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ABSTRACT

The evolving dynamics of drug resistance due to tumor heterogeneity often creates
impediments to traditional therapies making it a challenging issue for cancer cure. Breast
cancer often faces challenges of current therapeutic interventions owing to its multiple
complexities and high drug resistivity, for example against drugs like trastuzumab and
tamoxifen. Drug resistance in the majority of breast cancer is often aided by the overtly
expressed P-glycoprotein (P-gp) that guides in the rapid drug efflux of chemotherapy
drugs. Despite continuous endeavors and ground-breaking achievements in the pursuit
of finding better cancer therapeutic avenues, drug resistance is still a menace to hold
back. Among newer therapeutic approaches, the application of phytonutrients such as
alkaloids to suppress P-gp activity in drug-resistant cancers has found an exciting niche
in the arena of alternative cancer therapies. In this work, we would like to present a
black pepper alkaloid derivative known as BioPerine-loaded chitosan (CS)-polyethylene
glycol (PEG) coated polylactic acid (PLA) hybrid polymeric nanoparticle to improve the
bioavailability of BioPerine and its therapeutic efficacy in suppressing P-gp expression
in MDA-MB 453 breast cancer cell line. Our findings revealed that the CS-PEG-BioPerine-
PLA nanoparticles demonstrated a smooth spherical morphology with an average size of
316 nm, with improved aqueous solubility, and provided sustained BioPerine release. The
nanoparticles also enhanced in vitro cytotoxicity and downregulation of P-gp expression
in MDA-MB 453 cells compared to the commercial inhibitor verapamil hydrochloride, thus
promising a piece of exciting evidence for the development of BioPerine based nano-drug
delivery system in combination with traditional therapies as a crucial approach to tackling
multi-drug resistance in cancers.
© 2020 Shenyang Pharmaceutical University. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Recurring clinical issues associated with breast cancer
treatment is the development of drug resistance. Reports
of women detected with early-stage breast cancer might
have recurrent disease prognosis and therapeutic resistance
that can be either de novo or acquired [1,2]. Breast cancer is
described to be a heterogeneous disease where the tumor
profile is clinically divided into three basic subtypes based
on the expression of (i) estrogen receptor and progesterone
(ER/PR), (ii) human epidermal growth factor receptor 2 (HER-
2), and (iii) triple-negative breast cancer which expresses
none of these hormone receptors. Each breast cancer
subtype command different treatment regimen often used
in combination with traditional chemotherapies [3]. The
molecular mechanisms associated with drug resistance
in these three subtypes comply to be complex, different
and not mutually exclusive. With respect to hormone
receptor-positive breast cancer, its accounted to be the cause
of 70% of all breast cancer cases reportedly having high
expression of estrogen receptor [4]. Endocrine therapy is
the go-to front-line therapy for this subtype breast cancer
and can develop resistance towards it in patients with
metastatic ER-positive cancers [2,4]. Similar tendencies of
displaying resistance towards endocrine therapy have been
established for HER-2 positive cancers leading to poorer
clinical outcomes [5]. HER-2 positive breast cancer patients
in the long run often develop de novo resistance to the
targeted therapy of trastuzumab [6]. The last subtype in this
category which is triple-negative breast cancer, reports nil
expression of all the three hormone receptors and limited
to therapeutic modalities. The available options against this
subtype are the use of taxanes and anthracyclines along
with surgical approaches [7]. Triple-negative breast cancer
cases develop resistance to taxanes and anthracyclines
due to rapid drug efflux leading to decreased intracellular
drug concentration. The rapid drug efflux is mediated by
ATP-binding cassette (ABC) family of drug transporters that
utilize ATP hydrolysis to translocate substrates and their
increased expression concurs with dissatisfactory clinical
outcomes irrespective of any subtype [8]. P-glycoprotein (P-gp)
is one of the widely-studied ABC transporters encoded by
(ABCB1) multi-drug resistance 1 (MDR1) gene that efflux
taxanes and anthracyclines culminating in resistance
[9].

In this paper, we focus on the development of a therapeutic
strategy directed towards the downregulation of P-gp in drug-
resistant breast cancers to reduce the drug efflux from the
breast cancer cells. Several clinical trials of P-gp inhibitors
have met with limited success [10] contributed mainly due
to drug interactions, toxicities and insufficient clinical design
[11]. A recent study made by the efforts of Nanayakkara
AK et al. identified three targeted P-gp inhibitors through
computational high throughput drug docking studies and
elucidated increased efficacy in inhibiting P-gp and improved
accumulation of chemotherapeutics inside two and three-
dimensional cell cultures resistant ovarian and prostate
cancer cell lines [12]. In the lines of developing innovative
targeted therapies against P-gp nutraceutical/dietary

