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1 Introduction

Core-shell polymer nanoparticles for prevention
of GSH drug detoxification and cisplatin delivery
to breast cancer cells¥

Bapurao Surnar, Kavita Sharma and Manickam Jayakannan*

Platinum drug delivery against the detoxification of cytoplasmic thiols is urgently required for achieving
efficacy in breast cancer treatment that is over expressed by glutathione (GSH, thiol-oligopeptide). GSH-
resistant polymer—cisplatin core—shell nanoparticles were custom designed based on biodegradable
carboxylic functional polycaprolactone (PCL)-block-poly(ethylene glycol) diblock copolymers. The core
of the nanoparticle was fixed as 100 carboxylic units and the shell part was varied using various molecular
weight poly(ethylene glycol) monomethyl ethers (MW of PEGs = 100-5000 g mol™) as initiator in the
ring-opening polymerization. The complexation of cisplatin aquo species with the diblocks produced
core-shell nanoparticles of 75 nm core with precise size control the particles up to 190 nm. The
core—shell nanoparticles were found to be stable in saline solution and PBS and they exhibited enhanced
stability with increase in the PEG shell thickness at the periphery. The hydrophobic PCL layer on the per-
iphery of the cisplatin core behaved as a protecting layer against the cytoplasmic thiol residues (GSH and
cysteine) and exhibited <5% of drug detoxification. In vitro drug-release studies revealed that the core—
shell nanoparticles were ruptured upon exposure to lysosomal enzymes like esterase at the intracellular
compartments. Cytotoxicity studies were performed both in normal wild-type mouse embryonic fibro-
blast cells (Wt-MEFs), and breast cancer (MCF-7) and cervical cancer (Hela) cell lines. Free cisplatin and
polymer drug core—shell nanoparticles showed similar cytotoxicity effects in the Hela cells. In MCF-7
cells, the free cisplatin drug exhibited 50% cell death whereas complete cell death (100%) was accom-
plished by the polymer—-cisplatin core-shell nanoparticles. Confocal microscopic images confirmed that
the core—shell nanoparticles were taken up by the MCF-7 and Hela cells and they were accumulated
both at the cytoplasm as well at peri-nuclear environments. The present investigation lays a new foun-
dation for the polymer-based core-shell nanoparticles approach for overcoming detoxification in plati-
num drugs for the treatment of GSH over-expressed breast cancer cells.

obstacles in delivering platinum drugs to cancer tissues has
been identified as detoxification by cytoplasmic thiol species

cis-Diamminedichloridoplatinum(u) (CDDP, cisplatin) is one of
the widely employed anticancer drugs as a first-level chemo-
therapeutic agent for breast, testicular, ovarian, head and
neck, and lung cancers."”” To overcome the complaints from
patients such as nausea-vomiting, fatigue and nephrotoxicity,
several other platinum derivatives such as oxaliplatin, pico-
platin, carboplatin and satraplatin have also been developed
and approved by the FDA for clinical trials.** One of the major
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such glutathione (GSH, an oligopeptide) at the intracellular
compartments.”'® Recent in vitro cell line studies have con-
firmed the over-expression of GSH in breast cancer cells and
its influence on cisplatin detoxification during drug adminis-
tration in cancers.®'° Further, platinum drugs are also sensi-
tive to ions (cations/anions) and proteins in blood plasma and
they require additional stability for intravenous adminis-
tration." Polymer-based drug delivery approaches have
emerged as new trend to overcome the above limitations in cis-
platin drug administration. Polymer-cisplatin drug conjugates
also have additional advantages of their passive selective
accumulation at cancer tissues through an enhanced
permeability and retention (EPR) effect.'> PEGylated cisplatin
(or oxaliplatin) liposomal formulations are currently being
tested for phase II level trials."* PEGylated block copolymers of
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poly(isobutylene-maleic acid)'* and polyacrylates'>>° are some
of the important polymer systems that have been explored for
cisplatin conjugation. In these cases, the aquo cisplatin
complex was conjugated with a carboxylic acid functionality in
the polymer backbone to preserve the drug in its active form
prior to delivery. Kataoka and co-workers used PEGylated-poly-
(r-glutamic acid) copolymers for cisplatin conjugation and the
resultant micellar drug conjugates have been found to be
effective in suppressing the growth of solid tumours.*'>* Con-
jugated polyelectrolyte-cisplatin nanoparticles have been deve-
loped for simultaneous imaging and drug tracking.>* Shell
cross-linked Knedel-like nanoparticles have been employed for
cisplatin delivery and these nanoparticles were found to
exhibit significant antitumor activity.*® Folic acid-conjugated
platinum nanoparticles,”® PEGylated mesoporous silica nano-
particles,” functionalized carbon nanotubes®® and gra-
phenes,*?® lipids*'** and amphiphilic oligomer-based
micelles,* cyclic tripeptides,®® and gold nanoparticles®>*° are
some of the other approaches developed for cisplatin delivery.
Despite the above examples observed the importance of
platinum drug delivery, the stability of cisplatin drugs in the
polymer scaffolds against detoxification by cytoplasmic thiol
species such as GHS has not been addressed. Further, most of
the above polymer scaffolds are non-biodegradable; thus, the
polymer-drug cleavage mechanism at the intracellular com-
partments is not clearly understood. Hence, new efforts are
required to develop polymer-cisplatin conjugates that are
resistant to detoxification against cytoplasmic thiols (like GSH)
for accomplishing efficient treatment against breast cancer
that are found to be over-expressed by GSH.

(a) Cisplatin Delivery to Cells

&

(c) Size Programmable Core-Shell Nanoparticle
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Enzyme-cleavable polymer scaffolds are emerging as an
important approach for drug administration exclusively at the
intracellular compartments.>” We and other research groups
have earlier reported polysaccharide vesicles,***° amphiphilic
dendrons®** and block copolymer assemblies®® having
enzyme-responsiveness for delivering anticancer drug mole-
cules such as doxorubicin and camptothecin. Polycaprolactone
(PCL) is an important biodegradable aliphatic polyester that
could be ruptured by lysosomal enzymes like esterase at the
intracellular compartments for drug delivery.** Recently, we
have reported new PEG-b-carboxylic PCL as a pH-responsive
vesicular scaffold for oral delivery of anticancer drugs under
the gastrointestinal tract.*> Further, the preliminary studies on
this system have revealed that these copolymers are capable of
cisplatin drug chemical conjugation.’® This has provided a
new opportunity for us to develop biodegradable diblock co-
polymer assemblies for cisplatin delivery to accomplish 100%
cell killing in breast cancer cells. The current design has three
important components: (i) PEG chains for hydrophilic shell
size-control and also for enhancing the solubility of the nano-
particles in aqueous medium for drug administration; (ii) carb-
oxylic acid units anchored in the PCL backbone for
conjugating the cisplatin aquo complex which constitutes the
drug core; and (iii) the hydrophobic PCL backbone acting as a
protecting layer between the shell and core against platinum
drug detoxification by cytoplasmic thiols such as GSH.
Further, this design also has an in-built enzyme-responsive
PCL layer; thus, the drug-polymer conjugate can be cleaved by
lysosomal enzymes at the intracellular compartments. This
scaffold design for cisplatin delivery is shown in Fig. 1.

