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ABSTRACT

Aim:The aim of the study was to develop, optimize and evaluate chitosan-coated Poly (Lactic-Co-
Glycolic Acid) (PLGA) Nanoparticles (NPS) of Canagliflozin (CFZ) against the proliferation of liver
cancer cells. Materials and Methods: The PLGA NPs and chitosan-coated PLGA NPs containing
CFZ was optimized keeping CFZ:PLGA ratios and PVA levels as independent variables and mean
Particle Size (PS), Polydispersity Index (PDI), Zeta Potential (ZP), and percent Entrapment Efficiency
(EE) as the responses. Results: The optimized CFZ-PLGA-NPs had PS, PDI, ZP, and EE values of
159 nm, 0.149, -36.5 mV, 84.8%, respectively. The concentration of chitosan coating (0.25%) was
found to be optimum providing a PS of 277+23 nm, PDI of 0.241+0.011, ZP of 57.2+0.67 mV,
and EE of 80.5+1.78%. The electron microscope images, FTIR spectra, and DSC thermograms
confirmed the identity of individual components and the amorphous nature of CFZ in the
C-CFZ-PLGA-NPs. The in vitro CFZ release from C-CFZ-PLGA-NPs (80.9+1.2%) was significantly
higher than that from CFZ dispersion (25.9+1.4%) when studied for 48 h. The cell viability assay
demonstrated significant enhancement of cytotoxicity of C-CFZ-PLGA-NPs against HepG2 cells
compared to pure CFZ treatments. The C-CFZ-PLGA-NPs were found to be stable when tested
for storage stability at 4°C for 90 days. PS, PDI, and ZP remained stable during the entire study
period. Conclusion: C-CFZ-PLGA-NPs can be considered potential candidates for further studies
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in providing a commercially viable, stable, and effective system for the delivery of CFZ.
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INTRODUCTION

Poly (Lactic-Co-Glycolic Acid) (PLGA) has the advantages of
biodegradability and biocompatibility. This hasled to the immense
development and evaluation of PLGA-based Nanoparticles
(NPs).! Because PLGAs demonstrate both passive targeting of
tumors and encapsulation and release of drugs, they have been
thoroughly explored for anticancer drug delivery* However,
PLGA NPs still face several difficulties with formulation issues
related to drug loading and release. The effective development
of complicated generic formulations based on PLGA continues
to be elusive. Not only is the formulation of these generic drug
products difficult, but the manufacturing processes involving
PLGA are also challenging, which adds to the complexity of
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product development. Depending on the medications and their
intended uses, different commercial PLGA formulations have
different compositions and features. For generic pharmaceutical
companies looking to develop complicated generic products based
on PLGA, the unavailability of established official methodologies
for release studies is another major barrier.?

However, providing chitosan coating to PLGA NPs enhances
their mucoadhesive qualities thereby increasing the drug's
bioavailability.* To be more precise on the effect of chitosan
coating on PLGA NPs, chitosan coating enhances physical and
chemical stability, regulates drug release, enhances adhesion
to mucosal surfaces and tissue permeation, diminishes sudden
and premature drug release, lowers uptake of PLGA NPs by
macrophages, shows bioadhesive characteristics, and avoids
burst drug release.’ In addition, to these general advantages,
chitosan-based systems have shown tumor-targeted systems.
Chitosan has been positioned as a viable vehicle for cancer therapy
due to its electrostatic interaction with various therapeutic
agents and materials and the presence of cationic functional
groups. In recent years, it has also demonstrated potential as an
immunological adjuvant for cancer vaccines.®
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Canagliflozin (CFZ), a drug used against type 2 diabetes is orally
active and marks its action by the inhibition of Sodium-Glucose
Co-Transporter-2 (SGLT2).” Interestingly, SGLT2 inhibitors
have demonstrated many mechanisms of action against cancer,
including the induction of instability in the membrane of
mitochondria, the inhibition of the P-catenin and PI3K-Akt
mechnaisms, the enhancement of cell cycle arrest and apoptosis,
and the reduction of oxidative phosphorylation. Reported
data suggest that using an SGLT2 inhibitor with a traditional
chemotherapy regimen may have some benefits.®

