
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Ja

nu
ar

y 
20

21
. D

ow
nl

oa
de

d 
on

 1
1/

5/
20

25
 1

1:
52

:5
6 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
A doxorubicin–p
aFood Chemistry and Molecular Cancer Biolo

Management, Alagappa University, Karaik

alagappauniversity.ac.in
bMolecular Oncology Lab, Department of

Tiruchirappalli 620 024, Tamil Nadu, India
cDepartment of Biomedical Science, Centre f

(CMIAD), The University of Sheffield, Weste
dMOE Key Laboratory of Macromolecu

Department of Polymer Science and Engi

310027, China
ePhage Therapy and Molecular Biology L

Management, Alagappa University, Karaiku

† Electronic supplementary informa
10.1039/d0ra06708c

Cite this: RSC Adv., 2021, 11, 4818

Received 3rd August 2020
Accepted 25th November 2020

DOI: 10.1039/d0ra06708c

rsc.li/rsc-advances

4818 | RSC Adv., 2021, 11, 4818–4828
latinum conjugate system:
impacts on PI3K/AKT actuation and apoptosis in
breast cancer cells†
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and Kumar Ponnuchamy *a

In recent years, the development of a nano-conjugate system for drug delivery applications has gained

attention among researchers. Keeping this in mind, in this study, we developed a doxorubicin–platinum

conjugate system that targeted breast cancer cell lines. To achieve this, we developed platinum

nanoparticles using polyvinylpyrrolidone (PVP). High resolution-transmission electron microscopy (HR-

TEM) revealed the occurrence of octopod-shaped platinum nanoparticles. Subsequently, doxorubicin

(DOX) was conjugated on the surface of the as-prepared platinum octopods via an in situ stirring

method. The physicochemical characterization of the doxorubicin–platinum conjugate system revealed

that the PVP of PtNPs interacts with the NH2 group of doxorubicin via electrostatic interaction/hydrogen

bonding. Besides, the doxorubicin–platinum conjugate system exhibited a sustained drug release profile

within the cancer cells. Furthermore, the evaluation of the in vitro anticancer efficacy of the

doxorubicin–platinum conjugate system in breast cancer cells (MCF-7 and MDA-MB-231) unveiled the

induction of apoptosis via intracellular ROS and DNA damage, rather than free DOX and PtNPs.

Remarkably, we also perceived that the doxorubicin–platinum conjugate system was strong enough to

down-regulate the PI3K/AKT signalling pathway. As a result, the tumour suppressor gene PTEN was

activated, which led to the stimulation of a mitochondrion-based intrinsic apoptotic pathway and its

downstream caspases, triggering cell death. Hence, our findings suggested that a biologically stable

doxorubicin–platinum conjugate system could be an imperative therapeutic agent for anticancer therapy

in the near future.
1. Introduction

In recent years, engineered nanoscale drug delivery systems
offer specicity and pass multidrug resistance mechanisms,
enabling a paradigm shi in cancer treatment.1–3 In view of this,
platinum-based drugs such as cisplatin, carboplatin, and oxa-
liplatin are used worldwide to treat patients.4–6 However,
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tion (ESI) available. See DOI:
adverse side effects and increased drug resistance results in lack
of specicity towards cancer targets.7 As a result, nano-
formulations that involve inorganic platinum nanoparticles
have not yet entered clinical studies so far.8,9 Considering this
fact, coating the surface of platinum nanomaterials with
a biocompatible agent (e.g., PVP), a synthetic polymer, could
promote prolonged circulation within the biological system.10

To date, several polymeric coated platinum-based nanoparticles
are widely developed to study the electrochemical, catalytic
properties, etc.11–13 However, biological studies pertaining to
polymeric platinum nanoparticles are limited.14

