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Ratiometric Delivery of Cisplatin and
Doxorubicin using Tumour-Targeting Carbon-
Nanotubes Entrapping Platinum(lV) Prodrugs

Chee Fei Chin,® Siew Qi Yap,® Jian Li,” Giorgia Pastorin™>? and Wee Han
Ang?

Combination therapy is an effective strategy to enhance the efficacy of single-agent
chemotherapy and delay onset of chemoresistance. However, differences in the pharmacokinetic
profiles of the drug constituents can complicate the implementation of combination regimens in a
clinical setting. Nanomaterials can overcome these limitations by offering a unified platform for
targeted and synchronous delivery of multiple drugs, although exact ratiometric loading cannot
be assured using conventional encapsulation techniques. An approach was conceived with the
goal of delivering exact stoichiometric proportions of cisplatin and doxorubicin against
endometrial adenocarcinoma using tumour-targeting multiwalled carbon nanotubes entrapping
an inert Pt(IV) prodrug. Activation of the Pt(IV) prodrug after cell entry synchronously releases
molar equivalents of hydrophilic cisplatin and doxorubicin from the hydrophobic confines thereby

achieving ratiometric delivery of these mechanistically-complementary drug entities.

Introduction

Cancer drug resistance, the diminishing efficacy of specific
chemotherapeutic agents towards their targets, poses one of the
most serious challenges in modern cancer medicine.! The
underlying mechanisms upon which the resistance phenomena
emerge is complex and differ across the spectrum of different
cancer phenotypes.” Yet they point towards the
interconnectivity and complexity of the various molecular
pathways in cancer biology, giving rise to multiple
redundancies by which these aberrant cells can survive and
proliferate.’ One strategy that is widely employed to combat
chemoresistance is combination therapy. By administering a
cocktail of different anticancer drugs working against different
targets, combination therapy aims to deter the development of
drug resistance by defeating cellular survival pathways in a
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multi-pronged assault and overcoming defence mechanisms
through therapeutic synergism.*

There are unique challenges involved in delivering drug
combinations in a clinical setting.® Drugs with different
pharmacokinetic properties are differentially distributed which
directly affect their concentrations at the intended target.
Consequently, it is difficult to control the constituent drug
levels of the combination regimen as well as coordinate their
delivery to the site of action. These factors explains why
remarkable in vitro efficacies against cancer cell models does
not necessarily translate into effective clinical formulations.
One strategy that has been garnering much interest in recent
years is the use of nanoscale carriers to deliver drug
combinations that are covalently or non-covalently
encapsulated.® These vehicles enable the synchronous transport
of the different drugs to their site of action as well as provide a
platform upon which targeted delivery could be designed. By
unifying these two properties, nanocarriers could in principle
deliver combination regimens with highly controlled drug
proportions and loading.” However, exact ratiometric delivery
of different drugs using nanomaterials remains elusive because
encapsulation  techniques invariably  produce
nanocomposites that contain a statistical distribution of
encapsulated drugs. This non-uniformity is further amplified
when two or more drugs are being combined, adding to greater
variances.”
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One of the most important and effective anticancer drug
used in the clinic is cisplatin (¢cDDP, Fig. 1).* Together with
bleomycin and etoposide (Chart S1), it forms the first-line
chemotherapy against testicular carcinoma.’ It is also being
investigated extensively with other FDA-approved drugs such
as gemcitabine,'® etoposide,'' and docetaxel/fluorouracil'?
against a spectrum of malignancies (Chart S1). cDDP acts
through covalent binding with DNA purine bases,* and the
platinated DNA adducts formed strongly inhibit cellular
processes such as transcription and replication, ultimately
leading to apoptosis.'"* However, ¢cDDP is limited by high
toxicity and severe side-effects as well as incidences of Pt-
associated drug resistance.'”
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Fig. 1 Molecular structures of cisplatin (cDDP), doxorubicin (doxo) and
compounds investigated in this report

