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ABSTRACT: Effective targeting of mitochondria has emerged as an alternative strategy in cancer chemotherapy. However,
considering mitochondria’s crucial role in cellular energetics, metabolism and signaling, targeting mitochondria with small
molecules would lead to severe side effects in cancer patients. Moreover, mitochondrial functions are highly dependent on other
cellular organelles like nucleus. Hence, simultaneous targeting of mitochondria and nucleus could lead to more effective
anticancer strategy. To achieve this goal, we have developed sub 200 nm particles from dual drug conjugates derived from direct
tethering of mitochondria damaging drug (a- tocopheryl succinate) and nucleus damaging drugs (cisplatin, doxorubicin and
paclitaxel). These dual drug conjugated nanoparticles were internalized into the acidic lysosomal compartments of the HeLa
cervical cancer cells through endocytosis and induced apoptosis through cell cycle arrest. These nanoparticles damaged
mitochondrial morphology and triggered the release of cytochrome c. Furthermore, these nanoparticles target nucleus to induce
DNA damage, fragment the nuclear morphology and damage the cytoskeletal protein tubulin. Therefore, these dual drug
conjugated nanoparticles can be successfully used as a platform technology for simultaneous targeting of multiple subcellular
organelles in cancer cells to improve the therapeutic efficacy of the free drugs.
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1. INTRODUCTION

Cancer is the second leading cause of death globally having 8.2
million deaths and 14.1 million new cases in the year 2012."
Hence, striving toward the elimination and prevention of
cancer is one of the most leading challenges in current medical
science. Traditional cancer treatment is based on using high
cytotoxic drugs or specific kinase inhibitors to target rapid cell
division, receptor tyrosine kinases and downstream signaling,
respectively.” However, most tumors can escape single drug
treatment by developing drug resistance through intrinsic or
extrinsic mechanisms.** Hence, modern cancer treatment relies
on using drug combinations to inhibit multiple targets,
maximize therapeutic outcomes and overcome drug resist-
ance.*” In recent years, mitochondrion has emerged as an
important alternative target in cancer therapeutics due to its
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diverse functions including cellular energy production by
generating ATP via respiration, regulating danger signaling
and containing mitochondrial DNA (mtDNA) as genomic
material® As a result, routing the DNA damaging drugs and
kinase inhibitors specifically into mitochondria by tagging
mitochondria targeting peptides or triphenylphosphine (TPP)
moiety has become an alternative strategy in cancer
therapeutics.'*~"* Recently, Lippard and co-workers developed
mitaplatin and vitamin E analogues-Pt(IV) complexes as
prodrugs for simultaneous targeting of nuclear DNA and
mitochondria.'**> However, targeting mitochondrial function
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Figure 1. Schematic diagram of dual drug conjugate synthesis, nanoparticle engineering and cellular internalization. (a) Synthesis of dual drug
conjugates from a-TOS and doxorubicin, paclitaxel and cisplatin by amide, ester and covalent coordinate conjugation, respectively. (b) Schematic
representation of dual drug conjugated nanoparticle synthesis by using phosphatidylcholine (PC) and DSPE-PEG. (c) Schematic diagram of
internalization of dual drug conjugated nanoparticle into lysosomal compartment through endocytosis and target mitochondria and nucleus.

by small molecule drugs would lead to severe side effects to the
cancer patients considering mitochondria’s critical role in
governing cellular metabolism in healthy cells, as well as diverse
interconnected functions like autophagy and apoptosis.'®'”
Nanotechnology based platforms have revolutionized cancer
therapeutics in past decade by delivering small molecule drugs,
siRNAs and therapeutic proteins specifically into tumors by
using unique enhanced permeability and retention (EPR) effect
or cancer biomarker driven active targeting.'"®">' The nano-
vectors having size <200 nm were found to be most effective in
cancer therapy and diagnosis due to their preferential
accumulation into tumor tissues compared to the healthy
tissues.”> Several nanovectors including polymeric nano-
particles,® >* nanocell,”® layer-by-layer nanoparticles,”” gra-
phene oxide,”® gel-liposome,”® and carbon nanotubes® have
been explored for effective dual drug delivery in cancer tissues
to reduce the toxic side effects. However, nanoparticle mediated
delivery of drugs to the specific subcellular compartments or
organelles remains elusive because of the similarity in the
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structure and function of the organelles between healthy cells
and cancer cells. Moreover, nanoparticle mediated selective
targeting of organelles in cancer cells would lead to minimize
the off-target toxicity in the healthy cells as well as overcome
drug resistance. Recently, Dhar and co-workers developed TPP
coated biocompatible PLGA—PEG-based blended nanopar-
ticles and gold nanoparticles to deliver different drugs
selectively to mitochondria.>"** Although, specific targeting of
mitochondria emerged as an interesting strategy to alter the
bioenergetics of cancer cells, mitochondria depend on the
nucleus and other cellular organelles for most of their proteins
and lipids, as well as their cellular functions.>*** Moreover,
nucleus is the most important cellular organelle, containing
genomic materials (nuclear DNA, RNA, and chromosomes)
and regulates important functions like transcription, cell cycle
and cell division in healthy cells as well as in cancer cells.*®
We hypothesize that dual drug conjugated nanoparticles
would preferentially extravasate into tumor tissue through EPR
effect and mediate simultaneous subcellular targeting of
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mitochondria and nucleus leading to more effective therapeu-
tics in cancer. Aiming at this goal, we have chosen a-tocopheryl
succinate (@-TOS) as mitochondria targeting drug, cisplatin
and doxorubicin as different clinically approved nuclear DNA
damaging drugs and paclitaxel as microtubule binding drug to
disrupt the shape of the cellular nucleus. a-TOS is a redox
silent analogue of vitamin E, which induces apoptosis in
different types of cancers including prostate, breast, lung, colon,
cervical, endometrial, as well as hematopoietic cancers, 6-38 by
targeting the mitochondrial complex II and causing conforma-
tional changes in the pro-apoptotic protein Bak, leading to
permeabilization of mitochondrial outer membrane (MOM)
and subsequent production of cytochrome ¢.¥~*! Moreover, a-
TOS showed improved therapeutic efficacy in combination
with cisplatin,** doxorubicin,™ and paclitaxel.** Although a-
TOS shows broad antitumor effect without any toxicity to
normal tissues,45’46 cisplatin, doxorubicin, and paclitaxel show
dose-dependent nephrotoxicity, cardiotoxicity, and neuro-
toxicity, respectively, to the patients.*’~*

As a proof of concept, in this manuscript, we have directly
conjugated a-TOS with cisplatin, doxorubicin, and paclitaxel
without any additional linker (Figure 1a). We engineered sub
200 nm particles from these dual drug conjugates, which were
endocytosed into the acidic lysosomal compartments of HeLa
cervical cancer cells temporally and released the dual drugs in a
slow and sustained manner to target mitochondria and nucleus
simultaneously (Figure 1b and Figure lc). These dual drug
conjugated nanoparticles showed cytotoxicity by inducing
apoptosis through damaging mitochondrial outer membrane
(MOM) to release cytochome c, as well as damaging nuclear
DNA and tubulin to arrest the cell cycle. These dual drug
conjugated nanoparticles have potential to simultaneous
targeting of multiple subcellular organelles to escalate the
therapeutic outcomes in modern cancer treatment.

2. MATERIALS AND METHODS

2.1. Material. All reactions were performed under inert conditions
unless otherwise indicated. All commercially obtained compounds
were used without further purification. Ethyl acetate, petroleum ether,
dry dichloromethane (DCM), methanol, dry dimethylformamide
(DMF), alpha-tocopherol succinate, silver nitrate, sodium sulfate,
sodium chloride, o-phenylenediamine, N-(3-(dimethylamino)propyl)-
N'-ethylcarbodiimide hydrochloride (EDC), O-(benzotriazol-1-yl)-
N,N,N’,N’-tetramethyluronium hexafluorophosphate (HBTU), N,N-
dimethyl amino pyridine (DMAP), hydrochloric acid, chloroform-d
(CDCly), dimethyl sulfoxide (DMSO-d6), double distilled water,
diisopropyl ethylamine (DIPEA), L-phosphatidylcholine, sephadex G-
25, sodium dodecyl sulfate (SDS), paraformaldehyde, n-propyl gallate,
glycerol, Triton X-100, ethyl alcohol, and silicon wafer for FE-SEM
were bought from Sigma-Aldrich. Paclitaxel, cisplatin, and doxorubicin
were bought from Selleck Chemicals. 1,2-Distearoyl-sn-Glycero-3-
phosphoethanolamine-N-[amino(polythylene glycol)2000] (DSPE-
PEG) and the mini hand-held extruder kit (including 0.2 nm
Whatman Nucleopore Track-Etch Membrane, whatman filter
supports, and 1.0 mL Hamiltonian syringes) were bought from Avanti
PolarLipids, Inc. Analytical thin-layer chromatography (TLC) was
performed using precoated silica gel aluminum sheets 60 F254 bought
from EMD Laboratories. DMEM media and 3-(4, S-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT), propidium iodide,
RNase, MgCl,, and DAPI were purchased from HiMedia. 96-well
plates, 6-well plates, 15 and 50 mL graduated sterile centrifuge tubes
and tissue culture flasks with filter cap sterile were purchased from
Tarsons Product Pvt. Ltd. Annexin-V-FLUOS Staining Kit was
purchased from Roche. LysoSensor Green DND-153, LysoTracker
Green DND-26, MitoTracker Red CMXRos, Alexa Fluor Fluorescent
Streptavidin Conjugate, SlowFade Gold Antifade Reagent, and caspase-