Therefore, the potentials of SGLT2 inhibition in anticancer
effects have been studied in CFZ also. Reduction of tumor cell
growth by inhibition of mitochondrial complex-I mediated
respiration, enhancement of AMPK activity, inhibition of MAPK
and mTOR-p70S6k/4EBP1 pathways, activation of cell cycle
checkpoints, inhibition of cell growth partly by HIF-1a inhibition,
inducing PD-L1 degradation, impairment of glutamine-mediated
anaplerosis, and suppression of glutamine metabolism are some
of the reported mechanisms of anticancer activity of CFZ.>!?

It is noteworthy that CFZ has reported action of attenuation of
the proliferation of liver cancer cells mediated by inhibition of
glycolytic metabolism and angiogenic activity.”> Meanwhile, the
blockade of glucose influx-induced P-catenin activation by CFZ
also causes suppression of hepatocellular tumors.'* Meanwhile,
NPs have been identified as a promising approach against liver
cancer.”” However, NPs of CFZ against liver cancer have not yet
been explored, and there exists a research gap. Furthermore,
chitosan-based NPs are found effective against liver cancer cells.'
Therefore, chitosan-coated CFZ-loaded PLGA NPs against liver
cancer was studied. The study involved the formulation and
optimization of CFZ-loaded PLGA NPs and further conversion
of this optimized formulation to chitosan-coated CFZ-loaded
PLGA NPs. Finally, characterization and assessment of the
chitosan-coated CFZ-loaded PLGA NPs were carried out. Cell
line studies in HepG2 cells were done to confirm the potential
formulation against liver cancer.

MATERIALS AND METHODS

Materials

Canagliflozin was procured from Jamjoom Pharmaceuticals,
Jeddah, Saudi Arabia as a gift sample. Poly (Lactic-Co-Glycolic
Acid) (PLGA), Poly Vinyl Alcohol (PVA), Chitosan and MTT
reagent were purchased from Sigma-Aldrich Inc. (St. Louis, MO,
USA). Human liver cancer cells (HepG2) were purchased from
ATCC, USA. Nutrient-rich medium (DMEM) was purchased from
BIS BioTech, Jeddah, Saudi Arabia. 1% penicillin-streptomycin
was purchased from MOLEQULE-ON®, Auckland, New Zealand.
Fetal bovine serum was purchased from Sigma, St. Louis, MO,
USA.
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Preparation, optimization and evaluation of
canagliflozin-loaded PLGA NPs

Using the nanoprecipitation technique, Canagliflozin (CFZ)-
containing Nanoparticles (NPs) were prepared. CFZ and PLGA
were combined in weight ratios of 1:1, 2:2, and 1:4 with a total
weight of 50 mg. The combination was thoroughly dissolved in 2
mL of acetone by vortexing. A glass syringe was used to gradually
add the solution, drop by drop, into a 10 mL Polyvinyl Alcohol
(PVA) solution with concentrations of 2.5, 5, and 7.5 mg/mL.
After homogenizing the mixture for 15 min at a speed of 25,000
rpm, the liquid was magnetically stirred for 6 h to let the acetone
evaporate. To separate the nanoparticles, the dispersion was
re-dispersed in water thrice following centrifugation at 25,000
rpm for 45 min at 4°C. The PLGA nanoparticles of CFZ were
evaluated for the effect of the drug: polymer ratio and stabilizer
concentration. The dependent factors were Particle Size (PS),
Polydispersity Index (PDI), Zeta Potential (ZP), and percent
Entrapment Efficiency (EE).