Doxorubicin is an anthracycline-ringed antibiotic that treats
a wide range of diseases, including cancer. Owing to this fact,
we considered doxorubicin to be a better choice for conjugation
with platinum nanoparticles.15,16 The conjugation of doxoru-
bicin with organic and inorganic nanomaterials has been
enormously exploited.17–20 Venkatesan et al. have demonstrated
the conjugation of gold nanoparticles with doxorubicin for
improved cancer therapy.21 Padhye et al. reported b-
NaYF4:Gd3+/Tb3+ phosphor nanorods as anticancer drug
delivery nanovehicles, targeting MCF-7 and NIH3T3 cells.22 In
© 2021 The Author(s). Published by the Royal Society of Chemistry
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a recent study, the covalent immobilization of doxorubicin with
glyhydroxyapatite nanoparticles was studied targeting WEHI-
164 cells.23 Furthermore, a polymeric multifaceted pH-
responsive nanosystem with doxorubicin, targeting breast
cancer by the proton sponge effect/endo-lysosomal escape
system was reported.24 In 2020, Mukherjee et al. described the
rationale for designing PEGylated platinum nanoparticles using
doxorubicin targeting melanoma under both in vitro and in vivo
conditions.25 To the best of our knowledge, studies pertaining to
doxorubicin–PVP functionalized platinum nanoparticles tar-
geting breast cancer are not reported so far.

In such circumstances, the present study uses poly-
vinylpyrrolidone (PVP)-functionalized platinum nanoparticles
having an octopod shape evidencing monodispersity. Further,
platinum octopods were conjugated with doxorubicin for
enhanced drug delivery and for minimizing the risk of drug
toxicity. As a result, the doxorubicin–platinum conjugate system
shows a substantial drug release prole and biocompatibility.
Furthermore, the cytotoxic ability of the doxorubicin–platinum
conjugate system was tested against two different intrinsic
subtypes of breast cancer cells. Eventually, the molecular
mechanism involved in the killing of breast cancer cell lines is
revealed, substantiating the superior therapeutic potential of
the doxorubicin–platinum conjugate system.

2. Materials and methods
2.1 Materials used

All the analytical chemicals used in the study were received
from Sigma Aldrich, India. The cell culture-based chemicals are
procured from Himedia Laboratories, India. The solvents used
in the study were obtained from Sisco Research Laboratories,
India. Antibodies used in the study were purchased from Cell
Signalling Technologies (USA). All the purchased chemicals
were used as received.

2.2 Synthesis of platinum octopods

In a typical synthesis, 35 mL of ethylene glycol (EG) was rapidly
heated to 167 �C in the presence of sodium nitrate (NaNO3)
(0.163 g) and PVP (Mw: 10 000, 0.116 g).26 Aer 5 min of the
reaction, 5 mL of 10 mM chloroplatinic acid (H2PtCl6$2H2O)
was added, and the reaction was extended to 30 min until
a black precipitate was obtained, thus concluding the formation
of platinum nanoparticles. The product obtained was cooled to
room temperature. Subsequently, the nal product was ob-
tained by centrifugation at 5000 rpm for 15 min at room
temperature. The acquired pellet was then washed with a series
of solvents such as acetone and hexane to remove unreacted
products. The precipitate thus obtained is redispersed in 5 mL
of ethanol and used further.

2.3 Conjugation reaction

For the conjugation reaction, 10 mg mL�1 of doxorubicin was
allowed to react with 50 mg mL�1 of platinum octopods (2 mL)
overnight under constant stirring.21 Aer the reaction, the
suspension was centrifuged at 12 000 rpm thrice to remove
© 2021 The Author(s). Published by the Royal Society of Chemistry
unreacted doxorubicin. In the end, the pellet is redispersed in
2 mL of Milli-Q water and stored for further use. The loading
efficiency of doxorubicin on the surface of platinum octopods
was measured using a spectrophotometer at 490 nm.

2.4 Characterization

UV-vis spectroscopy was performed to ascertain the formation
of platinum octopods, conjugation reaction, and determine the
loading efficiency of doxorubicin (Evolution-201, Thermo, USA).
FT-IR measurements were performed to understand the
involvement of functional groups during the formation of
platinum octopods (Nicolet iS5, Thermo, USA). X-ray diffraction
was performed to determine the presence of a face-centred
cubic crystalline structure of platinum (X'Pert Pro PAnalytic,
UK). The hydrodynamic diameter and zeta potential value of
platinum octopods and the doxorubicin-conjugated theranostic
system were determined via dynamic light scattering measure-
ments (Zetasizer Nano-ZS90, Malvern, UK). High-resolution
transmission electron microscopic studies were performed to
ascertain the size and morphology of as-prepared platinum
octopods (JEOL-2100+ high resolution transmission electron
microscopy with SAED). The quenching effect between doxo-
rubicin and platinum octopods was determined by a uores-
cence spectrophotometer (Horiba Fluromax 4, USA).

