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Targeted Nanotherapy by Vinblastine-Loaded Chitosan-Coated PLA
Nanoparticles to Improve the Chemotherapy via Reactive Oxygen
Species to Hamper Hepatocellular Carcinoma
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ABSTRACT: Liver cancer is a prevalent and significant cause of
death in humans. The use of novel biodegradable materials for (

various biomedical applications is being recently recommended as O e ) —
complementary as well as alternative solution for traditional
chemotherapy. This study focuses on the synthesis of biodegrad-
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able nanocarriers [chitosan-coated poly(lactic acid) NPs (Cht-PLA @ 1 Cancer cell
NPs)] for the. delivery of an anticancer d_rug vinblastine (Vbx) and [ % N i L (e ot iabiasting ‘

to evaluate its therapeutic potential in human hepatocellular R 1) (S

carcinoma (HepG2) cells. The Cht-PLA NPs were synthesized Vinblastine (Vb)

using the nanoprecipitation method and characterized by trans- Mmmf
mission electron microscopy, scanning electron microscopy, !*’mmm — @@@——-%ﬁ— _ “or
Fourier transform infrared spectroscopy, dynamic light scattering, SEETT Ry EERmh FEE Ce“d““f

and zeta potential techniques. The results showed that the
nanoparticle sizes are in the range of 100—200 nm with positive surface charge. The release profile of the synthesized
nanoformulation showed controlled release of the Vbx drug for 72 h. The anticancer efficacy of the synthesized nanoformulation was
assessed on the HepG2 cell lines. The in vitro cytotoxicity study revealed that the Vbx-loaded Cht-PLA NPs showed higher toxicity
with an increase in concentration as compared to the Vbx alone. Additionally, an in vitro cellular uptake study revealed higher
internalization as compared to the drug alone due to the chitosan coating. Further, the ability to stimulate the reactive oxygen species
(ROS) generation and variation in mitochondrial membrane potential at the ICy, concentration of Vbx-loaded Cht-PLA NPs was
confirmed by using 2,7-dichlorodihydrofluorescein diacetate and rhodamine 123 dyes, respectively, and were analyzed under
fluorescence microscopy. Hence, the results showed that Vbx-loaded Cht-PLA NPs possess high anticancer activity due to its higher
cellular toxicity, cellular uptake, increased ROS production, and disruption in mitochondrial membrane potential. All these
properties of the synthesized nanoformulation suggest it’s potential applications in drug delivery systems, targeting liver cancer.

1. INTRODUCTION the primary underlying cause of HCC-related deaths in
patients.

Recently, there has been a significant surge in the utilization
of nanoparticles (NPs) for medical purposes, particularly in the
field of drug delivery. NPs made from various materials such as
polymers, lipids, and inorganic compounds have been

Liver cancer stands as one of the most prevalent cancers
globally, and unfortunately, a large number of liver cancer
patients succumb to the disease within a year." According to
GLOBOCAN 2022 estimates, it is the sixth most commonly

diagnosed cancer and the third leading cause of cancer-related extensively studied, particularly in the context of cancer
deaths with 7.8% new cases from 20 million total cancer cases therapy. 8=12 These colloidal-sized particles typically range in
in 2022.> Liver cancer is also the second most common cause size from 1 to 1000 nm and can either encapsulate drugs
of premature cancer deaths.” Hepatocellular carcinoma (HCC) within their structure or attach them to their surface."*™"* The
is a most common type of primary liver cancer, which contains limitation of traditional medicines is shifting the research
prevalent malignant solid tumors with particularly poor toward nanotechnology-based alternatives. '’

prognosis and low survival rate among humans.”* It has

been reported that HCC-related deaths rank second highest Received: April 7, 2024

among all cancer-related deaths worldwide.” The treatment Revised: ~ September 13, 2024

options for this life-threatening disease encompass both Accepted:  September 19, 2024

surgical approaches such as liver resection and transplantation Published: December 20, 2024

and non-surgical techniques like chemotherapy.® Liver
cirrhosis, a condition often associated with HCC, stands as
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Vinblastine (Vbx) is one of the first plant-derived chemo-
therapeutic agent that has been widely utilized in clinical
settings for treating various cancers such as Hodgkin’s disease,
testicular cancer, ovarian cancer, breast cancer, head and neck
cancer, and non-Hodgkin’s lymphoma.'®"” It exerts its effects
by binding to tubulin, leading to the disruption of the
microtubule assembly and interfering with the formation of the
mitotic spindle. This ultimately results in mitotic arrest.”””'
Vbx is regarded as an effective and exceptional drug, earning its
place on the World Health Organization’s List of Essential
Medicines (WHO Model List of Essential Medicines; World
Health Organization, 2021).22 However, patients who receive
Vbx treatment often experience systemic delivery and
unpleasant side effects such as myelosuppression (leucopenia
and anemia), inappropriate antidiuretic hormone secretion,
ileus, mucositis, neuropathy, and Raynaud’s phenomenon.** >