7586

3, -8, and -9 protease assay kits were obtained from Life Technologies.
Cytochrome c rabbit mAb, antirabbit IgG and HRP-linked antibody
were obtained from CST. Anti-PARP antibody-clone 7Al0, anti-
phospho-histone H2AX (Ser139) antibody-clone JBW301, GAPDH
antibody, goat antimouse IgG antibody, (H + L) HRP conjugate and
rabbit antichicken IgG antibody. HRP conjugates were obtained from
Merck Millipore. Alexa Fluor 488 goat antimouse IgG (H + L)
antibody and alexa fluor 488 goat antirabbit IgG (H + L) antibody
were purchased from Life technologies. HeLa and HEK293 cells were
obtained from National Centre for Cell Science (NCCS), Pune. Spots
on the TLC plates were visualized using alkanine permanganate or
phosphomolybdic acid hydrate in methanol. 'H (400 MHz) spectra
were obtained on a Jeol-400 spectrophotometer. The chemical shifts
are expressed in parts per million (ppm) using suitable deuterated
NMR solvents with reference to TMS at 0 ppm. The release kinetic
data, drug loading, nanoparticle size and cell viability assay were
plotted using GraphPad Prism software. The laser scanning confocal
microscopy was performed by Zeiss LSM 710 machine. Each sample
was done in triplicate. FACS analysis was performed using BD FACS
Calibur flow cytometer.

2.2. Synthesis of a-Tocopherol Succinate-Doxorubicin
Conjugate (2). a-Tocopherol succinate (5 mg, 0.009 mmol, 1
equiv) was dissolved in 1 mL dry DMF. After continuous stirring
under inert condition at 0 °C for S min, HBTU (15 mg, 0.014 mmol,
1.5 equiv) was added followed by addition of DIPEA (6 uL, 0.037
mmol, 4 equiv). The reaction mixture was cooled down for 10 min at 0
°C and doxorubicin (6.55 mg, 0.011 mmol, 1.2 equiv) was added to it.
The reaction was stirred at room temperature for 24 h. The reaction
was then quenched with 0.1 N HCI (10 mL) and H,0O (40 mL). The
organic layer was extracted with DCM (2 X 20 mL). To remove
dissolved salts present in the reaction mixture, wash with brine
solution was given (2 X 30 mL). Anhydrous sodium sulfate (Na,SO,)
was added to the organic layer to remove the trace amount of water
present. Organic layer was then concentrated using rotary evaporator.
Crude product was purified by silica gel (100—200 mesh size) column
chromatography by using 1% methanol in DCM to obtain product as a
red colored solid. Yield: 7.4 mg (74.34%).

2.3. Synthesis of a-Tocopherol Succinate-Paclitaxel Con-
jugate (3). a-Tocopherol succinate (1) (2.5 mg, 0.0047 mmol, 1
equiv) was dissolved in 1 mL dry dichloromethane (DCM) under
inert atmosphere and cooled to 0 °C. Subsequently, N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC)
(0.99 mg, 0.005 mmol, 1.1 equiv), diisopropylethylamine (DIPEA)
(24 uL, 0.014 mmol, 3 equiv), and 4-(dimethylamino) pyridine
(DMAP) (0.06 mg, 0.00047 mmol, 0.1 equiv) were added to the
reaction mixture with continuous stirring under inert condition. After
30 min, paclitaxel (4.33 mg, 0.005 mmol, 1.1 equiv) was added into
the reaction mixture. The reaction was monitored by TLC. After 24 h,
the reaction was quenched with 0.1 N HCI (1 mL), water (S mL), and
diluted with DCM (10 mL). The organic layer was extracted with
DCM (2 X 15 mL) and washed with brine solution (10 mL). The
organic layer was dried over anhydrous sodium sulfate (Na,SO,).
Organic solvent was then evaporated using rotary evaporator and the
crude product was purified using silica gel (100—200 mesh size)
column chromatography with 30% ethyl acetate in petroleum ether to
obtain the pure compound. Yield: 3 mg (50.14%).

2.4. Synthesis of Aquated Cisplatin (4). Fifty milligrams of
cisplatin was dissolved in 10 mL of water and 28 mg of silver nitrate
was added to the solution. Reaction mixture was then stirred at room
temperature under dark conditions for 24 h. Reaction mixture turned
milky white and was centrifuged for 15 to 20 min to precipitate silver
chloride. The supernatant is then filtered through 0.2 pm filter and
compound was obtained for further reaction.

2.5. Synthesis of a-Tocopherol Succinate-Cisplatin Con-
jugate (5). a-Tocopherol succinate (1) (S mg, 0.009 mmol, 1 equiv)
was dissolved in 1 mL of DMF and aquated cisplatin (4) (500 yL =
2.5 mg, 0.009 mmol, 1 equiv) was added to it. It was kept for stirring
for 24 h. After 24 h, solvent was evaporated by rotary evaporator.
Yield: 6.5 mg (89.0%).
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2.6. General Procedure of Synthesizing Dual Drug Con-
jugated Nanoparticles and Rhodamine Loaded Nanoparticles.
Ten milligrams of L-a-phosphatidylcholine (PC), 5.0 mg of dual drug
conjugates (2, 3, and §) and 1 mg of 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[amino(polythylene glycol)2000] (DSPE-
PEG) (1 mg of rhodamine was added for the synthesis of @-TOS-
CDDP-Rho-NP and a-TOS-Paclitaxel-Rho-NP) were dissolved in 5.0
mL of DCM. Solvent was evaporated into a thin and uniform film with
the help of a rotary evaporator. After thorough drying with vacuum
pump dual drug conjugate film was hydrated with 1.0 mL H,O for 2 h
at 60 °C. It was passed though Sephadex G-25 column and extruded
through 200 nm Whatmann polycarbonate membrane at 65 °C to
obtain sub 200 nm particles. The dual drug conjugated nanoparticles,
a-TOS-CDDP-Rho-NP and a-TOS-Paclitaxel-Rho-NP were stored at
4 °C for further use.

2.7. General Procedure for Quantification of Drug Loading.
A calibration curve was plotted in the concentration range of 2.5 to
100 uM (for a-TOS), 10—40 uM (for paclitaxel), and 10—100 uM
(for doxorubicin) by diluting the 1 mM standard stock solution of
drugs in dimethyl sulfoxide (DMSO). The absorbance was measured
at 287, 271, and 490 nm for a-TOS, paclitaxel and doxorubicin
respectively against the corresponding solvent blank. The linearity was
plotted for absorbance (A) against concentration (C). For drug
loading in nanoparticles, prepared nanoparticles were dissolved in
spectroscopic grade DMSO in 5%, 10% and 15% dilution. Absorbance
was measured at characteristic wavelength against the corresponding
solvent blank in 200 yL quartz cuvette and from the calibration curve
drug loading was measured in triplicate. For the quantification of
cisplatin, a different strategy was followed since it is not itself UV
active. For the calibration curve, 1 mM stock was prepared by
dissolving cisplatin into 1.2 mg/mL solution of o-phenylenediamine in
DMF and heated at 100 °C for 4 h, until the solution turned deep
green in color. Range of further dilutions from 2.5 uM to 15 uM was
obtained by diluting stock solution with DMF. The absorbance was
measured at 706 nm (which is characteristic 4,,, for cisplatin) against
DMF as blank. Linear relationship was obtained by plotting the
absorbance values (A) against corresponding concentrations (C). For
drug loading in nanoparticles, prepared nanoparticles (100 yL) were
dissolved in 500 uL o-phenylenediamine (1.2 mg/mL of spectroscopic
grade DMF). Then it was heated at 100 °C for 4 h until greenish
yellow color appears. From the stock of the greenish yellow solution,
5%, 10%, 15% dilutions were prepared. Absorbance was measured at
characteristic wavelength against the corresponding solvent blank in
200 pL quartz cuvette and from the calibration curve drug loading was
measured in triplicate in the similar way as the above.