Particle size, Polydispersity Index (PDI) and Zeta
Potential (ZP)

PS and PDI were assessed using a Zetasizer Nano ZS from Malvern
Instruments, Worcestershire, UK. In this analysis, samples were
diluted 50 times and 1.5 mL of the diluted solution was used. ZP
measurements were conducted on the samples diluted 20 times
and analyzed using a Zetasizer.

Percent Entrapment Efficiency (EE)

The EE of nanoparticles was measured by dissolving weighed
amount of nanoparticles in methanol and ultracentrifuging
(25°C) for 30 min. Then CFZ was analyzed in the supernatant at
292 nm by UV-vis spectrophotometry. The EE was calculated by
comparing the initial drug amount with the amount remaining in
the nanoparticles after separation.

Formulation, optimization and evaluation of
chitosan-coated PLGA NPs of canagliflozin

In summary, a Polyvinyl Alcohol (PVA) solution (5 mg/mL)
was mixed with three different chitosan concentrations (0.25%,
0.5%, and 0.75%) in 0.5% glacial acetic acid. This chitosan-mixed
PVA solution (10 mL) was then combined with a Canagliflozin
(CFZ) acetone solution at a CFZ to PLGA ratio of 1:4. After
homogenization for 15 min at 25,000 rpm, the sample was
magnetically stirred for 6 hr to allow acetone evaporation. To
isolate the nanoparticles, the dispersion was ultracentrifuged at
25,000 rpm for 45 min at 4°C and settled pellets were redispersed
in water. Subsequently, a freeze-drying process was employed
to facilitate a better evaluation of the pellet. The samples were
evaluated for responses by methods described in previous
sections.
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Characterization and evaluation of C-CFZ-PLGA-NPs

Scanning Electron Microscopy (SEM) and Transmission
Electron Microscopy (TEM)

For SEM examination, the monolayer of C-CFZ-PLGA-NPs was
affixed to a metallic substrate, followed by the application of a 10
nm-thick gold coating onto the particles using the gold sputtering
method. Subsequently, the C-CFZ-PLGA-NPs were scrutinized
using an SEM instrument (Zeiss, Germany) operating at 20 kV.
The appearance of the C-CFZ-PLGA-NPs were evaluated using
TEM (JEOL JEM 1010, Japan). On a copper grid, a single drop of
CFZ-NPs dispersion made with Milli-Q water was applied, and it
was left to dry. Before TEM investigation, the sample was air-dried
to remove excess liquid and stained with phosphotungstic acid
(1% w/w).

Fourier-Transform Infrared (FTIR) and Differential
Scanning Calorimetry (DSC)

The spectra of pure CFZ, PLGA, PVA, chitosan, physical blend,
and optimized C-CFZ-PLGA-NPs were obtained utilizing an
FTIR spectrophotometer (Vertex 70v, Bruker, Bremen, Germany).
A Perkin Elmer 4000 (MA, USA) calorimeter was used to
examine the thermal characteristics of the CFZ, PLGA, PVA,
Chitosan, Physical mixture, and C-CFZ-PLGA-NPs samples. The
formulations were desiccator-dried for the duration of the night
for this purpose. Then, powdered samples were put into lidded
aluminum pans. After sealing, heating under nitrogen flow from
30 to 300°C (10°C per minute) was done.

In vitro CFZ release

C-CFZ-PLGA-NPs and CFZ dispersion were the subject of this
testing utilizing the dialysis bag technique in a USP dissolving
device (paddle type) with phosphate buffer (pH 7.4). Preactivated
dialysis bags were filled with formulations containing 8 mg of
drug in 2 mL, knotted at both ends, and submerged in the 900
mL medium at 37°C and 100 rpm for 48 hr. To maintain sink
conditions, 5 mL aliquots were sampled and replaced with 5
mL of medium. After 48 hr, the percentage of CFZ release was
estimated using UV-visible spectrophotometry on the collected
samples, which was measured at 292 nm.