To overcome these limitations, cDDP has been investigated
in combination with anthracycline-based topoisomerase II
(TOP2)-inhibitors against human lung cancer cell lines and
found to greatly enhance the overall activity.'® TOP2 inhibitors
intercalate duplex DNA and the resultant DNA-adducts formed
inhibit the progression of TOP2 in the process of DNA
remodelling. Because this pathway is independent of DNA
alkylation damage induced by cDDP, together they can
overwhelm the cellular repair mechanisms.'” A recent Phase III
clinical trials found that overall therapeutic efficacy was
improved when cDDP was co-administered with TOP2
inhibitor doxorubicin (Doxo, Fig. 1) against endometrial
adenocarcinoma.'® In comparison to single agent Doxo, the
combination chemotherapy of Doxo with c¢cDDP resulted in
higher but acceptable toxicity, and a significantly higher
response rate with modest survival benefit was achieved.
Doxo:cDDP combination regimens have also been evaluated in
other clinical trials against several other malignancies with
positive results. In these therapies, patients were dosed with
Doxo:cDDP ratios of between ca. 0.9 to 3.0 molar equivalents
¢DDP with respect to Doxo.'®!?

The entrapment of cDDP and Doxo in nanoscale carriers
can reduce toxicities by achieving targeted localization in
tumours and preventing premature release of drugs.® Nguyen et

2 | Chem. Sci., 2013, 00, 1-3

al. demonstrated this strategy through co-delivery of Doxo and
the [cis-Pt(NH;),]*>" pharmacophore using a lipid-templated
polymer-caged nanobin platform.?® The release mechanisms of
the two drug entities were different: the [cis-Pt(NH;),]*"
pharmacophore was liberated from the polymer support via
aquation while released upon protonation.
Significantly lower drug dosage was required when the drugs
were encapsulated in the nanocarrier against several cancer cell

Doxo was

lines than when they were administered
independently. In a related work, Lippard et al. demonstrated
that the co-encapsulation of paclitaxel with a polymer-bound
Pt(IV) prodrug of cisplatin formed self-assembled
biocompatible nanoparticles capable of dual delivery of the two
drugs.>' Accurate control over the drug composition was
achieved the drug nanocomposite
significantly improved activities against prostate cancer cells in

vitro and in vivo.

together or

and demonstrated

In order to realise the goal of exact ratiometric drug
delivery, we conceived a new approach using a tumour-
targeting multi-walled carbon nanotube (MWCNT)-based
delivery vehicle. The strategy is centred on the intracellular
reduction of an inert Pt(IV) prodrug, that is stably entrapped
within the MWCNT, which simultaneously releases cDDP and
Doxo (Fig. 2). Previously, CNTs have been widely studied in
vitro and in vivo as a means of delivering Doxo.?> To achieve
tumour-targeting, the MWCNT was
functionalized with an integrin-targeting cyclic peptide
¢(RGDfK) (Fig. 1). As a proof of concept, we report the
formulation of this MWCNT-Pt(IV) prodrug nanoconjugate
capable of synchronous ratiometric delivery of
mechanistically complementary drugs and demonstrate its
efficacy against ovarian and endometrial cancer cells.
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Fig. 2 Concept of ratiometric dual-drug delivery via
entrapment using MWCNTSs as a nanocarrier