(b) Core-Shell Block Copolymer design
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Fig. 1 Core—shell polymer—cisplatin nanoparticle delivery to cancer cells (a). The delivery of the drugs at the intracellular compartments and
their resistance to detoxification by cytoplasmic thiol species GSH (b). Diblock copolymer nano-drug design with variable shell size and fixed

drug core (c).
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The present investigation aims to develop new, size-controll-
able and biodegradable diblock copolymer nanoparticle
assemblies that are capable of producing cisplatin complexa-
tion that also exhibit shielding against the drug core from the
detoxification of cytoplasmic thiols (GSH) in breast cancer
cells (see Fig. 1). The PEG,-b-CPCL diblocks were designed in
such a way so that the numbers of carboxylic functional units
are maintained the same, as ~100 units in all the blocks, and
the PEG chains -(CH,CH,0),~ are systematically varied, from
x =3, 7,17, 45 and 113, to achieve size-controllable core-shell
prodrug nanoparticles (see Fig. 1c). The cisplatin drug was
chemically conjugated at the central core through Pt-OOR-PCL
linkages and is also protected at the periphery by the PEG-
shells. This design enabled us to retain the central core as 75.0
+ 5 nm and vary the size of the shell precisely up to 190 nm.
The role of the PEG-shell on the drug stability [in saline, PBS
and fetal bovine serum (FBS)] and action against cytoplasmic
thiol species like cysteine (amino acid residue) and glutathione
(GSH) are investigated in detail. Within the intracellular
environment, the core-shell particle is cleaved by the esterase
enzyme (present in the lysosome) to release the active Pt-drug
for cell death. Thus, the new core-shell polymer-cisplatin
nanoparticle design is both stable against detoxification
thiol-residues as well as cleavable at the intracellular compart-
ments by esterase to deliver cisplatin drugs. Cellular uptake
and cytotoxicity of the core-shell nanoparticles were studied in
normal (Wt-MEFs) and cancer (HeLa and MCF-7) cell lines. It
was found that prodrugs showed selective and enhanced cyto-
toxicity exclusively in the breast cancer cells compared to other
cell lines.

2 Experimental methods
2.1 Materials

1,4-Cyclohexanediol, ¢-butyl acrylate, potassium ¢-butoxide,
pyridinium chlorochromate (PCC), meta-chloroperbenzoic acid
(mCPBA), tin(u) 2-ethylhexanoate (Sn(Oct),), triethylene glycol
monomethyl ether (TEG), poly(ethylene glycol) monomethyl
ether (here after referred to as PEG) with molecular weights of
350, 750, 2000 and 5000, cisplatin, silver nitrate, ortho-phenyl-
enediammine (OPD), glutathione (GSH) and esterase were pur-
chased from Aldrich chemicals. TEG and PEGs were dried
under vacuum prior to use. Wild-type mouse embryonic fibro-
blasts (Wt-MEFs), cervical cancer (HeLa cells) and human
breast cancer cells (MCF-7) were maintained in DMEM
(phenol red-free medium: Gibco) containing 10% (v/v) fetal
bovine serum (FBS) and 1% (v/v) penicillin—-streptomycin at
37 °C under a 5% CO, humidified atmosphere. Cells were
washed with 40% DPBS (Gibco), trypsinised using 0.05%
trypsin (Gibco) and seeded in 96- or 6-well (as per experiment)
flat-bottomed plastic plates (Costar) for all assays. Tetrazolium
salt, 3,4,5-dimethylthiazol-2,5-diphenyltetrazolium bromide
(MTT), DMSO, Hoechst and 4% paraformaldehyde were
obtained from Sigma. Fluoromount was obtained from
Southern Biotech. All solvents such as tetrahydrofuran (THF),

17966 | Nanoscale, 2015, 7, 1796417979

View Article Online

Nanoscale

dichloromethane (DCM) and trifluoroacetic acid (TFA) were
purified and distilled prior to use.

2.2 Methods

NMR spectra were recorded using a 400 MHz JEOL NMR spectro-
photometer. All spectra were recorded in CDCl; containing
TMS as an internal standard. Analysis by gel permeation
chromatography (GPC) was performed using a Viscotek VE
1122 pump, Viscotek VE 3580 RI detector, and Viscotek VE
3210 UV-Vis detector in tetrahydrofuran (THF) using poly-
styrene as the standard. The thermal stability of the polymers
was determined using a Perkin-Elmer thermal analyser STA
6000 model at a heating rate of 10 °C min~" in a nitrogen
atmosphere. Absorption spectra were recorded using a Perkin-
Elmer Lambda 45 UV-Vis spectrophotometer. Dynamic light
scattering (DLS) was carried out using a Nano ZS-90 apparatus
utilizing a 633 nm red laser (at a 90° angle) from Malvern
Instruments. At 90° scattering, fluctuations were detected to
generate the correlation function [g°(¢)]; from this function the
diffusion coefficient (D) was calculated using the cumulant
method. By applying the Stokes-Einstein equation, the particle
diameter was calculated. The reproducibility of the data was
checked at least three times using independent polymer solu-
tions. FE-SEM images were recorded using a Zeiss Ultra Plus
scanning electron microscope. For FE-SEM analysis, the
samples were prepared by drop-casting on to silicon wafers.
Atomic force microscope images were recorded for drop-cast
samples using Agilent instruments. The reproducibility of the
data was checked for at least three independent amphiphilic
solutions. TEM images were recorded using a Technai-300
instrument by drop-casting the sample on to a Formvar®-
coated copper grid. Fluorescent micrographs were collected
using a Carl Zeiss Axiovert 200 microscope. Confocal micro-
graphs were collected using an LSM710 microscope.

2.3 Synthetic procedure for monomer

Synthesis of t-butyl 3-((4-hydroxycyclohexyl)oxy)propionates
(A). 1,4-Cyclohexanediol (50.0 g, 431.0 mmol) was dissolved in
dry THF (500 mL) and stirred for 30 min under N, (inert)
atmosphere. To this a catalytic amount of potassium ¢-butox-
ide (500 mg, 4.46 mmol) was added followed by drop-wise
addition of #-butyl acrylate (44.1 g, 334.8 mmol) dissolved in
dry THF (150 mL). The reaction mixture was refluxed under
dry conditions for 36 h. The solvent was removed by Rotava-
por™® and the mixture neutralised with 1 M HCI (50 mL).
Extraction was performed using ethyl acetate and the organic
layer was dried over anhydrous Na,SO,. The solvent was evap-
orated to obtain a viscous liquid. It was further purified by
passing through a silica column using ethyl acetate and pet-
roleum ether (1:10 v/v) as eluent. Yield: 39 g (74.1%). "H-NMR
(400 MHz, CDCl3) § ppm: 3.63 (m, 3H, O-CH,- and O-CH),
3.27-3.39 (m, 1H, CH-OH), 2.38 (t, 2H, -CH,CO-), 1.96-1.81
(m, 4H, OCH(CHS,),), 1.64-1.32 (m, 4H, CO(CH,),), 1.44 (s, 9H,
-C(CH3)3). C-NMR (100 MHz, CDCl3) § ppm: 171.01, 80.42,
69.49, 63.84, 63.60, 32.54, 30.32, 29.20 and 27.48. FT-IR
(em™): 3422, 2979, 2937, 2863, 1731, 1462, 1393, 1366, 1215,
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1158, 1116 and 1134. HR-MS (ESI'): m/z [M + Na'] caled for
C13H,404 [M"]: 267.1572; found: 267.1588.

2.4 Synthesis of tert-butyl 3-((4-oxocyclohexyl)oxy)propanoate (B)

PCC (46.3 g, 214.8 mmol) was added to a solution of com-
pound A (35.0 g, 143.2 mmol) in dry DCM (400 mL) under
inert conditions and the reaction mixture was stirred at 25 °C
for 4 h. A catalytic amount of molecular sieves was added to
absorb moisture. The filtrate was condensed and the resultant
liquid was purified by passing through a silica gel column by
eluting with petroleum ether/EtOAc (1: 4 v/v). The product was
obtained as a colourless liquid. Yield: 33.0 g (95%). "H-NMR
(400 MHz, CDCl3;) § ppm: 3.55 (m, 3H, O-CH, and O-CH), 2.57
(t, 2H, -CH,-CO), 2.63 (m, 2H, -(C=0)CH,-), 2.25 (m, 2H, -
(C=0)CH,-) 2.10 (m, 2H, -(CO)CH,-) 1.94 (m, 2H, —(CO)-
CH,-), 1.45 (s, 9H, -C(CHj3);). *C-NMR (100 MHz, CDCl;)
5 ppm: 211.40, 170.99, 80.56, 72.74, 64.02, 37.02, 36.56, 30.40
and 20.04. FT-IR (cm™): 2974, 2874, 2360, 1716, 1456, 1419,
1393, 1368, 1316, 1239, 1212 and 1109. HRMS (ESI'): m/z
[M + Na'] caled for Cy3H,,04 [M']: 265.1415; found: 265.1401.