Cell viability study using MTT assay

HepG2 liver cancer cells were prepared for testing by seeding them
(96-well; 5x10° cells/well) and letting them adhere overnight.
The next day, they were exposed to different concentrations of
nanoparticles (C-CFZ-PLGA-NPs and placebo NPs) and the
drug CFZ for 24 hr (37°C). Cell viability was checked by MTT
assay, where a formazan dye formation indicates live cells. The dye
was dissolved and its absorbance measured (microplate reader),
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providing data for analysis (Gen5TM software) and calculation of
IC, values (concentration inhibiting 50% of cell growth).

Storage stability testing
The optimized C-CFZ-PLGA-NPs were placed at 4°C for 90 days.

These samples were evaluated at the intervals of 30 days for the
assessment of PS, PDI, and ZP.

Statistics

Studies were performed in triplicate, and data were depicted as
the Mean+Standard Deviation (SD). The statistical significance
was calculated using a one-way Analysis of Variance (ANOVA)
with a Tukey multiple comparison test. The statistical differences

were taken as significant at p* <0.05.

RESULTS

Preparation, optimization and evaluation of
canagliflozin-loaded PLGA NPs

The PS, PDI, ZP, and EE of CFZ-loaded PLGA NPs were obtained
for different CFZ: PLGA ratios and PVA levels and are provided
in Table 1. The effects of the CFZ: PLGA ratio on the PS, PDI, ZP,
and EE of the prepared CFZ-loaded PLGA NPs at a PVA level
of 2.5, 5 and 7.5 mg/mL are shown in Table 1. The effect of PVA

levels on various CFZ:PLGA ratios are shown in Figure 1(a-d).

From the results observed for the canagliflozin-loaded PLGA
nanoparticles, the nanoparticles prepared with a CFZ: PLGA
ratio of 1:4 and PVA level of 5 mg/mL were chosen for further
studies (CFZ-PLGA-NPs). The PS, PDI, ZP, and EE for the
selected NPs were 159+1.0 nm, 0.149+0.02, -36.5+3.52 mV, and
84.8+3.10%. The NPs with a CFZ: PLGA ratio of 1:1 and PVA
level of 5 mg/mL had the lowest PS. However, the EE was very
low with a value of 64.5+1.06%. Also, the PDI was higher than the
selected formulation. Hence, this formulation was not considered.
Meanwhile, the NPs with CFZ: PLGA ratio of 1:1 and PVA level
of 2.5 mg/mL had a lower PS and PDI compared to the selected
formulation. However, the EE was very less with 49.6+0.94%.
Hence, this formulation was not considered.

Formulation, optimization and evaluation of
chitosan-coated PLGA NPs of canagliflozin

The chitosan-coated PLGA nanoparticles were prepared and
evaluated with different chitosan concentrations, CFZ: PLGA
ratio of 1:4 and PVA level of 5 mg/mL (Table 2). The PS, PDI, ZP,
and EE of the prepared chitosan-coated PLGA nanoparticles of
canagliflozin were determined.

The effects of chitosan concentration on the PS, PDI, ZP, and EE
of the chitosan-coated PLGA NPs of CFZ are shown in Figure 2.
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Table 1: Optimization of the CFZ: PLGA ratio and PVA level for the development of optimized nanoparticles of canagliflozin (+SD).

Drug: polymer ratio Stabilizer conc.  PS PDI ZP (mV) EE (%)
(CFZ: PLGA) (PVA; (nm)
mg/mL)
1:1 2.5 154+1.6 0.096+0.03 -26.1+2.83 49.6+0.94
1:2 163+1.6 0.145+0.01 -31.2+3.32 59.8+0.56
1:4 167+0.5 0.263+0.06 -34.4+3.97 68.0£0.60
1:1 5 135+2.3 0.210£0.03 -28.0+2.11 64.5+1.06
1:2 161+2.4 0.195+0.03 -32.6x1.91 71.840.79
1:4 159+1.0 0.149+0.02 -36.5+£3.52 84.8+£3.10
1:1 7.5 169+1.1 0.151£0.00 -24.4+2.31 62.7+1.62
1:2 187%1.0 0.217£0.01 -29.4+0.82 65.3+1.27
1:4 194+3.0 0.204+0.02 -31.0+2.88 71.4+2.16
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Figure 1: Effect of PVA levels on (a) PS, (b) PDI, (c) ZP, and (d) EE at different CFZ:PLGA ratios.