Results and discussion

In order to simultaneously delivering both drug entities in
exact ratiometric proportions, we designed a Pt(IV) prodrug 3
(Fig. 1) based on the cDDP template containing Doxo at one of
its axial ligand position. In order to tune its lipophilicity, a
hydrophobic benzoate motif was added to the other axial
position. We and others have previously shown these
asymmetric Pt(IV) prodrugs to be highly versatile platforms as
they can be reduced into cDDP while their axial ligand

positions offer opportunity for functionalization without

This journal is © The Royal Society of Chemistry 2012
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affecting the Pt(I) pharmacophore.”® These Pt(IV) complexes
are substitutionally inert and do not undergo rapid aquation to
form reactive aqua species.’* By tuning its ligand properties, we
previously demonstrated that Pt(IV) prodrug PtBz (Fig. 1) can
be stably entrapped within the MWCNT cavities via strong
entry,
chemical reduction by intracellular reductants converted PtBz

hydrophobic-hydrophobic interactions.”> Upon cell
to hydrophilic cDDP and was consequently discharged from the
MWCNT carrier. We considered that being hydrophilic, Doxo
would be incompatible with MWCNT entrapment. Therefore
by engineering Doxo as hydrophobic Pt(IV) prodrug 3, stable
MWCNT entrapment could be ensured.

Asymmetric Pt(IV) complex 1 was synthesized according
to previously reported procedure and treated with excess
succinic anhydride in DMF to yield 2 bearing a carboxylic
functional group.?® Complex 2 was coupled to Doxo in DMF
with N,N,N',N'-tetramethyluronium
hexafluoro-phosphate (HBTU) as a coupling reagent under

O-benzotriazole-1-yl

room conditions. The product 3 was recovered from the crude
reaction mixture via lyophilisation and repeated washing using
water, Previous

acetone and diethyl ether. attempts to

synthesize 3 using N,N’-dicyclohexylcarbodiimide and
ethyl(dimethylaminopropyl)carbodiimide as coupling reagents
resulted in poor yields. Complex 2 and 3 were characterized
using ESI-MS and 'H NMR spectroscopy. The parent
molecular ions [M-H] were readily observed using ESI-MS.
Fragmentation analysis for 2 resulted in the loss of NH;, HCI,
and carboxylate ligands while fragmentation analysis for 3
resulted in the loss of the Doxo ligand, consistent with the
proposed could be

observed at ca. 6.6 ppm in '"H NMR, assigned to the ammine

structures. Characteristic resonances
ligands, were consistent with other reported Pt(IV) bis-
carboxylates.?**” The formation of 3 was also indicated by the
disappearance of the -COOH proton at 12.0 ppm. In addition,
the integral value in '"H NMR showed that there is only one unit
of Doxo with respect to the ammine ligands.

Ultrapure (>98%) MWCNTs with a diameter of 30-40 nm
and a length of up to a few pm were used given their higher
internal loading capacity compared to single-walled CNTs.
These pristine MWCNTs were oxidized and purified in
accordance with a reported procedure to yield MWCNT y4idized

(Fig. 3b),”® and coupled with bifunctional 2,2’-
(ethylenedioxy)diethylamine (TEG) using EDC/DIPEA to
obtain amine-terminated MWCNTs (MWCNTrgg)-

Quantitative Kaiser Test was performed to determine the degree
of amino-functionalization on MWCNTqgg and ascertained to
be 680 pmol of -NH, groups per gram of MWCNTs. The
purified and dried MWCNTs were subsequently treated with
excess of succinic anhydride in DMSO at r.t. for 3 d to form
carboxylic acid-terminated MWCNTs (MWCNTrgg.coon). A
negative Kaiser Test indicated that the amine groups on the
MWCNTs were fully converted to carboxylic acid functional
groups.

To achieve tumour-targeting, c(RGDfK) peptide was
conjugated to the MWCNT platform (Fig. 1). These peptides
recognize multiple ligands of a, integrin family,”” and exhibit

