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ABSTRACT: Phosphatidylinositol-3-kinase (PI3K) signaling
has been hijacked in different types of cancers. Hence, PI3K
inhibitors have emerged as novel targeted therapeutics in
cancer treatment as mono and combination therapy along with
other DNA damaging drugs. However, targeting PI3K
signaling with small molecules leads to the emergence of
drug resistance and severe side effects to the cancer patients.
To address these, we have developed a biocompatible,
biodegradable cholesterol-based chimeric nanoparticle
(CNP), which can simultaneously load PI103, doxorubicin,
and cisplatin in a controlled ratiometric manner. Size, shape,
and morphology of these CNPs were characterized by dynamic
light scattering (DLS), field-emission scanning electron
microscopy (FESEM), atomic force microscopy (AFM), and transmission electron microscopy (TEM). Increased amounts of
PI103, doxorubicin, and cisplatin were released from CNPs through controlled and continuous manner over 120 h at pH = 5.5
compared to neutral pH. The CNPs showed much enhanced in vitro cytotoxicity in HeLa, HL60, MCF7, and MDA-MB-231
cancer cells compared to a free drug cocktail at 24 and 48 h by inducing apoptosis. Confocal laser scanning microscopy (CLSM)
imaging revealed that indeed these CNPs were internalized into subcellular lysosomes through endocytosis in a time dependent
mode over 6 h and retained inside for 48 h in HeLa, MDA-MB-231, and MCF7 cells. These CNPs showed their efficacy by
damaging DNA and inhibiting Akt as a downstream modulator of PI3K signaling in HeLa cervical cancer cells. These CNPs have
the potential to open up new directions in next-generation nanomedicine by simultaneous targeting of multiple oncogenic
signaling pathways and inducing DNA damage for augmented therapeutic outcome by reducing toxic side effects and overcoming
drug resistance.
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1. INTRODUCTION

Cancer has evolved as the second most devastating disease
globally.1,2 Despite having tremendous advancement in cancer
chemotherapeutic treatments, the majority of tumors can
escape monotherapy by emergence of intrinsic or acquired
resistance mechanisms.3,4 In the past two decades, the
phosphatidylinositol-3-kinase (PI3K) family has emerged as
one of the most important targets in cancer therapy due to its
myriad functions to integrate signals from various environ-
mental cues for altering multiple intracellular signaling for
controlling cell growth, proliferation, survival, motility, and
metastasis.5−7 Consequently, significant effort was devoted to
develop small molecule PI3K inhibitors for cancer therapy.8−10

However, PI3K signaling plays critical functions in controlling
insulin metabolism and glucose homeostasis,11−13 leading to
dose-dependent hyperglycemia among PI3K-inhibitor treated
patients.14 Moreover, survival of cancer cells under stressful
conditions by upregulating PI3K signaling prompted the need
for a combination strategy with DNA damaging drugs to

enhance therapeutic efficacy in cancer treatment.10 Recently,
several studies showed the synergistic effects of combining
PI3K inhibitors with cytotoxic drugs in treating different types
of cancers.15−17 Although, these combination strategies
indicated improved therapeutic outcomes, the drug cocktails
can diffuse unsystematically throughout the entire body to
escalate severe toxic side effects and poor accumulation into
tumor tissue for optimal effects. Nanocarriers have revolu-
tionized cancer theranostics in the past couple of decades due
to their capability to increase drug solubility, extend drug
stability in blood circulation, reduce off-target adverse effects,
and accumulate drugs in the tumor tissues.18−21 Nanocarriers
having a size <300 nm can accumulate specifically into the
tumor due to unique permeable tortuous angiogenic blood
vessels.22−24 Several nanocarriers including liposome,25,26
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polymeric nanoparticles,27−29 dendrimers,30,31 graphene
oxide,32,33 carbon nanotubes,34 mesoporous silica nano-
spheres,35 nanocells,36 gel-liposomes,37 layer-by-layer nano-
particles,38 and minicells39 have been developed to codeliver
multiple drugs in combination with siRNA, DNA, and
therapeutic proteins. Despite having a huge contribution of
nanoplatforms in dual drug delivery in cancer therapeutics, not
many attempts have been explored in delivering PI3K signaling
inhibitors specifically into the tumor to reduce their off-target
effects in healthy tissues as well as overcoming PI3K inhibitor
related resistance.40 To address this, recently, we have
developed supramolecular lipidic nanoparticles to successfully
target phosphatidylinositol-3-kinase signaling to overcome
insulin resistance.41 Moreover, a recent report revealed that
sequential administration of PI3K inhibitors (PI103 and PI828)
followed by cisplatin nanoparticles enhanced the antitumor
efficacy in breast cancer.42 However, there is no precedence of