Polymeric NPs have gained significant attention due to their
inherent advantages in the controlled delivery of various
therapeutic agents, such as human growth hormone, insulin,
antitumor agents, proteins, and peptides. They offer localized
or targeted drug delivery to specific tissue and organ sites with
optimal release rates. One notable benefit of using the
polyester family polymers, including poly(p,L-lactide-co-glyco-
lide) (PLGA), polyglycolide (PGA), and polylactide (PLA),
has garnered significant attention due to their excellent
biocompatibility and biodegradability, along with their hi§her
stability in biological fluids and during storage.”®”**
Furthermore, the hydrophobic nature of polyesters such as
PLA and PLGA contributes to their slow degradation rate,
which may limit their suitability for certain therapeutic
applications.”””° Additionally, studies have indicated that
when PLA and PLGA based NPs are delivered into the
bloodstream, they can be rapidly cleared in the liver and
captured by the reticuloendothelial system (RES).*' However,
these limitations can be addressed by incorporating chitosan
into the hydrophobic PLA backbone, thereby overcoming the
drawbacks associated with slow degradation and RES capture.

We have selected the PLA polymer in this study in place of
other polymers due to its biocompatibility, biodegradability,
and stretch ability. The polymer when degrades inside the
acidic medium of the cancer cell, it breaks into lactic acid and
its short oligomers, which are naturally recognized and
metabolized by the body.””** This inherent biocompatibility
of PLA reduces the likelihood of triggering significant immune
responses, but there is still a need to enhance its characteristics
for drug delivery applications. One major drawback of PLA is
its extremely high hydrophobicity, which makes it unsuitable
for delivering hydrophilic drugs. To address these issues,
various methods can be employed to improve its properties,
such as surface modification. Blending PLA with hydrophilic
polymers, like chitosan, can enhance its hydrophilicity.”**’
Chitosan as a cationic surfactant was chosen as a drug carrier
due to its favorable physicochemical properties and versatil-
ity.'* The conventional chemotherapeutic drug faces chal-
lenges such as poor absorption and instability of the
gastrointestinal tract (GI). Chitosan contains amino groups
with a pK, = 6.5, which become fully protonated at around pH
4, increasing the positive charge of chitosan. This positively
charged chitosan interacts with mucin (negatively charged),
leading to prolonged contact between the drug and the
absorptive surface. Moreover, chitosan’s mucoadhesive proper-
ties and its ability to transiently open tight junctions in the
mucosal cell membrane enhance drug absorption in the
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stomach and duodenum compared to formulations without
chitosan.>*?” Furthermore, chitosan can inhibit certain trans-
porter proteins on the membrane of intestinal epithelial cells,
known as efflux pumps, which contribute to drug resist-
ance.”®* Therefore, using a polymeric drug delivery system
such as Cht-PLA NPs is an ideal strategy to improve drug
bioavailability and intestinal absorption. Currently, the
potential of polymeric nanocarriers for the intracellular delivery
by coating with siRNA, aptamer, etc., in NP-based anticancer
therapy is under investigation. Various studies involve the co-
delivery of chemotherapeutic drugs and small siRNA using
advanced polymeric NPs with pH-responsive and PEG-
detachable features.” Utilizing a single type of NP for both
cancer detection and drug delivery highlights their promise as
theranostic tools for various diseases. These polymeric
nanocarriers are being engineered with regions that respond
to stimuli such as redox potential, temperature, pH, and light,
making them effective for targeted cancer therapy.*"**

In this study, we have synthesized and characterized Cht-
PLA NPs loaded with Vbx drug. The characterization of the
nanoformulation involved the use of scanning electron
microscopy (SEM), transmission electron microscopy
(TEM), dynamic light scattering (DLS), zeta potential, and
fourier transform infrared (FT-IR) spectroscopy. Furthermore,
we have evaluated the potential of Cht-PLA NPs as carriers for
Vbx through assessments of drug encapsulation and in vitro
drug release. Also, in vitro studies are performed on HepG2 cell
lines, such as cytotoxicity studies (MTT assay) and cellular
uptake. Additionally, we expanded our investigation to examine
the effect of Vbx-loaded Cht-PLA NPs on reactive oxygen
species generation using DCFH-DA dye and disruption in
mitochondrial membrane potential via rhodamine 123 assay.
All these studies have resulted in identifying and fabricating a
novel nanoformulation/nanotherapy, which may be explored
further for its complementary as well as alternative use for lung
cancer therapy.

2. MATERIALS AND METHODS

2.1. Materials. Poly(p,L lactide) 10 000—18 000, chitosan,
vinblastine sulfate salt V1377, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), rhodamine-123, 2-7-
dichlorofluorescin diacetate (DCFH-DA), and a dialysis bag
(12,000 Da) were procured from Sigma-Aldrich, Germany.
The solvents such as acetic acid, acetone, methanol,
acetonitrile, and triethylamine were of high-purity HPLC
grade and purchased from Merck.