2.5 In vitro drug release studies

The in vitro drug release studies were conducted to study the
release behaviour of DOX from platinum octopods at two
different pH values using phosphate buffer saline (pH 7.4) and
acetate buffer (pH 4.5).27 To achieve this, 2 mL of the doxoru-
bicin–platinum conjugate system was sealed and placed in
a dialysis bag (Mw: 12–14 kDa) with respective buffer systems (48
mL) at room temperature under constant stirring. At the pre-
destined time, 2 mL of buffer from the system was removed and
replaced with the same volume of the buffer with a similar pH.
In the end, the release of doxorubicin from the platinum octo-
pods was measured spectrophotometrically at 490 nm.

2.6 Cell culture experiments

The breast cancer cells (MCF-7 and MDA-MB-231) and normal
human embryonic kidney (HEK-293) cells were procured from
National Centre for Cell Science (NCCS), Pune, India. The cells
were cultured in Dulbecco's Modied Eagle's Medium (DMEM)
along with 10% fetal bovine serum (FBS) and 1% antibiotics
(penicillin and streptomycin). The cells were maintained in an
incubator with 5% CO2 at 37 �C.

2.7 In vitro cytotoxicity and uorescence-based staining

The in vitro cytotoxicity was assessed by the MTT (3-(4,5-
dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay
to determine the half-maximum inhibitory concentration (IC50)
of drugs such as doxorubicin, platinum octopods and platinum
doxorubicin conjugates based on the methodology adopted by
Mosmann et al.28 Morphology-based uorescence staining was
executed to study live-dead, labelling nuclear DNA, generation
RSC Adv., 2021, 11, 4818–4828 | 4819
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of reactive oxygen species, and mitochondrial membrane
permeation studies according to the methodology reported
earlier.29 The cells were visualized and imaged under a uores-
cence microscope (Accu-Scope, EXI-310, USA).
2.8 Semi-quantitative gene expression studies

RNA from IC50 treated cells (with doxorubicin–platinum
conjugate) and untreated cells were extracted and puried from
breast cancer cells (MCF-7 and MDA-MB-231).29 About 1 mg of
total RNA was transcribed and amplied by PCR using specic
primers to study cell survival and apoptosis-inducing genes (ESI
Table 1†). The amplied PCR product was separated via elec-
trophoresis, stained by ethidium bromide and visualized under
the bioimaging system. In our study, b-actin served as an
internal control.
2.9 Western blot analysis

The RIPA lysis buffer was used to separate proteins from IC50

treated (doxorubicin–platinum conjugate) breast cancer cells,
followed by quantication.30 Later, proteins were separated by
SDS-PAGE and electro-blotted onto a nitrocellulose membrane.
Further, the membrane was blocked with nonfat milk for 1 h at
37 �C and probed further with primary antibodies (anti-p-Bcl-2;
anti-p-caspase-9; anti-cleaved caspase-3; anti-cytochrome-c,
anti-p-AKT, and anti-b-actin) overnight. Furthermore, TTBs
buffer was used to wash the membrane, followed by incubating
further with secondary antibodies for 1 h at 37 �C. In the end,
the blots were developed using a chromogenic BCIP-NBT solu-
tion and recorded under a bioimaging system.
2.10 Statistical analysis

All the experiments performed in the study were expressed as
mean � SD. In addition, two-way ANOVA was performed. P-
Value at #P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05 and ns
(non-signicant) were considered statistically signicant.
3. Result and discussion

In the present study, platinum nanoparticles using PVP (Mw ¼
10 000) were synthesized by a polyol method, as shown in
Scheme 1. The formation of PVP-functionalized platinum
octopods was conrmed visually (yellow to black), followed by
the UV-vis spectral analysis.31 As shown in Fig. 1a, PtCl6

2�
Scheme 1 Evolution of platinum octopods.