compounds have proven to be safer alternatives in reversing
multidrug resistance in cancer. Among the plethora of
natural dietary compounds available for P-gp inhibition,
[13] piperine, a major plant alkaloid present in black pepper
and long pepper accounted enhanced inhibitory P-gp efflux
activity in a number of drug-resistant cancer cell lines
[14,15]. From inhibiting drug transporters such as P-gp,
eliciting anti-inflammatory, anti-arthritic, anti-tumor to
being used as a bio enhancer with various natural compounds
[16,17] and therapeutically diverse compounds the effects of
piperine is wide and well-established. Several independent
researchers have divulged into the improved chemo
sensitizing effect of conventional chemotherapeutics after
piperine administration [18]. However, clinical translation
of piperine has been hindered due to its hydrophobicity
that requires continuous administration to maintain the
therapeutic concentration. The administration of piperine
via drug delivery systems aided by nanoparticles (NPs) could
contribute a better retention of the compound intracellularly
and perform its inhibitory functions. Piperine co-delivered
with other dietary compounds such as curcumin in the
chitosan-zein NPs have been studied in the in vitro efficacy
of neuroblastoma cells [19]. Another study demonstrated
co-delivery of rapamycin and piperine inside PLGA NPs
and reported its therapeutic efficacy in breast cancer cells
[20].

The current study aims to develop a polylactic acid (PLA)
based NP drug delivery system encapsulating BioPerine an
alkaloid compound sourced out of piperine and the NP
further coated with chitosan and polyethylene glycol (PEG)
as an additional surface modification to downregulate P-gp
activity in a triple-negative drug-resistant breast cancer cell
line MDA-MB 453. The development of nano-drug delivery
carriers for piperine delivery improved its stability and
bioavailability. The choice of nanocarrier for piperine delivery
ranged from protein, polymers (PLA and PEG), polysaccharides
(chitosan), and other natural biomacromolecules which offers
excellent biocompatibility, biodegradability and non-toxic
properties [21,22]. One of the widely used FDA-approved
polymers manufactured under current good manufacturing
practice (cGMP) regulation for biomedical applications is
PLA [23,24]. We chose PLA as a nanocarrier for BioPerine
delivery against drug-resistant breast cancer due to its
above-mentioned properties with adjustable physical and
mechanical characteristics as reported previously in extensive
studies citing its advantages as a drug delivery carrier. PLA
NPs offer flexibility in its size, shape, highly reproducible with
minimum expenditure [25]. PLA NPs can encapsulate active
pharmaceutical ingredient (API) like BioPerine successfully
into its polymeric matrix and achieve prolonged therapeutic
drug release profile [26]. PLA once reaches inside the
body, it breakdowns into monomeric units of lactic acid
via carbohydrate metabolism. These NPs could be easily
prepared by the common techniques of solvent evaporation,
solvent displacement, salting out and solvent diffusion
[27]. PLA NPs also offers excellent surface modifications
such as surface coating with other hydrophilic biomaterials
like chitosan and PEG. Chitosan is a cationic polymer
having bio adhesive, biocompatible, biodegradable and low
toxicity properties often used to coat NPs for curbing the
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phagocytic effects of the reticuloendothelial system (RES)
while enhancing the penetration of large molecules across
mucosal surfaces [28,29]. The additional PEG coating improves
the biocompatibility of chitosan and minimizes the plasma
proteins adsorption on the BioPerine-PLA NPs. PEG coating
on NPs substantially improves in the evasion of NPs by RES
by shielding them and forming a hydrated outer shell [30].
The use of chitosan and PEG simultaneously to coat PLGA
NPs with various concentrations of chitosan and PEG have
been discussed in detail by Parveen S et al [31]. This surface
modification by chitosan and PEG is used to achieve longevity
and better circulation of the therapeutic chitosan-PEG-
BioPerine-PLA nanoparticles (CS-PEG-Bio-PLA NPs) to carry
out its intended function in the triple-negative breast cancer
cells. We also sought to find out the comparative therapeutic
efficacy of CS-PEG-Bio-PLA NPs against the commercial P-
gp inhibitor verapamil hydrochloride (Ver). Ver is a first-
generation P-gp inhibitor may act well in a wide range of
cancers such as non-small cell lung cancer, colon cancer and
neuroblastoma [32,33] combined with other chemotherapy
drugs however possess some unwanted side effects such as
exposed to higher risks of ductal and lobular cancer with
additional blockade of other calcium channels. Henceforth
safer alternatives such as CS-PEG-Bio-PLA NPs could warrant
better treatment strategies for P-gp inhibition.

2. Materials and methods
2.1. Materials

Acid terminated polylactic acid (PLA, MW 10,000-18,000),
chitosan (MW 50 000-190 000 Da, 75%-85% degree of
acetylation), polyethylene glycol (PEG) (MW 8500-11,500)
and polyvinyl alcohol (PVA) were purchased from Sigma
Aldrich (St. Louis, USA). Chloroform and dimethyl sulfoxide
(DMSO0) was purchased from Kanto Chemicals (Japan). Drugs
including Bioperine was a kind gift from Sami Sabinsa
Group, Sami Labs (Tokyo, Japan), verapamil hydrochloride
(Ver) and doxorubicin hydrochloride (Dox) was purchased
from TCI (Japan) and Cayman Chemicals (USA), respectively.
Cell culture reagents including Leibovitz’s L15 medium,
Trypsin-EDTA (0.25%), penicillin (5000 U/ml)/streptomycin
(5000 pg/ml), and phosphate buffer saline (PBS, pH 7.4) were
procured from Gibco (Life Technologies). Cellular assay kit
Presto Blue was procured from Invitrogen (USA). Phalloidin-
iFluor 647 reagent, DCFDA/H2DCFDA cellular ROS assay kit,
P-gp primary antibody and goat anti-rabbit Alexa-Fluor 594
secondary antibody was procured from Abcam.