Characterization and evaluation of chitosan-coated
PLGA nanoparticles of canagliflozin
(C-CFZ-PLGA-NPs).

Particle size distribution and Zeta Potential

Figure 3 (a-b) shows the representative PS distribution and ZP
results obtained for the selected Chitosan-coated PLGA NPs of
CFZ.

Scanning Electron Microscopy (SEM) and
Transmission Electron Microscopy (TEM)

SEM and TEM images were observed for studying the
surface morphology and actual particle size of the optimized
C-CFZ-PLGA-NPs (Figure 3c-d).
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Fourier-Transform Infrared (FTIR) and Differential
Scanning Calorimetry (DSC) analysis

The FTIR spectra and DSC thermograms of the samples are
shown in Figure 4a-b.

In vitro CFZ release

The release of CFZ from C-CFZ-PLGA-NPs was compared with
the release from its aqueous dispersion by the dialysis bag method.
From C-CFZ-PLGA-NPs, the CFZ release was notably higher at
all sampling points (Figure 5a). After 48 h of study, 80.9+1.2%
release of CFZ was noted from C-CFZ-PLGA-NPs whereas only

a 25.9+1.4% release was observed from CFZ dispersion.
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Cell viability by MTT assay

The cell viability studies carried out in HepG2 cells for
C-CFZ-PLGA-NPs and pure CFZ as shown in Figure 5b). The cell
viability shown by the placebo NPs was notably higher (p<0.01)
than those produced by C-CFZ-PLGA-NPs and pure CFZ. The
placebo NPs were considered non-cytotoxic up to concentrations
of 25 ug/mL and weakly cytotoxic for concentrations of 50 and 100
pg/mL. At studied concentrations of 3.125 and 6.25 pug/mL, there
were no statistically significant variations (p>0.05) between the
cell viability produced by C-CFZ-PLGA-NPs and CFZ samples.
The IC, were 26.24+1.43 and 12.54+0.66 pg/mL for pure CFZ
and C-CFZ-PLGA-NPs respectively.

Storage stability testing

The results of storage stability testing are provided in Figure
5C-E. There were no significant variations between the PS of
stored C-CFZ-PLGA-NP samples. The particle size was found to
be stable over the entire testing period of 90 days.

DISCUSSION

Preparation, optimization and evaluation of
canagliflozin-loaded PLGA NPs

All the trials resulted in CFZ-loaded PLGA NPs with a PS below
200 nm. The use of acetone as the organic phase for dissolving
PLGA and CFZ might have significantly contributed to such

lower particle sizes.'”'®

The effects of the CFZ:PLGA ratio on the PS, PDI, ZP, and EE of
the prepared CFZ-loaded PLGA NPs at a PVA level of 2.5 mg/
mL. The PS showed an increase when the CFZ: PLGA ratio was
increased. The CFZ: PLGA ratio of 1:4 resulted in significantly
higher (p<0.05) PS compared to those produced by CFZ: PLGA
ratios of 1:1 and 1:2. Moreover, there was significant (p<0.05)
difference between PS produced by CFZ: PLGA ratios of 1:1
and 1:2. The first stage of the process of nanoprecipitation of
PLGA in the present study involved the formation of droplets
of acetone containing CFZ and PLGA, Later the acetone with
high affinity for the aqueous phase diffuses into the bulk leaving

Table 2: Optimization of chitosan coating CFZ-PLGA-NPs.