4820 | RSC Adv., 2021, 11, 4818–4828
exhibits an absorbance peak at 212 and 268 nm. However, upon
the start of the reaction, PtCl6

2� may undergo substitution,
which results in the formation of nitroplatinate salt
(Pt(NO2)6

2�) and leads to the disappearance of the peak at
268 nm. In our study, we inferred that the rate of nitroplatinate
salt reduction into platinum nanoparticles is slow and time-
dependent26 (Fig. 1a). Taken together, this will be a key factor
that results in the formation of anisotropic nanoparticles cap-
ped with PVP. The FT-IR spectrum conrmed the following
vibration bands: –OH, C–H, C]O, CH2 and C–N asymmetric
stretching vibrations at 3364 cm�1, 2975 cm�1, 1656 cm�1,
1383 cm�1 and 1047 cm�1, indicating the presence of PVP that
functionalized the platinum nanoparticles (Fig. 1b). The XRD
analysis conrmed the existence of a face-centred cubic crys-
talline structure of platinum coinciding well with earlier re-
ported data with high purity and crystallinity (JCPDS: 004
0802)32 (Fig. 1c). The hydrodynamic diameter of PVP-
functionalized platinum octopods was found to be 173.5 �
0.28 nm (Fig. 1d). In addition, zeta potential measurement
suggests a negative surface charge value of �14.7 � 8.16 mV
(Fig. 1e). The negative zeta potential value is due to the capping
of PVP on to the surface of platinum. According to the high
resolution-transmission electron microscopy (HR-TEM) results,
platinum nanoparticles showed an octopod shape with an
average particle diameter between 10 and 19 nm (ref. 26 and 33)
(Fig. 2a–c). The SAED pattern shows the octopod-shaped plat-
inum nanoparticle with the FCC structure crystal planes corre-
sponding to {111}, {200}, {220}, and {311}, which is well in
agreement with XRD results (Fig. 2d). Further, the as-prepared
PVP functionalized platinum octopods were used for further
conjugation experiments with a chemotherapeutic agent,
doxorubicin.

As expected, the doxorubicin–platinum conjugate system
developed was well dispersed in an aqueous medium, as shown
in Scheme 2. In the present study, PVP used as a stabilizing
agent for the preparation of platinum octopods acted as a linker
with the NH2 group of doxorubicin via electrostatic interaction/
hydrogen bonding.21,34 The interaction between doxorubicin
and PVP-functionalized platinum octopods was conrmed by
the UV-vis spectroscopic analysis with increased absorption
(Fig. 3a). The loading efficiency of doxorubicin on the surface of
PVP-functionalized platinum octopods was found to be �45%,
as revealed by the Langmuir adsorption isotherm (Fig. 3b). We
believe that interaction between PVP on the surface of platinum
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 High-throughput analytical characterization of platinum nanoparticles. (a) UV-vis spectroscopic studies at different time intervals. (b) FT-
IR spectra analysis. (c) XRD analysis (the observed XRD plane matches JCPDS no. 004 0803).32 (d) Particle size distribution analysis. (e) Zeta
potential measurement studies.

Fig. 2 High-resolution transmission electron microscopy studies of platinum octopods. (a and b) A view of octopod-shaped platinum nano-
particles. (c) A closure view at a 10 nm scale bar. (d) SAED pattern.

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 4818–4828 | 4821
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Scheme 2 Quenching effect between platinum octopods (quencher)
and doxorubicin (donor).
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octopods drives the reaction between doxorubicin as a conju-
gate system (Scheme 1). As a result, the doxorubicin conjugated
system showed an increased particle size distribution (231� 1.1
nm) and a negative zeta potential (�12.5 � 5.05 mV) value
(Fig. 3c and d). The results are consistent with earlier reports on
the conjugation between gold nanorods and doxorubicin.21
Fig. 3 Conjugation of doxorubicin onto the surface of platinum octopod
concentrations of doxorubicin (0–300 mg mL�1) in the presence of pla
loading efficiency of doxorubicin onto the surface of platinum octopod
studies.