triple-drug combination therapy with PI103, doxorubicin, and
cisplatin in a nanoparticle package to deliver in cancer. Inspired
by the improved efficacy of PI3K inhibitors along with
doxorubicin and cisplatin, we hypothesized that biocompatible,
biodegradable, and versatile chimeric nanoparticles would
accumulate inside the cancerous tissue by enhanced vascular
permeabilization and internalize into the cancer cells by
endocytosis for synchronized targeting of phosphatidylinosi-
tol-3-kinase signaling and inducing DNA damage for
augmented therapeutic outcomes (Figure 1c). To this end,
we engineered cholesterol based chimeric nanoparticles
(CNPs) that can concurrently deploy PI103, doxorubicin,
and cisplatin (Figure 1b). These CNPs permitted high triple
drug loadings in a controlled ratiometric mode and
demonstrated enhanced release in an acidic environment
(mimics lysosomes in cancer cells) in a controlled and
continuous manner over 120 h related to physiological pH =

Figure 1. Schematic diagram of engineering chimeric nanoparticles (CNPs) and cellular internalization. (a) Synthesis of cholesterol−drug
conjugates. (b) Schematic representation of CNP synthesis. (c) Hypothesized internalization of CNPs into cancer cells through lysosomes to target
PI3K signaling and damage DNA.
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7.4. These CNPs exhibited improved cytotoxicity in different
cancer cell lines compared to free drug combination at 24 and
48 h time points through induction of apoptosis. Moreover,
these CNPs were internalized into the subcellular lysosomes in
a time dependent manner over 6 h and remained inside the
cells for 48 h. These CNPs induced cytotoxicity through
apoptosis by damaging DNA, upregulating the DNA damage
repair mechanism, and inhibiting PI3K signaling in HeLa
cervical cancer cells. These CNPs showed their potential for
simultaneous controlled loading and deployment of PI103 in
rational amalgamation with doxorubicin and cisplatin inside the
tumor cells for next-generation targeted cancer therapeutics.

2. MATERIALS AND METHODS
2.1. Material. All the chemicals, reagents, and solvents required for

synthesis of cholesterol-drug conjugates and CNPs were purchased
from Sigma-Aldrich. All the anticancer drugs were purchased from
Selleck Chemicals. DSPE-PEG2000 and mini extruder were procured
from Avanti Polar Lipids Inc. Cell culture media, LysoTracker DND-
26, and SlowFade antifade reagents were bought from Life
Technologies. Antiphospho-Akt (Thr308) rabbit monoclonal antibody
was obtained from Merck Millipore.
2.2. Synthesis of Conjugate 2. Conjugate 2 was synthesized by

following the procedure described in ref 41. Yield = 77%.
2.3. Synthesis of Cholesterol-PI103 Conjugate (3). Conjugate

3 was synthesized by following the procedure described in ref 41. Yield
= 72%.
2.4. Synthesis of Cholesterol-Doxorubicin Conjugate (4). A

mixture of compound 2 (5 mg, 0.01 mmol), HBTU (5.68 mg, 0.015
mmol), and DIPEA (2.5 μL, 0.015 mmol) in dry DMF (2 mL) was
reacted for 10 min. Doxorubicin·HCl salt (6.9 mg, 0.012 mmol) was
added and reacted for 24 h. To quench the reaction, 0.1 N HCl
solution was added. The organic layer was washed with water (10 mL
× 2). Then the collected organic solvent was dried and product was
purified by silica gel column with dichloromethane/methanol as the
eluent to afford a pure cholesterol-doxorubicin conjugate (4). Yield =
70%.
2.5. Synthesis of Aquated Cisplatin (5). Synthesis was carried

out by following the method described in ref 43.
2.6. Synthesis of Cholesterol-Cisplatin Conjugate (6).