This journal is © The Royal Society of Chemistry 2012
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high affinity to o,f; and o,Bs integrin receptors which are
overexpressed in tumor angiogenic endothelial cells.*® Hence,
they are particularly relevant for endometrial adenocarcinomas
since vascular endothelial growth factor, which is correlated
with angiogenesis, is the major stimulus for endothelial cell
proliferation in this cancer phe:notype.31 MWCNTtgG.coon
coupled to c(RGDfK) peptide using HBTU/NEt; to obtain
MWCNT repix) (Fig. 3b). The formation of MWCNT rapix)
was accompanied by a mass change of more than 50%. For
purified MWCNT,rapix)
suspended with 3 in solvent and agitated for 3 d in accordance

hydrophobic  entrapment, was
with a previously reported procedure.”> We utilized water or
CHCI; as the drug entrapment solvent for nanoextraction since
they poorly solubilize both 3 and MWCNT rgpsx) and would
their The

entrapped product [3MWCNT rcpsx)] Was filtered and washed

enhance hydrophobic-hydrophobic interactions.
extensively with a washing solvent mixture comprising
water:CHCl;:MeOH (1:2:2.5 v/v). This washing step was
essential to remove unbound 3 on the external MWCNT surface
without displacing those entrapped within the core. Being
intensely red in colour, complete removal of unbound 3 was
indicated by clear washings and restoration of the MWCNTs as

a black residue.
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Fig.3 Synthetic scheme for
functionalization of MWCNT

(a) preparation of 3 and (b) surface

Pt content in [3*MWCNT rcpix)] Was determined using
ICP-OES on samples that were incinerated at 1000°C and their
residues reconstituted in 2% HNO;. Based on the Pt levels
quantitated, the entrapment levels within MWCNTrgpx) using
CHCIl; and water as solvent systems were ascertained to be 17.0
+ 1.0% and 24.5 £ 0.8% w/w of 3, respectively. In previous

Chem. Sci., 2013, 00, 1-3 | 3
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reports, entrapment efficiencies of cDDP and PtBz in
MWCNT yxigizea Were higher at 62.1 £ 2.0% w/w and 51.7 +
The lower [3MWCNT repix)l
loading was presumably due to its increased steric encumbrance

2.0% w/w, respectively.?’

resulting in poorer mobility within the CNT cavity.

To achieve targeted delivery, drug payload should only be
released at the site of its intended target. To demonstrate that
[3MWCNT ropix)] can function effectively as a delivery
platform for controlled intracellular release of its payload, we
investigated the stability of 3 entrapped within MWCNTgg
under reducing and non-reducing aqueous conditions. For
comparison, we prepared entrapped Doxo and monitored its
release from MWCNTgg using UV-vis spectroscopy (Asso).
Under aqueous conditions, Doxo release from MWCNT1gg was
rapid with >50% of the payload released within 10 h (Fig. 4).
Complete drug release was achieved after 4 d. Entrapped 3, on
the stable within MWOCNT, s
uncontrolled release of Doxo into the surrounding environment

other hand, was and
was not observed. Only after 4 d was ca. 10% Doxo w/w non-
specifically released into the media. However, in the presence
of a reductant, i.e. 3 mM ascorbic acid, release of Doxo was
observed culminating with complete release after 4 d.
Transmission electron microscopy images showed that the
MWCNTs remained structurally intact after the contents have
been released (Fig. S4). In this manner, controlled release of the
hydrophobically entrapped drug payload was achieved using
reduction of the Pt(IV) scaffold.

100 —m— [Doxo-MWCNTreg] in water
—_ —_A— [3-MWCNTreq] in water > % %
g\o, 804 —@— [3MWCNTrec] in 3 mM Asc /E i/
3 s
O 60 /
[a] ]
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o 40 e
o .
9 201 P
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Fig. 4 Release of Doxo from MWCNTws monitored

spectroscopy (Asso)

using UV-vis

Chemical reduction by ascorbic acid reduced the Pt(IV)
prodrug to Pt(II) while liberating its axial ligands, namely
benzoate and doxo-succinate. Because these components are
hydrophilic, they cannot be stably entrapped within MWCNTs
and are extruded. We have earlier shown that upon reduction,
Pt(IV) prodrug (PtBz, Fig. 1) entrapped in MWOCNT,gized
released Pt(I) species into the media which bind
deoxyguanosine =~ monophosphate  (dGMP).  Otherwise,
entrapped PtBz did not react with dGMP implying that they are
able to exert their cytotoxic effects only upon release from the
carrier. One significant difference with earlier findings is the
slower rate of release of the contents. We attribute this to