For in vitro experiments, HepG2 cell lines were procured
from NCCS, Pune, India; Dulbecco’s modified Eagle’s medium
(DMEM) with the GlutaMAX supplement; trypsin—EDTA
solution (Gibco); antibiotic-antimycotic (100-X), and 10%
fetal bovine serum were obtained from Gibco. All of the
chemicals used in experiments were of pure commercial grade.

2.2. Synthesis of Chitosan-Coated PLA NPs. The
synthesis of PLA and chitosan-coated PLA NPs followed a
modified version of the well-established double-emulsion
solvent evaporation method described by Dhanapal et al.*’
To initiate the process, the organic phase was prepared by
dissolving S0 mg of PLA polymer in S mL of acetone (solvent
A), while the aqueous phase was prepared by dispersing S mg
of chitosan activated with 0.2% acetic acid in 45 mL of water
(solvent B). Further, solvent A was carefully added drop by
drop into solvent B, and the resulting mixture was sonicated
for S min. Subsequently, the suspension was stirred overnight

https://doi.org/10.1021/acsomega.4c02983
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on a magnetic stirrer. During this period, the polymer showed
spontaneous self-assembly for the formation of NPs. To
eliminate the excess unreacted chitosan, the NPs were
subjected to dialysis (MW: 12,000 Da) against PBS (pH-
7.4) for 3 h.

2.3. Characterization of NPs. 2.3.1. TEM and SEM
Analysis. The size and morphology of the NPs were
determined by SEM and TEM analysis. TEM analysis was
carried out on TALOS S CRYO-TEM (Thermo Scientific)
with accelerating voltage at 200 kV. The samples were
prepared by the drop-casting technique by taking 10 uL of
sample on a carbon-coated grid and stained by phosphotungs-
tic acid. The samples were dried at room temperature before
analysis. The average size from the histogram was calculated by
analyzing the image using image J software.

The SEM analysis was also carried out to examine the
surface morphology of the NPs. The samples were analyzed by
using a JEOL JSM-6610LV Scanning Electron Microscope.
The samples for the SEM analysis were prepared using the
same drop-casting technique onto a glass slide and dried
overnight before analysis.

2.3.2. FT-IR Spectroscopy. FT-IR spectroscopy was used to
understand the interaction, binding, and structure of the
synthesized NPs and nanoformulations. The samples were
prepared by the KBr pellet method, and the spectra were taken
using a Thomas Scientific Spectrometer in the range of 400—
4000 cm™.

2.3.3. DLS and Zeta Potential. The hydrodynamic size and
polydispersity index (PDI) of the NPs were determined using
Malvern Zetasizer Nano-ZS 90 dynamic light scattering. The
samples for the analysis were prepared by diluting the sample
10 times, and the analysis was done in a disposable cuvette.
The hydrodynamic size and PDI were reported by taking the
mean of the three repeated measures.

Zeta potential was performed to understand the surface
modification and the possibility of interaction between the
ligands and the molecules. For the surface charge analysis, the
zeta potential was performed on the same Malvern Zetasizer
Nano-ZS-90. The electrophoretic mobility of the NPs was
determined by using a laser Doppler electrophoretic method,
which is then translated using automated software based on
Henry’s approximation. The samples were diluted 10 times for
the analysis in a two-capped folded capillary.

2.3.4. Drug Encapsulation and In Vitro Release Study. To
understand the drug encapsulation of the NPs, 10 mg of Vbx-
loaded NPs was dissolved in 10 mL of DMSO solution and
vortexed for 1 min. After that, methanol was added to
precipitate the polymer. The mixture was vortexed and
centrifuged, and the supernatant was removed by using a
syringe filter of 0.45 ym pore size. The obtained sample was
analyzed using HPLC (Thermo Fisher UltiMate 3000)
equipped with a C-18 reversed-phase column (4.6 X 150
mm, 5 um) and a UV—Visible detector at detection
wavelength (269 nm) with 10 uL of injection volume. The
mobile phase [acetonitrile/water (40:60, v/v) and 1.4% (v/v)
triethylamine aqueous solution adjusted to pH 7.2 with
phosphoric acid] were used throughout the experiment with
1.0 mL/min flow rate. The calibration curve was plotted from
the obtained Vbx-loaded value. The entrapment efficiency was
calculated by using the below equation

actual drug loading

% EE = X 100

theoretical drug loading
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10 mg portion of the synthesized nanoformulation was
dissolved in 50 mL of phosphate-buffered saline (pH = 7.4)
and then transferred into the dialysis bag. After different time
intervals (0, 1, 2, 3, 4, 6, 24, 48, and 72 h), 5 mL of release
medium was taken out and replaced by the fresh PBS. The
amount of Vbx released was analyzed by using HPLC. All the
samples were analyzed in triplicate.

