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Introduction
Triple-negative breast cancer (TNBC) has become 
the major reason for death due to cancer in women 
worldwide.1 It is characterized with a greater degree of 
distant metastasis and lesser survivability as compared to 
other types of breast cancer2 and categorized by the absence 
of progesterone receptors (PR), estrogen receptors (ER) 
and HER2 expression.3 The present chemotherapeutic 
agents targeting these hormonal receptors are ineffective 
against TNBCs. Thus, there is a necessity to develop novel 
amalgamated therapies targeting this devastating disease. 

Paclitaxel (PAC) is an effective chemotherapeutic drug 

considered as a gold-standard against breast cancer.4 It 
mainly stabilizes microtubules and induces cell cycle 
blockade in G2/M stage subsequently leading to cell death.5 
The major limitation for PAC is its water insolubility and 
non-specific toxicity to normal cells. However, it is a 
well-known fact that improved solubility and increased 
efficacy of PAC can be achieved by delivering it in different 
formulations. 

Generally, TNBC patients are found with BRCA 
gene mutation.6 Thus, investigators have exploited the 
defective DNA repair pathways as a capable therapeutic 
approach for TNBC. In this context, PARP inhibitors have 
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Abstract
Introduction: Triple-negative breast 
cancer (TNBC) is a lethal tumor with 
an advanced degree of metastasis 
and poor survivability as compared 
to other subtypes of breast cancer. 
TNBC which consists of 15% of all 
types of breast cancer is categorized by 
the absence of expression of estrogen 
receptors (ER), progesterone receptors 
(PR) and human epidermal growth 
factor receptor-2 (HER2). This is the main reason for the failure of current hormonal receptor-
based therapies against TNBCs, thus leading to poor patient outcomes. Therefore, there is a 
necessity to develop novel therapies targeting this devastating disease. 
Methods: In this study, we have targeted TNBC by simultaneous activation of apoptosis through 
DNA damage via cytotoxic agent such as paclitaxel (PAC), inhibition of PARP activity via PARP 
inhibitor, olaparib (OLA) and inhibiting the activity of FOXM1 proto-oncogenic transcription 
factor by using RNA interference technology (FOXM1-siRNA) in nanoformulations. Experiments 
conducted in this investigation include cellular uptake, cytotoxicity and apoptosis study using 
MDA-MB-231 cells. 
Results: The present study validates that co-delivery of two drugs (PAC and OLA) along with 
FOXM1-siRNA by cationic NPs, enhances the therapeutic outcome leading to greater cytotoxicity 
in TNBC cells. 
Conclusion: The current investigation focuses on designing a multifunctional drug delivery 
platform for concurrent delivery of either PAC or PARP inhibitor (olaparib) and FOXM1 siRNA 
in chitosan-coated poly(D, L-lactide-co-glycolide) (PLGA) nanoparticles (NPs) with the ability to 
emerge as a front runner therapeutic for TNBC therapy. 
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antibody: FOXM1 (NBP1-30961) was obtained from 
Novus Biologicals, BI Biotech India Pvt. Ltd. Secondary 
anti-rabbit IgG, HRP-linked antibody was purchased 
from Cell Signalling, Technology, (CST, MA, US). 

Cell lines and culture conditions
MDA-MB-231 was provided by Dr. Avinash Bajaj, 
Associate professor at Regional Centre for Biotechnology, 
Faridabad, Haryana, India. MDA-MB-231 cells were 
maintained in DMEM- High Glucose media containing 
10% FBS, 1% glutamine, 1% Penicillin-Streptomycin 
solution and maintained at 37°C, 5% CO2 incubator 
(FormaTM Steri-Cycle CO2 incubator, Thermo Scientific, 
USA). All chemicals for cell culture were procured from 
Invitrogen.