Conjugate 6 was synthesized using the procedure in ref 43. Yield =
90%.
2.7. Synthesis of Chimeric Nanoparticles (CNPs). In short, 6.0

mg of PC 1 mg of each drug conjugate compound 3, 4, and 6; and 0.6
mg of DSPE-PEG2000 were dissolved in DCM. Further CNPs were
synthesized by the method described in ref 43. The dual drug loaded
nanoparticles (CDDP-Dox-NP, Dox-PI103-NP and CDDP-PI103-
NP) were synthesized using the same procedure from the
corresponding cholesterol-drug conjugates in a 1:1 weight ratio.
2.8. Determination of Size, Shape, and Morphology of

CNPs. Size, shape, and morphology of CNPs were determined by
dynamic light scattering (DLS), field-emission scanning electron
microscopy (FESEM), atomic force microscopy (AFM), and trans-
mission electron microscopy (TEM). The sample preparation and
measurements were done by the methods described in ref 44.
2.9. Stability of CNPs. Stability of the CNPs was performed by

using the same procedure explained in ref 44.
2.10. Quantification of Drug Loading in CNPs. Loading of each

drug in CNPs was quantified using the UV−vis spectroscopy method
illustrated in refs 44 and 45.
2.11. Release of Triple Drugs from CNPs. The release of triple

drugs in pH = 5.5 and pH = 7.4 was determined using the dialysis
method described in refs 44 and 45.
2.12. In Vitro Assays. In vitro cell viability assays by MTT,

apoptosis detection by the fluorescence activated cell sorting method
(FACS), cellular internalization by confocal laser scanning microscopy
(CLSM), and Western blot analysis were performed by the procedure
described in our previous paper in ref 44.

3. RESULTS AND DISCUSSION

3.1. Development of Cholesterol−Drug Conjugates.
We have chosen biocompatible and biodegradable cholesterol
for developing the CNPs due to its ubiquitous nature as a
cellular membrane component. The free hydroxyl group in
cholesterol (1) was first converted to carboxylic acid by reacting
with succinic anhydride, pyridine, and DMAP to achieve
conjugate 2 in 77% yield (Figure 1a). We have chosen succinic
acid as it is one of the major components in the tricarboxylic
acid cycle (TCA) in mitochondria in our body.46 We further
reacted conjugate 2 with PI103 (PI3K inhibitor, currently in
clinical study),47,8 using EDC and DMAP as coupling reagents
to afford a cholesterol-PI103 conjugate (3) in 72% yield. We
also conjugated doxorubicin, a DNA binder and clinically
approved anticancer agent, with conjugate 2 by amide linkage
using HBTU/DIPEA to attain a cholesterol-doxorubicin
conjugate (4) in 70% yield. Finally, cisplatin (CDDP), another
DNA binding clinically approved drug, was converted to
aquated cis-Pt[(NH3)2(OH2)2]

2+ (5),48 which was further
attached with conjugate 2 by a Pt−carboxylato bond49 to
synthesize a cholesterol−cisplatin conjugate (6) in 90% yield.
The conjugates (2, 3, 4, and 6) were characterized by 1H, 13C
NMR, and HR-MS (Figures S1−S12 in the Supporting
Information). Furthermore, conjugate 6 was characterized by
195Pt NMR spectroscopy having peak at −1304 ppm (Figure
S13 in the Supporting Information).50