2.2. Cell culture maintenance

MDA-MB 453 a triple-negative multi-drug resistant breast
cancer cell line was purchased from American Type
Culture Collection (USA). The cell line was cultured and
maintained in L15 medium supplemented 10% FBS and
1% penicillin/streptomycin in 37°C incubator till confluent.
Media is changed accordingly every 2-3 d.

2.3.  Preparation of Chitosan-PEG coated PLA NPs
encapsulating BioPerine

The fabrication of chitosan-PEG coated PLA NPs encapsulating
BioPerine (CS-PEG-Bio-PLA NPs) was adopted from Parveen
S et al. with slight modifications [31]. Briefly, 20 mg of PLA
and 2 mg of BioPerine were mixed with 3 ml of chloroform
and kept on magnetic stirring to form primary emulsion. In
another beaker 2% (w/v) PVA aqueous solution, 0.2% (w/v)
chitosan in 1% glacial acetic acid solution (filtered) and 20%
(w/v) PEG aqueous solution was added and stirred for a
while. The PLA-BioPerine organic mixture was then added
dropwise to the PVA-chitosan-PEG aqueous mixture while
on rapid stirring. This emulsion was then sonicated for 3
min using a probe sonicator to create a fine milky-white
emulsion and left for overnight evaporation of chloroform.
Following day, the NPs were collected upon centrifugation
(58 x 100 G, 30 min). CS-PEG-Bio-PLA NPs were washed 34
times with Milli Q water, freeze-dried, and the lyophilized
NPs were stored at -20°C till further use. Coumarin-6-
loaded fluorescent NPs were also prepared similarly for their
later use in studying the intracellular uptake in cancer
cells.

2.4.  Encapsulation efficiency

The encapsulation of BioPerine inside the PLA NPs was
measured by an indirect method as described by Amini Y et
al. [34]. The supernatant was collected during the synthesis
of CS-PEG-Bio-PLA NPs at each washing step which was
then used to analyze the BioPerine absorbance Amax at 342
nm by UV-Vis spectroscopy. The obtained absorbance value
was then used to quantitate the amount of free BioPerine
present in the supernatant using the BioPerine calibration
curve equation. The encapsulation efficiency was calculated
using the following formula (Eq. 1):

Encapsulation Effciency%

_ Mass of initial BioPerine taken for NP Synthesis — Mass of free BioPerine in the supernatant
N Mass of initial BioPerine taken for NP Synthesis

x 100 (1)
2.5.  Surface morphology and size distribution analysis

The shape and surface morphology of CS-PEG-Bio-PLA NPs
was analyzed using scanning electron and transmission
microscopy. For SEM analysis, CS-PEG-Bio-PLA NPs were
dispersed in Milli Q water and 10 pl of the water dispersed NPs
was drop cast on a clean Silicon (Si) wafer and left for vacuum
drying. The dried sample is sputter-coated with platinum
(Pt) for 40 sec observation. Before TEM analysis, the water
dispersed NPs were dropped onto a previously hydrophilized
TEM grid and left for vacuum drying. TEM observation
was conducted on a Hitachi high-technology model H7650
operating at an accelerating voltage of 80 kV. Dynamic
light scattering (DLS) and zeta potential measurements were
carried out using a disposable sizing cuvette and dip cell in
Malvern Nano ZS zeta sizer.
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2.6.  Surface chemistry analysis

The surface chemistry of PLA NPs and CS-PEG-Bio-PLA NPs
was analyzed by XPS (JEOL JPS 9010TR Nano Science) using
Al ke monochromatic transmission mode at a base pressure
of 10~° Torr. Chitosan, BioPerine and PEG samples were also
used to check the chemical composition and compare it with
CS-PEG-Bio-PLA NPs spectra. The binding energy of the wide
scan spectra for all the samples recorded from 0 to 1000 eV.

2.7. Chemical interaction by fourier transform infrared
(FTIR) spectroscopy

The chemical interaction and chemical bonding patterns
of the components present in CS-PEG-Bio-PLA NPs were
investigated by FTIR spectrometer (Nicolet iS50FT-IR, JASCO
FT/IR-4200) and the spectra were recorded in the resolution
of 4 cm™! ranging from 4000 to 400 cm~!. PLA NPs,
chitosan, BioPerine, and PEG samples were also analyzed for
comparison with CS-PEG-Bio-PLA NPs.

2.8.  Nature of drug in NPs by X-ray diffraction study

The patterns of pure BioPerine, PEG, chitosan, PLA NPs, and CS-
PEG-Bio-PLA NPs were obtained using the X-ray diffractometer
(Rigaku, Miniflex 600) with a Cu (k) radiation source at 40 kV
and 15mA. The scan angle was changed between 5° and 50°
with a scan size of 2 theta.