2.5 Synthesis of tert-butyl 3-((7-oxooxepan-4-yl)oxy)-
propanoate (monomer-CCL)

m-Chloroperbenzoic acid (42.7 g, 247.6 mmol) was added
slowly to a stirred solution of B (30.0 g, 123.8 mmol) in dry
DCM (600 mL) under nitrogen atmosphere. To the above reac-
tion mixture, anhydrous NaHCO; (31.2 g, 371.4 mmol) was
added and the reaction was continued at 25 °C for 12 h. The
solvent was removed and the residue was neutralized with
saturated aqueous NaHCO; solution (20 mL) and saturated
aqueous Na,S$,0; solution (20 mL). It was extracted with ethyl
acetate and the organic layer was dried over anhydrous
Na,SO,. After solvent evaporation, the crude product was puri-
fied by passing through a silica gel column using ethyl acetate
and petroleum ether (4:6 v/v). Yield = 28 g (87.5%). "H-NMR
(400 MHz, CDCl3) 6 ppm: 4.41 (dd, 1H, COOCH), 4.04 (dd, 1H,
COOCH) 3.60 (m, 4H, OCH,, OCH and COCH), 2.99 (dd, 1H,
COCH), 2.48 (t, 2H, COCH,), 2.45-1.85 (m, 4H, OCH—(CH,),),
1.44 (s, 9H, C(CH,);). C-NMR (100 MHz, CDCl;) § ppm:
176.35, 171.19, 81.01, 75.24, 64.24, 63.66, 36.80, 34.15, 28.40,
27.84 and 27.61. FT-IR (cm™): 2928, 1727, 1446, 1393, 1367,
1253, 1155, 1110 and 1058. HRMS (EST'): m/z [M + K'] caled
for C;3H;,05 [M']: 299.3187; found: 299.3163.

2.6 Synthesis of PEG,-b-BPCL diblock polymers

The typical synthetic procedure was elucidated for PEGsgp-b-
BPCL, where initial monomer-to-initiator ratio ([M,]/[Io]) is
kept as 100. The initiator PEG5400 (193.8 mg, 0.0387 mmol),
catalyst Sn(Oct), (7.8 mg, 0.0193 mmol) and the substituted
caprolactone monomer (1.0 g, 3.87 mmol) were taken in a
flame-dried Schlenk tube under nitrogen atmosphere. A high
vacuum was applied to this reaction mixture for 45 min with
stirring at room temperature. After achieving inert conditions
inside the tube, it was immersed in a preheated oil bath at
130 °C. The polymerization was continued for 6 h with con-
stant stirring. The polymer mixture was cooled to room temp-

This journal is © The Royal Society of Chemistry 2015
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erature and precipitated in cold MeOH. The polymer was
redissolved in THF and precipitated again in cold-methanol,
the process being repeated at least twice to obtain pure
polymer. Yield: 700 mg (70%). "H-NMR (400 MHz, CDCl,)
8 ppm: 4.13 (s, 2H), 3.63 (s, 6.51 H), 3.43 (s, 1H), 3.38 (s, 1H),
2.44 (t, 2H), 2.35 (t, 2H), 1.93-1.81 (m, 2H), 1.81-1.67 (m, 4H),
1.44 (s, 9H, tbutyl). C-NMR (100 MHz, CDCl;): 173.69,
170.81, 80.77, 75.62, 70.66, 65.13, 61.47, 36.60, 33.04, 29.81,
28.86, and 28.22. FT-IR (cm™%): 2973, 2931, 1727 (C=0 ester),
1457, 1364, 1251, 1156, 1156, 1100, 1062, 959, 900, 845, and
757. GPC molecular weights: M,, = 18400, M,, = 24900, and
M, /M,, = 1.35.

A similar procedure was followed for the synthesis of other
block copolymers PEG,-h-BPCL where x = 3, 7, 17 and 45
(details are given in the ESIY).

2.7 Synthesis of PEG,-b-CPCL diblock polymers

Trifluoroacetic acid (0.2 mL) was added slowly into PEGsgg0-b-
BPCL (200 mg) in dry DCM (5.0 mL), and the polymer solution
was stirred at 25 °C for 30 min. The solvent was evaporated
and the polymer was redissolved in THF and precipitated in
cold methanol. The purification was repeated at least twice to
obtain pure polymer. "H-NMR (400 MHz, CDCl;) 6: 4.14 (t, 2H,
CH,OH), 3.84-3.64 (m, 3.7 H, PEG and OCH,), 3.57 (m, 1H,
OCH), 2.56 (t, 2H, CH,COOH), 2.38 (t, 2H, COCH,), 1.99-1.67
(m, 4H, -OCH(CH,),). C-NMR (100 MHz, CDCl;): 173.68,
170.86, 80.72, 75.58, 70.72, 65.13, 61.50, 36.60, 33.14, 29.81,
and 28.22. FT-IR (cm™"): 3447, 2932, 2450, 1711 (C=O0), 1365,
1257, 1175, 1099, 1063, and 960.

2.8 Preparation of aquated cisplatin [Pt(NH;),(OH,),]**

Cisplatin (CP; 50 mg, 166 mmol, 1 equiv.) was dispersed in
H,O0 (50.0 mL) with constant stirring at 37 °C. To this mixture,
silver nitrate (56.4 mg, 332 mmol, 2 equiv.) was added and the
resulting reaction mixture was stirred for 24 h in dark con-
ditions. Formation of the aquated cisplatin complex was con-
firmed by milky-white silver chloride precipitation. Silver
chloride was removed by centrifuging at 10 000 rpm for 1 h.
Finally, the aquated cisplatin was obtained by filtration
through a 0.2 pm filter. The sample was lyophilized and stored
at 4 °C.

2.9 Synthesis of the polymer—cisplatin conjugate

A typical procedure for preparation of PEGsoo-b-CPCL-CP is
explained in detail. PEG5400-b-CPCL diblock polymer (20.0 mg)
was dissolved in NaOH (2 mL, 1 mg mL™") and the solution
was stirred at 37 °C for 30 min. Aquated cisplatin (16.4 mg,
55 mmol, the lyophilized sample) was added to the above
polymer solution and the complex was stirred for 24 h at
37 °C. The solution was transferred to a dialysis bag of mole-
cular weight cut-off (MWCO = 1000) and dialyzed against a
large amount of distilled water for 2 days. The distilled water
was replaced periodically to ensure the removal of un-encapsu-
lated molecules from the dialysis tube. The solution recovered
from the dialysis tube was filtered through a 0.45 pm filter,
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lyophilized and stored at 4 °C. FT-IR (cm™"): 3300, 2920, 2880,
1660, 1560, 1395, 1360, 1090, 1050, 930, 830 and 548.

A similar procedure was used for making cisplatin com-
plexes of copolymers and the details are given in the ESLT

2.10 Invitro drug-release studies

Cisplatin-loaded nanoparticles were taken in a dialysis bag (in
3 mL), and they were immersed in a 100 mL beaker and dia-
lyzed at 37 °C with constant stirring. Various dialysis con-
ditions like saline, PBS and FBS were employed for these
studies. At specific time intervals, 3.0 mL of the dialysate was
withdrawn and replaced with an equal volume of fresh buffer
(or FBS). The amount of molecule (or drug) released in each
aliquot was measured using absorption spectroscopy using
ortho-phenylenediammine (OPD) assay to quantify the percen-
tage of cumulative release. For esterase-aided release studies,
10 units of enzyme were used following the above-mentioned
procedure.