3.2. Development of CNPs. We developed the CNPs
from cholesterol−drug conjugates (3, 4, and 6), PC, and a
DSPE-PEG2000 mixture in different ratios (Figure 1b).43 We
surface coated the CNPs with DSPE-PEG to provide a “stealth-
like” property, evade the immune system, and improve long
blood circulation half-life.52 The drug loading in CNPs was
quantified by UV−vis spectroscopy based on characteristic λmax
= 340 nm (PI103), 480 nm (doxorubicin), and 706 nm
(cisplatin) from a standard absorbance versus concentration
graph (Figure S14a−c in the Supporting Information). Due to
rapid in vivo metabolism, it is necessary to achieve a nearly 10-
fold increased concentration of PI103 for effective inhibition of
PI3K and downstream Akt signaling.53 Moreover, doxorubicin
and cisplatin exert cardiotoxicity and nephrotoxicity, respec-
tively.54,55 Hence, it is highly important to package the drugs in
optimal loading in the nanoplatform for combination therapy.
To obtain the CNPs with optimized drug loading, the
stoichiometric amount of cholesterol-drug conjugates 3, 4,
and 6 were varied in different weight ratios. We observed a clear
translation of the weight ratio into the final drug loading ratio
with high drug loading efficiency in the CNPs with sub-200 nm
size and comparable polydispersity index (PDI) values,
determined by DLS (Table S1 in the Supporting Information).
This ratiometric quantification clearly showed that the drug-
loading ratio could be fine-tuned in the CNPs by using different
stoichiometric amount of cholesterol-drug conjugates. How-
ever, we used PI103/doxoxrubicin/CDDP = 1:0.8:0.9 loading
in CNPs for further studies having a mean drug loading of 252
μM, 204 μM, and 244 μM for PI103, doxorubicin, and cisplatin,
respectively (Figure S14d in the Supporting Information). The
mean size of the CNPs was found to be 153.7 nm in diameter
by DLS (Figure 2a). Size, shape, and morphology of the CNPs
were further visualized by FESEM (Figure 2b), AFM (Figure
2c), and TEM (Figure 2d). DLS and electron microscopy
images clearly demonstrated that the CNPs were spherical in
shape, at less than 200 nm in diameter, suitable for passive
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tumor targeting through leaky and tortuous vasculature.
Furthermore, energy-dispersive X-ray spectroscopy (EDX)
measurement was performed to demonstrate the presence of
Pt metal from cisplatin in CNPs (Figure S15 in the Supporting
Information).
3.3. Stability of the CNPs. To translate successfully from

bench to bedside, the CNPs should maintain extensive stability
over a long time under storage conditions. We estimated the
stability of CNPs at 4 °C in PBS for 2 weeks by measuring size
and PDI using DLS. Size of the CNPs changed marginally from
159.9 ± 2.9 nm (PDI = 0.105 ± 0.01) to 162.7 ± 1.4 nm (PDI
= 0.132 ± 0.004) over 2 weeks (Figure S16a,b in the
Supporting Information). Further, we measured the stability of
the CNPs at 37 °C in PBS for 2 weeks. The size of the CNPs
increased from 155.0 ± 1.7 nm with PDI = 0.069 ± 0.0 to 159.2
± 1.3 nm with PDI = 0.81 ± 0.00) over 2 weeks (Figure S16c,d
in the Supporting Information). For successful in vivo drug
delivery, CNPs must show high stability inside the blood flow
at body temperature. Therefore, we assessed the stability of
CNPs in DMEM with 10% FBS at 37 °C for 72 h. The size of
CNPs increased from 139.5 ± 0.4 nm to 154.6 ± 6.6 nm
(change in PDI = 0.179 ± 0.0 to 0.214 ± 0.03) (Figure S16e,f
in the Supporting Information). This stability measurements
clearly showed that CNPs retained their size under 200 nm
without major aggregation at 4 and 37 °C in PBS for 2 weeks as
well as in the blood flow milieu for 72 h.
3.4. Release of Triple Drugs from CNPs. After

accumulation inside the tumor, the CNPs must be able to
release payloads in a controlled and continuous manner
through a prolonged time. Moreover, the sequential admin-
istration of drugs in combination strategy plays a crucial role in
the therapeutic outcome.56,36 We anticipated that inhibiting
PI3K signaling as a survival pathway followed by DNA damage
would lead to better therapeutic efficacy. We quantified the
release profile43 of triple drugs from CNPs for 120 h at 37 °C in
an acidic environment (pH = 5.5), which imitates the
lysosomes in the cancer cells.57 CNPs released 87.2 ± 5.3%
of PI103 and 42.1 ± 2.6% of cisplatin at 50 h, whereas 46.4 ±
11.8% of doxorubicin was released at 24 h (Figure 3a). As a
control, we evaluated the amount of triple drugs released from
CNPs by incubating them at physiological pH = 7.4. CNPs
released 49.7 ± 2.5% of PI103 after 120 h, whereas only 23.4 ±
1.9% of doxorubicin and 25.1 ± 0.8% cisplatin were released
even after 74 h (Figure 3b). We further evaluated the presence