Preparation of Paclitaxel/Olaparib loaded PLGA NPs
PAC and OLA encapsulated PLGA NPs were prepared by a 
single oil-in-water emulsion solvent-evaporation method 
using previously reported protocol.20 Briefly, 50 mg of 
PLGA and particular concentrations of drugs (either 5 mg 
of PAC or 5 mg of OLA) in 3 ml of ethanol:acetonitrile 
(1:1) mixture solution was mixed with 12 ml of PVA (2 
% w/v) solution in water. The emulsion was sonicated 
for 2 minutes (with 55 W energy) in an ice bath by probe 
sonicator (Misonix S-4000 ultrasonic liquid processor 
(Misonix Sonicators, CT, USA)). Then, the organic solvent 
was evaporated by overnight stirring on a magnetic stirrer. 
The next day, then it was centrifuged at 151,263 × g for 
20 minutes at 4°C. The pellet was suspended in 2 ml of 
deionized water and then lyophilized for 48 hours to get 
the powder form of drug encapsulated NPs. 

Preparation of chitosan-coated PLGA NPs
Chitosan-coated NPs were prepared by incubating a 
particular concentration of chitosan solution with drug-
loaded NPs.21 Briefly, 10 % w/w of chitosan was dissolved 
in 1% glacial acetic acid. 10 mg of PAC or OLA-NPs 
was added into the above chitosan solution and kept 
for overnight stirring at 4°C. The next day, the mixture 
was centrifuged at 10,600 × g for 10 minutes at 4°C. 
The supernatant was discarded to remove an excess of 
unbound chitosan. The collected pellet was dispersed 
in PBS followed by lyophilization for 24 hours to get 
chitosan-coated PAC or OLA loaded PLGA NPs (CS-
PAC-NPs or CS-OLA-NPs). 

Size and zeta potential measurement
The hydrodynamic diameter and surface charge of NPs 
were measured by dynamic laser spectroscopy using Nano 
Zetasizer ZS (Malvern, UK). 100 µg/mL of NPs suspension 
was prepared in distilled water followed by sonication 
in an ice bath for 30 seconds. Then the suspension was 
subjected to measure the size and zeta potential. The 
experiments were performed in triplicate. 

emerged as a potential anticancer therapy regimen for 
TNBC treatment.7 Olaparib (OLA), a PARP inhibitor has 
shown a profound effect on TNBC therapy.8 However, the 
incidence of severe side effects has also been reported with 
the treatment of OLA in different cancers.9

Forkhead Box M1 (FOXM1) is a proto-oncogenic 
transcription factor, which is related to the most clinical 
drug-resistant, aggressive cancer phenotype that leads to 
poor patient survival.10 It is reported to be highly expressed 
in TNBC.11 Thus, owing to its higher expression, the 
FOXM1 gene is emerging as an effective target in TNBC 
owing to its higher overexpression rate.  

Considering the above limitations of the current drugs, 
now investigators have moved forward to find improved 
therapeutic tactics for TNBC treatment. Thus, targeting 
FOXM1 gene in TNBC may become a powerful technology 
for inhibiting tumor growth. In this context, the use 
of RNA interference (RNAi) technology has garnered 
impetus for silencing the different genes responsible for 
tumorigenesis.12 However, there is a major concern in its 
clinical use relatively owing to its short half-life and poor 
membrane permeability thereby leading to less cellular 
uptake.13 Thus, there is an urgent need for strategies for 
siRNA delivery for uplifting their therapeutic effect for 
cancer management.

In this context, the use of nanotechnology has emerged 
as a weapon to co-deliver the drugs and siRNA in single 
nanoformulation thereby surpassing the drawbacks 
of conventional drug delivery technologies.14 These 
nanosystems deliver the drugs and siRNA into cancer cells 
by enhanced permeability and retention (EPR) effect thus 
enhancing the therapeutic effects of the drug.15 Polymeric 
nanoparticles (NPs) have shown more efficiency as a drug 
delivery platform. For instance, poly(lactic-co-glycolide) 
(PLGA) has been mostly used for various biomedical 
use due to its biocompatible and biodegradable nature.16 
However, for the delivery of siRNA, the surface of PLGA 
NPs needs to be modified with some cationic polymer 
such as chitosan in order to increase the transfection 
efficiency.17-19 Thus, the purpose of the current study was 
to improve the efficacy of drugs and also to reduce the 
therapeutic dose of PAC by combined administration 
with OLA and FOXM1-siRNA in nanoformulations. This 
system may increase the efficiency of PAC by attaining 
the combinatorial effect of PAC, OLA and siRNA in NP 
system that can be used for TNBC treatment in near 
future.

