oxaliplatin (Fig. 7a
and b). In comparison, a drastic enhancement of cyto-
toxic effect occurred in MWCNT-Oxaliplatin and
MWCNT-PEG-Oxaliplatin when the cell viability was
assessed at 48 and 96 h (Fig. 7c¢ and d). This could
be due to the increased cellular uptake of oxaliplatin

Concentration (uM)

with the help of MWCNT-COOH or MWCNT-PEG,
which could penetrate cell membrane and carry the
incorporated oxaliplatin into cells. In addition, it was
found that MWCNT-PEG-Oxaliplatin had a slower re-
lease of oxaliplatin, avoiding the outflow of oxaliplatin
before entering cells, and the internalised MWCNT-
PEG-Oxaliplatin could keep releasing oxaliplatin even
after 100 h exposure (Fig. 5). Therefore, it could have
excellent follow-up release after normal exposure.
Previous studies have indicated that DNA is the primary
cellular target of platinum and the level of platinum-DNA
adducts is an important marker for clinical biological effect
of platinum-based chemotherapy (33,34). The decrease in
Pt-DNA adducts that resulted from an increase in DNA
repair is clearly an important effector of resistance to
platinum-based DNA-damaging agents (35). In our experi-
ment, a 12 h treatment of HT29 cells with 5 uM of
oxaliplatin, MWCNT-Oxaliplatin or MWCNT-PEG-
Oxaliplatin increased the formation of Pt-DNA adducts,
with oxaliplatin showing the greatest potential and followed
by MWCNT-Oxaliplatin and MWCNT-PEG-Oxaliplatin
(Fig. 8). However, when the treatment time extended to
96 h, the activity of the three formulations showed a reverse
rank in inducing Pt-DNA adducts formation, with
MWCNT-PEG-Oxaliplatin showing the greatest potential.
The decrease of platinum-DNA adduct levels in the oxali-
platin and MWCNT-Oxaliplatin treated groups at the time
point of 96 h might originate from the proliferation of
HT29 cells, which produced more DNA content, leading
to a reduced Pt/DNA ratio. While in the MWCNT-PEG-
Oxaliplatin treated group, the relatively enhanced cytotox-
icity inhibited the cell proliferation and increased cell apo-
ptosis. Therefore, less DNA was produced and the Pt/DNA
ratio was higher than the other two groups. The phosphor-
ylated H2AX, designated as y-H2AX, is another important
marker of lonizing radiation or genotoxic agents-induced
DSBs (36).Within minutes of the induction of DNA double-
strand breaks, histone H2AX becomes phosphorylated in
the serine 139 residue at the damage site. The
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Fig. 7 Dose-dependent cytotoxicity curves of oxaliplatin, MWCNT-Oxaliplatin and MWCNT-PEG-Oxaliplatin in HT29 human colon adenocarcinoma
cells after a (a) 12, (b) 24, (c) 48 and (d) 96 h treatment. The corresponding concentrations of MWCNT-Oxaliplatin and MWCNT-PEG-Oxaliplatin were
calibrated based on their drug loading of 51.5% for MWCNT-Oxaliplatin and 43.6% for MWCNT-PEG-Oxaliplatin. Data represent the mean (£SD) of

three independent experiments.

phosphorylation of H2AX at DSBs timely recruits and/or
retains DNA repair and checkpoint proteins such as
BRCAIL, MRN complex, MDC1 and 53 bpl to sites of
DNA damage, activating downstream signal pathways that
ultimately resulting in DNA damage repair, cell cycle arrest
or apoptosis (37—40). Our results showed that while none
of y-H2AX had been detected in the control group, 5 pM
of oxaliplatin, MWCNT-Oxaliplatin and MWCNT-PEG-
Oxaliplatin induced the formation of y-H2AX in HT?29
cells after a 12 and 96 h treatment. The efficacy in
inducing y-H2AX formation showed the same trend as
they induce the Pt-DNA adducts formation (Fig. 9). That
is, with the extension of treatment time, MWCNT-PEG-
Oxaliplatin showed more potential. Finally, the oxalipla-
tin, MWCNT-Oxaliplatin and MWCNT-PEG-Oxaliplatin
induced cell apoptosis was evaluated. As shown in Fig. 10,
the proportion of apoptosized cells increased with the
extension of treatment time for all the three formulations.
In accordance with the MTT assay, Pt-DNA adducts
formation and y-H2AX formation results, oxaliplatin

@ Springer

showed a higher apoptosis induction activity than
MWCNT-Oxaliplatin and MWCNT-PEG-Oxaliplatin
when the HT29 cells were treated for 12 or 24 h. But
when the treatment time increased to 48 h or 96 h, the
induction activity rank reversed, with MWCNT-PEG-
Oxaliplatin showing the greatest efficiency. These results,
taken together, suggested a sustained-release manner for the
MWCNT-Oxaliplatin and MWCNT-PEG-Oxaliplatin
formulations.