of free PI103, doxorubicin, and cisplatin released from CNPs at
pH = 5.5 after 24 and 48 h by UV−vis spectroscopy (Figure
S17 in the Supporting Information). Figure S17a clearly
showed the characteristic peaks at λmax = 480 nm (for free
doxorubicin) and 340 nm (for free PI103) in both 24 and 48 h
time points (highlighted regions). Figure S17b also showed the
characteristic peak at λmax = 706 nm for free cisplatin in both 24
and 48 h (highlighted region). Finally, we confirmed the
presence of free cisplatin, PI103, and doxorubicin released from
CNPs at pH = 5.5 after 48 h incubation by MALDI-TOF
(Figures S18 and S19 in the Supporting Information). From
these UV−vis and MALDI-TOF data, it was clear that the
structures of all the drugs retained after release from CNPs to
show their pharmacological effects. These release data clearly
showed that CNPs exhibited significantly increased drug release
in a controlled and continuous manner over 120 h in an acidic
environment compared to a neutral medium. We anticipated
that ester, amide, and carboxylato-Pt bonds in the cholesterol-
PI103 (3), cholesterol-doxorubicin (4) and cholesterol−
cisplatin (6) conjugates respectively, are highly hydrolyzable
in an acidic medium compared to a neutral medium, which
prompted the superior triple drug release. Furthermore, at pH
= 5.5, the aromatic ester bond in conjugate 3 is more
hydrolyzable compared to the amide and carboxylato-Pt bond
in conjugate 4 and conjugate 6, respectively, which led to the
faster and improved release of PI103 compared to doxorubicin
and cisplatin. Finally, at pH = 5.5, we observed a decreased
accumulative release for all the drugs after 50 h, which we
attributed to the possible degradation of all the drugs in acidic
condition after prolonged incubation.

3.5. In Vitro Cytotoxicity Assay of CNPs in Cancer
Cells. To assess the effect of the CNPs in cancer therapy, we
determined the in vitro efficacy of CNPs in HeLa cervical
cancer cells, HL60 promyelocytic leukemia cells, and MCF7
metastatic breast cancer cells by MTT assay at 24 and 48 h post
incubation. For the MTT assay, we used CNPs and free drug
cocktails having the same PI103/doxorubicin/CDDP =
1:0.8:0.9 ratios. We also estimated the cytotoxicity of dual
drug loaded CDDP-Dox-NPs, Dox-PI103-NPs, and CDDP-
PI103-NPs as controls. At 24 h, CNPs showed much less IC50 =
4.1 μM compared to IC50 = 14.4 μM, 6.84 μM, 13.3 μM, and
6.58 μM for the free drug cocktail, CDDP-Dox-NPs, CDDP-
PI103-NPs, and Dox-PI103-NPs, respectively, in HeLa cells
(Figures S20a and S21a−c in the Supporting Information).
Similarly, CNPs demonstrated IC50 = 1.5 μM compared to IC50
= 3 μM, 7.35 μM, 1.74 μM, and 0.41 μM for the free drug
cocktail, CDDP-Dox-NPs, CDDP-PI103-NPs, and Dox-PI103-

Figure 2. Characterization of size, shape, and morphology of CNPs by
(a) DLS, (b) FESEM, (c) AFM, and (d) TEM.