Chitosan Drug: PVA level PS£SD PDI£SD ZP+SD EE+SD
concentration (%) polymer (mg/mL) (nm) (mV) (%)

ratio

(CFZ: PLGA)
0.25 1:4 5 277+23 0.241£0.011 57.20.67 80.5+1.78
0.50 409+9.0 0.271+0.009 63.6+1.40 74.2+1.41
0.75 1224+67 0.585+0.048 65.4+0.76 58.6+1.50

Particle Size (nm)
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Chitosan concentration (%)
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Figure 2: Effect of chitosan concentration on PS, PDI, ZP, and EE.
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behind the CFZ-loaded PLGA NPs. Thus, nanoprecipitation by
solvent diffusion has been better than the solvent evaporation
method in the case of PLGA nanoparticles.’ Meanwhile, when
the amount of PLGA increases, the resultant CFZ-loaded PLGA
NPs will be having increased PS, owing to higher PLGA content
in each drop of the acetone. Thus, the present observation of an
increase in PS with an increase in PLGA in the acetone is well
reasonable. Furthermore, similar results with a linear increase
in PS of PLGA NPs with an increase in polymer concentration
were demonstrated with PLGA nanoparticles.”” Now considering
the effect of the CFZ: PLGA ratio on PDI, the observed results
were similar to that observed for PS. Notably, while the effect
of the drug: polymer ratio is studied and described in most of
the studies on PLGA NPs by nanoprecipitation, the effect on
PDI remains ignored or unexplained. Therefore, we present an
explanation based on the acetone migration effect to the aqueous
phase as a possible reason for the observed results of PDI. This

proposal is inspired from a reported alcohol migration effect in
nanoemulsion.”’ We propose that at higher PLGA concentrations,
the diffusion of acetone might be more erratic owing to the
presence of a high concentration of PLGA in each acetone
globule. Thus, the amount of acetone diffusion into the aqueous
phase may be slightly different from each globule. These effects
result in NPs with slightly different PS and subsequently NPs with
higher polydispersity. Finally, the measured PDI would be more
for trials with higher PLGA content. Thus, the PDI value of NPs
prepared with CFZ: PLGA ratio of 1:4 was significantly higher
(p<0.05) compared to those produced by CFZ: PLGA ratios of
1:1 and 1:2.

The ZP values were with negative signs and the magnitudes
were greater than 25 mV for all the NPs. PLGA is a polymer
of d, I-lactic-co-glycolic acid and it is reasonable that
nanoparticles formed with this polymer show negative surface
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Figure 3: Particle size distribution (A) and zeta potential (B) Scanning electron microscopy (c) and transmission
electron microscopy (d) images of C-CFZ-PLGA-NPs.

charge. Furthermore, the negative change of PLGA NPs is well
established.” The magnitude of ZP of the PLGA NPs increased
with an increase in the amount of PLGA (or a decrease in CFZ:
PLGA ratio). This effect can be explained by the fact that NPs
formed at higher amounts of PLGA have increased charge for
each particle due to higher PLGA content. Thus, the charge on
the PLGA NPs prepared with a CFZ: PLGA ratio of 1:4 was the

Indian Journal of Pharmaceutical Education and Research, Vol 60, Issue 2 (Suppl), Apr-Jun, 2026

highest observed ZP. However, there was no significant (p>0.05)
variation between the ZP values of the PLGA NPs. The EE was
another response chosen for the evaluation of the effect of the
CFZ: PLGA ratio. There was a highly significant variation
(p<0.001) between the EE observed for the studied CFZ: PLGA
ratio of 1:1, 1:2, and 1:4. The explanation of enhanced EE on

increasing the amount of PLGA is obvious from the fact that
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a higher amount of PLGA retains or entraps higher amount of
CFZ in the nanoparticles during the diffusion of acetone into the
aqueous phase. Furthermore, the hydrophobic nature of both
CFZ and PLGA might have contributed to the higher retention
of CFZ in the PLGA matrix of NPs and subsequently resulted in
higher EE.