In clinical cancer chemotherapy, to adopt high dose of
drugs for patients so as to achieve maximum treatment
efficacy is one of the commonly employed strategies. Nev-
ertheless, administration of high dose anti-cancer agents is
accompanied by unbearable side effects. Furthermore, the
high administration frequency inevitably reduces the
patients’ life quality, which in turn disadvantages the
patients’ recovery. To develop efficient cellular uptake and
sustained-release formulations for anti-cancer drugs have
come to one of the research focuses. Carbon nanotubes
have been used as vehicle for bioactive or drug molecules
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Fig. 8 Effect of oxaliplatin, MWCNT-Oxaliplatin and MWCNT-PEG-
Oxaliplatin on Platinum-DNA adduct formation in HT29 human colon
adenocarcinoma cells after a 12 and 96 h treatment. Data represent the
mean (£SD) of three independent experiments. Compared with oxalipla-
tin, #p <0.05, **p<0.01.

in delivery system, since their high length-to-diameter ratio
1s advantageous to cargo molecules storage and cellular
uptake, and their stable physicochemical property is benefi-
cial to various chemical functionalisation. Here we report
the successful encapsulation of oxaliplatin, an FDA-
approved anticancer drug, into PEGylated multi-walled
carbon nanotubes MWCNT-PEG). To avoid introducing
toxic adjuvant material should be another concern during
the development of nanotube formulations. In our investi-
gation, the cytotoxicity of MWCNTSs was effectively de-
creased by functionalisation with PEG, in concomitance
with its improved solubility in water. More importantly,
the presence of PEG molecules could slow down the release
rate of oxaliplatin from cavity of MWCNTs, thus reducing
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Fig. 9 Representative Western blot analysis of oxaliplatin, MWCNT-
Oxaliplatin and MWCNT-PEG-Oxaliplatin induced y-H2AX formation
in HT29 human colon adenocarcinoma cells after a (a) 12 and (b)
96 h treatment.
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Fig. 10 Effect of oxaliplatin, MWCNT-Oxaliplatin and MWCNT-PEG-
Oxaliplatin on the cell apoptosis of HT29 human colon adenocarcinoma.
Compared with oxaliplatin, *p <0.05, *¥p <0.01.

the escape of such hydrophilic molecules prior to reaching
tumors. Therefore, MWCNT-PEG-oxaliplatin helped de-
livery more drug molecules into tumor cells and mitigated
its cytotoxicity to normal cells as well. As a result, the
cytotoxicity of MWCNT-PEG-oxaliplatin to HT-29 showed
a great improvement in comparison to oxaliplatin alone and

MWCNT-oxaliplatin.

CONCLUSIONS

In this manuscript, we have demonstrated that MWCNTs
could be used as a promising carrier for drug delivery.
Through functionalisation on external surface and encap-
sulation of oxaliplatin into inner cavity, a great amount
of oxaliplatin was loaded into MWCNT-COOH and
MWCNT-PEG. And the following release showed that
the entrapped oxaliplatin could readily move out of
MWCNT-COOH and MWCNT-PEG in aqueous envi-
ronment. Furthermore, PEGylation of MWCNTSs was
able to retard the release rate of oxaliplatin, thus remark-
ably improved the pharmaceutical action of oxaliplatin to
HT-29 cells. Therefore, we envision this delivery system
could potentially be useful for treatment of cancer. Fu-
ture work will include the design of targeted delivery of
MWCNTs drug carrier by combining MWCNT-PEG
with some target agents (i.e. bevacizumab, cetuximab,
panitumumab, etc.) with the purpose of improving bio-
availability, preventing rapid deactivation and elimination
of these antibodies by the body.
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