Cumulative release (%) = C, x Vo/m x 100, where C, is the
amount of loaded cargo in the n® sample, V, is the total
volume, and m is the total amount loaded on the
nanoparticles.

2.11 ortho-Phenylenediamine (OPD) colorimetric assay

Samples with unknown cisplatin (Pt) content were added to
0.5 mL of OPD solution in N,N-dimethylformamide (DMF)
(1.2 mg mL™") and heated for 2 h at 100 °C. The amount of Pt
present in the sample was determined by measuring the absor-
bance at 706 nm (the absorbance maximum of the OPD-Pt
complex). The molar extinction coefficient was calculated for
OPD-Pt as 24310 L mol™' ¢m™'. The concentration of Pt
released from the drug-conjugate was expressed as a ratio of
the amount of platinum in the releasing solution from the
polymer backbone.

The drug loading efficiency (DLE) and drug loading content
(DLC) were determined by absorption spectroscopy using the
OPD colorimetric assay from the following respective

equation:*™*

DLE (%) = {weight of drug in NPs/weight of drug in feed}
x 100%

DLC (%) = {weight of drug in NPs/weight of drug-loaded NPs}
x100%.

2.12 Preparation of Nile red-encapsulated Pt-coordinated
complex

Nile red (NR) was loaded (co-encapsulated) with cisplatin into
diblock polymers by adding an acetone solution of Nile red
(20 pL, 1 mM) and an aqua solution of cisplatin (13 mM) to
the polymer solution in water (5 mL, 1 mg mL™"), which was
then stirred overnight. In order to completely remove the
acetone, free Nile red and free cisplatin, the solution was dia-
lyzed against water for 16 h at room temperature with an
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MWCO of 1000. After dialysis the solution was filtered through
a 0.4 pm filter, lyophilized and stored at 4 °C.

2.13 Cell-viability assay (MTT assay)

To perceive the effect of cisplatin (CP), drug-loaded scaffolds
and polymers alone, a cell-viability assay was performed using
the WT-MEF cell line, HeLa cell line and MCF-7 cell line using
the tetrazolium salt, 3,4,5-dimethylthiazol-2,5-diphenyltetr-
azolium bromide (MTT). In a 96-well plate (Corning, USA),
1000 cells were seeded per well in 100 pL of DMEM with 10%
FBS (fetal bovine serum) and allowed to adhere for 16 h. Prior
to drug treatment, media from the cells was aspirated and
various concentrations of CP and scaffold with encapsulated
CP were added as feed. A blank control, DMEM with FBS in
the absence of compound, was used in each experiment. All
control and treated experiment wells were run in triplicate. Cells
were incubated for 72 h without a change in medium. After
72 h, the drug-containing medium was aspirated. A freshly pre-
pared stock solution of MTT in sterile PBS (5 mg mL™") was
diluted to 50 ug mL™" in DMEM. 100 pL of this solution was
added to each well. Cells were then incubated with MTT for 4 h
at 37 °C. Medium with MTT was then aspirated from the wells
and the purple formazan crystals that formed as a result of
reduction of MTT by mitochondrial dehydrogenase enzyme
from the cells were dissolved in 100 pL of 100% DMSO (added
per well). The absorbance from the formazan crystals was
immediately measured using a micro plate reader at 570 nm
(Varioskan Flash) and was representative of the number of
viable cells per well. Values from triplicates run for each control
and treated set were noted and their mean value was used for
calculations. The values thus obtained for the untreated control
samples were equated to 100% and the relative percentage
values for CP, the scaffold alone and CP-loaded nanoparticles
were calculated accordingly. To mimic in vivo conditions a short
time MTT assay was studied, wherein MCF-7 cells were seeded
in 96-well plates with 1 x 10° cells per well for 16 h. Later, the
medium was removed and treated with various concentrations
of cisplatin and polymer-cisplatin conjugates. The compounds
were incubated with cells for different time intervals of 1, 2, 3
and 4 h separately. After incubation, the media was aspirated
and fresh media was added. These cells were then incubated
for additional 72 h. After termination of the experiment, the
cell viability was determined using the MTT assay.

2.14 Cellular uptake of PEG-b-BPCL-CP-NR by confocal
microscopy

HelLa cells were seeded at a density of 1 x 10> cells on flame-
dried cover slips placed in 6 well-plates containing DMEM
medium with 10% FBS and incubated at 37 °C for 16 h. The
cells were then exposed to the required concentration of cispla-
tin alone, the polymer scaffold alone, and NR-loaded cispla-
tin—polymer nanoparticles for 4 h in a CO, incubator at 37 °C.
After incubation, the drug-containing medium was aspirated
from each well, and cells were washed twice with PBS (2 x
1 mL) and fixed with 4% paraformaldehyde solution in PBS for
10 min at room temperature. The cells were washed twice with

This journal is © The Royal Society of Chemistry 2015
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PBS (2 x 1 mL) and stained with Hoechst solution in PBS. After
incubation for 2 min, at room temperature in the dark, the
excess dye was washed from the plate and the cells were again
gently rinsed with PBS for 1 min. The cover slips were
mounted on slides using Fluoromount™ mounting medium
(Southern Biotech) and dried overnight at room temperature
in the dark. The cells were imaged using a confocal micro-
scope using the 4 = 420 nm (blue channel) and 4 = 560 nm
(red channel) lasers. Images thus obtained were opened using
Image] analysis software and the image for each channel was
separated.

3 Results and discussion
3.1 Synthesis of block copolymer cisplatin prodrug

The ¢-butyl carboxylic ester-substituted caprolactone monomer
(named CCL) was prepared from 1,4-cyclohexanediol through
multi-step reactions (see Fig. SF1, in the ESI}). Diblock copoly-
mers having a variable poly(ethylene glycol) chain length with
fixed carboxylic PCL units were synthesized as shown in
Scheme 1. The PEG content in each block was varied using
monomethyl ether end-capped oligo (ethylene glycol)
CH;3(OCH,CH,),OH (x = 3, 7, 17, 45 and 113) as initiator for
the ring-opening polymerization (ROP). For this purpose,
monomethyl ethers of triethylene glycol, PEG-350, PEG-750,
PEG-2000 and PEG-5000 were employed as initiators along
with Sn(Oct), as a catalyst. The monomer CCL to initiator ratio
was maintained as [M]/[I] = 100 and a solvent-free bulk (or
melt) ROP process was developed to produce these block co-
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polymers in high purity for biomedical applications. The resul-
tant diblock copolymers were named as PEG,-b-BPCL, where x
represents PEG chains (MW = 350, 750, 2000 and 5000), and
where B represents the t-butyl ester. The triethylene glycol
monomethyl ether (TEG-OMe)-initiated polymers are referred
as BPCL.

The "H-NMR spectra of a few of the representative diblocks
PEG,-b-BPCL (B = butyl-protected) are shown in Fig. 2a (see
ESI SF27 for other blocks). The chemical structure of the
diblock copolymer is given and the different protons are
assigned by using letters a-h (see Fig. 2a). With an increase in
the PEG content in the diblocks, the peak at 3.64 ppm corres-
ponding to (OCH,CH,), increased (see proton ‘a’ in Fig. 2a) in
the diblock copolymers (compare the spectra of BPCL and
PEG5000-b-BPCL). The protons ‘b’ in the carboxylic CCL unit
merged with protons ‘a’ in the PEG. The intensities of protons
‘e’ in the PCL backbone appeared at 4.15 ppm. Thus, the sub-
traction of peak intensities [(a + b) — c] provided the actual
number of protons ‘a’. Comparison of peak integrals of
‘a’ (protons at 3.65-3.68 ppm) with protons ‘c’ (at 4.15 ppm) or
t-butyl protons ‘g’ (at 1.44 ppm) provided the number average
degree of polymerization (n) for the PCL backbone in the
diblock structure. A similar approach was adopted and the
“n” values were determined for all the diblock polymers. The
number average molecular weights (M,,) were estimated (M, =
n x repeating unit mass) and these values are summarized in
Table ST1 (in ESI{).