2.3.5. Stability Studies. The stability of Cht-PLA NPs and
Vbx-loaded Cht PLA NPs were evaluated by observing changes
in their size, PDI, and surface potential over nine months. The
synthesized nanoformulations were stored at room temper-
ature (25 °C) following the guidelines provided by the
International Conference on Harmonization (ICH) QIA
(R2). The average size and surface charge of the NPs were
determined at different time intervals (0, 3, 6, and 9 months)
of storage. The samples were prepared by diluting in Milli-Q
water and measured using a Malvern zetasizer at 25 °C.

2.3.6. Cell Culture. HepG2 cell lines were procured from the
National Centre for Cell Science (NCCS) Pune, India. For the
experiment, the cells were cultured in DMEM with 10% FBS,
penicillin (100 U/ml), and streptomycin (100 pug/mL)
incubated in a CO, incubator at 37 °C.

2.3.7. Cytotoxicity Assay. The MTT assay was performed to
estimate the cell viability. This calorimetric assay depends on
the NADPH cellular oxidoreductase enzyme, which helps in
the estimation of viable cells. For the experiment, the cells were
grown in a 96-well plate in a CO, incubator at 5% CO, and 37
°C conditions for 24 h. Following that, the medium was
changed with new medium containing dosage. The cells were
treated for 24 h in quadruplate (n = 4) with Vbx alone and
Vbx-loaded Cht-PLA NPs at various doses (1.0—50 pg/mL).
After treatment, the media was aspirated and washed with 1X
PBS, and 0.5 mg/mL of MTT reagent was added to each well
and incubated for 3 h in the CO, incubator. Later, the reagent
was discarded, and 100 4L of DMSO was added; then, the
reading was recorded at 570 nm with a reference filter of 630
nm using an Infinite 200 PRO multimode plate reader (Tecan,
Mannedorf, Zurich, Switzerland).

2.3.8. Cell Uptake Study. The in vitro cellular uptake was
performed using curcumin in place of Vbx due to its
nonfluorescent nature. To monitor the cellular uptake, the
study was conducted in two different groups of curcumin (cur)
alone and cur-loaded Cht-PLA NPs. The HepG2 cell lines
were cultured on the coverslips in a 6-well plate and subjected
to treatments with curcumin alone and with Cht-PLA NPs
loaded with curcumin at various time intervals (4, 6, and 24 h)
at 37 °C with 5% CO,. After treatment, the cells were rinsed
with 1X PBS that was ice-cold for 5 min and mounted on the
slides, and fluorescence imaging was performed by using a
ZOE fluorescent cell imager from Bio-Rad.

2.3.9. Detection of ROS Damage. HepG2 cells were
cultured in a 96-well plate and subjected to three separate
treatments at ICg, concentration value of Vbx alone and Vbx-
loaded Cht-PLA NPs for various time periods (4, 6, and 24 h).
Following 40 min of incubation, the medium was changed by
10 mg/mL of 2,7-dichlorofluorescin diacetate (DCFH-DA).
The intracellular reactive oxygen species (ROS) production
was recorded at 485 nm (excitation) and 527 nm (emission)
after 24 h using an Infinite 200 PRO multimode plate reader
(Tecan, Mannedorf, Zurich, Switzerland).

2.3.10. Mitochondrial Damage. Rhodamine 123 dye (S
ug/mL) was employed to check the variation in the
mitochondrial membrane potential by administering the Vbx-
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Figure 1. (a,)b) TEM micrograph (magnification 1 and 0.2 ym); (c) size distribution histogram for Cht-PLA NPs; and (d,e) SEM images of the

NPs (magnification 0.5 ym).

loaded Cht-PLA NPs to the HepG2 cancer cells. The inner
membrane of the mitochondria is rich in negatively charged
glycoprotein. The cationically charged rhodamine 123
preferably enters the mitochondria. The depolarization of the
mitochondria membrane potential after treatment leads to the
loss of rhodamine and a decrease in intensity. The released
cytochrome-c from mitochondria to cytosol in the last stage of
apoptosis after treatment with Vbx-loaded Cht-PLA NPs at the
ICs, concentration was a glaring indication that the Vbx-loaded
Cht-PLA NPs had an anticancer impact. Disruption in
mitochondrial membrane potential was the first indication
that Vbx-loaded Cht-PLA NPs and HepG2 cancer cells were
undergoing apoptosis. In the experiment, the cells were seeded
in a 6-well plate having coverslips and allowed to grow in
serum and phenol red-free DMEM for 24 h in a CO,
incubator.

After incubation, the cells were cleaned with 1X PBS, and
rhodamine 123 dyes (S pg/mL) were applied to the coverslip
containing cells for 1 h. Once the stain had been incubated, it
was removed by washing with 1X PBS. The treated and
untreated cells were then compared under a fluorescent
microscope to identify the HepG2 cell disrupted mitochondrial
membrane potential.