Materials and Methods
Materials 
PLGA (50:50), PVA (30,000–70,000 kDa), Chitosan 
(low molecular weight), MTT reagent, Human 
duplex siRNA targeting FOXM1 (sequence: 
GCACUAUCAACAAUAGCCU), and FAM-labeled 
negative siRNA were obtained from Sigma-Aldrich (St. 
Louis, MO). Acetonitrile was bought from Merck. Primary 



Dual drug and gene delivery for Triple negative breast cancer therapy

BioImpacts, 2021, 11(3), 199-207 201

Atomic force microscope (AFM)
Drug-loaded PLGA NPs (with or without chitosan 
coating) were subjected to AFM study (JPK nanowizard 
II, Germany) to evaluate the surface morphology of drug-
loaded NPs. The protocol followed for the study has 
already been described in a previously published paper.22 

Estimation of encapsulation efficiency 
The amount of PAC or OLA encapsulated in NPs was 
estimated by UV/visible spectrophotometer (Perkin 
Elmer Inc, MA, USA). One milligram of NPs was added 
to 1 mL of ethanol:acetonitrile (1:1) mixture followed 
by sonication and centrifugation at 4°C for 10 minutes 
at 10 600 × g. Then, the supernatant was used for 
estimating the amount of PAC or OLA present in NPs 
using spectrophotometer at λmax = 227 nm and λmax = 221 
nm for PAC and OLA respectively. The amount of drug 
present in NPs was calculated by using the standard plot 
of the drugs prepared in 1 mL of ethanol:acetonitrile (1:1) 
mixture using similar conditions as mentioned above. 
Then the entrapment efficiency of the drug was estimated 
by using a formula such as Encapsulation efficiency (%) 
= (Quantity of drug present in the NPs/Total drug used 
while preparing the formulation) X 100.
 
In vitro release kinetics study of PAC or OLA from NPs 
The in vitro drug release pattern from the NPs was studied 
by following our previously published protocol with slight 
modification.23 10 mg of PAC or OLA loaded NPs were 
dispersed in PBS buffer (0.01 M, pH 7.4, comprising Tween 
80 of 0.1%). The NPs dispersion was distributed equally 
into three Eppendorf tubes and then the tubes were placed 
in a shaker maintained at 37°C and 150 rpm in a shaker. 
The released drug quantity from the NPs was estimated by 
centrifuging the tubes for 10 minutes at 13 800 × g and 4°C 
for particular time intervals. Then, the supernatants were 
used for estimating the number of released drugs from the 
NPs. The collected supernatants were lyophilized and then 
the recovered powder was dissolved in ethanol:acetonitrile 
(1:1) solvent mixture to measure the amount of PAC or 
OLA present in NPs using UV/visible spectrophotometer 
at λmax = 227 nm and λmax = 221 nm respectively. The 
pellet was redispersed with 1 ml of fresh PBS followed by 
keeping it in a shaker for further study for 7 days. The in 
vitro release experiment was performed in triplicate.
 
Surface adsorption of FOXM1-siRNA on CS coated NPs 
by Gel retardation assay 
FOXM1-siRNA was loaded into the NPs by the surface 
adsorption method. The adsorption of FOXM1-siRNA on 
the surface of chitosan-coated PLGA NPs was analyzed 
by agarose gel electrophoresis following our previous 
protocol.24 A range of concentration (0 to 50 μg) of 
chitosan-coated PLGA NPs were prepared in distilled 
water. 100 pmol concentration of siRNA was added 
dropwise to the NPs suspension and mixed gently. Then 

the mixture was incubated and lyophilized to get the 
powder form. The recovered powder was dispersed in 20 
μL of sterile water followed by analysis in 1% agarose gel 
electrophoresis and the complexes were viewed under the 
gel-doc system.    