The molecular weights of the polymers were determined by
GPC in THF. The GPC chromatograms (see Fig. SF3t), the
M, and M, values, and the polydispersity (PDI) of the

Ring Opening
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(o]
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N —_— _ . - \/\O'{\/ )\/\O(J\/\(\/ )H
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50g scale
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Scheme 1 Synthetic scheme for diblock polymers and their complexation with cisplatin.
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polymers (see Table ST17) are given in the ESI. The plots of M,
obtained from '"H-NMR and GPC techniques were plotted and
are shown in Fig. 2b. The molecular weights of the polymers
increased with the PEG, chain length in the feed. The GPC
technique underestimated the molecular weights of the
diblocks compared to "H-NMR. This trend was attributed to
the use of polystyrene standards for the GPC calibration. To
study the control (or livingness) of the ROP of the CCL
monomer, kinetic polymerization experiments were performed
for the PEG,400-b-BPCL diblock copolymer and aliquots were
collected at regular intervals. The molecular weights of these
aliquots were determined by GPC (see SF31) and "H-NMR. The
plots of M, (from NMR and GPC) and polydispersity (from
GPC) versus the reaction time are shown in Fig. 2c. The plots
for M, followed a linear trend over the reaction time, confirm-
ing the occurrence of the controlled process with respected to
a living ROP process. The polydispersity (PDI = M,,/M,,) values
of the samples were obtained as ~1.4, indicating the formation
of narrow molecular weight diblock copolymers. The t-butyl
ester of the carboxylic functional group was hydrolysed by tri-
fluoroacetic acid to yield the corresponding carboxylic acid
diblock copolymer PEG,-b-CPCL, where C represents carboxylic
acid (see Scheme 1). The hydrolysis of the ¢-butyl units was
confirmed by '"H-NMR and their spectra are given in (SF4f).

17970 | Nanoscale, 2015, 7, 17964-17979

The molecular weights of these de-protected diblocks were
determined by GPC and their details are given in Fig. SF3 and
Table ST1.f The plots of M, versus the PEG chain length in
PEG,-b-CPCL diblocks (see Fig. 2b) revealed that the molecular
weights were not affected by the de-protection step. Based on
the above analysis, we can conclude that the diblock copoly-
mers with a variable PEG chain length with fixed carboxylic
PCL units were produced through the solvent-free ROP process
of the new CCL monomer.

The cis-diamminediaquoplatinum(u) complex was formed
by cisplatin and AgNO; in Milli-Q water and the resultant AgCl
precipitate was removed by filtration.'” The cisplatin aquo
complex was reacted with sodium salts of PEG,-h-CPCL
diblocks in deionized water for 24 h in the dark (see
Scheme 1). The cisplatin aquo complex to diblock copolymer
ratio was maintained as 1.0:1.1 (in molar ratio) to achieve
complete chelation in the polymer. The resultant polymer-
cisplatin complexes were filtered through 0.45 pm filters and
dialyzed for 48 h to remove un-reacted cisplatin aquo complex.
The dialyzed solutions were lyophilized to yield dark brown-
coloured polymer-cisplatin drug conjugates. Formation of the
polymer—-cisplatin conjugate was confirmed by FT-IR (see
Fig. SF5f). The carbonyl (-C=O0) stretching frequency
appeared as a distinct band around 1720 ecm™" in the nascent

This journal is © The Royal Society of Chemistry 2015
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polymer which disappeared upon complexation. A new band
appeared around 1560 cm™* with respect to the (Pt-O-C=0)
stretching frequency of the metal carboxylate functional
group.*”*® Additionally, a distinct peak at around 550 cm ™"
corresponding to the Pt-O (metal alkoxide) bond stretching
was clearly visible in the drug-polymer conjugate.””*® These
cisplatin-conjugated diblock polymers are referred to as PEG,-
b-CPCL-CP (CPCL-CP in the case for TEG). Thermal gravi-
metric analysis (TGA) was used to estimate the drug-loading
content of cisplatin in the polymer-drug conjugates. The TGA
plots for the polymer-drug conjugates, diblock polymers and
free cisplatin are shown in Fig. 2d. Briefly, these calculations
were elucidated for PEGsgo-b-CPCL-CP. The decomposition of
the polymer started at 260 °C and was completely degraded at
500 °C. Cisplatin (alone) underwent stepwise decomposition
and showed a 60% weight loss below 400 °C and the platinum
content remain unchanged up to 800 °C. The diblock copoly-
mers exhibited a single-step decomposition at 300 °C. In con-
trast, the cisplatin-polymer conjugates showed different
decomposition profiles: (i) below 380 °C with respect to the
ligands attached to cisplatin; (ii) from 380 to 580 °C with
respect to the degradation of the PEG-b-CPCL block; and (iii)
the residual platinum metal above at 600 °C. The drug conju-
gation efficiency (DCE) was estimated by following the pro-
cedure reported by Xu et al.*’

DCE = mPtexy/MPtineo X 100%
= (WPt/MPt)/(Wacid/ZMacid) x 100%

(e) 190+5nm
L.
d
( ) 1605 nm
(c)
125+£10nm

(b) I““ 90+10 nm
a)

(

70£5nm
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where, mPty,e, is the theoretical molar amount of Pt; mPtey, is
the experimental molar amount of Pt; Wp, is the weight
percent of Pt measured by TGA; Mp, is the molecular weight of
Pt; Wacia is the weight percent of the acid repeating unit calcu-
lated from the TGA data; and M,.q is the molecular weight of
the acid repeating unit. Based on this equation, the DCE was
obtained and the drug loading content (DLC) of the drug-con-
jugates was calculated. The detailed calculations and DLC for
all the polymer scaffolds are shown in Table ST2.1 The plot of
drug loading content of the polymer-cisplatin conjugate for
various PEG,-b-CPCL diblocks (see Fig. 2e) revealed that the
DLC was retained as 35% in all the samples. This further con-
firmed that all the carboxylic units in the diblock polymer
were involved in complexation with the -cisplatin aquo
complex, irrespective of the PEGylated chain length.

3.2 Size and shape of polymer-cisplatin prodrug

To study the self-assembled structures of the polymer-drug
conjugates, the samples were dispersed in water and subjected
to dynamic light scattering (DLS) analysis. The DLS histograms
of the polymer-drug conjugates for various PEG,-b-CPCL
diblocks are shown in Fig. 3a-e. All histograms showed a
uniform monomodal distribution and the sizes of the self-
assembled objects were found to increase with PEG content in
the diblocks. The smallest conjugate CPCL-CP (with the tri-
ethylene glycol hydrophilic unit) showed the formation of 70 =
5 nm size assemblies. With increase in the EG unit, the size of
the aggregates in DLS increased up to 190 + 5 nm (see Fig. 3k).

CPCL-CP PEGsgee-b-CPCL-CP

Fig. 3 DLS histograms of CPCL-CP (a), PEGzs50-b-CPCL-CP (b), PEG;50-b-CPCL-CP (c), PEGz00-b-CPCL-CP (d) and PEGsggo-b-CPCL-CP (e).
FE-SEM images of CPCL-CP (f), PEGz50-b-CPCL-CP (g), PEG750-b-CPCL-CP (h), PEG,000-b-CPCL-CP (i) and PEGsggo-b-CPCL-CP (j). Pictorial rep-

resentation of core—shell nanoparticles (k).
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Field emission scanning electron microscopy (FE-SEM) images
of these polymer—cisplatin conjugates are shown in Fig. 3f-j.
The FE-SEM images show the formation of the spherical nano-
particular morphologies, and the sizes of the nanoparticles in
the images are in very good agreement with the DLS sizes of
the samples in water (see Fig. 3k).