3. RESULTS AND DISCUSSION

3.1. Characterization of NPs. Transmission and scanning
electron microscopies are very useful techniques to understand
the size, morphology, and formation of NPs. The TEM
experiment was performed at two different magnifications, 1
um (Figure la) and 0.2 ym (Figure 1b). The TEM images in
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Figure la,b showed that NPs were of uniform spherical shape
without aggregation. The mean particle size was calculated by
using a TEM histogram (Figure 1c), which showed that the
particles were of approximately 186.91 & 1.06 nm size, whereas
the SEM images (Figure 1d,e) also showed that the particles
were spherical in nature. The size of the NPs plays a crucial
role in biodistribution and internalization in the target cell for
potential delivery. The size of the NPs must not be too small
(so that these can be easily excreted out) or not too large (so
that these can be easily detected by the macrophages before
reaching the target site).'”

3.2. DLS, Zeta Potential, and Stability Study. The
hydrodynamic sizes of the PLA and chitosan-coated PLA NPs
were calculated by using the DLS technique, and the results are
displayed in Figure 2a,b. The observed mean size of the Cht-
PLA NPs was 220 + 7.9 nm and that of PLA NPs was 190 +
8.2 nm with a PDI value of 0.200 + 0.001 and 0.250 + 0.002,
respectively. By modification of the surface of the NPs, an
increase in size was observed, which was due to the coating of
chitosan on the surface of NPs.

To confirm the coating of chitosan on the NPs, another
experiment was conducted, where zeta potential was used to
examine the change in the surface potential after surface
modification. The zeta potential of the PLA alone (Figure 2c)
was observed to be —24.91 + 0.4 mV. The negative potential is
due to the presence of a free carboxyl group of PLA on the
surface of the NPs.** In the case of Cht-coated PLA NPs, the
potential was 18.89 + 0.9 mV (Figure 2d). The change or
reversal in potential was due to the electrostatic deposition of
the chitosan onto the surface of the NPs.*

https://doi.org/10.1021/acsomega.4c02983
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Figure 2. DLS spectrum of (a) Cht-PLA NPs and (b) PLA NPs (PDI, 0.200—0.250) and zeta potential spectrum of (c) PLA NPs and (d) Cht-

PLA NPs.

Table 1. Particle Stability Studies after Different Time Intervals

time (months) Cht-PLA NPs Vbx-loaded Cht-PLA NPs
size (nm) ZP (mV) PDI size (nm) ZP (mV) PDI
0 190 + 8.2 18.72 + 3.1 0.250 + 0.002 22028 + 7.9 1572 £ 2.1 0.200 + 0.001
3 17341 £ 4.9 19.18 £ 5.1 0.298 + 0.001 23041 + 2.1 15.18 £ 5.7 0.268 + 0.008
6 158.48 + 3.8 13.88 + 2.9 0.346 + 0.003 170.21 + 3.9 10.33 +£ 1.9 0.410 + 0.011
9 69.33 + 5.2 933+ 79 0.678 + 0.016 130.34 + 3.6 321 £ 6.3 0.613 + 0.013
The stability studies of the nanoformulation Cht-PLA NPs a) 3007 chepLANPS b) pg_ mm ChEPLANPS
and Vbx-loaded Cht-PLA NPs were performed as per ICH 3 Vb loaded Cht-PLA NPs €3 Vbx loaded Cht-PLA NPs
guidelines [http://www.ich.org/cache/compo/363-272-1. 200 . 207
html#Q1A(R2)] for the assessment of their physical, chemical, E £ 151
and biological characteristics over time to detect any 3 9
alterations that might develop.* Physical stability evaluation @ 100 2199
emphasizes key parameters like particle size, size distribution, -
PDI, and surface charge, all of which are susceptible to
influences such as aggregation and precipitation etc. In our 0 s s ) o
study, to analyze these parameters, techniques such as dynamic Time (months) Time (months)
gght scattering and Ze.ta p 9tentia1 analysis are employed at 25 Figure 3. Stability of Cht-PLA NPs and Vbx-loaded Cht-PLA NPs:
C throughout fixed time intervals (0, 3, 6, and 9 months) as (a) average size of NPs and (b) zeta potential of suspension after
depicted in Table 1. The average size and surface charge did synthesis immediately and 3, 6, as well as 9 months after storage at
not show a significant change in three months (Figure 3a,b), room temperature (25 °C).
but after six months, the size and charge of the NPs start
decreasing, and after 9 months, the NPs start losing their dispersion. Moreover, the chitosan coating acts as a physical
physical properties. The stability of Cht-PLA NPs for an barrier, guarding the PLA NPs against external factors such as
extended period can be attributed to specific mechanisms. pH changes, enzymes, and environmental stresses. These
First, the positive charges present in chitosan interact with the effects play a crucial role in the stability of the NPs over
negative charges on the NP surface, resulting in electrostatic time. "
stabilization. This electrostatic repulsion prevents particle 3.3. FT-IR Spectroscopy. The FT-IR experiments were
aggregation, thereby maintaining the stability of the NPs performed to understand the presence of different functional
174 https://doi.org/10.1021/acsomega.4c02983
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Figure 4. FT-IR spectrum of NPs: (a) PLA NPs and (b) Cht-PLA NPs.
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groups and the type of interaction. The FT-IR spectrum of
PLA in Figure 4a showed a characteristic carbonyl peak around
1700 cm™', and a stretching peak around 1100 cm™'
corresponds to the C—O—C functional group. The stretching
vibration of the hydroxyl group (O—H) is broader in nature
and is towards the lower wavenumber, due to their
involvement in hydrogen bonding. The bands around 2900
cm™" denoted the stretching of C—H of the CH, group.