Uptake of FAM-labeled siRNA in MDA-MB-231 cells by 
confocal microscope
siRNA uptake by cells was studied by using FLOWVIEW 
F3000 confocal microscope (Olympus, USA). The 
fluorescence property of FAM-labeled siRNA was used 
in order to track the siRNA in cells. Briefly, 50,000 cells 
per well were plated in 6-well plates (BD Biosciences, US) 
and kept in an incubator for 24 hours. Then, cells were 
incubated with 200 nM of only FAM-siRNA and siRNA-
NPs for 4 hours. The media was taken out after 4 hours 
followed by washing with PBS and then viewed under 
the microscope. The experiment was carried out at least 
three times and the image from one experiment has been 
represented.

Quantitative analysis of FAM uptake in MDA-MB-231 
cells by flow cytometry
Cellular uptake of FAM siRNA was done by BD FACS 
CantoTM II flow cytometer (BD Biosciences, USA). Briefly, 
50,000 cells per ml of media were seeded in 6-well plates 
(BD Biosciences, US) for 24 hours. The next day, the old 
media was taken out and then the cells were incubated 
with media containing FAM-siRNA and FAM-siRNA-
NPs for 4 hours in an incubator. Following washing 
with PBS FAM uptake was analyzed in the form of 
mean fluorescence intensity values as measured by flow 
cytometry. For all the flow cytometry experiments, a gate 
was set on the side scattered vs forward-scattered light plot 
for excluding the cell debris and free particles. Moreover, 
10,000 total number ungated cells were analyzed in all the 
experiments.  

Effect of siRNA on FOXM1 expression 
The effect of siRNA on FOXM1 protein expression was 
studied by western blot assay.22 Briefly, 5 lakhs cells 
were plated in flasks. After overnight incubation, cells 
were exposed with FOXM1-siRNA both in native and 
in nanoformulation for 48 hours. After incubation, cells 
were collected by scraping and lysed by using NP-40 
based lysis buffer (50 mM Tris-Cl buffer (pH 7.5),150 mM 
NaCl, 2 mM, EDTA and 1% NP-40) comprising cocktails 
of phosphatase and protease inhibitor (Sigma-Aldrich). 
The concentration of protein was estimated by the BCA 
protein estimation kit (Thermo Scientific, USA). The 
proteins (25 μg) were separated in SDS-polyacrylamide 
(10%) gel and then the bands were transferred into PVDF 
membrane. After transferring the protein, the membrane 
was incubated in 5% non-fat dry milk (w/v) blocking 
solution, followed by overnight incubation with FOXM1 
primary antibody (1:1000 dilution). Next, the membrane 
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was incubated with a secondary antibody (1:5000 dilution) 
for 1 hour at 25°C. Protein band signals were detected by 
using a chemiluminescence reagent. β-actin was used as 
control. The experiment was repeated two times and a 
representative picture of a single experiment is provided.  

Evaluation of toxic effects of PAC, OLA and FOXM1 in 
MDA-MB-231 cells using MTT assay
The cytotoxic effect of PLGA-NPs without containing 
any drug (void-NPs), PAC and OLA in combination with 
FOXM1 (both in solution and NPs) in MDA-MB-231 cells 
were evaluated by MTT assay.25 Approximately 5000 cells/
well were seeded into 96-well plates for 24 hours. Then, 
the cells were exposed to varying concentrations of only 
PAC/OLA (from 0 to 50 μg/mL) and 100 pmol of FOXM1 
siRNA both in solution and in NPs to evaluate the toxic 
effect of both the drugs and siRNA in MDA-MB-231 cells. 
Controls included cells grown in the growth media. After 
3 days, the old medium was aspirated followed by adding 
100 µL of fresh media. Then, 10 µL of 5 mg/mL MTT 
stock solution was added and kept at 37°C for 3 hours. 
Then, the developed formazan crystals were dissolved 
by using 100 µL of dimethylsulfoxide (DMSO) as a stop 
solution. The optical density was estimated at 560 nm in a 
96-well format microplate reader (Berthold Technologies, 
Germany). Percentage of cell viability was calculated and 
graphs were plotted using origin software. 