4822 | RSC Adv., 2021, 11, 4818–4828
Similarly, the uorescence-based spectral analysis was used to
verify the existence of doxorubicin onto the surface of platinum
octopods by quenching studies. ESI Fig. 1a† shows that the
quenching of doxorubicin on the metallic surface suggests the
interaction of doxorubicin with PVP-functionalized platinum
octopods at a shorter distance. The quenching is in good
agreement with Stern–Volmer kinetics (Ksv ¼ 3.10 � 104 mg
mL�1), showing a strong relationship between the quencher
and donor (ESI Fig. 1b†).

In vitro drug release studies of the doxorubicin–platinum
conjugate system were carried out in phosphate buffer with pH
7.4 and in acetate buffer with pH 4.5 that replicates the pH
mechanism of normal and cancerous cells, as shown in ESI
Fig. 2.†35 The relative release of doxorubicin from platinum
nanoparticles is signicantly higher in acetate buffer with pH
4.5 (43.2%), whereas only 25% of doxorubicin was released from
the phosphate buffer with pH 7.4 for 48 h. We predict that the
acidic pH breaks the electrostatic interaction/hydrogen
bonding between doxorubicin and PVP-functionalized plat-
inum octopods.36 As a result, a sustained release of doxorubicin
is achieved within the in vitro system and is time-dependent.
However, this type of system should be carefully examined in
normal cells to avoid non-specic side effects caused during
conventional chemotherapy.
s. (a) Development of extinction spectra upon the addition of different
tinum octopods. (b) Langmuir adsorption isotherm to determine the
s. (c) Particle size distribution analysis. (d) Zeta potential measurement

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Dual staining by AO/EtBr for MCF-7 & MDA-MB-231 breast
cancer cells with platinum octopods and doxorubicin–platinum
conjugate system. (a and b) Control (untreated) cells. (c and d) Plat-
inum octopod-treated cells. (e and f) Doxorubicin–platinum conju-
gate system-treated cells.

Fig. 5 Nuclear staining by Hoechst 33444 for MCF-7 & MDA-MB-231
breast cancer cells with platinum octopods (PtNPs) and doxorubicin–
platinum conjugate system. (a and b) Control (untreated) cells. (c and
d) Platinum octopod-treated cells. (e and f) Doxorubicin–platinum
conjugate system-treated cells.

Fig. 6 ROS studies by DCFH-DA for MCF-7 & MDA-MB-231 breast
cancer cells with platinum octopods (PtNPs) and doxorubicin–plat-
inum conjugate system. (a and b) Control (untreated) cells. (c and d)
Platinum octopod-treated cells. (e and f) Doxorubicin–platinum
conjugate system-treated cells.

Fig. 7 Mitochondrial membrane potential studies by Rhodamine 123
for MCF-7 & MDA-MB-231 breast cancer cells with platinum octopods
(PtNPs) and doxorubicin–platinum conjugate system. (a and b) Control
(untreated) cells. (c and d) Platinum octopod-treated cells. (e and f)
Doxorubicin–platinum conjugate system-treated cells.
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The MTT assay was performed to assess the anticancer
effects of doxorubicin, platinum octopods and doxorubicin–
platinum conjugate system with breast cancer cell lines (MCF-7
and MDA-MB-231).37 Initially, free doxorubicin had increased
toxicity compared to naked PVP-functionalized platinum octo-
pods. However, a relatively high increased cytotoxicity value is
noticed for the doxorubicin–platinum conjugate system due to
the sustained release of doxorubicin from platinum octopods,
as shown in ESI Table 2.† Also, a synergistic increase in efficacy
upon conjugation between doxorubicin and PVP-functionalized
platinum octopods is achieved.21 The data from our study is
consistent with in vitro release drug prole studies at different
physiological pH values (4.5 and 7.4). However, the effect of the
doxorubicin–platinum conjugate system was slightly higher in
MCF-7 (2.099 � 0.87 mg mL�1) than that in MDA-MB-231 (3.196
© 2021 The Author(s). Published by the Royal Society of Chemistry
� 0.51 mg mL�1) cancer cells based on half-maximum inhibitory
concentration. Moreover, the mechanism of killing cells by
doxorubicin–platinum conjugate system is not known. Conse-
quently, the doxorubicin–platinum conjugate system is not
found to be toxic to HEK-293 (9.036 � 0.73 mg mL�1) cells
compared to breast cancer cell lines (MCF-7 and MDA-MB-231).
Based on the data, the doxorubicin–platinum conjugate system
kills breast cancer cells more efficiently than normal cells. In all
cases, no signs of cell death were observed in control, i.e.,
untreated cells.