Figure 3. Release of PI103, doxorubicin, and cisplatin from CNPs at
(a) pH = 5.5 and (b) pH = 7.4 over 120 h.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b04015
ACS Appl. Mater. Interfaces 2015, 7, 18327−18335

18330

http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04015/suppl_file/am5b04015_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04015/suppl_file/am5b04015_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04015/suppl_file/am5b04015_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04015/suppl_file/am5b04015_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04015/suppl_file/am5b04015_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04015/suppl_file/am5b04015_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04015/suppl_file/am5b04015_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04015/suppl_file/am5b04015_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04015/suppl_file/am5b04015_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b04015/suppl_file/am5b04015_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b04015


NPs, respectively, in HL60 cells at 24 h (Figures S20b and
S22a−c in the Supporting Information). Moreover, CNPs
showed IC50 = 14.9 μM compared to IC50 = 37.5 μM, 5.07 μM,
11.01 μM, and 7.17 μM for the free drug cocktail, CDDP-Dox-
NPs, CDDP-PI103-NPs, and Dox-PI103-NPs, respectively, at
24 h in MCF7 cells (Figures S20c and S23a−c in the
Supporting Information). At 48 h, CNPs showed IC50 = 0.87
μM which was equal to the IC50 = 0.86 μM for the free drug
cocktail for HeLa cells (Figure 4a). However, at 48 h in HeLa

cells, CDDP-Dox-NPs, CDDP-PI103-NPs, and Dox-PI103-
NPs showed much higher IC50 = 4.89 μM, 3.33 μM, and 4.96
μM, respectively (Figure S21d−f in the Supporting Informa-
tion). On the other hand, CNPs showed IC50 = 0.8 μM
compared to IC50 = 1.9 μM, 0.79 μM, 0.07 μM, and 16.2 μM
for free drug combination, CDDP-Dox-NPs, CDDP-PI103-
NPs, and Dox-PI103-NPs, respectively, in HL60 cells at 48 h
(Figure 4b and Figure S22d−f in the Supporting Information).
Furthermore, at 48 h, CNPs showed IC50 = 3.2 μM compared
to IC50 = 29.9 μM, 3.17 μM, 1.58 μM, and 0.39 μM for the free
drug combination, CDDP-Dox-NPs, CDDP-PI103-NPs, and
Dox-PI103-NPs, respectively, in MCF7 cells (Figure 4c and

Figure S23d−f in the Supporting Information). We also
evaluated the in vitro efficacy of CNPs in the triple negative
breast cancer (TNBC) cell line MDA-MB-231 at 24 and 48 h
post-treatment. Interestingly, CNPs showed extremely en-
hanced efficacy with IC50 = 0.4 μM compared to IC50 = 35.8
μM, 23.4 μM, 10.44 μM, and 24.24 μM for the free drug
combination, CDDP-Dox-NPs, CDDP-PI103-NPs, and Dox-
PI103-NPs, respectively, at 24 h (Figures S20d and S24a−c in
the Supporting Information). At 48 h post-treatment, CNPs
showed even more improved efficacy with IC50 = 0.2 μM
compared to IC50 = 5.7 μM, 5.24 μM, 4.92 μM, and 3.20 μM
for the free drug combinations, CDDP-Dox-NPs, CDDP-
PI103-NPs, and Dox-PI103-NPs, respectively (Figure 4d and
Figure S24d−f in the Supporting Information). These cell
viability assays demonstrated that CNPs induced much better
efficacy in HeLa and MDA-MB-231 cells with respect to free
drug cocktails and dual drug loaded nanoparticles at 24 and 48
h. However, interestingly, in HL60 and MCF7 cells, CNPs
showed much improved efficacy compared to the free drug
combination but almost equivalent efficacy compared to dual
drug loaded nanoparticles in both 24 and 48 h.
One of the hallmarks of cancer is its capability to evade

apoptosis.58 Hence, we evaluated the effect of CNPs in
inducing apoptosis in cancer cells. We incubated HeLa cells
with CNPs at IC50 values for 24 h, followed by staining the cell
surface phosphatidylserine as an early apoptosis marker by
green fluorescent Annexin V-FITC dye. We costained the
cellular DNA of late apoptotic/necrotic cells with red
fluorescent propidium iodide (PI). Quantification of early
apoptotic, late apoptotic, and necrotic cells was performed
using the fluorescence activated cell sorting (FACS) method.
Indeed, CNPs induced early apoptosis in 95.38% cells and late
apoptosis in 2.88% cells compared to only 0.08% and 0% cells
found in the early and late apoptotic stages in the nontreated
control cell (Figure 4e). This FACS analysis clearly
demonstrated that CNPs showed antitumor activity by
inducing apoptosis in HeLa cells.