Apoptosis study by flow cytometry
The effect of different treatments on cell death was 
assessed by flow cytometry.26 Briefly, 2 lakhs cells per 
well were plated in a 6-well plate and kept for 24 hours. 
Then the cells were exposed to PAC and/or OLA (1 μg/
mL) either alone or in combination with FOXM1 siRNA 
(100 pmol) both in native or in formulation for 48 hours. 
After incubation, the cells were collected by trypsinization 
followed by washing with PBS. Then the cells were 
incubated in 500 μl of propidium iodide (PI) solution (10 
μg/μL) for 1 hr in dark at room temperature. Then, the 
apoptotic cells were detected by analyzing the percentage 
of cells present in the sub G0/G1 phase by using a flow 
cytometer. The experiment was done in triplicate and a 
representative image of a single experiment was provided. 

Statistical analysis
All experiments were analyzed by using a t-test and one-
way analysis of variance (ANOVA) test. P values of less 
than 0.05 were considered as significant differences. 

Results
Physiochemical characterization of drug-loaded PLGA 
and chitosan-coated PLGA NPs
In an attempt to deliver drug and siRNA in nanoformulation 
simultaneously, drug encapsulated polymeric (PLGA) NPs 
were synthesized by solvent evaporation method and then 
coated with chitosan to form cationic nanoformulation to 

be used against TNBC cells. The size of all the formulated 
PLGA NPs were in the nanometer range with poly 
dispersity index less than 1 and negative zeta potential. 
However, after coating with chitosan there is no such 
impact on size but zeta potential changed to positive as 
shown in Table 1. 

An effective nanoparticle system should have a high 
drug holding capacity in order to minimize the amount 
of carrier or NPs necessary for the administration to the 
disease site for cancer therapy. In this investigation, we 
attained an optimum amount of encapsulation efficiency 
for both the formulations PAC-NPs (~80%) and OLA-
NPs (~60%). AFM images demonstrated the spherical 
and smooth surface of the nanoformulations both before 
and after coating of chitosan on drug-loaded PLGA 
NPs (Fig. 1A-D). The smooth and spherical shape of 
PLGA NPs have already been reported by many groups 
thus supporting our results.22 For achieving a complete 
remission of a disease like cancer, the constant presence 
of drugs at the tumor site is highly essential. Sustained-
release formulations such as NPs helps in maintaining 
a constant drug concentration at the tumor site for an 
extended period. Thus, we have formulated a controlled 
and sustained-release formulations of PAC and OLA 
loaded PLGA NPs as seen from in vitro release kinetics 
study. These formulations have shown the sustained 
release of the drugs for a long time of over 7 days (Fig. 2A 
and B). The graphs showed a biphasic release of the drugs 
from the NPs. Initially burst release of surface adsorbed 
drugs occurred following a slow release from the inner 
core of the polymeric matrix.

 
PLGA NPs/siRNA complexes detection by gel retardation 
assay
The formation of the complex between positively charged 
chitosan-coated NPs and negatively charged siRNA was 
assessed by an agarose gel retardation experiment (Fig. 
3). A particular concentration of siRNA was mixed with a 
range of concentrations of NPs (from 0 to 50 μg). In lane 
1, 100 pmol of the only siRNA gave an intense band, while 
with increasing concentration of NPs, the siRNA gets 
condensed with positively charged NPs thereby showing 
no bands or decrease in band intensity.

Table 1. Physico-chemical characterization results of different nanoparticle 
formulation