To understand the binding of the chitosan to PLA, there are
two major noticeable changes in the Cht-PLA NPs (Figure
4b). The peak around 1800 cm™" belongs to the ester group of
PLA and becomes weaker in intensity, while the hydroxyl and
amino group around 3400 cm™' pronouncedly decrease in
intensity. All these confirm the interaction of the carboxyl,
amino, and hydroxyl groups of chitosan with PLA. Other than
that, the peak around 1700 cm™ confirms the presence of
carboxylate anions and —NH;" of Cht-PLA NPs. This
indicates that the grafting of chitosan has successfully occurred
on the surface of PLA NPs.””**

3.4. Drug Encapsulation and In Vitro Release Study.
The entrapment efficiency of the polymeric NPs is majorly
dependent on the composition of the copolymer, molecular
weight, crystallinity, and hydrophobic and hydrophilic
percentage.”’ From the experiment, the Vbx-loaded polymer
showed 53 + 6.83% of encapsulation efficiency.

For the release study, the drug is encapsulated in the PLA
NPs and Cht PLA NPs, and the drug is released by diffusion or
erosion in the PBS medium of pH 7.4. The parameters such as
molecular weight, surface modification, particle size, hydro-
phobicity, and hydrophilicity ratio played a crucial role in drug
release rate. In Figure S, the PLA NPs showed that the drug
release from NPs features an initial burst release from 0 to 6 h,
followed by a slower, sustained release from 24 to 96 h. This
pattern arises from the diffusion of the drug out of the polymer
matrix and the gradual degradation of the polymer.”" In the
case of Vbx-loaded Cht-PLA NPs, the release study revealed
that the Vbx-loaded Cht-PLA NPs showed slow release in the
early stage due to the chitosan layer, which restricts the
diffusion of the drug.52 Over the next 24 h, the rate of release
(52.43 + 7.12%) increases until it becomes consistent. The
PLA polymer is strongly hydrophobic in nature and has high
drug permeability, whereas chitosan is a hydrophilic polymer.”
The use of chitosan with PLA allowed water to infiltrate the
copolymer’s core and increase the drug release.”*”> Thus, the
Vbx-loaded Cht-PLA NPs exhibited a prolonged drug release
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Figure S. In vitro release profile of Vbx-loaded PLA NPs and Vbx-
loaded Cht-PLA NPs in PBS (pH 7.4).

profile, indicating their potential as a sustained drug delivery
system.