2.9. In vitro drug release studies

Briefly, 2 mg CS-PEG-Bio-PLA NPs were dissolved in 10 ml
PBS buffer (pH 7.4 and 6.5) supplemented with 50% FBS
and divided into 10 Eppendorf tubes each maintaining a
concentration of 200 pg/ml. The addition of FBS in the PBS
buffer mimics the serum physiological conditions. The tubes
were kept inside a shaking incubator at 37 °C for 4 d. At pre-
determined time intervals, the tubes were taken out one by
one, centrifuged at 130 x 100 G for 30 min. The supernatant
was then subjected to measuring the absorbance of released
BioPerine by UV-Vis spectroscopy. The amount of released
BioPerine is quantified using the calibration curve equation for
BioPerine. The release percentage of BioPerine was calculated
using Eq. 2.

Released BioPerine from NPs

BioPerine Release% = —— —
7 Total Bioperine encapsulated inside NPs

x 100  (2)

2.10. Intracellular uptake of fluorescent CS-PEG-Coumarin
6-PLA NPs

The internalization of NPs inside the cells and tissues
could be traced using fluorescent NPs. We performed the
cellular uptake of coumarin-6 loaded PLA-chitosan-PEG NPs
in MDA-MB 453 breast cancer cells by confocal laser scanning
microscope (CLSM) (Nikon A1l Plus). The MDA-MB 453 cells
were sub-cultured and seeded onto confocal dishes at
a concentration of 5000 cells. The cells upon reaching
confluency were incubated with the coumarin-6 loaded PLA-
chitosan-PEG NPs for 4 h and 12 h. Upon completion of
the incubation period, the NPs were removed, cells were

washed thrice with PBS (pH 7.4). Cells were then fixed with
4% formaldehyde for 10-20 min, followed by washing with
PBS. 0.1% Triton X-100 was then added to the fixed cells for
cell membrane permeabilization. The cells were stained with
phalloidin-iFluor 647 reagent for 1 h to co-localize the actin
filaments. NucBlue Live Ready probes were used to stain the
nucleus. Coumarin-6 fluoresces under the FITC laser channel
(Ex/Em =488 nm/ 525 nm) while phalloidin-iFluor 647 reagent
at (Ex/Em = 650 nm/665 nm).

2.11.  PrestoBlue cell viability assay

The cytotoxicity analysis of the BioPerine-loaded PLA-
chitosan PEG NPs towards the MDA-MB 453 cells was
performed using Presto Blue resazurin based reagent. We
carried out a dose and time-dependent comparative analysis
of CS-PEG-Bio-PLA NPs with the commercially available P-gp
inhibitor Ver. We also sought to evaluate the desensitization
effects of CS-PEG-Bio-PLA NPs and Ver on the P-gp activity
of MDA-MB 453 cells followed by treating the cells with a
conventional chemotherapeutic drug Dox We speculate an
enhanced therapeutic efficacy on the MDA-MB 453 cells with
this combination regimen.

The cells were seeded in a 96-well plate at 5000 cells/well
and grown till confluent. We chose to use the reported ICsg
concentration of Ver (29 uM) and Dox (25 pg/ml) on the MDA-
MB 453 cells [35]. As for CS-PEG-Bio-PLA NPs we chose six
different concentrations (25, 50, 100, 200, 500 and 1000 pg/ml)
to evaluate its inhibitory capacity on the P-gp. For combination
regimen, cells were pre-treated with Ver (29 uM) and CS-PEG-
Bio-PLA NPs (500 and 1000 pg/ml) for 24 h to downregulate
the P-gp activity. In the next day, the drug and NPs were
removed and the cells were administered with Dox(25 pg/ml)
for 24-48 h. After each incubation period, the NPs and drugs
were aspirated, fresh medium and 10% of Presto Blue reagent
were added to the cells. The fluorescence is measured after
a 2-3 h incubation period using a microplate reader with the
excitation/emission wavelength at (580/610 nm). The relative
cell viability percentage was calculated using Eq. 3.

A test

Relati 11 Viability% = ————
elative Cell Viability% A contral *

100 3)

Statistical analysis by Students Unpaired t test was carried
out using GraphPad prism software for the cell viability
experiments. The data was considered significant when P <
0.05.

2.12. Immunofluorescence analysis

The downregulation of P-gp expression by CS-PEG-Bio-PLA
NPs in the MDA-MB 453 breast cancer cells was studied
using immunofluorescence staining method. MDA-MB 453
cells were sub-cultured and grown in glass-bottom dishes at a
concentration of 5000-10 000 cells till confluent monolayer is
achieved. The cells were then treated with a pre-determined
concentration of Ver and CS-PEG-Bio-PLA NPs for 48 h. The
treated cells were then washed thrice with 1 x PBS buffer
followed by their fixation with 4% paraformaldehyde for 20
min. The fixed cells were then permeabilized with cooled
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Figure 1 - SEM images of CS-PEG-Bio-PLA NPs at scale 3 pm and 5 pm.

methanol at -20°C, followed by primary anti-P-gp antibody
overnight incubation at 4°C. In the next day, the cells were
washed with 1 x PBS buffer and then incubated with Alexa-
594 secondary antibody for 45 min and then stained with
NucBlue Live Ready Probes nuclear stain for 30 min. The cells
are then imaged under the confocal microscope with the filter
set appropriate for DAPI (Ex/Em: 425 nm/475 nm) and Cytidine
5 or Texas Red (Ex/Em: 570 nm/620 nm) laser channel.