A core-shell nanoparticle model is proposed for the
increase in the polymer-drug-conjugated nanoparticle size
with number of ethylene glycol units in the diblocks as rep-
resented in Fig. 4a. The core of the nanoparticles is retained as
the same and the hydrophilic shell varied by the increase in
the PEG chains. This was accomplished since all the diblocks
in PEG,-b-CPCL have the same number of carboxylic units (100
units and they have identical DLC, see Fig. 2e) for cisplatin
conjugation. This model is further validated by plotting the
size of the nanoparticles obtained from DLS and FE-SEM
against the number of ethylene glycol units on the periphery
(see Fig. 4b and 4c). These plots showed a linear trend with an
intercept of 70 nm and slopes of 1.06 and 1.01, for DLS and
FE-SEM images respectively. The intercept value of 70 nm cor-
responds to the core of the nanoparticles in CPCL-CP. Thus,
70 nm is assigned to the core of all the nanoparticles since
they have same number of COOH units and cisplatin content
(as evident from Fig. 2e). The increase in the nanoparticle size
to more than 70 nm was attributed to the increase in the ethyl-
ene glycol units on the periphery of the nanoparticles. The
slopes of the plots in Fig. 4b and 4c were obtained as ~1.0,
which further supported the linear increase in overall core-
shell nanoparticle size with increase in the (OCH,CH,) units at
the periphery. The core-shell nanoparticles were subjected to
atomic force microscopy (AFM) and high-resolution trans-
mission electron microscope (HR-TEM) analysis. The HR-TEM
images of PEG-b-CPCL-CP are shown in Fig. 5a and 5b. The
nanoparticles appeared as spherical objects having a dark con-
trast at the hydrophobic core filled with platinum metal (see

v
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Fig. 4 Schematic representation of nanoparticles (a). Plots of nano-
particle size from DLS (b) and FE-SEM (c) against number of ethylene
glycol units in the diblocks.
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Fig. 5 High-resolution TEM image (a) and lattice fringes (b) of PEG2000-
b-CPCL-CP. AFM images of CPCL-CP (c) and PEG,ggo-b-CPCL-CP (d) in
tapping mode.

more HR-TEM images in Fig. SF61). In Fig. 5b, the lattice
fringes were observed and the space between two subsequent
fringes was calculated as 0.23 nm, as reported in the litera-
ture.>> AFM analysis was carried out for two conjugates
(CPCL-CP and PEGyo-b-CPCL-CP) and their images are shown
in Fig. 5¢ and 5d respectively. The AFM image of CPCL-CP con-
firmed the existence of nanoparticles of size 75 + 10 nm and
PEG,00-b-CPCL-CP showed the formation of 150 + 10 nm
nanoparticles. Thus, both AFM and HR-TEM analysis support
the observation of the spherical core-shell nanoparticle mor-
phology by FE-SEM (also DLS).

3.3 Core-shell nanoparticle stability in saline, PBS and FBS

To study the effect of the PEG shell on the stability of nano-
particle and cisplatin release from the nanoparticle core, the
release studies were carried out under various in vitro con-
ditions. The stability of the core-shell nanoparticles was investi-
gated in Milli-Q water (pH = 6.8), saline (pH = 7.2), PBS (pH =
7.4) and FBS (pH = 7.2) and the results are shown in Fig. 6.
Earlier it had been reported that cisplatin prodrugs were sus-
ceptible to cleaving in the presence of chloride ions. To test
the role of the PEG-shell on the de-chelation, two polymer-
cisplatin drug conjugates CPCL-CP and PEGsgg-b-CPCL-CP
were chosen and subjected to release studies in saline solution
and water. For this purpose, typically, the polymer-cisplatin
conjugates were dialyzed at 37 °C in the respective media
(saline or water) in a semi-permeable membrane having the
MWCO = 1000. The amount of cisplatin released in the
medium was quantified using the OPD colorimetric assay and
the details are given in the ESI (see Fig. SF7t). The cumulative
release was calculated as follows:

Cumulative release (%) = C, X Vo/m x 100%

where C,, is the amount of loaded cargo in the n™ sample, V,

This journal is © The Royal Society of Chemistry 2015
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is the total volume and m is total amount loaded in the
prodrug. The cumulative cisplatin release patterns of CPCL-CP
and PEGsg-b-CPCL-CP in Milli-Q water are shown in Fig. 6a
(for other cisplatin-loaded nanoparticles, see Fig. SF8t). The
nanoparticles showed <10% cisplatin release in Milli-Q water.
This suggested that the polymer-cisplatin nanoparticles were
stable and that they could be stored in Milli-Q water. The drug
release in saline solution showed a difference in the release
profiles with respect to the size of the PEG shell. The CPCL-CP
nanoparticles did not have any PEG shell protection; as a
result, the chloride ions present in the saline (0.9%), cleaved
the cisplatin core easily and released the entire drug. Interest-
ingly, the PEG shell protection in PEGs;-b-CPCL-CP (see
Fig. 6a) controlled the CI™ attack on the cisplatin core; thus,
only 50% of the drugs were released immediately. The remain-
ing 50% of the drugs were bound to the polymer and retained
against leaching for a prolonged period of >48 h.

The stability of the polymer-cisplatin nanoparticles in
phosphate buffered saline (PBS) is shown in Fig. 6b. The phos-
phate ions PO,>” in the PBS were capable of de-chelating the
polymer-cisplatin drug.”® In the CPCL-CP nanoparticles
(without any PEG shell protection) these showed >85% of cis-
platin leaching. The PEG shell protection in the PEG,b-
CPCL-CP nanoparticles avoided the leaching in saline
(Fig. 6a). The drug-release trend in PBS was found to be almost
similar to that in saline solution. Interestingly, in FBS (fetal
bovine serum, pH = 7.2) the polymer-cisplatin nanoparticles
showed significant enhancement in stability compared to PBS
(also in saline). The nanoparticles without a PEG shell
(CPCL-CP) showed <20% leaching, whereas the PEG shell-
protected nanoparticles (PEGs5ggo-b-CPCL-CP) were found to be
very stable (<10% leaching in FBS). The schematic represen-
tations of breakage of the polymer core-shell nanoparticle in
saline, PBS and FBS with respect to PEG shell protection are
shown in Fig. 6d and 6e. The PEG shell protection was found

This journal is © The Royal Society of Chemistry 2015

to be a crucial factor for stabilizing the cisplatin drug conju-
gates for intravenous administration. The PEG shell enhanced
the solubility of the core-shell nanoparticles against anions
such as CI™ and PO,>” etc. Further, the enhanced stability in FBS
was an added advantage for the intravenous delivery of these
nanoparticle systems. These results support the proposal that
once the polymer-drug conjugate enters the blood stream, they
could be very stable against proteins and other biological species
present in the serum (as shown in the hand model Fig. 1a for
intravenous administration). Thus, based on the above results
the polymer-cisplatin nanoparticles can be stored in Milli-Q
water and can be used for direct administration into the blood
stream for maximizing their efficacy in cancer treatment.