3.6. Cellular Internalization of CNPs. To envision the
temporal cellular internalization mechanism of CNPs, we
incubated HeLa, MDA-MB-231, and MCF7 cells with red
fluorescent CNPs (at 2 μg/mL concentration of doxorubicin)
for 1, 3, and 6 h. The cells were fixed by paraformaldehyde, and
acidic lysosomal compartments were stained by green
fluorescent LysoTracker Green DND-26 dye. We also stained
the nuclei with DAPI (blue) and visualized the cells by using
CLSM. From Figure 5, it was clear that the CNPs entered into
HeLa cells temporally over 6 h and localized into the
lysosomes, leading to the colocalization of green and red
merged into yellow. Quantification of the amount of local-
ization of CNPs into the lysosomes from CLSM revealed that
the percentage of colocalization was increased from 11.5% to
19.8% to 20.7% from 1 to 3 to 6 h, respectively, in HeLa cells
(Table S2 in the Supporting Information). Figure 6 also clearly
showed that the CNPs internalized into the MDA-MB-231 cells
very rapidly within 6 h and localized into acidic lysosomal
compartments in a time dependent manner. The CLSM based
quantification of the % volume colocalization showed that
13.3%, 22.5%, and 52.2% CNPs were colocalized into
lysosomes in 1 to 3 to 6 h, respectively (Table S3 in the
Supporting Information). Furthermore, CLSM images also
revealed that CNPs internalized and homed in the lysosomal
compartments within 6 h in MCF7 cells (Figure S27 in the
Supporting Information).

Figure 4. In vitro cytotoxicity assay of CNPs. (a−d) Cell viability assay
of CNPs in HeLa, HL60, MCF7, and MDA-MB-231 cells for 48 h,
respectively. (e) Fluorescence Assisted Cell Sorting (FACS) analysis of
apoptosis caused by CNPs costained by Annexin V-FITC and PI in
HeLa cells for 24 h. The values shown in each quadrant represents the
percentage of cells present in healthy (lower left), early apoptotic
(lower right), late apoptotic (upper right), and necrotic (upper left)
states.
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Lipidic nanoparticles have tendency to be exocytosed from
the cells leading to the reduced efficacy in drug delivery.59 To
evaluate the existence of the CNPs into the cells for an
extended period of time, we also evaluated the cellular
internalization at 24 and 48 h time points in HeLa, MDA-
MB-231, and MCF7 cells. Figures S25, S26, and S27 in the
Supporting Information clearly demonstrated that CNPs were
retained inside the acidic lysosomal compartments for 24 and
48 h to show their anticancer activity. CLSM based
quantification revealed that 37.9% and 55.0% colocalization
were observed for HeLa cells, compared to 37.7% and 27.9%
colocalization observed for MDA-MB-231 cells (Tables S2 and
S3 in the Supporting Information). We hypothesized that
CNPs will be endocytosed into acidic lysosomal compartments,
and in the acidic environment each drug will be released and
inhibit their respective targets. From Figures S25, S26, and S27
in the Suppoting Information, it was clear that at 24 and 48 h,
red fluorescent doxorubicin was localized into a blue

fluorescent nucleus to afford a merged purple color in HeLa,
MDA-MB-231, and MCF7 cells. We also quantified the
colocalization of doxorubicin in the nucleus from CLSM.
Tables S2 and S3 in the Supporting Information showed that
the percentage of colocalization of blue and red colors gradually
increased from 0.13% to 40.22% from 1 to 48 h in HeLa cells as
well as from 7.28% to 48.5% from 1 to 48 h in MDA-MB-231
cells. These CLSM data demonstrated that the CNPs
internalized into HeLa, MDA-MB-231, and MCF7 cells
temporally by endocytosis followed by localization into the
lysosomes for extended periods of time, leading to further
release of triple drugs.