2.13. Intracellular ROS activity by confocal microscopy

The intracellular reactive oxygen species was monitored using
DCFDA/H2DCFDA assay kit which uses the cell-permeant
2’,7—dichlorofluorescein diacetate (DCFDA), a fluorogenic dye
that measures hydroxyl, peroxyl and another ROS activity
within the cell. For the assay, MDA-MB 453 cells were seeded
in glass-bottom confocal dishes at a concentration of 5000
10,000 cells and grown till confluent. The cells were then
treated with CS-PEG-Bio-PLA NPs alone and CS-PEG-Bio-
PLA NPs plus Dox combination therapy at a pre-determined
concentration for 24 h. Following the treatment, the cells
were washed with 1 x assay buffer and then incubated with
20-25 pM DCFDA dye for 30 min at 37°C. The cells were
washed with assay buffer and then imaged using a confocal
microscope with the filter set appropriate for FITC laser
channel (Ex/Em: 485 nm/535 nm).

3. Results and Discussion

3.1.  Synthesis and characterization of CS-PEG-Bio-PLA
NPs

CS-PEG-Bio-PLA NPs were observed to have smooth and
spherical morphology similar to most polymeric NPs. The
NPs as shown in Fig. 1A-1B recorded by SEM were in the
range of 200-340 nm having an average size of 318.33 nm. The
morphology of the NPs was also confirmed by TEM analysis
(Fig. 2) illustrating a spherical shape with smooth surface.

.E AR 74—+ DKFIEMERE
- H-7650 1.8 um 80 kV —200 nm—

Figure 2 - TEM image of CS-PEG-Bio-PLA NPs at scale
200 nm.

From our size distribution analysis, we found out that the NPs
ranged from 140-460 nm with a Z-average size of 316 nm as
shown in Fig. 3 thus concurring with our SEM and TEM data.
The zeta potential of the NPs was recorded to be +22.2 mV
which could be due to the successful coating of both chitosan
and PEG on the NPs leading to the increase in its zeta potential
values. The encapsulation efficiency of BioPerine inside the
CS-PEG-Bio-PLA NPs was found to be 98.42%.

The surface chemistry of CS-PEG-Bio-PLA NPs studied
using XPS revealed the carbon (C) 1s and oxygen (O) 1s
peak at 287 eV and 533 eV, respectively, thus confirming
the presence of carbon and oxygen elements in the PLA
polymer, PEG, BioPerine and chitosan which is also present
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Figure 4 - XPS analysis of PLA NPs, Chitosan, PEG, BioPerine
and CS-PEG-Bio-PLA NPs.

in these compounds as shown in the XPS spectra in
Fig. 4.

We also carried out FTIR analysis to study the presence
of functional groups and chemical interaction among the
different components in the CS-PEG-Bio-PLA NPs as shown
in Fig. 5. FTIR measurements of native chitosan as shown in
Fig. 5A revealed characteristic band at 3346 cm~! attributed
to -NH, and -OH groups stretching vibration which is also
mentioned in a previous study by Jain et al [36]. The spectra of
void PLA NPs revealed characteristic peaks at 1747 cm~! and
1080-1090 cm~? due to C=0 stretching and G-O-C stretching
respectively as shown in Fig. 5B [37]. FTIR analysis of pure
PEG was observed to have a —-CH stretching vibration at 2879
cm~! along with the distinct absorbance peaks at 1280 cm™1,
955 cm~! and 843 cm~! as shown in Fig. 5C [38,39]. Native
BioPerine spectra revealed the distinct peaks at 1635 cm™1
owing to -CO-N stretching and C=C (diene) symmetric and
asymmetric stretching, 1580 cm~" due to aromatic stretching
of benzene ring, and 2939 cm~! corresponds to C-H stretching
vibrations as shown in Fig. 5D [40,41]. The confirmation of
the successful encapsulation of BioPerine, surface coating
of chitosan and PEG in the PLA NPs was revealed by the

characteristic peaks at 1635 cm~! from BioPerine, 2993 cm™~?!
due to the amino groups from chitosan [31], and 955 cm™!
from PEG as shown in Fig. 5E. FTIR spectra of CS-PEG-Bio-
PLA NPs revealed no appearance, no loss or shift in the major
functional groups suggesting no strong chemical interactions
among the drug and the polymers which could alter the
functional and chemical characteristics of the components
after nanoformulation. Individual spectrum of each sample as
shown in Fig. S1. We also checked the possible interactions
between BioPerine with PLA and BioPerine with chitosan
by FTIR analysis. The spectra displayed there was no such
interactions between them as shown in Fig. S2.