Formulations Size (nm)a Zeta potential (mV)b PDIc

PLGA-NPs 144 ± 3.1 -7.8 ± 3.9 0.74 ± 2.7

PAC-NPs 141 ± 1.3 -13.8 ± 3.3 0.86 ± 3.1

OLA-NPs 170 ± 2.1 -13.3 ± 2.7 0.66 ± 3.3

CS-PAC-NPs 220 ± 2.9 13.3 ± 1.9 0.77 ± 2.6

CS-OLA-NPs 221 ± 2.3 12 ± 3.1 0.71 ± 3.7
a Size in nm as measured by dynamic laser spectroscopy.
b Zeta potential in mV measured by zetasizer.
c Polydispersity index measured by dynamic laser spectroscopy.
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 Cellular uptake of FAM-labeled siRNA in MDA-MB-231 
cells by confocal microscopy and Flow cytometry
The cellular uptake of siRNA adsorbed chitosan-
coated NPs was observed by a confocal microscope. 
FAM is a fluorescein synthetic dye generally used in 
oligonucleotide synthesis research. Thus, FAM-labeled 
siRNA was used to check the siRNA-NPs complex 
internalization into the cells. Briefly, MDA-MB-231 cells 
were incubated with FAM-labeled siRNA both in solution 
and nanoformulations for 4 hours (Fig. 4A). Results 
demonstrated higher uptake of siRNA, in cells incubated 
with FAM-siRNA-NPs in comparison to the native siRNA. 
This may be attributed due to the mucoadhesive nature 
of chitosan-coated NPs facilitating better uptake thereby 
increasing the fluorescence intensity. Lower uptake of 
siRNA may be due to negatively charge repulsion between 
siRNA and the cell membrane or degradation of siRNA in 
the cytosol.   

Besides our flow cytometry uptake result also depicts 
higher uptake of FAM-siRNA in NPs as compared to the 
native one (Fig. 4B). This may be due to the endocytic 
mode of uptake of NPs into the cells while native siRNA, 
only diffuses through the membrane thus there are 
chances that the latter can be easily effluxed out of the cell 
thus resulting in lower uptake.

Effect of FOXM1-siRNA on protein expression
The effect of FOXM1-siRNA and FOXM1-NPs on the 
expression of FOXM1 protein was evaluated by western 
blotting (Fig. 5A). Our result depicts that siRNA inhibits 
the expression of FOXM1 protein in MDA-MB-231 
cells. However, it can be noticed that siRNA in complex 
with NPs exhibited enhanced protein downregulation as 
compared to the native siRNA. This means that greater 
penetration of siRNA in NPs complex results in increased 
transfection efficiency subsequently demonstrating 
effective gene silencing. The significant difference in 
the effect of FOXM1-siRNA in solution and NPs can be 
observed in the densiometric graph (Fig. 5B).

Cytotoxic effects of PAC, OLA and FOXM1 siRNA either 
in single or in combination in MDA-MB-231 cells 
The cytotoxic effect of a range of concentration (from 0 to 
50 μg/mL) of drugs (either PAC or OLA and PAC+OLA) 
along with a fixed concentration of FOXM1 siRNA (100 
pmol) in both native and NPs formulations was assessed 
in MDA-MB-231 cells using MTT colorimetric assay (Fig. 
6). The results demonstrate that both the drugs (either 
PAC or OLA) in native/NPs induce cytotoxicity in a 
concentration-dependent manner. Further, it is notable to 

Fig. 1. Atomic force microscopy study of NPs. (A) PAC loaded PLGA NPs, 
(B) OLA loaded PLGA NPs, (C) Chitosan coated PAC loaded PLGA NPs 
and (D) Chitosan coated OLA loaded PLGA NPs.

Fig. 3. Gel retardation assay of a fixed concentration of siRNA with 
varying concentrations of chitosan-coated NPs analyzed by agarose gel 
electrophoresis. Lane 1: Native siRNA (100 pmol), lane 2: NPs (5 µg/mL), 
lane 3: NPs (10 µg/mL), lane 4: NPs (25 µg/mL) and lane 5: NPs (50 µg/
mL).

Fig. 4. Intracellular uptake of FAM conjugated siRNA both in native and 
in NPs in MDA-MB-231 cells. (A) 4 hours uptake of FAM-siRNA (native 
and NPs) into MDA-MB-231 cells by confocal microscope. (B) Quantitative 
estimation of FAM-siRNA (native and NPs) in MDA-MB-231 cells by flow 
cytometry. Data represented as mean ± SEM. (n = 3). **P < 0.01 for FAM-
siRNA-NPs versus control.