2.8. Determination of Size Distribution of Nanoparticles by
Dynamic Light Scattering (DLS). The mean particle size of the dual
drug conjugated nanoparticles was measured by dynamic light
scattering (DLS) method using Zetasizer Nan02590 (Malvern, UK).
50 uL of nanoparticle solution was diluted to 1 mL using DI water and
3 sets of 10 measurements each were performed at 90° scattering angle
to get the average particle size.

2.9. Field-Emission Scanning Electron Microscopy (FESEM)
of Dual Drug Conjugated Nanoparticles. Five microliters of dual-
drug conjugated nanoparticles in water was placed on a silicon chip
without any dopant, and it was allowed to dry at room temperature
under vacuum desiccators for 2 h. The silicon chip was then gold
coated (30—40 nm thickness) using Quorum, Q150T-ES. The FESEM
measurements were done using Carl Zeiss, Ultra plus, scanning
electron microscope at an operating voltage of 4.0 kV.

2.10. Atomic Force Microscopy (AFM) of Dual Drug
Conjugated Nanoparticles. Five microliters of dual drug conjugated
nanoparticles in water was placed on mica sheet and dried under the
vacuum desiccators for 2 h. Shape and size of dual-drug conjugated
nanoparticles were determined using NanoWizard Atomic Force
Microscopy (AFM).

2.11. Transmission Electron Microscopy (TEM) of Dual Drug
Conjugated Nanoparticles. Fifteen microliters of nanoparticles in
water was placed on a TEM copper grid. After 30 min, this sample
drop was wicked off by using filter paper and then 15 uL of freshly
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prepared 0.25% uranyl acetate (2.5 mg uranyl acetate in 1 mL dd
water) solution was placed on the TEM copper grid. After 1 min,
uranyl acetate solution was wicked off and the sample was washed
three times with 15 yL of dd water each time. The sample was dried
overnight on a clean dust free surface under a funnel. The dual drug
conjugated nanoparticles were imaged using Tecnai T300 HR-TEM
and Tecnai G2 20-Twin LR-TEM instruments.

2.12. Stability of the Nanoparticles at 4 and 37 °C by
Dynamic Light Scattering (DLS). The stability of the nanoparticles
was checked at 4 and 37 °C by Dynamic Light Scattering method
using Zetasizer Nano2590 (Malvern, UK). 200 uL of nanoparticles
solution was diluted to 1 mL using DI water and 3 sets of 10
measurements each were performed at 90 scattering angle to get the
average particle size. This was done for 14 days keeping the
nanoparticles at 4 °C (refrigerator) and 37 °C (incubator) to check
its stability at shelf (for storage purpose) as well as in blood circulation
temperature. Similarly, the nanoparticles were incubated in DMEM
cell culture media containing 10% FBS (or in PBS) at 37 °C for 3 days
and size and PDI values were measured in predetermined time points.

2.13. General Procedure for Determining the Drug Release
Profile. Concentrated 250 uL of dual drug conjugated nanoparticles
were suspended in 250 uL pH = S.5 solution (or pH = 7.4 solution)
and sealed in a dialysis membrane (MWCO = 2000 Da for cisplatin,
paclitaxel and doxorubicin release). The dialysis bags were incubated
in 10 mL pH = S.5 solution (or pH = 7.4 solution) at room
temperature with gentle shaking. A 400 yL portion of the aliquot was
collected from the incubation medium at predetermined time intervals
and the released dual drugs were quantified by UV—vis spectropho-
tometer.

2.14. Cell Viability Assay. Five thousand cells (HeLa and
HEK293 cells) were seeded per well in 96-well microtiter plate and
incubated overnight in a $% CO, incubator at 37 °C for attachment.
Cells were then treated with dual drug conjugated nanoparticles and
free drug combinations in different concentrations (0.1, 0.2, 0.4, 0.8,
1.6, 3.2, 6.4, 12.5, 25, SO uM) for 48 h. Free drugs were dissolved in
DMSO to make a stock solution of 5 mM concentration. Serial
dilutions of free drugs in DMSO were made from this stock solution
and 2 pL of each free drug solution was added to cells to obtain
desired final concentrations. Twenty uL of MTT reagent (S mg/mL)
was added to each well and incubated for 4 h at 37 °C. Formazan
crystals were then solubilized in 100 uL of the solubilization buffer
(10% SDS in 0.01 M HCIl) and incubated overnight. Absorbance was
measured with spectrophotometer at 550 nm. The percent cell
viability was calculated considering the untreated cells as 100% viability
and the effectiveness of dual-drug conjugated nanoparticles was
compared with the free drug combinations.

2.15. FACS Analysis for Apoptosis Detection. For apoptosis
detection, 2 X 10° HeLa cells were incubated in 6-well plates overnight
for attachment and then treated with nanoparticles for 24 h at their
respective ICy, values. After the treatment, media was removed and
cells were trypsinized and washed twice with PBS by means of
centrifugation at 750 rpm for 4 min. Cell pellet was then resuspended
in 100 uL of Annexin-V-FLUOS labeling solution (Annexin-V-FLUOS
Staining Kit from Roche) and incubated in 500 yL of incubation buffer
at 25 °C for 15 min. Cells were then passed through cell strainer to get
uniform cell suspension and analyzed using BD FACS Calibur to
detect the apoptosis.

2.16. Caspase Activity Assay. Caspase activities for caspase-3,
caspase-8, and caspase-9 were assayed using Caspase-3, 8, and 9
colorimetric protease assay kit from Life Technologies. Caspase-3,
caspase-8 and caspase-9 recognize the amino acid sequence, DEVD
(Asp-Glue-Val-Asp), IETD (Ile-Glu-Thr-Asp), and LEHD (Leu-Glu-
His-Asp), respectively. After treating the HeLa cells with dual drug
conjugated nanoparticles for 24 h, 3 X 10° cells were centrifuged and
resuspended in 50 uL chilled cell lysis buffer and incubated in ice for
10 min. Cell lysates were then centrifuged at 10,000¢ for 1 min and
supernatant was collected for assaying the caspase activities. Total
protein concentration was estimated using protein estimation kit by
bradford protein assay (GeNei Merck) and cytosol extracts were
diluted to a concentration of 50 ug protein per 50 uL of cell lysis
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buffer. 50 uL of 2X reaction buffer was added to each 50 pL sample
followed by addition of S puL substrate specific for each caspase and
incubated at 37 °C in dark for 2 h. Substrates consist of a
chromophore, p-nitroanilide (pNA) and the amino acid sequence of
the respective caspase cleavage site. Upon proteolytic cleavage of
substrate by caspase, generated free pNA was measured spectrophoto-
metrically at 405 nm. Fold increase in caspase activity was calculated
by direct comparison to the level of control absorbance.

2.17. Cell Cycle Analysis. Two X10° HeLa cells were seeded in a
6 well plate and allowed to attach overnight in a 5% CO, incubator at
37 °C. Cells were treated with dual drug conjugated nanoparticles at a
concentration corresponding to the ICg, value of respective drugs for
24 h. After the treatment, the cells were harvested and washed with 1
mL PBS (pH = 7.4) and then centrifuged at 850 rpm for 4 min.
Supernatant was discarded and cells were fixed in 70% ice-chilled ethyl
alcohol for 30 min at —20 °C. Fixed cells were centrifuged at 850 rpm
for 4 min. Fixing solution was aspirated and 1 mL ice-chilled PBS was
added. Cells were again centrifuged at 850 rpm for 4 min and
resuspended in 0.5 mL of the staining solution (50 yL of 1 mg mL™"
propidium iodide, 50 uL of 1 mg mL™" RNase and 400 uL PBS). Cells
were then analyzed using BD Accuri C6 flow cytometer.