3.4 GSH resistance and enzyme-responsive cleavage

Sulfur-containing biological species such as cysteine (amino
acid residues) and oligopeptides like glutathione (GSH) have
been reported to be detoxifying for cisplatin drugs in cancer
therapy.® Reactions of GSH and cysteine with cisplatin are
known to produce the S-Pt bond that could be monitored by
absorption spectroscopy.®® To study the stability of the core-
shell nanoparticles against cytoplasmic thiol residues, several
model release studies were performed. The reactions were
carried out in the dark at 37 °C in 0.1 mM Tris-HCI buffer con-
taining 4.6 mM NaCl at pH 7.4. The UV-Vis absorbance
spectra of the reaction product of free cisplatin with GSH are
shown in Fig. 7a. Cisplatin reaction with GSH produced a new
absorbance peak at 260 nm, which was assigned to the for-
mation of the Pt-S bond (see Fig. 7a).>® Interestingly, the reac-
tion product of GSH with PEG,-b-CPCL-CP core-shell
nanoparticles did not show any new peak for the Pt-S bond
(see Fig. 7b). Similar results were also observed for the reaction
with cysteine (details are given in Fig. SF9t). The absorbance
was plotted against time for GSH and cysteine action on free
cisplatin and two polymer nanoparticles CPCL-CP and
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PEG000-b-CPCL-CP. From Fig. 7c, it is very clear that the free
cisplatin reacted with these thiol species and produced Pt-S
bonds. This provides direct evidence that the cisplatin under-
went detoxification in the cytoplasm due to the S-rich biological
species as pictorially represented in Fig. 7e. On the other hand,
the polymer-cisplatin core-shell nanoparticles were found to be
resistant to these cytoplasmic thiol species. There was no
increase in the absorbance peak corresponding to Pt-S bond
formation (see Fig. 7d). This observation supports that the
newly designed core-shell nanoparticles are able to stabilise the
platinum drug against cytoplasmic thiol species for efficient
delivery to cancer cells, as shown schematically in Fig. 7f.

To track the intracellular fate of the nanoparticles in the
presence of enzyme-rich lysosomes and cytoplasmic thiols,
two different types of experiments were performed using the
PEG,-b-CPCL-CP conjugate (see Fig. 8). In the type-1 experi-
ment, the samples were subjected to lysosomal compartment
conditions wherein esterase leads to cleavage of the polymer—
cisplatin conjugate made up of biodegradable PCL units. To
address this concept, the cumulative release profiles of the
polymer-drug conjugates were studied in the presence of 10 U
of esterase.***' The amount of cisplatin released was moni-
tored using the OPD assay. This esterase enzyme was added in
two ways: (i) at the initial stage at 37 °C, and (ii) after incu-
bation of the nanoparticles for 24 h at 37 °C. The cumulative
release profiles for the addition of esterase at the initial stage
(see Fig. 8a) revealed that the PCL backbone was cleaved by the
enzyme and cisplatin release occurred at a fast rate. In the
second experiment, incubation of the nanoparticles showed an
initial 40% leaching (as observed in Fig. 6b). The adminis-
tration of esterase after 24 h facilitated the instantaneous rup-
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turing of the PCL core and release of the remaining drug (see
Fig. 8a). Hence, it can be concluded that the core-shell nano-
particles preserved the drug and were only ruptured in the
presence of lysosomal enzymes to release their cargo at the
intracellular compartments. The type-2 experiment was per-
formed to understand the nature of the interaction between
GSH and the polymer-cisplatin conjugate. Here, GSH was admi-
nistrated first to mimic entry of the cisplatin conjugate and
immediate exposure to GSH in the cytoplasm upon being taken
up by cells. The data in Fig. 8b confirm that the cisplatin—
polymer conjugate is stable against GSH for a period of more
than 6 h. Upon subsequent administration of esterase (after 6 h
of GSH exposure), the polymer backbone immediately disasso-
ciated to release the cisplatin drug. At this stage, the drug has
exposure to GSH already present in the medium to produce Pt-
S bonds. In the actual in vitro cellular administration, the drug
would have equal chance to reach the nucleus to promote cell
death. This control experiment attempts to mimic the intracellu-
lar environment, and it is clearly evident that the polymer—cis-
platin conjugate is stable against GSH and that it can be cleaved
by the esterase enzyme present in the lysosomal compartments.
Cleavage mechanism of the polymer-cisplatin nanoparticles in
the presence of esterase and GSH in our type-1 and type-
2 model experiments is shown schematically in Fig. 8c. The
results clearly demonstrate the polymer nanoparticles resistance
to drug detoxification against GSH and ensure efficient cisplatin
administration to the nucleus of the cell to enhance cell death.

3.5 Cellular uptake and cytotoxicity

The cytotoxicity of the diblock copolymers and their cisplatin
conjugates was investigated in wild-type mouse embryonic

This journal is © The Royal Society of Chemistry 2015
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Fig. 8 (a) Cumulative drug release of cisplatin from PEG,gq0-b-CPCL-CP with respect to the administration of esterase at either the beginning or

after incubating in PBS for 24 h. (b) Extent of GSH attack (monitored at 260 nm absorbance) on PEG;pq0-b-CPCL-CP for initial 6 h and after adminis-
tration esterase enzyme in Tris-buffer. (c) Schematic representation of nanoparticle dissociation by esterase enzyme alone (type-1) and its resistance
to GSH and subsequent cleavage followed by the addition of esterase enzyme (type-2).

fibroblasts (WT-MEFs), breast cancer (MCF-7) and cervical
cancer (HeLa) cell lines. Breast cancer cells (MCF-7) are inher-
ently 10 times over-expressed with cytoplasmic thiol residues
such as GSH (in mM) compared to other cancer cells (HeLa).”
The cytotoxicity of the nascent diblock copolymers was first
tested in HeLa cell lines by varying their concentration up to
400 pg mL~". The data shown in Fig. 9a indicate a more than
80% cell viability for 10 pg mL™" concentration.'® At higher
concentrations the cell viability gradually decreased with
increase in the polymer content (see Fig. SF10t). These results
confirmed that the custom-designed diblock copolymers
possess high biocompatibility up to 10 pg mL™" which is a
concentration typically employed for synthetic polymers in
drug delivery.'” The cytotoxicity of free cisplatin drug and
polymer-drug conjugates without protection (CPCL-CP) and
with PEG shell protection (PEG,ggo-b-CPCL-CP) were tested in
normal (WT-MEFs) and cancer (MCF-7 and HeLa) cell lines.
The free cisplatin drug concentration was maintained as equi-
valent to drug conjugates in the polymer (DLC = 33%). The
concentration of cisplatin drug was varied from 0.1 to 8.0 pg
mL™" and their cytotoxicity data are summarized for
WT-MEFs, HeLa and MCF-7 in Fig. 9b-d, respectively. In
Fig. 9b, the data support that the free cisplatin is toxic to
normal cells; however, the cisplatin polymer nanoparticles are
non-toxic. In the HeLa cell lines, both free cisplatin drug and
polymer-drug conjugates show 50% killing of cells at 1.0 pg
mL " concentrations which is in accordance with earlier obser-
At higher drug concentrations of >4.0 pg mL™", less
than 10% cells were viable (see Fig. 9c). Interestingly, the
breast cancer cells showed a dramatic difference for free cispla-
tin and polymer-conjugated drugs. Free cisplatin drug showed

vations.®?

This journal is © The Royal Society of Chemistry 2015

50% killing in cells at 1.0-2.0 pg mL~" which is similar to that
of earlier observation.>® The cell viability for free cisplatin drug
did not change much at higher concentrations and 40% of
cells were viable even at larger drug concentrations of 10 pg
mL™". On the other hand, the polymer-cisplatin drug conju-
gate showed significant improvement in the cell killing. The %
cell death increased significantly with increase in the concen-
tration of polymer-cisplatin drug conjugates and only <10% of
the cells were viable at 4.0 pg mL™" (see Fig. 9d). The free cis-
platin drug was ineffective for achieving complete cell killing
in MCF-7 cells, which was overcome by conjugating the drug
in the diblock structures. The ineffective cell death for the free
drug can be attributed to the over-expression of GSH in the
MCF-7 cells and the detoxification of free cisplatin drugs. On
the other hand, the cisplatin in the core of the polymer assem-
bly provided shielding against detoxification (see Fig. 7 and
8b) and enhanced the drug stability for increasing the cell
death. Further, the polymer-cisplatin conjugates could also be
cleaved in a controlled manner by intracellular enzymes like
esterase so that the drug is released in a controlled manner for
a longer period of time to achieve complete cell killing
(evident in Fig. 8a). Thus, the polymer-drug conjugates carry
these additional advantages to accomplish complete cell death
which is not possible in free cisplatin drugs. The present
in vitro studies provide direct evidence for the need to
conjugate cisplatin drugs in the polymer scaffold to achieve
complete cell death in the presence of GSH which is over-
expressed in breast cancer tissues.