Fig. 2. Release kinetics study of drugs from the NPs. (A) In vitro release 
kinetics of PAC from PAC loaded PLGA NPs and (B) In vitro release kinetics 
of OLA from OLA loaded NPs. Data represented as mean ± SEM (n = 3).
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state that both the drugs (either PAC or OLA) in NPs are 
inducing enhanced cytotoxicity than the drugs in native 
form. Additionally, combinational delivery of siRNA with 
any single drug (either PAC or OLA) in nanoformulation 
leads to greater cytotoxicity as compared to the single 
treatment. In Fig. 6A, a higher toxic effect of PAC with 
FOXM1 siRNA in nanoformulation can be observed. 
Similarly, in fig. 6B, OLA with siRNA in NPs induced 
more toxicity. Fig. 6C depicts that void-NPs are non-toxic 
to the cells. While maximum cytotoxicity was observed in 
cells treated with the combination of all the therapeutic 
components in nanoformulations as compared to all other 
treatment groups in MDA-MB-231 cells. The improved 
cytotoxicity by (PAC+OLA+siRNA)-NPs may be due to a 
lowering in the expression of FOXM1 mRNA/protein by 
FOXM1-siRNA and also the combinatorial effect of all the 
therapeutic compounds that lead to maximum cell death. 

Cell Cycle Analysis by Flow Cytometry
The mode of induction of cell death by PAC, OLA and 
FOXM1 was investigated by cell cycle analysis using flow 
cytometry. The above therapeutic moieties mostly induce 
cell death primarily through the process of cell cycle 

arrest and apoptosis in cells. Fig. 7 represents the Sub G1 
population of cells exposed to different treatment groups. 
Results depict that combination of PAC, OLA and siRNA 
can induce more apoptosis when compared to other 
treatments. Moreover, the NPs treatments have shown 
better apoptosis induction than their native counterparts. 

Discussion
PAC is a potent chemotherapeutic drug used for TNBC. 
However, it has some limitations such as poor solubility, 
toxicity to normal cells and development of multidrug 
resistance. Thus, to further enhance the efficacy of 
the drug, many combinational approaches are being 
explored. Independently, PARP inhibitor, OLA is also 
being used in combination with other drugs for TNBC 
treatment. Furthermore, FOXM1, a transcription factor 
is associated with the survivability of patients with 
TNBC. Thus, downregulation of FOXM1 expression may 
increase the sensitivity of the breast cancer cells towards 
many anticancer drugs. In this study, we found that PAC 
inhibited the growth of TNBC cells in a concentration-
dependent manner. Additionally, a combination of 
PAC with OLA and FOXM1 siRNA inhibits cell growth 
and induces apoptosis significantly as compared to the 
monotherapy. Further to enhance the combinational effect 
of the drugs and siRNA by overcoming the limitations 
associated with both, nanoformulations were prepared 
and their efficacy was investigated in MDA-MB-231 cell 
line. Mostly, anticancer drugs are not only water-insoluble 
but also toxic to normal cells. Moreover, for a disease 
like cancer, we need a sustained and controlled drug 
release pattern at the tumor site in order to maintain an 
optimum therapeutic drug concentration.27 Thus, PAC 
and OLA loaded PLGA NPs were prepared to suffice 
the above objectives. Moreover, in this study siRNA has 
also been used to target the transcription factor FOXM1 
in order to control cell proliferation. Besides, we have 
overcome the limitations associated with siRNA delivery 
by using cationic nanoformulations. Thus, in the present 
investigation, we are using chitosan-coated PLGA NPs 

Fig. 5. Effect of FOXM1-siRNA on protein expression by western blot assay. 
(A) FOXM1 protein expression by western blot study and (B) Densiometric 
analysis of relative expression of FOXM1 protein expression treated with 
siRNA either in native or in NPs.

Fig. 6. Cytotoxic effect study of different treatments MDA-MB-231 cells using MTT assay. (A) Cytotoxicity induced by different concentrations of only PAC and 
PAC+ FOXM1-siRNA (100pmol) both in solution and in nanoformulations, (B) Cytotoxicity induced by different concentrations of only OLA and OLA+FOXM1-
siRNA (100 pmol) both in solution and in nanoformulations and (C) Cytotoxicity induced by different concentrations of (PAC+OLA) with FOXM1-siRNA 
(100pmol) both in solution and in nanoformulations. Data represented as mean ± SD (n = 3). 
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for the delivery of FOXM1-siRNA and PAC or OLA to 
circumvent the drug resistance in TNBC.