2.18. Confocal Laser Scanning Microscopy (CLSM) Studies.
2.18.1. Cellular Internalization. Five x10* HeLa cells were seeded on
a coverslip in a 6 well plate and incubated overnight in a 5% CO,
incubator at 37 °C for attachment. Cells were then first washed with
PBS (pH 74) and then treated with a-TOS-Dox-NP (at a
concentration equivalent to 2 pg mL™' of doxorubicin) and free
doxorubicin (2 pg mL™") for 1, 3, and 6 h. Cells were then washed
twice with PBS and fixed with 500 uL of paraformaldehyde (3.7% in
PBS, pH 6.9) by incubating for 10 min at 4 °C. The
paraformaldehyde was aspirated and cells are washed trice with PBS.
Low pH lysosomes were stained with 50 nM LysoTracker Green
DND-26 (Invitrogen) by incubating the cells at 37 °C for 45 min. The
cells were then washed three times to remove the unbound
LysoTracker Green DND-26 followed by staining the cells for nuclei
with 2 pug mL™" DAPI (HiMedia) by incubating at 37 °C for 20 min.
Then cells were washed three times with PBS and mounted on a glass
slide using 5 uL SlowFade Gold Antifade Reagent. The slides were
subjected to fluorescence imaging using a CLSM (Zeiss LSM 710).

2.18.2. Mitochondrial Imaging. Five X10* HeLa cells were seeded
on a coverslip in a 6 well plate and incubated overnight in a 5% CO,
incubator at 37 °C for attachment. Cells were then treated with dual
drug conjugated nanoparticles at a concentration corresponding to the
ICs, value of respective drugs for 24 h. Cells were then washed twice
with PBS (pH = 7.4) and treated with MitoTracker Red CMXROS at
a concentration of 200 nM in PBS and incubated in dark at 37 °C for
2S5 min. Staining solution was aspirated and cells are washed thrice
with PBS and then fixed with 3.7% paraformaldehyde at 37 °C for 15
min. Fixing solution was discarded and cells are permeabilized with
PBS containing 0.2% TritonX. 200 uL of Alexa Fluor 488 streptavidin
conjugate (2 ug mL™") was added to the cells and incubated for 90
min at 37 °C in dark. Cells were washed thrice with PBS and mounted
on a glass slide using SlowFade gold antifade reagent. The slides were
subjected to fluorescence imaging using a CLSM (Zeiss LSM 710).

2.18.3. General Procedure for Immunostaining to Visualize
Cytochrome ¢, yH2AX, PARP, and Tubulin. Five x10* HeLa cells
were seeded on a coverslip in a 6 well plate and incubated overnight in
a 5% CO, incubator at 37 °C for attachment. Cells were then treated
with dual drug conjugated nanoparticles at corresponding ICs,
concentration for 24 h. Cells were washed once with PBS and then
fixed with 3.7% paraformaldehyde at 37 °C for 15 min. Cells were then
washed twice with PBS (pH = 7.4) and were permeabilized by
incubating in blocking buffer (PBS containing 0.3% tween and 5%
FBS) at room temperature. Cells were then incubated in primary
antibody solution (cytochrome ¢, yH2AX, PARP in 1:100 dilution and
tubulin in 1:2500 dilutions) at 37 °C for 3 h. Cells are washed thrice
with blocking buffer. Then cells were incubated in fluorochrome
conjugated secondary antibody solution (1:500 dilution) at 37 °C for
40 min in dark. Cells were washed thrice with PBS and mounted on a
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glass slide using SlowFade gold antifade reagent. The slides were
subjected to fluorescence imaging using a CLSM (Zeiss LSM 710).

2.19. General Procedure for Western Blot Analysis. After 24 h
of dual drug conjugated nanoparticle treatment in their corresponding
IC;, concentrations, HeLa cells were lysed and suspended in sample
buffer. Proteins were separated using SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) and then proteins were transferred
onto the membrane (electroblotting). Blotted membrane was then
blocked in freshly prepared TBS containing nonfat dry milk (5%) for 1
h with constant agitation at room temperature. Membrane was then
rinsed once with TBST and then incubated in the primary antibody
solution (1:1000 dilution, except 1:2500 gor GAPDH) overnight at 4
°C with gentle agitation (except 4 h for GAPDH). Membrane was
then washed 3 times (15 min each) with TBST and then incubated in
HRP conjugated secondary antibody solution (1:500 dilution) for 45
min at room temperature with gentle agitation. Membrane was again
washed thrice with TBST (5 min each). Protein detection was then
followed by using Immobilon Western Chemiluminescent HRP
Substrate (membrane was incubated in the substrate for 1 min).
Images were acquired using GE Healthcare Lifesciences ImageQuant
LAS 4000. After the acquisition, membrane was boiled in distilled
water for S min and again was reprobed for GAPDH gene. Further
image processing and intensity calculations were performed using
Image] software.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of Dual Drug
Conjugated Nanoparticles. 3.1.1. Synthesis of Dual Drug
Conjugates. The free carboxylic acid group of a-TOS (1) was
directly conjugated with doxorubicin through amide linkage by
using HBTU as coupling agent and DIPEA as base to obtain a-
TOS-dox conjugate (2, Figure 1a) in 74% yield. a-TOS was
conjugated through ester linkage with 2’-OH group of
paclitaxel by using EDC as coupling agent and DIPEA as
base in the presence of DMAP as catalyst to obtain a-TOS-
paclitaxel conjugate (3) in 50% yield. Finally, cisplatin (CDDP)
was reacted with A§NO3 to generate aquated cis-Pt-
[(NH;),(OH,),]**(4)* which was further conjugated with
a-TOS in 1:1 molar ratio by a monocarboxylato bond®" to
synthesize a-TOS-cisplatin conjugate (5) in 89% yield. The
chemical structures of 2, 3 and § were characterized by 'H, *C
nuclear magnetic resonance spectroscopy (NMR), high-
resolution mass spectroscopy (HR-MS) and MALDI-TOF
(Figure S1—S10 in Supporting Information). Moreover,
compound $ showed characteristic monocarboxylato O—Pt
peak at —1502 ppm in '**Pt NMR spectroscopy (Figure S11 in
Supporting Information).52

3.1.2. Engineering of Dual Drug Conjugated Nano-
particles. We engineered nanoparticles from a-TOS-drug
conjugates (2, 3, and 5) by mixing it with phosphatidylcholine
(PC) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[amino(polyethylene glycol)-2000] (DSPE-PEG) in 1:2:0.2
weight ratio using a lipid-film hydration method (Figure
1b).>*>* We chose PC as it is biocompatible, biodegradable and
a component of cell membrane. The nanoparticles were
provided “stealth” capability by using DSPE-PEG to reduce
opsonisation®® and clearance by reticuloendothelial system
(RES). Mean drug loading in different dual drug conjugated
nanoparticles was determined by UV—vis spectroscopy to be
=2677.1 pug/mL (a-TOS) and 217.7 ug/mL (cisplatin) in a-
TOS-CDDP-NP; 21162 pug/mL (a-TOS) and 291.4 pug/mL
(doxorubicin) in @-TOS-Dox-NP; 784.3 ug/mL (a-TOS) and
842 ug/mL (n 3) (paclitaxel) in a-TOS-Paclitaxel NP
(Figure S12 in Supporting Information), from a concentration
vs absorbance calibration graph at characteristic A,,,,, = 480 nm,
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271 nm, 706 and 287 nm for doxorubicin, paclitaxel, cisplatin
and a-TOS respectively (Figure S13 in Supporting Informa-
tion). The mean hydrodynamic diameter of the dual drug
conjugated nanoparticles were found to be =163.3 nm, 186.3,
and 167.9 nm (n = 3) having mean polydispersity index (PDI)
= 0.152, 0.154, and 0.199 (n = 3) for a-TOS-Dox-NP, a-TOS-
CDDP-NP, and a-TOS-Paclitaxel-NP respectively by dynamic
light scattering (DLS) (Figure S14 in Supporting Information).
The size, shape and morphology of the dual drug conjugated
nanoparticle were characterized by field emission scanning
electron microscopy (FESEM, Figure 2a-c), transmission

FESEM TEM

()

a-TOS-Dox-NP

a-TOS-CDDP-NP

a-TOS-Paclitaxel-NP

Figure 2. Characterization of dual drug conjugated nanoparticles by
electron microscopy. (a—c) FESEM images of a-TOS-Dox-NP, a-
TOS-CDDP-NP, and a-TOS-Paclitaxel-NP respectively. (d—f) TEM
images of a-TOS-Dox-NP, a-TOS-CDDP-NP, and a-TOS-Paclitaxel-
NP respectively.

electron microscopy (TEM, Figure 2d-f) and atomic force
microscopy (AFM, Figure S1S5 in Supporting Information).
DLS, FESEM, TEM and AFM data clearly demonstrated the
dual drug conjugated nanoparticles were spherical in shape,
having sub-200-nm diameter with a membrane thickness ~10
nm, which is suitable to accumulate into the tumor by EPR
effect. Moreover, we confirmed the presence of Pt metal
content in a-TOS-cisplatin-NP by energy-dispersive X-ray
spectroscopy (EDX) measurements (Figure S16 in Supporting
Information).