3.7. Mechanism of Action of CNPs. Phosphatidylinositol-
3-kinase (PI3K) and its primary downstream mediator Akt play
important roles in cell survival and proliferation in cancer
cells.60 As a result, PI3K-Akt signaling inhibitor PI103 showed
improved efficacy in combination with doxorubicin as a DNA
damaging agent.17 Moreover, PI103 augmented the therapeutic
efficacy of cisplatin nanoparticles in a breast cancer model.42

However, there is no precedence of drug combination having
PI103, doxorubicin, and cisplatin in a single nanoparticle.
Hence, we evaluated the mechanism of action of CNPs in HeLa
after treatment with CNPs at IC50 = 4.1 μM concentration for
24 h and visualized the protein expressions by Western blot.
We evaluated the expression of γH2AX to monitor DNA
damage.61 Figure 7a demonstrated that CNPs induced

significantly increased expression of γH2AX compared to no
treatment. Quantification of the relative expression of γH2AX
showed a 13-fold increase in CNP treated cells compared to no
treatment, which clearly indicated that CNPs showed
cytotoxicity by inducing DNA damage (Figure S28a in the
Supporting Information).
After DNA damage, the poly(ADP-ribose) polymerase

(PARP) family of proteins gets activated to repair the damage.
As a result, PARP activation is also a potential biomarker for
cellular DNA damage.62 Evaluation of PARP expression (Figure
7b) showed that CNPs activated PARP compared to no
treatment control. Furthermore, PARP quantification revealed a
3-fold increase upon incubation with CNPs relative to no
treatment (Figure S28b in the Supporting Information).
Finally, we evaluated the expression of phospho-Akt, which is

a downstream therapeutic target and one of the most important
biomarkers in PI3K signaling. From Figure 7c, it was clear that
CNPs reduced the expression of phosphor-Akt while keeping
the total Akt expression the same compared to the no
treatment control. Quantification from Western blot also
showed a 1.4-fold decrease of phosphor-Akt expression upon
treatment with CNPs compared to the control (Figure S28c in

Figure 5. Internalization of CNPs in HeLa cells at 1, 3, and 6 h
visualized by CLSM. Lysosomes and nuclei were stained by
LysoTracker Green DND-26 and DAPI (blue), respectively. The
merged images prove the homing (yellow) of CNPs in lysosomes.
Scale = 10 μm.

Figure 6. Internalization of CNPs in MDA-MB-231 cells at 1, 3, and 6
h visualized by CLSM. Lysosomes and nuclei were stained by
LysoTracker Green DND-26 and DAPI (blue), respectively. The
merged images illustrate the homing (yellow) of CNPs in lysosomes.
Scale = 10 μm.

Figure 7. Expression of (a) γH2AX, (b) PARP, and (c) p-Akt in HeLa
cells after 24 h post-incubation with CNPs determined by Western
blot analysis.
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the Supporting Information). From these Western blot
analyses, it was evident that CNPs demonstrated improved
cytotoxicity in HeLa cells by inhibiting PI3K signaling and
DNA damage.

4. CONCLUSION
We have engineered cholesterol-based chimeric nanoparticles
(CNPs), which can simultaneously contain PI103, doxorubicin,
and cisplatin in a controlled ratiometric manner. The CNPs
released three drugs in a prolonged and continuous manner in
enhanced quantity in an acidic medium compared to a neutral
medium over 120 h with excellent stability at 4 and 37 °C over
2 weeks as well as in a blood circulation mimic for 72 h. The
CNPs induced improved in vitro cytotoxicity against cervical
cancer (HeLa), promyelocytic leukemia cells (HL60), and
metastatic breast cancer cells (MCF7) as well as drug resistant
triple negative breast cancer cells (MDA-MB-231) compared to
the free drug combinations. These CNPs localized temporally
into the acidic lysosomes after endocytosis within 6 h and were
retained inside the cells for 48 h in HeLa, MDA-MB-231, and
MCF7 cells. Finally, the CNPs showed their efficacy in HeLa
cells by inhibiting PI3K-Akt signaling and inducing DNA
damage, leading to the induction of apoptosis. We anticipate
that these chimeric nanoparticles will open up a new avenue
into rational multi-drug-combination therapy through targeting
various critical oncogenic signaling pathways as well as
delivering traditional chemotherapeutic drugs as personalized
medicine to offer improved survival in cancer patients.
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