The nature of drug could be studied by XRD analysis that
demonstrates the transition of its crystalline nature into its
amorphous state after the nanoencapsulation process. The
XRD patterns of pure PEG (20 =19.25°, 23.5°) [42] and pure
chitosan (26 =20°) [43] as shown in Fig. 6A and 6C revealed
their major identification peaks depicting its crystalline
nature which later changed into amorphous nature in CS-
PEG-Bio-PLA NPs. From the XRD patterns of pure BioPerine
as shown in Fig. 6B reveals strong reflection at 20 =14.6°,
22.5°,25.80° depicting the high crystalline nature of the drug.
Conversely, the crystalline peaks of BioPerine disappeared in
the CS-PEG-Bio-PLA NPs resembling the amorphous nature
of the void PLA NPs as shown in Fig. 6D and 6E. The
amorphization of crystalline drug inside the nanostructured
system occurs probably due to the relatively higher solid-
state drug-polymer solubility. This property influences the
polymeric matrix to successfully entrap the drug molecular
dispersion in the amorphous state which is evident from the
broad bands of CS-PEG-BioPerine-PLA NPs compared to the
diffraction peaks of free BioPerine [44]. Earlier studies also
have reported such results where a purely crystalline drug
changes into amorphous state in a nanostructured system
[45].

3.2. In vitro BioPerine release

Polymeric drug delivery systems are known for their
versatility in achieving controlled release profiles of any API
encapsulated inside the core. For this study, we performed the
in vitro drug release of BioPerine from NPs in a physiological
PH 7.4 condition and also acidic condition pH 6.5 that mimics
the tumor microenvironment with PBS buffer supplemented
with FBS. We observed that BioPerine release from the CS-
PEG-Bio-PLA NPs demonstrated a slow sustained release
profile in pH 7.4 and increased BioPerine release in pH 6.5
over the 4 d study period. Within 24 h we observed 22.46%
BioPerine release which increased to a maximum of only
25.58% on Day 4 as shown in the Fig. 7A in the physiological
pH 7.4. While in acidic pH 6.5 we observed 27.06% to 36.35%
release of BioPerine indicating a pH dependent release profile
of the drug as shown in Fig. 7B that could be beneficial for
the specific release in the tumor microenvironment to carry
out its assigned activity and reduce cytotoxic effects in the
normal tissues. This difference in rate of BioPerine release
from the NPs core might be due to drug solubility, desorption
of surface-bound drug, diffusion out of the NPs matrix into
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Figure 7 - In vitro BioPerine release from CS-PEG-Bio-PLA
NPs in pH 7.4 (A) and pH 6.5 (B) PBS/FBS buffer studied over
4d at37°C.

the body, NPs matrix erosion/degradation or a combination of
both. We believe that the sustained release of BioPerine could
be advantageous to achieve the longer circulation of the drug
at a relatively low and safer concentration.

3.3. Intracellular uptake of CS-PEG-Coumarin 6-PLA NPs
The investigation on the intracellular uptake of NPs by the
MDA-MB 453 cells was helmed by the synthesis of fluorescent
dye coumarin 6-loaded CS-PEG-PLA NPs to trace the NPs
fate in cells and tissues [46] by confocal microscopy. The
nucleus was stained using a NucBlue probe (blue) and to mark
the cellular membrane (actin filaments) phalloidin conjugate
(red) dye was used. Upon incubating the MDA-MB 453 cells
with the NPs for 4 h and 12 h we could observe a time-
dependent uptake of the NPs as shown in the Fig. 7. After
4 h of incubation, we could observe the NPs attached to
the cellular membrane, which could be due to the positive-
negative interactions of the positively charged surface of NPs
and the negative charged cellular membrane as shown in
the Fig. 8A-8E. Hence, we decided to extend the incubation
time to 12 h of the NPs. Due to extended incubation time
of the NPs, we observed facilitated uptake as shown in Fig.
8F-8] thus confirming that MDA-MB 453 cells internalize
NPs in a time-dependent manner and maximum influx of
NPs could be speculated with a longer incubation period.
Here we would like to point out that MDA-MB 231, which
is another triple-negative breast cancer cell line was also
shown to have maximum uptake of silibinin-loaded lipid
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Figure 8 - Cellular uptake of Chitosan-PEG-Coumarin 6-PLA NPs in MDA-MB 453 triple-negative breast cancer cells for 4 h
(A-E) and 12 h (F-]) (At scale 20 pm). Nuclei and actin filaments were stained using NucBlue Live Ready Probes and
Phalloidin iFluor-647 dyes respectively to study NP co-localization.

NPs at 24 h compared to free silibinin which was around
6h [47].