3.1.3. Stability of Dual Drug Conjugated Nanoparticles.
To use these dual drug conjugated nanoparticles in clinics, the
nanoparticles should be stable for prolonged time at lower
temperature storage conditions. We evaluated the stability of
different nanoparticles by measuring the hydrodynamic
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diameter and PDI values at 4 °C for 14 days by using DLS
(Figure S17a in Supporting Information). @-TOS-Dox-NP
showed change in size from 173.7 + 0.9 (PDI = 0.152 + 0.005)
to 191.4 + 5.6 nm (PDI = 0.350 =+ 0.005) after 14 days. On the
other hand, a-TOS-CDDP-NP demonstrated change in size
from 176.3 + 0.3 (PDI = 0.154 + 0.008) to 197.6 + 3.8 nm
(PDI = 0.61 + 0.23) over 14 days. Finally, a-TOS-Paclitaxel-
NP increased in size from 185.0 + 3.0 (PDI = 0.199 + 0.009)
to 175.3 + 1.7 nm (PDI = 0.275 + 0.25) in 14 days (mean +
SEM, n = 3). Moreover, to be successful in the clinics, these
dual drug conjugated nanoparticles should be stable inside the
blood circulation at 37 °C to reach the tumor by EPR effect.
Hence, we evaluated the stability of these nanoparticles at 37
°C in water. The hydrodynamic diameter of a-TOS-Dox-NP
changed from 133.7 + 0.7 to 144.1 + 1.2 nm with a change in
PDI value from 0.28 + 0.04 to 0.47 + 0.01 over 3 days (Figure
S17b in Supporting Information). Similarly, a-TOS-CDDP-NP
changed its size from 152.5 + 2.0 to 140.5 + 3.4 nm with a
change in PDI value from 0.37 + 0.0 to 0.37 + 0.01 over 3
days. Finally, a-TOS-Paclitaxel NP demonstrated minimal
change in size from 173.5 + 2.0 (PDI = 0.11 + 0.02) to
172.3 £+ 2.2 nm (PDI = 0.48 + 0.06) over 3 days. Further, we
evaluated the stability these dual drug conjugated nanoparticles
in phosphate buffer saline (PBS) at 37 °C for 3 days. a-TOS-
CDDP-NP increased in size from 162.8 + 1.8 (PDI = 0.28 +
0.01) to 1802 + 2.8 nm (PDI = 0.54 + 0.05) (Figure S18a in
Supporting Information). On the other hand, @-TOS-Dox-NP
showed significant size increase from 147.2 + 1.3 (PDI = 0.15
+ 0.02) to 190.3 + 1.5 nm (PDI = 0.37 + 0.05). Finally, a-
TOS-Paclitaxel-NP also increased in size from 138.1 + 1.3
(PDI = 0.14 + 0.01) to 175.8 + 5.7 nm (PDI = 0.31 + 0.01) in
PBS at 37 °C. We finally, evaluated the stability of these
nanoparticles in complete DMEM cell culture media with 10%
fetal bovine serum (FBS) at 37 °C to mimic the blood
circulation milieu. @-TOS-CDDP-NP showed a change in size
from 152.0 + 0.9 to 180.9 + 2.8 nm with change in PDI from
0.51 + 0.04 to 0.52 + 0.07 over 48 h (Figure S18b in
Supporting Information). Similarly, a-TOS-Dox-NP showed
increase in size from 136.9 + 1.4 to 189.9 + 1.4 nm with the
increase in PDI from 0.26 + 0.02 to 0.46 + 0.01 over 48 h. On
the other hand, a-TOS-Paclitaxel-NP showed the increment in
size from 127.3 + 0.01 nm to 154.6 + 3.0 nm with the change
in PDI from 0.21 # 0.01 to 0.31 # 0.01 over 48 h. However, all
three nanoparticles showed considerable amount of aggregation
at 72h of incubation in DMEM with 10% FBS at 37 °C
indicated by the huge increase in size of 601.8 & 43.1 (PDI =
0.52 + 0.07), 425.5 + 27.0 (PDI = 0.56 + 0.7), and 381.2 +
33.1 nm (PDI = 047 + 0.02) for a-TOS-CDDP-NP, a-TOS-
Dox-NP, and a-TOS-Paclitaxel-NP, respectively. From the
stability data, it was clear that all the nanoparticles were stable
over 14 days at 4 °C as storage temperature. The nanoparticles
were also stable at 37 °C in water as well as PBS for 3 days.
Moreover, all the nanoparticles showed substantial stability in
DMEM cell culture media with 10% FBS as blood circulation
mimic for 48h, which was adequate to be accumulated into the
tumor tissue through EPR effect.

3.1.4. Release of Dual Drugs from Nanopatrticles. To be
effective in the clinics, the dual drug conjugated nanoparticles
should release the dual drugs in a slow and sustained manner
over a period of time. We evaluated the release of the drugs by
using dialysis method®> by incubating the nanoparticles in pH =
5.5 solution at 37 °C which mimics the lysosomal compartment
in cancer cells.’® @-TOS-CDDP-NP released 459 + 14.1%
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Figure 3. In vitro cytotoxicity assay of dual drug conjugated nanoparticles. (a—c) Dose-dependent cell viability assay of a-TOS-CDDP-NP, a-TOS-
Dox-NP, and a-TOS-Paclitaxel-NP respectively in HeLa cells for 48 h. (d) Flow cytometric analysis of apoptosis induced by dual drug conjugated
nanoparticles costained by PI and Annexin-V-FLUOS in HeLa cells for 24 h. Lower left: Healthy cells. Lower right: Early apoptotic cells. Upper
right: Late apoptotic cells. Upper left: Necrotic cells. The table shows the percentage of cells present in those areas. (e) Cell cycle analysis by staining
the DNA in HeLa cells with PI after 24 h post incubation with different dual drug conjugated nanoparticles.

cisplatin and 51.0 + 5.5% a-TOS at 72 h (Figure S19a in
Supporting Information) whereas @-TOS-Dox-NP showed 58.6
+ 6.2% release of a-TOS and only 29.5 + 4.5% release of
doxorubicin at 72 h (Figure S19b in Supporting Information).
In the release kinetics experiment, doxorubicin was adsorbed in
the dialysis membrane as well as precipitated out from the
solution at pH = 5.5, which we suspected to be the reason for
lower release of doxorubicin from the nanoparticle (Figure
$20a in Supporting Information). We solubilized the precipitate
from the dialysis membrane in DMSO and identified it as
doxorubicin by UV—vis spectroscopy having characteristic 4,,,,
= 480 nm (Figure S20b in Supporting Information). Finally, a-
TOS-Paclitaxel-NP demonstrated 78.5 =+ 12.6% release of
paclitaxel at 72 h and 71.9 + 21.6% release of a-TOS at 36 h
(Figure S19c in Supporting Information). As control experi-
ment, we also incubated the dual drug conjugated nanoparticles
in physiological pH of 7.4 and quantified the dual drug release.
At pH = 74, a-TOS-CDDP-NP released only 24.0 + 2.4% of
cisplatin and 22.1 + 2.1% of @-TOS at 72 and 48 h, respectively
(Figure S19d in Supporting Information), whereas a-TOS-
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Dox-NP released 15.3 & 1.0% doxorubicin and 20.9 + 3.6% a-
TOS at 72 h (Figure S19e in Supporting Information). Finally,
a-TOS-Paclitaxel-NP also demonstrated 18.8 + 2.0% and 26.4
+4.1% release of paclitaxel and a@-TOS at 72 h, respectively
(Figure S19f in Supporting Information). We rationalized that
amide, ester and monocarboxylato linkages in the a-TOS-Dox
(2), a-TOS-Paclitaxel (3), and a-TOS-CDDP (5) conjugates
respectively are more labile in pH = 5.5 compared to pH = 7.4
which triggered the enhanced dual drug release in acidic pH.
We also identified the released free doxorubicin and paclitaxel
after acidic hydrolysis from @-TOS-Dox-NP and a-TOS-
Paclitaxel-NP respectively by MALDI-TOF experiment (Figure
S21a-b in Supporting Information). The release profile data
clearly showed higher dual drug release from nanoparticles in a
slow and sustained manner over 72 h at pH = 5.5 compared to
physiological pH = 7.4. All the data were evaluated as mean +
SEM having n = 3.