Peer and co-workers developed in vitro cell line experiments
that could mimic in vivo type conditions for nanoparticle treat-
ment in cancer cells.”>** As per this experimental protocol,
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concentrations.

free and polymer-bound drugs were administered and incu-
bated for a short period (typically 1-4 hours). The excess drug
removed by washing and cells were left for a longer time (up to
72 h) for cell proliferation. In this process, the drugs were
initially taken up by the cells (prior to the washing) to control
the cell proliferation and their growth was similar to that of
in vivo conditions. In the present investigation, a similar
experiment was carried out for the free drug and cisplatin—-
polymer nanoparticles in MCF-7 cells and the details are given
in Fig. 10. The cells were initially administered and incubated
for 1, 2, 3 and 4 hours with free cisplatin and in the polymer-
conjugated form. The drug concentrations in the above experi-
ment were varied as 1.0 and 4.0 pg mL ™" (based on the MCF-7
data in Fig. 9d) and the cells were incubated for 72 h. Accord-
ing to Fig. 10a and 10b, it is clear that at a lower drug concen-
tration (1.0 pg mL™") both free cisplatin and the drug-polymer
nanoparticle did not exhibit significant cell killing. Thus at
the lower drug concentration, the in vitro experiments in
which the cells were allowed to proliferate continuously (see
Fig. 9d) behave similar to those of the in vivo-mimicking
experiment. Interestingly, at a higher drug concentration (at
4.0 pg mL™"), the free drug and cisplatin-polymer nanoparticle
exhibited a significant difference in the cell killing. For
example, the free drug showed only 50% cell death whereas
the cisplatin-polymer nanoparticle accomplished almost 90%
cell death. This in vivo-mimicking experiment confirmed the
efficient cell killing by the cisplatin-polymer nanoparticles,
similar to that observed in the in vitro data (see Fig. 9d).
Hence, it may be concluded that the custom-designed cispla-
tin-polymer nanoparticles are very efficient prodrugs for

17976 | Nanoscale, 2015, 7, 17964-17979
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Fig. 10 Histograms showing the in vivo-mimicking cytotoxicity experi-
ment. Cisplatin and PEGgp0-b-CPCL-CP in MCF-7 cells at various drug
concentration levels (1 and 4 pg mL™) and incubation time (1 to 4 h).
The cells were washed after the said incubation time and allowed to
proliferate for 72 h post-washing.

breast cancer treatment. Further, in vivo experiments in mice
models would provide more insight into the drug action which
will be done in future studies.

This journal is © The Royal Society of Chemistry 2015
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Hoechst (blue). The cells were observed through the red channel to locate NR fluorescence (red).

The cellular uptake of polymer-cisplatin nanoparticles into
the cytoplasm was scrutinised in HeLa and MCF-7 cells using
confocal laser scanning microscopy (CLSM) and fluorescence
microscopy. Since, cisplatin is non-luminescent in nature, it
needs to be co-encapsulated with a fluorescent molecule. Nile
red (NR) was chosen as a probe which was encapsulated in the
hydrophobic PCL core. Further cisplatin aquo complex and NR
were stirred together with PEG;0-b-CPCL;1(o-CP at 37 °C for
24 h. The unencapsulated dyes were removed by dialysis
(MWCO = 1000). Structural characterization of these NR-
loaded polymer-cisplatin nanoparticles was carried out and
the details are shown in Fig. SF11.f NR-loaded nanoparticles
(PEG,000-b-CPCL-CP-NR) were incubated with HeLa and MCF-7
cells for 4 h at 37 °C. The nanoparticle concentration used for
treatment was 10 pg mL ™" with 3.3 pg of cisplatin and 0.17 pg
of NR. The red fluorescence from NR at ~560 nm was moni-
tored through the red channel (4 = 568 nm). The blue fluore-
scence produced by the cell nuclei after Hoechst staining was
observed through the blue channel (4 = 461 nm). The images
corresponding to PEG;00-b-CPCL-CP and Hoechst fluore-
scence in HeLa and MCF-7 cell along with the merged image
are shown in Fig. 11. As shown in the images, strong NR fluo-
rescence is observed at the intracellular compartment in the
cytoplasm and at the peri-nuclear region (more images are
shown in Fig. SF1271). At present, it is rather difficult to make
any conclusion about the difference in the uptake of the nano-
particles based on the fluorescence intensity of the cell
images. The cellular uptake of the nanoparticles was also
studied by using the fluorescent microscopy technique in
HeLa cells (see Fig. SF137). Fluorescence microscopy images
also supported the peri-nuclear localization of cisplatin-loaded
nanoparticles inside the cells. The images revealed that the
polymers are capable of delivering the cargoes both at the cyto-

This journal is © The Royal Society of Chemistry 2015

plasm and the peri-nuclear environment. Based on these
studies, it may be concluded that these nanoparticles accumu-
late in the cytoplasm and also in the peri-nuclear region.
Further, in vivo studies are required to check the administration
of these nanoparticles in animal models. Nevertheless, the
present investigation has provided proof of the need to conju-
gate cisplatin drugs for achieving resistance to detoxification by
GSH in breast cancer cells and for enhancing their efficacy.
Though, the approach has been demonstrated only for cisplatin,
in principle, it can be expanded to other platinum-based drugs
for resistance against cytoplasmic thiol residues. Further, the
core-shell strategy can also, in principle, be expanded to other
metal nanoparticles for increasing their stabilization in
aqueous medium. Currently, efforts are being taken to proceed
in these directions to expand the diblock polymer core-shell
approach for various biomedical applications.

4 Conclusion

In summary, new classes of biodegradable diblock copolymer
core-shell nanoparticle assemblies has been designed and
developed for cisplatin delivery against detoxification of cyto-
plasmic thiol residues in breast cancer cells. The complexation
of a cisplatin aquo complex with the above-mentioned diblock
copolymers produced core-shell nanoparticles. In this process,
the core of the particles was fixed at 75 nm and the hydrophilic
PEG shell was varied by varying the PEG chain length in the
ROP process. The core-shell nanoparticles were found to be
very stable in FBS and water. In PBS and saline solution, the
drug stability increased with increase in the PEG shell protec-
tion layer. In vitro drug-release studies revealed that the PEG
shell protected the cisplatin drug against attack by the cyto-
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plasmic thiol residues like GSH and thus the drug was free
from detoxification. Further, the biodegradable aliphatic PCL
ester backbone was found to shield the cisplatin core against
GSH action, with rupture only being accomplished upon
exposure to esterase enzyme at conditions identical to those of
the intracellular compartments. The cytotoxicity of the
polymer and polymer-cisplatin conjugates was tested in
MCF-7 and HelLa cell lines. The nascent polymers were found
to be biocompatible and non-toxic to cells. In the HeLa cell
line, both the free cisplatin drug and polymer-cisplatin core-
shell nanoparticles showed almost identical cytotoxicity. The
free cisplatin drug failed to kill all of the cells in the MCF-7
study and the cells were more than 50% viable even at very
high drug concentrations. Over-expression of GSH in MCF-7
was attributed to poor cell killing by the free cisplatin drug.
The polymer-cisplatin nanoparticles showed enhanced cell
killing for MCF-7 and the cell viability is found to be <10% at
the 4 pg mL ™" drug concentration. This selective and enhanced
cell killing in MCF-7 cells by the polymer nanoparticles was
attributed to their resistance to drug detoxification by GSH.
Cellular uptake of the nanoparticles into the cytoplasm and
peri-nuclear environment assemblies was confirmed by con-
focal and fluorescence microscopic analysis using Nile red as
fluorophore. The present polymer-cisplatin core-shell
approach provides a new platform for platinum-based drugs
against cytoplasmic thiol detoxification which is very useful
for enhancing the killing of breast cancer cells that have over-
expression of GSH to 100%.
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