4 | Chem. Sci., 2013, 00, 1-3

slower kinetics to increased steric encumbrance at the cavity
entrances due to surface functionalization on MWCNTrgpix).-
The efficacy of the new constructs on the growth inhibition
of Ishikawa endometrial adenocarcinoma as well as A2780 and
A2780/Cis human ovarian carcinoma cells was investigated
(Table 1). Adherent varying
concentrations of test compound in serum-free medium for 6 h

cells were exposed to
before replacing with complete media and a further incubation
period of 66 h. The viability of the remaining cells was
determined using the MTT assay and the data was presented as
% survival against non-treated controls. The concentration
required to inhibit 50% of cell viability (ICsy) was interpolated
from the plots and tabulated (Table 1). To further mitigate the
effects of contamination, Pt concentration of the stock solutions
were determined using ICP-OES and the ICs, values were
adjusted to actual Pt concentration values for entries 1, 3, 4 and
6.

Table1l ICsovalues (uM) against cancer cell lines”

Entry Test compound” A2780 A2780/Cis Ishikawa
1 cDDP 1.71£0.42 13.11£1.99  11.10+0.80
2 Doxo 0.92£0.48 0.89 £0.15 2.96 £0.15
3 c¢DDP + Doxo (1:1) 0.84 £0.02 1.17£0.11 2.35+£0.25
4 3 3.29£0.72 4.82+£0.28 6.76 £ 0.44
5 [MWCNTggpix]° N.D N.D N.D
6 [3-MWCNTrepx)] 0.76 £0.17 0.90 £ 0.30 0.95 £ 0.06

“Concentration required to inhibit 50% of the cell growth with respect to
control groups, measured by MTT assay after 72 h exposure. “Data obtained
are based on the average of at least three independent experiments with the
corresponding standard deviations. “Empty MWCNT.repix) were tested and
inhibition of cell viability was not observed at >50 pg/mL which exceeded
the concentrations tested for entry 6.

Cisplatin exerts its cytotoxic effects through DNA
alkylation which yield primarily intrastrand platinated adducts
on purine bases. Such adducts have previously been shown to
be strongly inhibit RNA pol by impeding its passage during
transcription.®” Stalling of the transcription complex at the
platinated site triggers the nuclear excision repair pathway and
excision of aberrant adduct from the DNA strand.*® On the
other hand, Doxo, a DNA intercalator, prevents the progression
of TOP2 during DNA remodelling leading to stalling of TOP2
at the adduct site.>* Due to these complimentary mechanisms
acting on the same biological target, we postulated that a
lead to
enhancement of cytotoxicity. As anticipated, Doxo exerted a
strong cytotoxic effect against both A2780 and A2780/Cis

indicating that its mode of action was independent of the cDDP

combination of these drugs could synergistic

resistance pathway. We further noted that a 1:1 combination of
c¢DDP and Doxo was additive which could be due to differential
uptakes of the two drugs. With that aim, we developed a new
MWCNT construct [3*MWCNT repsx)] containing a Pt(IV)
prodrug that is capable of delivering cDDP + Doxo in
[3MWCNT rapix)] Wwas
more efficacious against the tested cell lines compared to

stoichiometric-equivalent portions.

This journal is © The Royal Society of Chemistry 2012
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c¢DDP, Doxo or a physical mixture of cDDP + Doxo (1:1). In
keeping with Doxo, [3MWCNT.rgpx)] was also able to
overcome A2780/Cis. Strikingly, against target Ishikawa
endometrial adenocarcinoma cells, [3:MWCNT b)) Was ca.
2-fold more cytotoxic than either Doxo or cDDP + Doxo 1:1
combination and 11-fold more than cDDP alone.