3.2. In Vitro Cytotoxicity Assay of Dual Drug
Conjugated Nanoparticles. 3.2.1. Cell Viability Assay. To
determine the potential of our dual drug conjugated nano-
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particles as cancer therapeutics, we evaluated the in vitro
efficacy of the nanoparticles in HeLa cervical cancer cell line by
cell viability assay. We incubated the HeLa cells with different
nanoparticles in a dose dependent manner and evaluated the
cell viability by using (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide) (MTT) at 48 h post treatment. The a-
TOS-CDDP-NP showed IC; = 7.5 uM compared to ICs, = 1.7
UM for free cisplatin and a-TOS combination (a-TOS/
cisplatin = 6.5:1) (Figure 3a). The a-TOS-CDDP-NP induced
93.9% HeLa cell death compared to 57.7% cell death induced
by free cisplatin and a-TOS combination at 25 gM. On the
other hand, a-TOS-Dox-NP demonstrated IC;, = 6.8 uM
compared to ICg, = 2.7 uM for the free doxorubicin and a-TOS
combination (a-TOS/doxorubicin =7.4:1) (Figure 3b). How-
ever, @-TOS-Dox-NP induced 72.6% cell death compared to
60.5% induced by free doxorubicin and a-TOS combination at
50 uM. Finally, a-TOS-Paclitaxel-NP showed ICy, = 28.1 uM
by inducing 71.7% cell death at S0 uM compared to IC;, = 0.8
UM by inducing 57.4% cell death by free paclitaxel and a-TOS
combination (a-TOS/paclitaxel =15:1) (Figure 3c). Interest-
ingly, all the different nanoparticles showed improved efficacy
in higher doses of drug combinations in contrast to the free
drug treatments. We anticipate that different free drug
combinations with @-TOS render drug resistance to HeLa
cells.”” However, the exact mechanism needs to be explored.
To understand the effect of dual drugs in cytotoxicity in HeLa
cells, we used the Chou-Talalay method®® to determine
whether the drug combination effect was synergistic, additive
or antagonistic. @-TOS-CDDP-NP and a-TOS-Dox-NP
showed combination index (CI) values ranging from 0.05 to
0.62, which clearly indicated the strong synergistic effect
(Figure S22 in Supporting Information). However, for a-TOS-
Paclitaxel NP showed CI values varied from 0.4 to 1.08
suggesting additive effect.

We also evaluated the effect of dual drug conjugates in HeLa
cells. We incubated the HeLa cells with a-TOS-Dox (2), a-
TOS-Paclitaxel (3) and a-TOS-CDDP (5) conjugates in a dose
dependent manner and evaluated the cell viability by MTT
assay at 48 h postincubation. As controls, we treated the HeLa
cells with free cisplatin, doxorubicin, paclitaxel and a-TOS
individually. a-TOS-CDDP conjugate (5) showed ICy, = 9.5
uM (cell viability = 23.0% at SO yM) compared to ICy, = 56
uM (cell viability = 56.1% at SO pM) and ICg, = 63.4 (cell
viability = 63.4% at 50 yM) for free cisplatin and free a-TOS
respectively (Figure S23a in Supporting Information). Similarly,
a-TOS-Dox conjugate (2) showed ICg, = 7.4 uM (cell viability
=23.1% at S0 M) compared to ICyy = 49 uM (cell viability =
34.6% at SO uM) for free doxorubicin (Figure S23b in
Supporting Information). Finally, @-TOS-Paclitaxel conjugate
(3) demonstrated ICs, = S0 uM (cell viability = 50% at SO uM)
compared to ICg, = 25.9 uM (cell viability = 42.2% at 50 uM)
for free paclitaxel (Figure S23c in Supporting Information).

To evaluate the side effect of these dual drug conjugated
nanoparticles in healthy cells, we treated HEK293 human
embryonic kidney cells with different nanoparticles in a dose
dependent manner for 24 and 48 h postincubation and
quantified the cytotoxicity by MTT assay. At 24h, a-TOS-
CDDP-NP showed very high ICs, = 63.9 uM compared to ICs,
= 14.6 uM and IC, = 89.9 uM for free cisplatin and free a-
TOS respectively (Figure S24a in Supporting Information).
Similarly, a-TOS-Dox-NP also showed high ICy, = 56.6 uM
compared to ICs, = 11 uM for free doxorubicin (Figure $24b in
Supporting Information). Finally, a-TOS-Paclitaxel- NP dem-
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onstrated ICy, = 99.3 uM compared to ICy, = 55.4 uM for free
paclitaxel (Figure S24c in Supporting Information). However,
at 48h, a-TOS-CDDP-NP showed IC, = 6.9 M compared to
ICsy = 7.6 uM and ICy, = 71.4 uM for free cisplatin and free a-
TOS (Figure S24d in Supporting Information). On the other
hand, a-TOS-Dox-NP showed ICs, = 7.1 M compared to ICs
= 33 uM for free doxorubicin (Figure S24e in Supporting
Information). Finally, @-TOS-Paclitaxel-NP demonstrated ICs,
= 29.9 uM compared to ICs, = 11.3 uM for free paclitaxel
(Figure S24f in Supporting Information).

From these cell viability assays, it was clear that the dual drug
conjugated nanoparticles induced enhanced cell death in a dose
dependent manner compared to free drug combinations as well
as compared to the dual drug conjugates at 48 h. Moreover, the
dual drug conjugated nanoparticles showed negligible toxicity
to the HEK293 noncancerous embryonic kidney cells at 24 h.
However, the dual drug conjugated nanoparticles showed
toxicity to the HEK293 cells as 48 h post incubation, we
anticipate that the nanoparticles would be homing specifically
and selectively into the tumor tissues through the unique leaky
vasculature (EPR effect) much earlier than 48 h in in vivo
milieu. To evaluate the effect of phophatidylcholine (PC) and
DSPE-PEG in HeLa cell, we synthesized empty nanoparticles
from PC and DSPE-PEG in 2:0.2 ratios in the same lipid film
hydration method. We treated the HeLa cells with empty
nanoparticle in different concentration and evaluated the cell
viability by MTT assay. The empty nanoparticle showed no
toxicity in HeLa cells at 1 mg/mL concentration (Figure S25 in
Supporting Information).

3.2.2. Apoptosis Assay by FACS. To confirm the potential of
the nanoparticles in inducing apoptosis, we used fluorescence
activated cell sorting (FACS) method to quantify the amount
of cells undergoing apoptosis after treatment compared to the
non treated cells. We treated the HeLa cells with different dual
drug conjugated nanoparticles for 24h and the cells were
labeled with Annexin-V-FLUOS, which binds with externalized
phosphatidylserine on the apoptotic cell surface. We further
counterstained the cells with propidium iodide (PI) to
distinguish between apoptotic and necrotic cells. Indeed, 39%
and 47% cells were found in the early and late apoptosis stages
respectively with 4% cells in necrotic stage with the treatment
of a-TOS-CDDP-NP (Figure 3d). Similarly, 37% and 0.5%
cells were found to be in early apoptotic and late apoptotic
stages respectively in the treatment with a-TOS-Dox-NP.
However, a-TOS-Paclitaxel-NP steered 27% and 7% cells into
early and late apoptotic stages, respectively. From this flow
cytometric analysis, it was clear that the dual drug conjugated
nanoparticles showed cytotoxicity into HeLa cells through
induction of apoptosis.

3.2.3. Caspase Assay. Induction of apoptosis in cells leads to
the activation of a family of caspases including effector caspase-
3 and intitiator caspase-8 and caspase-9.%* %' We quantified the
amount of caspase-3, caspase-8, and caspase-9 as markers of
apoptosis by a colorimetric protease assay 24 h of post-
treatment with different dual drug conjugated nanoparticles.
Amount of caspase-3 was increased 1.1 + 0.3, 1.7 + 0.5, and 3.4
+ 1.2 fold for a-TOS-CDDP-NP, a@-TOS-Dox-NP, and a-TOS-
Paclitaxel-NP, respectively (Figure S26 in Supporting Informa-
tion). Similarly, caspase-8 activity was also increased to 2.5 +
0.2, 5.1 + 1.3 and 1.5 + 0.1 folds by a-TOS-CDDP-NP, a-
TOS-Dox-NP, and a-TOS-Paclitaxel-NP respectively. Finally,
caspase-9 activity was increased significantly to 2.8 + 0.7, 2.9 +
1.1, and 7.3 + 0.8 fold by the treatment with a-TOS-CDDP-
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Figure 4. Cellular internalization of a-TOS-Dox-NP in HeLa cells in 1, 3, and 6 h time points observed by confocal laser scanning microscopy
(CLSM). Lysosomal compartments and nuclei were stained with LysoTracker Green DND-26 (green) and DAPI (blue), respectively. Merged
images (yellow) show the internalization of @-TOS-Dox-NP in lysosomal compartments. Scale bar = 10 ym.