3.4. Relative cell viability by presto blue assay

Inhibitory effects of CS-PEG-Bio-PLA NPs on MDA-MB 453
cells were examined by a dose and time-dependent study
using the resazurin PrestoBlue assay. MDA-MB 453 cells were
treated with 6 different concentrations of CS-PEG-Bio-PLA
NPs for a period of 24-48 h. In comparison to the untreated
cells (considered as 100% viable), we observed that the
concentration ranging from (25, 50, 100 and 200 pg/ml) did not
induce major inhibitory effects on the viability of the MDA-
MB 453 cells at 24-h as shown in the Fig. 9. The cell viability at
these concentrations were 83.56%, 80.82%, 67.12% and 67.12%,
respectively. However, within 48 h we observed that the cell
viability decreased in the above-mentioned concentrations
from 55.55% to 54.16% as shown in the Fig. 10. MDA-MB
453 cells reacted better to the 500-1000 pg/ml concentration
of CS-PEG-Bio-PLA NPs at both the periods, probably due
to the therapeutic concentration of BioPerine encapsulated
inside the NPs. The cell viability at these concentrations
almost reduced to around 40% within 24-48 h as shown
in the Fig. 9-10. We also observed that both 500 and 1000
pg/ml of CS-PEG-Bio-PLA NPs exerted inhibitory effects in the
same range at both periods indicating that either of these
two concentrations could potentially be used to induce P-gp
inhibition in drug-resistant breast cancer. We further tested
the cell viability of free BioPerine (5, 10, 25, 50, 100 and 150
pM) in the MDA-MB breast cancer cell line. From the cell
viability studies of free BioPerine (Fig. S3) it was observed that
the free BioPerine at a high concentration of 150 uM reduced
the cell viability of the MDA-MB 453 breast cancer cells to
a minimum of 25.48% at 48 h. The other concentrations of
free BioPerine did not significantly reduce the cell viability
of the breast cancer cells at all time points. The equivalent

24h

Relative cell viability (%)

< ' S
< > & &S

Figure 9 - Relative Cell viability of CS-PEG-Bio-PLA NPs,
verapamil hydrochloride (Ver), doxorubicin (Dox),
combination therapy of (Ver plus Dox and CS-PEG-Bio-PLA
NPs plus Dox) in MDA-MB 453 triple-negative breast cancer
cells at 24-h. Students Unpaired t test was carried out to
check the statistical significance of the experiment (ns: not
significant; *P < 0.05).

quantity of BioPerine encapsulated inside the CS-PEG-Bio-
PLA NPs at the concentrations 500-1000 pg/ml was 23.49
BM and 50 pM, respectively which was sufficient enough to
impart prolonged cytotoxicity to the cancer cells at such a
mid-minimal concentration clearly indicating that delivery
of BioPerine via the PLA-CS-PEG NPs is a better therapeutic
strategy to target the drug-resistant breast cancer cells.
CS-PEG-Bio-PLA NPs were also compared with the
commercial P-gp inhibitor Ver whose concentration was
fixed at 29 pM from an earlier study conducted on breast
cancer [48]. Ver at both periods (24-48 h) exerted inhibitory
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Figure 10 - Relative Cell viability of CS-PEG-Bio-PLA NPs,
Ver, Dox, combination therapy of (Ver plus Dox and
CS-PEG-Bio-PLA NPs plus Dox) in MDA-MB 453
triple-negative breast cancer cells at 48-h. Students
Unpaired t test was carried out to check the statistical
significance of the experiment (ns: not significant; *P <
0.05).
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activity ranging from 50.68% to 41.66% as shown in the
Fig. 9 and 10.

We also performed a combination strategy to check the
enhanced killing of the MDA-MB 453 cells when pre-treated
with CS-PEG-Bio-PLA NPs and Ver for 24 h followed by
Dox administration for 24-48 h. Dox when administered as
monotherapy to MDA-MB 453 cells, the cell viability reduced
53.42%-29.16% only within 2448 h. When pre-treating the
cells with the CS-PEG-Bio-PLA NPs and Ver, we observed that
the cells when treated with 1000 pg/ml of CS-PEG-Bio-PLA
NPs plus Dox exhibited better therapeutic efficacy than Ver
plus Dox treatment within 48 h as shown in the Fig. 10.
This establishes the fact that our CS-PEG-Bio-PLA NPs imparts
improved cytotoxic activity towards the MDA-MB 453 cells not
only as a monotherapy but also when combined with other
conventional chemotherapy drugs.

3.5.  P-gp expression by immunofluorescence analysis
Overexpression of ABC family of drug efflux transporters

in multi-drug resistant cancers prevents the intracellular
drug accumulation to therapeutic levels to perform anti-

Overlay

P-glycoprotein

Figure 11 - Immunofluorescence analysis showing the expression of P-gp in untreated cells (A-D) and inhibition of P-gp
expression in MDA-MB 453 cells upon treatment with verapamil hydrochloride (E-H) and CS-PEG-Bio-PLA NPs (I-L) for 48 h