A uorescence microscope was employed to study the
induction of apoptosis by a doxorubicin–platinum conjugate
system against breast cancer (MCF-7 and MDA-MB-231) cells.37

Fig. 4–7 show the ability of platinum octopods and doxoru-
bicin–platinum conjugate system in inducing apoptosis,
nuclear beading, reactive oxygen species (ROS), and
RSC Adv., 2021, 11, 4818–4828 | 4823
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Scheme 3 Targeting PI3K/AKT pathway by upregulating PTEN on treatment with doxorubicin–platinum conjugate system.

Fig. 8 Semi-quantitative RT-PCR gene expression studies of the doxorubicin–platinum conjugate system against breast cancer cells (MCF-7
and MDA-MB-231). Representative blots of at least three separate experiments are shown (left-hand panel). Quantification of genes and proteins
were performed for (a) and (b) (right-hand panel).
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mitochondrial membrane potential in breast cancer (MCF-7
and MDA-MB-231) cells. At rst, dual staining involving acri-
dine orange (AO) and ethidium bromide (EtBr) was performed
to determine the cellular apoptosis, as shown in Fig. 4. Upon
exposure to IC50 concentration, the cells under the uorescence
microscope display the apoptotic morphology with cells stained
in red due to chromatin condensation, nuclear beading, and
fragmentation. Moreover, the normal cells appear to be green,
evidencing that apoptosis did not occur. Secondly, the evidence
of the formation of pyknotic nuclei upon treatment with the
doxorubicin-conjugate system was evaluated by nuclear stain-
ing involving Hoechst 33444 dye. Upon treatment, the cells
4824 | RSC Adv., 2021, 11, 4818–4828
showed a change in the nuclear morphology, inferring the
pyknotic nucleus with blue emission.

In the same way, no blue emission is noticed in the control
cells (Fig. 5). Thirdly, the generation of ROS upon treatment
with the doxorubicin–platinum conjugate system is studied
with the DCFH-DA dye. DCFH-DA upon entry into cells interacts
with free radicals and gets converted into a uorogenic
compound called DCF with green emission. In our study, the
doxorubicin-conjugate system induces the generation of ROS
with green emission under a uorescence microscope (Fig. 6).
The increase in the uorescence intensity by ROS generation
with reference to control cells is plotted, as shown in ESI Fig. 3.†
At last, the induction of the mitochondrial membrane potential
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Western blotting studies of doxorubicin–platinum conjugate system against breast cancer cells (MCF-7 and MDA-MB-231). Represen-
tative blots of at least three separate experiments are shown (left-hand panel). Quantification of genes and proteins were performed for (a) and
(b) (right-hand panel).
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in breast cancer cells is visualized using Rhodamine 123, as
shown in control (Fig. 7). Rhodamine 123 explicitly stains
mitochondria green, with a distinct structure. However, in the
case of the doxorubicin–platinum conjugate system, a dis-
oriented structure is observed, indicating the damage of cells is
noticed (Fig. 7d and f). In all cases, the control cells show no
signicant morphological changes, as shown in Fig. 4–7(a).
From the obtained results, we predict that doxorubicin upon
conjugation triggers increased apoptosis due to the sustained
release of doxorubicin than naked PVP-functionalized platinum
octopods. Hence, the results of cytotoxicity and uorescence
microscopy were consistent with the support of the doxoru-
bicin–platinum conjugate system, targeting breast cancer cells
as a model.21 However, molecular mechanisms are deliberately
needed to substantiate the above-mentioned results.