We compared ICs, values of [3-MWCNT,rgpix)] with pure
3 against these cell lines. We noted that at these concentrations,
blank MWCNT rgpix) Was non-cytotoxic (Table 1, entry 5). In
all instances, [3-MWCNTrcpix)] was 4-7 fold more cytotoxic
than 3 alone, indicating that the MWCNT rgpx) platform was
crucial for delivering the payload to the cancer cells. Therefore,
we treated Ishikawa cells with 3 and [3-MWCNT rgp)] for 6
h and quantitated the cellular Pt levels using ICP-MS. Cells
treated with [3*MWCNT b)) exhibited ca. 3-fold higher Pt
levels compared to those treated with 3 alone (Fig. S6),
demonstrating the excellent internalization of hydrophobic 3 by
our MWCNT constructs.

DIC Hoechst 33342 Doxorubicin Overlay

(a)
30pm 30pm 30pm

(b)
)| 30pm 30pm 30pm

(c)
4 40pm 40pm 40pm

(d)
40pm 40um 40um

Fig.5 Merged fluorescence image of Ishikawa cells (a) untreated (control),
and exposed to (b) Doxo, (c) [3-MWCNTrepr] for 6 h at 37°C, fixed with 4%
paraformaldehyde and stained with and Hoechst 33342 (1.3 pg/mL); (d)
[3-MWCNTrepix)] added to fixed/stained untreated cells as background control

In order to show that [3*MWCNT gcpsx)] Was internalized
by cells before releasing the payload, we treated Ishikawa cells
with [3-MWCNT,rgpix)] for 6 h before fixing and staining with
Hoeschst 33342 nuclear dye. Although 3 is fluorescent by
virtue of its doxo motif, [3*MWCNT rcpsx)] does not exhibit
fluorescence because it is obscured by its MWCNT carrier.
Accordingly, untreated cells that were physically mixed with
[3MWCNT rapix)] did not exhibit fluorescence within the
intracellular or extracellular environment when imaged (Fig.
5d). In contrast, cells that were incubated with
[3MWCNT repx)] for 6 h  exhibited
fluorescence at Ag, = 488 nm: Ag, = 603 nm due to the release

characteristic

This journal is © The Royal Society of Chemistry 2012
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of Doxo after internalization and cellular reduction (Fig. 5c).
We observed that the released Doxo was distributed throughout
the cytoplasm as well as the nucleus. In contrast, cells treated
with Doxo were only localized within the nucleus (Fig. 5b).
Our hypothesis is that reduction of 3 yielded Doxo that was
conjugated to the succinate linker which imparted a negative
charge to the conjugated entity. This could delay the
translocation of Doxo into the nucleus, leading to an altered
distribution profile, and is the subject of ongoing investigations.

Conclusions

With the goal of delivering drug combinations in exact
ratiometric proportions against targeted cancers, we developed
a nanodelivery platform that released cDDP and a Doxo-
derivate when internalized in cancer cells. Therefore, we
designed a water-dispersible non-cytotoxic MWCNT-based
drug delivery platform that was surface-functionalized with
integrin-targeting peptide groups. We also developed a
hydrophobic Pt(IV) prodrug, based on the cDDP template and
conjugated to Doxo, that could be stably entrapped within the
MWCNT interior cavity. We further exploited the intracellular
reducing environment to activate Pt(IV) scaffold and release the
drug entities. Because the reduced product cDDP and Doxo-
derivate were intrinsically hydrophilic, they were efficiently
extruded from MWCNT platform. We demonstrated that
controlled drug release could be triggered under reducing
conditions particularly after the constructs were taken up in
cells. These drug-loaded nano-constructs were also highly
efficacious  in especially against endometrial
adenocarcinoma cells. This strategy paves the way for the
development of combination therapy regimens with precise
molecular formulations at the target site for enhanced
therapeutic effects.

vitro
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