(At scale 10 pm and 25 pm).
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CS-PEG-Bio-PLA NPs
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CS-PEG-Bio-PLA NPs
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Figure 12 - Cellular ROS levels in MDA-MB 453 cells evaluated using DCFDA/H2DCFDA assay dye kit (2’7’ dichlorofluorescein
diacetate) by confocal microscopy. (A-B) Untreated cells, (C-D) MDA-MB 453 cells upon treatment with CS-PEG-Bio-PLA NPs,
(E-F) MDA-MB 453 cells upon treatment with CS-PEG-Bio-PLA NPs (500 pg/ml) plus Dox (25 pg/ml), (G-H) MDA-MB 453 cells
upon treatment with CS-PEG-Bio-PLA NPs (1000 pug/ml) plus Dox (25 pg/ml) (At scale 20 pm and 25 pm).

cancer activities. P-gp is one of the best-studied drug efflux
pumps in this family of transporters that mediate the reduced
accumulation of various chemotherapeutic drugs finally
leading to resistance in breast [49] and ovarian cancers [50].
The inhibition of the P-gp expression in the MDA-MB 453 cells
by the CS-PEG-Bio-PLA NPs was studied and compared with
the commercial P-gp inhibitor Ver by immunofluorescence
staining. The untreated cells displayed an overtly high
expression of P-gp on the cellular membrane as shown in
Fig. 11A-11D while the Ver treated cells displayed reduction
in the P-gp expression within 48 h as shown in Fig. 11E-
11H, respectively. CS-PEG-Bio-PLA NPs treated cells displayed
further reduction in the P-gp expression in the MDA-MB 453
cells within 48 h as seen in Fig. 12I-12L thus corroborating
the fact the downregulation of P-gp by BioPerine might lead
to improved accumulation of Dox in the drug-resistant breast
cancer cells mediating their increase killing efficacy. The
delivery of BioPerine via the hybrid PLA NPs would lead
to sustained downregulation of P-gp activity in multi-drug
resistant cancers cells while elevating the intracellular levels
of chemotherapeutics for enhanced therapeutic efficacy.

3.6.  Intracellular ROS activity

Increased ROS levels impart redox imbalance in cancer cells
due to high metabolic rate and mitochondrial dysfunction
in comparison to normal cells which surges cancer cells
towards increased oxidative stress. An induction to additional
oxidative stress in cancer cells might lead to oxidative stress-
induced cell death [51]. Several dietary compounds such as
polyphenols [52] and flavonoids are shown to increase the
ROS levels in cancer cells and mediates killing by inhibiting
cell proliferation and inducing autophagy and apoptosis. We

intend to study the induction of ROS levels in the MDA-MB
453 cells by the CS-PEG-Bio-PLA NPs (500 pg/ml) when treated
for 24 h. The untreated MDA-MB 453 cells did not produce a
surge in ROS levels as shown in Fig. 12A-12B. The MDA-MB
453 cells upon incubation with CS-PEG-Bio-PLA NPs alone for
24 h revealed a slight increase in the ROS levels as shown in
Fig. 12C-12D. However, we did observe an increased surge in
ROS levels in the MDA-MB 453 cells when treated with the
same concentration of CS-PEG-Bio-PLA NPs (500 pg/ml) plus
Dox (25 pg/ml) as a combination therapy as shown in Fig.
12E-12F. We also observed that the cells when treated with
combination therapy of CS-PEG-Bio-PLA NPs at 1000 pg/ml
plus Dox (25 pg/ml) ROS levels dropped to a minimum level
as shown in Fig. 12G-12H suggesting that ROS activity in cells
is dose-dependent. We speculated that a concentration of 500
pg/ml CS-PEG-Bio-PLA NPs with a combination therapy of Dox
would be appropriate to induce ROS levels in the MDA-MB
453 drug-resistant cancer cells and mediate its cellular death
within 24 h which we noticed in the cell viability studies both
monotherapy (CS-PEG-Bio-PLA NPs) and combination therapy
(CS-PEG-Bio-PLA NPs plus Dox).

4, Conclusion

This study concluded the successful fabrication of BioPerine-
loaded PLA NPs surface coated with chitosan and PEG
(CS-PEG-Bio-PLA NPs) that improved its aqueous solubility
and imparted sustained BioPerine release. The positively
charged CS-PEG-Bio-PLA NPs having a smooth spherical
morphology were also successfully internalized by the MDA-
MB 453 breast cancer cells within 12-h owing to the positive-
negative interactions between the NPs and the cellular
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membrane. CS-PEG-Bio-PLA NPs exhibited a pH-dependent
release profile of BioPerine which will be beneficial for
achieving controlled release at the acidic tumor tissues and
spare the normal tissues having a neutral pH. This sustained
release of BioPerine from the NPs will impart prolonged P-gp
inhibition as evident from the immunofluorescence analysis
and also enhanced cytotoxicity at 48 h in comparison to the
commercial inhibitor verapamil hydrochloride. Notably, our
findings also demonstrated the induction of reactive oxygen
species levels in MDA-MB 453 cells when treated with the
CS-PEG-Bio-PLA NPs alone and with Dox as a combination
therapy suggesting dose-dependent ROS induction to mediate
cell death. We anticipate that the CS-PEG-Bio-PLA NPs could
also be harnessed to co-deliver anti-cancer compounds of
interest for a more efficient anti-cancer therapy against a
wide range of P-gp expressing drug-resistant cancers in future
scenarios.
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