Moreover, cellular pathways that promote apoptosis are the
clinically binding targets of anticancer drugs.38–41 From this
perspective, we examined the effects of the doxorubicin–plat-
inum conjugate system on targeted cellular pathways to induce
apoptosis, as shown in Scheme 3. The PI3K/AKT pathway is
essential for critical cellular functions such as cell growth,
proliferation, motility, survival, and angiogenesis.42 Several
studies demonstrated that the aberrant activation of PI3K/AKT
© 2021 The Author(s). Published by the Royal Society of Chemistry
pathways leads to the resistance of apoptosis in cancer cells.43

However, the PI3K/AKT signalling pathway is counteracted by
phosphatase and tensin homolog (PTEN), which inhibits the
PI3K/AKT-mediated activation of downstream kinases.44,45

Therefore, we have analyzed the expression prole by RT-PCR
(PI3K, AKT, and PTEN) and western blot (AKT) analysis (Fig. 8
and 9). We observed that the doxorubicin–platinum conjugate-
treated breast cancer cells showed a down-regulated mRNA
expression of PI3K and AKT (Fig. 8). The western blot analysis
further conrmed the decreased expression of AKT (Fig. 9). On
the contrary, the relative mRNA expression of PTEN was
signicantly increased in breast cancer cells treated with the
doxorubicin–platinum conjugate (Fig. 8). Therefore, PTEN
exerts tumour-suppressive effect and may induce apoptosis by
attenuating PI3K/AKT signalling via the dephosphorylating of
PIP3 to PIP2.46,47

Besides, it has been reported that mitochondria are the
crucial target for the intrinsic apoptotic pathway by releasing
cytochrome c that massively activates the downstream caspases,
triggering cell death.48 Consequently, we have examined the
transcriptional regulation of genes involved in the
mitochondrion-mediated apoptosis49 (Fig. 8 and 9). The BCL-2
gene involved in controlling the permeabilization of
RSC Adv., 2021, 11, 4818–4828 | 4825
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mitochondrial outer membranes was found to be signicantly
down-regulated in doxorubicin–platinum conjugate-treated
cancer cells.50 Moreover, the relative mRNA expression of pro-
apoptotic genes such as BAX and cytochrome c is highly upre-
gulated51 (Fig. 8 and 9). The mitochondrial membrane depo-
larization allows the release of cytochrome c and thus results in
the irreversible activation of caspases and cell death. On that
premise, the breast cancer cells treated with the doxorubicin–
platinum conjugate showed increased upregulation of caspases
3 and 9 (Fig. 8 and 9). The released cytochrome c binds to the
apoptotic protease activating factor 1 (APAF-1), promotes the
oligomerization and activation of caspase 9 at the apoptosome
complex, which in turn leads to the activation of caspase 3
(Fig. 8 and 9). The activated caspase 3 drives cell proteolysis that
entails chromatin condensation, DNA breakage, and cell anni-
hilation and coexists with uorescence microscopic studies.52

Besides, our study also revealed that the elevated expressions of
caspase 8 have an essential role in the extrinsic apoptosis
pathway in MCF-7 breast cancer cell lines (Fig. 8). Caspase 8
binds with adaptor protein FADD (a member of death domain
superfamily) to form a death-inducing signalling complex
(DISC) and subsequently initiates the downstream cleavage of
caspase 3 via mitochondrial-dependent pathways53 (Fig. 9).
However, no such upregulation is noticed in MDA-MB-231
breast cancer cell lines (Fig. 8). Taken in conjunction, our
ndings suggest that the treatment of the doxorubicin–plat-
inum conjugate in breast cancer cells potentially induced
mitochondrial-dependent apoptosis through the activation of
the tumour suppressor gene (PTEN) and the downregulation of
the anti-apoptotic gene BCL-2 via mitochondrial dysfunction.

4. Conclusion

In this study, we have established the formulation and charac-
terization of the doxorubicin–platinum conjugate system. The
obtained doxorubicin–platinum conjugate system acquired
anticancer activity against breast cancer cells (MCF-7 and MDA-
MB-231) by limiting the PI3K/AKT signalling pathway via the
activation of the tumour suppressor gene, PTEN. Ultimately,
this led to mitochondrial dysfunction and actuation of down-
stream caspases for apoptotic cell death in cancer cells.
Therefore, the stability, persistent drug release and anticancer
efficacy of a developed doxorubicin–platinum conjugate system
would have a potential role in biomedical applications,
including cancer treatment and drug delivery.
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16 G. N. Hortobágyi, Anthrazykline in der Krebstherapie: Ein
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