Our study focuses on the preparation of different 
drug-loaded PLGA NPs were formulated for controlled 
release of PAC and OLA and then, these NPs were coated 
with chitosan to form cationic NPs. Physicochemical 
characterization results depict that PAC and/or OLA 
loaded NPs were in the size range below 200 nm with 
a negative charge of around -15 mV. AFM results 
demonstrated the smooth and spherical and morphology 
of the NPs. To further load siRNA in these NPs, the 
formulations were coated with chitosan to form cationic 
NPs. The physicochemical properties of chitosan-coated 
NPs confirm their positive charge thus confirming the 
successful coating of chitosan. The small particle size 
of the NPs will aid in easy penetration into the cells. 
Moreover, the cationic nature of the NPs will form a 
complex with the siRNA and the mucoadhesive nature of 
the chitosan will help the NPs to adhere easily to the cell 
surface. Furthermore, the release kinetics experiment was 
performed to study the release of drugs (PAC or OLA) in 
the buffer. The nanoformulations followed a sustained 
drug release pattern for a longer period owing to the 
release of incorporated or embedded drugs from the core 
of the NPs. 

Effective gene silencing by siRNA can be achieved with 
increased transfection efficiency. Our gel retardation study 
confirms that greater transfection efficiency of siRNA 
is achieved by adsorbing it on coated NPs. Previously, 
Misra et al have also documented similar kind of results 
thus corroborating our study.24 In order to get efficient 
gene silencing, the siRNA has to be localized in the cells 
efficiently. For the same, a qualitative cellular uptake study 
was done using the confocal microscope. Our results 
depict higher uptake of siRNA-NPs complex as compared 
to the native siRNA. Similarly, enhanced uptake of FAM-
siRNA-NPs was observed in MDA-MB-231 cells by FACS. 

It may be due to better interaction of positively charged 
coated NPs with the negatively charged cell surface thereby 
leading to increased transfection efficiency.28 Increased 
cellular intake of siRNA in complex with NPs may lead to 
enhanced gene silencing leading to better downregulation 
of FOXM1 protein expression. In this regard, Susa et al 
have demonstrated higher downregulation of protein 
expression in cells following treatment with siRNA-NPs 
complex, thus verifying our results.29 Followed by higher 
cellular uptake, the effect of various formulations on cell 
death was evaluated by MTT assay. Cytotoxicity assay 
results demonstrated that NPs are inducing more cell death 
than their native counterparts. Moreover, the combination 
of all the entities such as PAC, OLA and FOXM1 siRNA 
in the formulation are exhibiting the highest cytotoxic 
effect than all other treatments. This may be attributed to 
their higher cellular uptake and the combined effect of all 
the components present in the multifactorial approach. 
Cell cycle analysis results prove that both the drugs and 
siRNA-loaded NPs were able to arrest the cells in G0/G1 
phase than other treatments due to the combinational 
effect of all the agents. Thus, the present investigation 
demonstrates that concurrent delivery of both the drugs 
(PAC and OLA) and FOXM1-siRNA by cationic NPs, 
augment the therapeutic outcome leading to improved 
cytotoxicity in MDA-MB-231 cells. 

 
Conclusion
In summary, the current investigation validates the 
prospect of using PAC, OLA and FOXM1-siRNA adsorbed 
chitosan-coated PLGA nanosystems to precisely and 
proficiently control the resistance mechanism and target 
TNBC by inducing increased cytotoxicity. These chitosan-
coated NPs may be an efficacious podium to conquer the 
boundaries of existing drug/gene delivery platforms for 
better management of TNBC in the future.

Fig. 7. Apoptosis analysis by cell cycle study using flow cytometry. (A) Histograms representing different cell cycle phases and (B) SubG0/G1 phase cell 
population indicating the apoptotic cells after treatment of MDA-MB-231 cells with different treatment groups. Data represented as mean ± S.E.M. (n = 3).
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