3.5. In Vitro Cytotoxicity. The MTT 3-(4,5-dimethyl
thiazol-2-yl)-2,5-diphenyl tetrazolium bromide assay is a
quantitative method for assessing cell viability in response to
the drug and drug-loaded NPs. The HepG2 cell line was used
to examine the influence of Vbx alone and Vbx-loaded Cht-
PLA NPs on in vitro cell viability. To assess the cytotoxicity,
the cells were treated with various concentrations of drug-
loaded NPs ranging from 1.0 to 50 ug/mL for 24 h. The results
in Figure 6 showed a dose-dependent cytotoxic effect with
both free and Vbx-loaded Cht-PLA NPs. The Vbx alone
showed high toxicity at low concentration as compared to
drug-loaded formulation due to suppressing the microtubule,
which leads to inhibition of cell division. Whereas at higher
concentration, Vbx causes microtubule depolymerization and
leads to tubulin-vinblastine aggregates. This aggregation
reduces the amount of free Vbx drug and results in a decrease
in cytotoxicity.”® However, Vbx-loaded Cht-PLA NPs (ICq, =
8.0 ug/mL) showed higher toxicity as compared to the Vbx
alone (ICs, = 24 pg/mL) due to their cationically charged
surface, which allows their easy interaction with cell
membranes and lead to improved cellular internalization.”” It
has been suggested that the Cht-PLA NPs after degradation
form monomers of lactic acid, which does not play any
significant role in cytotoxicity, whereas the positive charge
plays as a significant factor in the particle interaction and
adherence to biological cells.>® In general, it is believed that
smaller particles less than around 100—200 nm can be
internalized through receptor-mediated endocytosis, while
bigger particles must be phagocytosed to be taken up.’’
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Figure 6. Dose-dependent cytotoxicity of Vbx alone and Vbx-loaded
Cht-PLA NPs against HepG2 cells after 24 h of incubation. ****p <
0.0001 Vbx alone (1 pg/mL) vs Vbx-loaded Cht-PLA NPs (10, 30,
and SO pg/mL); ***p < 0.001 Vbx alone (3 pg/mL) vs Vbx-loaded
Cht-PLA NPs (10 pg/mL); ****p < 0.0001 Vbx alone (3 pug/mL) vs
Vbx-loaded Cht-PLA NPs (30, 50 pug/mL); #p < 0.01 Vbx alone (5
ug/mL) vs Vbx-loaded Cht-PLA NPs (30 ug/mL); "5 < 0.0001
Vbx alone (5 pg/mL) vs Vbx-loaded Cht-PLA NPs (30, S0 ug/mL);
’p < 0.0001 Vbx alone (10 pg/mL) vs Vbx-loaded Cht-PLA NPs (30,
50 pug/mL); % < 0.1 Vbx alone (30 ug/mL) vs Vbx-loaded Cht-PLA
NPs (30 ug/mL): “% < 0.0001 Vbx alone (30 pg/mL) vs Vbx-
loaded Cht-PLA NPs (S0 pg/mL): *p < 0.5 group II (4 h) vs group II
(24 h); ***p < 0.001 group I (6 h) vs group II (6 h); ###y < 0.0001
group I (24 h) vs group II (24 h).

Thus, it is evident that Vbx-loaded Cht-PLA NPs exhibited
more effective anticancer effect by inhibiting tumor growth in
the case of HepG2 cell lines.

3.6. Cellular Uptake. The better and effective internal-
ization and retention of the drug-loaded Cht-PLA NPs by the
HepG2 cells, play a vital role in it therapeutic actions. To
investigate the cellular uptake of NPs in in vitro studies, the
most common experimental approach involves using fluo-
rescent labeling such as curcumin, coumarin-6, etc. In this
study, the vinblastine drug shows poor fluorescent property
and cannot be used for the tracking of NPs; hence, for easy
detection of the NPs inside the cell, curcumin was used as a
florescent tag in fluorescence microscopy.lS Then, quantitative
analysis of the intensity of the treated cells were done by
Image] software to assess the degree of particle absorption. In
this experiment, the quantitative absorption of the Cht-PLA
NPs with ICs, concentration at different time intervals (4, 6,
and 24 h) was performed. Figure 7a displays fluorescence
microscopic images of monolayers of HepG2 cells and after
treatment for 4 h curcumin-loaded Cht-PLA NPs showed an
increase in intensity with time up to 6 h and then decrease in
intensity at 24 h. The results showed that Cht-PLA NPs
exhibited greater cellular absorption with time, which may be
attributed to their high cellular uptake and results in an
increase in fluorescence intensity due to the cationic charge by
the chitosan copolymer."* In contrast, curcumin exhibits a
remarkable ability to selectively target cancer cells, which is
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Figure 7. (a) Fluorescence microscopic images of HepG2 cells incubated with curcumin alone and Cur-loaded Cht-PLA NPs at 37 °C for 4, 6, and
24 h. (b) Quantitative analysis of uptake kinetics of curcumin alone (group I) and Cur-loaded Cht-PLA NPs. **p < 0.01 group I (4 h) vs group 1I
(4 h); *#**p < 0.0001 group I (4 h) vs group II (6 h); **p < 0.01 group II (4 h) vs group II (6 h); *p < 0.5 group II (4 h) vs group II (24 h); ***p <
0.001 group I (6 h) vs group II (6 h); *#p < 0.0001 group I (24 h) vs group II (24 h).
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potentially attributed to its interactions with multiple signaling
pathways that play a crucial role in the survival and
proliferation of cancer cells.”” Our findings demonstrated
that the synthesized Cht-PLA NPs had greater cellular
absorption as compared to curcumin alone, which can be
easily shown from the quantitative analysis (Figure 7b). The
increase in fluorescence intensity with time governs the
increase in uptake, whereas at 24 h, the fluorescence decreases
due to cells leading to the apoptosis. This explains the
significant benefits of the nanoformulation for the development
of drug carriers in drug delivery systems.