NP, a-TOS-Dox-NP, and a-TOS-Paclitaxel-NP, respectively.
This caspase assay clearly demonstrated that different dual drug
conjugated nanoparticles induced apoptosis in HeLa cells.
3.2.4. Cell Cycle Analysis. To understand the mechanism of
action further, we evaluated the effect of different dual drug
conjugated nanoparticles on cell cycle. We analyzed the cell
cycle arrest by using propidium iodide (PI)-labeled DNA in
HeLa cells after 24h post-treatment. The flow cytometry
analysis showed that after a-TOS-CDDP-NP treatment, cells
were in Gl, S and G2-M phase as 67.9%, 32.1%, and 0%
respectively, whereas, non treated cells were found to be as
38.1%, 49.2%, and 12.5%, respectively (Figure 3e). Similarly,
after @-TOS-Dox-NP treatment, 30.7%, 51.0%, and 18.3% cells
were found to be in GI, S, and G2-M phase, respectively.
Finally, @-TOS-Paclitaxel-NP treated cells were found as 26.2%,
52.9%, and 23.4% in G1, S and G2-M phase, respectively. From
this cell cycle analysis, it was evident that @-TOS-CDDP-NP
arrested the cells in G1 phase whereas @-TOS-Dox-NP and a-
TOS-Paclitaxel-NP arrested the HeLa cells in G2-M phase.
3.3. Cellular Internalization of Dual Drug Conjugated
Nanoparticles. To visualize the temporal cellular internal-
ization mechanism of the dual drug conjugated nanoparticles,
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we treated the HeLa cells with red fluorescent a-TOS-Dox-NP
(2 pg/mL of doxorubicin concentration) for 1 h, 3 h and 6 h
time points. We treated the cells with 2 pug/mL of free
doxorubicin as control. We stained the low pH lysosomal
compartments with LysoTracker Green DND-26 (green) and
nucleus with 4’,6-diamidino-2-phenylindole (DAPI)(blue)
respectively and imaged the cells by using high resolution
confocal laser scanning microscopy (CLSM) (Figure 4 and
Figure S27 in Supporting Information). From Figure 4, it was
clear that @-TOS-Dox-NPs were internalized into the cells in a
time dependent manner over 6 h and homed into the lysosomal
compartments, which led the colocalization of red and green
fluorescence resulting yellow color. We also quantified the
amount of colocalization of green and red fluorescence through
Pearsons’ correlation coefficient and Manders coeflicients by
CLSM. It was found that the percent volume of colocalization
increased from 1 to 3 to 6 h by 18.6% to 21.5% to 40.7% (Table
S1 in Supporting Information). In contrast, free doxorubicin
internalized into the cells within 3 h and directly localized into
the nucleus, which led the colocalization of red and blue
fluorescence resulting purple color (Figure S27 in Supporting
Information). Interestingly, in free doxorubicin treatment, no
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Figure 5. CLSM of mitochondria after treatment with individual dual drug conjugated nanoparticles for 24 h. Mitochondria were stained with
MitoTracker Red CMXROS (red) and biotinylated proteins overexpressed on mitochondria were stained with Streptavidine Alexaflour 488 (green).
CLSM images show the damage of mitochondrial morphology with different dual drug conjugated nanoparticle treatments. Scale bar = 10 ym.

colocalization of green and red was observed which clearly
demonstrated that free doxorubicin was internalized into the
cell through diffusion pathway and homed directly into nucleus.
To further visualize the internalization of a-TOS-CDDP-NP
and a-TOS-Paclitaxel-NP, we encapsulated a red fluorescent
dye rhodamine to synthesize a-TOS-CDDP-Rho-NP and a-
TOS-Paclitaxel-Rho-NP respectively. We incubated the HeLa
cells with a-TOS-CDDP-Rho-NP and a-TOS-Paclitaxel-Rho-
NP for 1 h, 3 h and 6 h time points. We stained the lysosomal
compartment and nucleus with LysoSensor Green DND-153
(green) and DAPI (blue) respectively. The CLSM images and
colocalization quantification (Figure S28 and Table S2 in
Supporting Information) clearly showed that a-TOS-CDDP-
Rho-NP internalized into the lysosomal compartment within 1
h (26.2% colocalization) and retained for 6 h (31.1%
colocalization). Similarly, @-TOS-Paclitaxel-Rho-NP also inter-
nalized into lysosomal compartments within 1 h (30.2%
colocalization) and retained there for 6 h (29.2%
colocalization) (Figure S$29 and Table S3 in Supporting
Information). The CLSM images and colocalization quantifi-
cation data clearly showed that dual drug conjugated
nanoparticles were internalized into the HeLa cells through

7593

endocytosis into the acidic lysosomal compartments in a
temporal manner in contrast to the free drugs.

3.4. Targeting Mitochondria by Dual Drug Conju-
gated Nanoparticles. We hypothesized that after internal-
ization of dual drug conjugated nanoparticles into lysosomal
compartments, the individual drugs will be released to target
mitochondria and nucleus. Hence, we evaluated the effect of
dual drug conjugated nanoparticles on mitochondrial morphol-
ogy. We treated HeLa cells with different dual drug conjugated
nanoparticles individually for 24 h at their respective IC, drug
dosages and stained the mitochondia with red fluorescent
MitoTracker Red CMXROS (Figure S). We also costained the
endogenous biotinylated proteins prevalent in mitochondria®
by green fluorescent Streptavidin Alexaflour 488 and visualized
the mitochondrial morphology change by CLSM. From Figure
S, it was clear that the nontreated control cells showed nice
elongated mitochondrial morphology, which was visibly
disrupted, leading to the mitochondrial fragmentation in
different nanoparticle treated cells. Colocalization of Mito-
Tracker Red CMXROS (red) and Streptavidine Alexaflour 488
(green) leading to yellow color in the merged images clearly
demonstrated the lack of characteristic mitochondrial morphol-

DOI: 10.1021/am5090226
ACS Appl. Mater. Interfaces 2015, 7, 7584—7598


http://dx.doi.org/10.1021/am5090226

ACS Applied Materials & Interfaces

Research Article

ogy by different nanoparticle treatments. Moreover, we
quantified the average mitochondrial area by using Image]
analysis software with the help of Mito-Morphology macro,
which allows to measure mitochondrial elongation, intercon-
nectivity and morphology from epifluorescence images of cells
stained for mitochondria.”®> The mitochondrial average area for
a non treated cell was found to be 10.1 + 0.6 ,umz, whereas the
average fragmented mitochondria area was found to be reduced
to 5.7 &+ 1.0, 3.1 + 0.6, and 4.9 + 0.9 um? for a-TOS-CDDP-
NP, a-TOS-Dox-NP, and a-TOS-Paclitaxel-NP treated cells,
respectively (n = S, mean + SEM) (Figure S30 in Supporting
Information). From these CLSM images and quantification of
the average mitchondrial area, it is clear that a-TOS from
different dual drug conjugated nanoparticles targeted mitochon-
dria and exhibited mitochondrial fragmentation. One of the
hallmarks of mitochondrial damage is the mitochondrial outer
membrane permeabilization (MOMP) followed by release of
cytochrome c from intermembrane spaces (IMS).®* We treated
HeLa cells with different dual drug conjugated nanoparticles at
their respective ICg, drug dosages for 24 h. The cells were then
fixed and stained with green fluorescent Alexafluor 488
antibody specific for cytochrome ¢ and visualized by CLSM.
From Figure 64, it is clear that a-TOS-CDDP-NP, a-TOS-Dox-
NP, and a-TOS-Paclitaxel-NP showed highly increased amount
of cytochrome c expression in HeLa cells compared to non
treated control cells. We also determined the expression of
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Figure 6. Characterization of mitochondrial damage by cytochrome ¢
expression. (a) CLSM images of dual drug conjugated nanoparticle
treated HeLa cells for 24h at their respective ICsy drug dosages
compared to nontreated control. Cells were stained with cytochrome
c-Alexafluor 488 antibody (green). Scale bar = 10 ym. (b) The
expression of cytochrome c in HeLa cells after 24 h post incubation
with dual drug conjugated nanoparticles determined by Western blot
analysis.
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cytochrome ¢ by Western blot analysis using cytochrome ¢
rabbit monoclonal antibody, after treatment of HeLa cells with
different dual drug conjugated nanoparticles at their respective
IC, drug dosages for 24 h. From the Western blot images
(Figure 6b), it was clear that all three dual drug conjugated
nanoparticles increased the expression level of cytochrome ¢
compared to the non treated control. Moreover, we also
quantified the expression level of cytochrome c¢ from the
Western blot, which clearly showed 1.1-fold, 1.5-fold and 1.5-
fold increased expression of cytochrome c after the treatment
with a-TOS-CDDP-NP, @-TOS-Dox-NP and a-TOS-Paclitax-
el-NP respectively compared to the non treated control (Figure
S31 in Supporting Information). From these CLSM images of
mitochondrial morphology, cytochrome c release by inducing
MOMP, Western blot analysis and quantification, it was clear
that the dual drug conjugated nanoparticles damaged
mitchondria in the HeLa cancer cells.