3.7. In Vitro ROS Analysis. The ROS generation analysis
is an important study that focuses on the ROS formation in
cancer cells caused by oxidative stress reactions that are
induced by treatment.”” The DCFH-DA fluorescent dye is a
promising candidate for the estimation of ROS generation.
The ICs, concentration was used for the treatment of HepG2
cancer cells at different time intervals (4, 6, and 24 h). The
results showed the increase in ROS from 4 to 6 h and then
decline at 24 h in both the cases, as shown in Figure 8. The

=3 Vbx Alone
800007 omy \/bx loaded Cht-PLA NPs
QeR@
ey
60000 —
2>
B
g 40000 — ook de K
=
20000 —
o

4

Time Interval (Hours)

Figure 8. Quantification of ROS production of Vbx alone (group I)
and Vbx-loaded Cht-PLA NPs (group II) against HepG2 using
DCFH-DA fluorescent dye.****p < 0.0001 group I (4 h) vs group 11
(4 1), (6 h); **p < 0.01 group I (4 h) vs group I (6 h), group II (24
h); *p < 0.5 group I (4 h) vs group I (24 h); ****p < 0.0001 group II
(4 h) vs group II (6 h); *p < 0.5 group II (4 h) vs group I (24 h);
@@@@, < 0,0001 group I (6 h) vs group II (6 h); #*p < 0.0001 group
II (6 h) vs group I (24 h), group 1I (24 h).

Vbx-loaded Cht-PLA NPs showed high ROS generation, due
to its high cellular uptake, which results in higher internal-
ization of the drug, whereas the Vbx alone has poor solubility
and results in lesser cellular uptake and low ROS generation.
The Vbx-loaded Cht-PLA NPs have anticancer capabilities, as
a result of the ROS activation. The polymeric nanoformulation
itself does not contribute to the ROS §eneration, unless there
is any specific modification on it."’~® The drug-loaded NPs
generate ROS in HepG2 cancer cells after the appropriate
amount of time, and this generated ROS gets accumulated on
the DNA granules, which destroys the DNA’s capacity to
transfer and prevented the formation of the polymerase
enzyme.”* After treatment, the DNA’s ability was compro-
mised, and the immature DNA was condensed and flowed out,
which was later bound by DCFH-DA dye and displayed
structural deformity.”> Additionally, the oxidative stress
response decreased the activity of genes involved in apoptosis
and caused programmed cell death, as a result of intracellular
leakages in the mitochondrial membrane.*”®” Therefore, the
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current findings demonstrated that Vbx-loaded Cht-PLA NPs
have a greater capacity to prevent the development of cancer
cells via oxidative-stress-mediated ROS production.

3.8. Mitochondrial Damage. Rhodamine 123 is a dye,
which is used for spotting a cancer cell-altered membrane
architecture. It disrupts the intrinsic mechanism involved in the
cell cycle process in cancer. It can adhere to injured cells and
bind to negatively charged inner mitochondrial membranes.®®
Monitoring the depolarized mitochondrial membrane, which is
caused by the failure of the responsive genes, is crucial.
Caspases are triggered, when the mitochondrial membrane is
disrupted, which lowers the production of genes that are
receptive to cancer cells and activates the BCL-2 suppressive
genes.”"*® Our findings made the inhibition of HepG2 cells at
ICs, concentrations of Vbx-loaded Cht-PLA NPs. It can be
said that the number of necrotic and apoptotic cells was higher
in treated cells compared to control cells (Figure S1a,b). Due
to the increased activation of responsive genes, it caused
repeated life cycle arrests in cancer cells and initiated the
cascade of the apoptotic cell receptor. It is the first step in
starting apoptosis. The outcome of Figure Slab revealed that
apoptotic cells were seen to be rough, loosely connected and
had a highly necrotic character. In contrast, Figure Sla depicts
the morphological colonies that were found to be smooth,
compact, and clumped. Our findings referred to the decrease of
red color intensity which was quantified by using Image]
software and showed in Figure Slc as a noteworthy drop in
binding of rhodamine 123 dye due to depolarization of
mitochondrial membrane potential.*””°

4. CONCLUSIONS

The Vbx-loaded Cht-PLA NPs were synthesized and
characterized by various techniques, including SEM, TEM,
DLS, FT-IR, and zeta potential. Moreover, the results from the
in vitro cytotoxicity and cellular uptake study demonstrated
that the incorporation of the drug into the nanoformulation
significantly enhanced its cytotoxicity and cellular uptake,
compared to the administration of the drug alone. Vbx-loaded
Cht-PLA NPs exhibited remarkable anticancer activity against
HepG?2 cells, inducing extensive damage to the mitochondrial
membrane. Moreover, the generation of ROS was substantially
elevated, as confirmed by fluorescent microscopic analysis
using the DCFH-DA dye and rhodamine 123. The research
findings of this work indicate that the Vbx-loaded Cht-PLA NP
system holds great potential as a vehicle for delivering
chemotherapeutic agents and enhancing cytotoxicity in
HepG?2 cells. These encouraging results strongly support the
anticancer efficacy of the designed nanoformulation; however,
more in vivo studies may be needed further for supporting this

hypothesis.
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