3.5. Targeting Nucleus and Microtubule by Dual Drug
Conjugated Nanoparticle. Nucleus contains the genomic
materials (DNA and RNA), regulates the gene expression and
controls the replication of DNA during cell cycle. Hence
damaging the DNA in the nucleus of the cancer cells would
lead to inhibit the rapid cellular division. The DNA damage in
the nucleus is followed by the phosphorylation of the histone
H2AX in recruiting and localizing the DNA damage repairing
proteins. Hence, yH2AX has evolved as one of the important
biomarkers to observe DNA damage.®® To determine the effect
of dual drug conjugated nanoparticles in nucleus we treated the
HeLa cells with different dual drug conjugated nanoparticles in
their respective ICy, drug dosages for 24 h. We stained the cells
with green fluorescent Alexafluor 488 antibody specific for
yH2AX and visualized the expression of yH2AX by CLSM.
From Figure 7a, it was clear that a-TOS-CDDP-NP inflicted
high DNA damage in nucleus to induce elevated expression of
yH2AX compared to nontreated control. a-TOS-Dox-NP
induced lower level of yH2AX expression compared to a-
TOS-CDDP-NP treatment. It was reported that doxorubicin
promoted histone eviction leading to induce lower expression
of yH2AX.% Finally, we observed minimum expression yH2AX
after a-TOS-Paclitaxel-NP, which was expected as paclitaxel
does not induce DNA damage directly.

We also evaluated the expression of yH2AX by Western blot
analysis after 24 h incubation of HeLa cells with different dual
drug conjugated nanoparticles in their respective ICy, drug
dosages. From the Western blot image (Figure 7b), it was clear
that a-TOS-CDDP-NP induced highest level of yH2AX
expression compared to a-TOS-Dox-NP, a-TOS-Paclitaxel-
NP, as well as nontreated control. We also quantified the
relative expression of yH2AX in different dual drug conjugated
nanoparticle treatments from Western blot analysis. We
observed 9.1 fold, 6.5 fold and 1.4 fold increases in yH2AX
expression induced by a-TOS-CDDP-NP, a-TOS-Dox-NP,
and a-TOS-Paclitaxel-NP, respectively, compared to the
nontreated control (Figure S32 in Supporting Information).

Nuclear DNA damage triggers poly(ADP-ribose) polymerase
(PARP) family of proteins, which are involved in a number of
cellular processes mainly DNA repair and apoptosis. Hence,
PARP activation has emerged as one of the biomarkers for
cellular DNA damage.”’” We treated the HeLa cells with
different dual drug conjugated nanoparticles in their respective
IC;, drug dosages for 24 h followed by staining with greeen
fluorescent Alexafluor 488 antibody specific to PARP. We
visualized the PARP expression by using CLSM. From Figure
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Figure 7. Characterization of nuclear damage by yH2AX as DNA
damage marker. (a) CLSM images of dual drug conjugated
nanoparticle treatments to HeLa cells for 24 h at their respective
IC;, drug dosages compared to nontreated control. Cells were stained
with yH2AX-Alexafluor 488 antibody (green). Scale bar = 10 ym. (b)
The expression of yH2AX in HeLa cells after 24h post incubation with
dual drug conjugated nanoparticles determined by Western blot
analysis.

84, it was clear that interestingly a-TOS-Paclitaxel-NP induced
highest PARP expression compared to a-TOS-CDDP-NP and
a-TOS-Dox-NP. However, all the dual drug conjugated
nanoparticles induced increased amount of PARP compared
to nontreated cells. We further treated the HeLa cells with
different dual drug conjugated nanoparticles and evaluated the
expression of PARP by using Western blot analysis. The
Western blot image (Figure 8b) showed improved PARP
expression after treatment with different nanoparticles
compared to control cells. Moreover, the normalized PARP
quantification from Western blot clearly demonstrated that a-
TOS-CDDP-NP, a-TOS-Dox-NP and a-TOS-Paclitaxel-NP
induced 3.1-fold, 1.3-fold, and 4.8-fold, respectively (Figure S33
in Supporting Information).

Furthermore, we also observed the effect of different dual
drug conjugated nanoparticles on morphology of the nucleus.
We treated HeLa cells with dual drug conjugated nanoparticles
with respective ICy, drug dosages for 24 h and stained the
nucleus with blue fluorescent 4',6-diamidino-2-phenylindole
(DAPI). We visualized the morphology of nucleus by CLMS.
Only a-TOS-Paclitaxel-NP induced the fragmentation of
nucleus (Figure 9, indicated by bold arrows). On the other
hand, a-TOS-CDDP-NP and a-TOS-Dox-NP showed almost
negligible clustering of nucleus compared to the control (Figure
9). It was reported that paclitaxel and other microtubule
binding drugs induce the clustering of nucleus.®® Hence, it was
clear that free paclitaxel released from @-TOS-Paclitaxel- NP
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Figure 8. Characterization of nuclear damage by PARP as DNA
damage repair marker. (a) CLSM images of dual drug conjugated
nanoparticle treatments to HeLa cells for 24 h at their respective ICs,
drug dosages compared to nontreated control. Cells were stained with
PARP-Alexafluor 488 antibody (green). Scale bar = 10 ym. (b) The
expression of PARP (113 kDa) in HeLa cells after 24 h post
incubation with dual drug conjugated nanoparticles determined by
Western blot analysis.

was responsible for observed nuclear clustering. We also
costained tubulin with green fluorescent tubulin Alexafluor 488
anitbody and visualized the effect of dual drug conjugated
nanoparticles. From Figure 9 it was clear that only a-TOS-
Paclitaxel-NP disrupted the typical elongated morphology of
tubulin (indicated by thin arrows in Figure 9) into small
fragments, whereas a-TOS-CDDP-NP and a-TOS-Dox-NP
showed almost no tubulin damage compared to control. We
anticipated this effect of a-TOS-Paclitaxel-NP compared to a-
TOS-CDDP-NP and a-TOS-Dox-NP, as paclitaxel is known to
bind with mircotubule. From these CLSM, Western blot
analysis and protein expression quantification it was clear that
all the dual drug conjugated nanoparticles damaged nuclear
DNA as well as tubulin in HeLa cancer cells.

4. CONCLUSION

We have successfully developed dual drug conjugates by direct
attachment of mitochondria damaging drug (a-TOS) and
clinically approved DNA damaging drugs (cisplatin and
doxorubicin) or microtubule binding drug (paclitaxel) without
any additional linker strategy. We engineered sub 200 nm
particles from those dual drug conjugates and characterized
them by different electron microscopy (FESEM, TEM, and
AFM) techniques. These nanoparticles released the dual drugs
in a slow and sustained manner over 3 days at pH = 5.5
mimicking the lysosomal compartments inside the tumor cells.
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Figure 9. Characterization of nuclear fragmentation and tubulin
damage after treatment with dual drug conjugated nanoparticles at 24
h postincubation in HeLa cells. Nucleus was stained with DAPI (blue),
and tubulin was stained with tubulin-Alexafluor 488 antibody. Nuclear
fragmentation is indicated by bold arrows and tubulin damage is
indicated by thin arrows. Scale bar = 10 ym.

Indeed these nanoparticles internalized into the lysosomal
compartments in a time depedent manner through endocytosis
in HeLa cervical cancer cells visualized by CLSM. These
nanoparticles showed cytotoxicity by inducing apoptosis
through arresting cell cycle. These nanoparticles damaged the
mitochondrial morphology and released cytochome c. These
dual drug conjugated nanoparticles damaged the nucleus of
HeLa cells and expressed DNA damaging marker yH2AX,
DNA repair marker PARP. a-TOS-Paclitaxel-NP also damaged
the tubulin of the HeLa cells. We anticipate that these dual drug
conjugated nanoparticle strategy can be used as platform
technology to conjugate different organelle damaging drugs and
target them to illuminate the organelle cross talk in a diseased
state like cancer. Moroever, these dual drug conjugated
nanoparticles can be easily translated to the clinics to develop
novel next generation multiple organelle damaging combination
cancer therapeutics which can lead to reduced toxic side effects
from the individual drugs, thus overcome drug resistance and
providing a better quality of life to the cancer patients.
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