The effects of the CFZ:PLGA ratio on the PS, PDI, ZP, and EE of
the prepared CFZ-loaded PLGA NPs at a PVA level of 5 mg/mL.
A highly meaningful increase (p<0.001) in PS was observed when
the CFZ: PLGA ratio was changed from 1:1 to 1:2. However, there
was no significant variation between PSs observed for CFZ: PLGA
ratios of 1:2 to 1:4. In contrast to the PS of PLGA NPs produced
with PVA level of 2.5 mg/mL, a decrease in PS was shown by
changing the CFZ: PLGA ratio from 1:2 to 1:4. The ability of
residual PVA to decrease the PS has been previously established.”
This might have contributed to the observation of PS with a PVA
level of 5 mg/mL. In addition to PS, the trend of PDI with respect
to CFZ: PLGA ratio was considerably different for 2.5 and 5 mg/
mL of PVA level. The mean PDI values decreased with increasing
PLGA amount for 5 mg/mL of PVA level. The effect of a decrease
in PDI by increasing PVA level has been demonstrated.?* Thus, a
decrease in PDI at higher PVA level in the present study could be
justified. However, it is noteworthy that there was no significant
variation between the PDI values observed for CFZ:PLGA ratios
of 1:1, 1:2, and 1:4 for 5 mg/mL of PVA level. This indicated that a
PVA level of 5 mg/mL could be sufficient or optimum to produce
PLGA NPs of low and stable PDI values.

At a PVA level of 5 mg/mL, the ZP values showed a gradual
increase in the mean value on changing the CFZ: PLGA ratio
from 1:1 to 1:4. However, there was no statistically meaningful
variation (p>0.05) between the observed ZP values. It was
previously demonstrated that higher PVA reduces the zeta
potential of PLGA NPs.* However, it was observed for the
microfluidics method and cannot be directly correlated to the
conditions of our present study?® Nevertheless, the absence
of any statistically meaningful variation in ZP might be due to
the influence of such an effect in the present study. Moreover,
interestingly, an increase in the magnitude of zeta potential with
negative charge was observed on increasing PVA level.”” The
adsorption of PVA on NPs was suggested to cause such an effect.
A similar situation exists in the present study too, where the PVA
stabilizer can adsorb over the formed PLGA NPs. Meanwhile,
the EE of the PLGA NPs was found to be significantly influenced
by both the CFZ:PLGA ratio and concentration of PVA. The EE
increased considerably (p<0.01) when the CFZ: PLGA ratio was
changed from 1:1 to 1:4. As observed and discussed in the previous
section, a higher amount of PLGA in the acetone droplets could
enhance the entrapment of CFZ in the PLGA NPs and thus can
result in higher EE values. Coming to the role of PVA in the EE,
a significant variation (p<0.05) was observed for PVA levels of
2.5 and 5 mg/mL. The EE values were considerably higher for a
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PVA level of 5 mg/mL. In general, higher concentrations of PVA
stabilizer could decrease the EE of PLGA NPs.?** However, from
the observed results, it could be reasonably assumed that the
effect of the higher amount of PLGA could have outperformed
the effect of PVA resulting in higher EE values.

The effects of the CFZ:PLGA ratio on the PS, PDI, ZP, and EE of
the prepared CFZ-loaded PLGA NPs at a PVA level of 7.5 mg/
mL. The mean PS increased with an increase in the amount of
PLGA. Furthermore, there was a considerable (p<0.05) variation
between the observed PS for different CFZ:PLGA ratios. This
increase in PS might be attributed to the higher PLGA amount
used as discussed in previous sections and was in accordance with
reported results.?* Meanwhile, compared to the effect of PVA level
of 2.5 and 5 mg/mL on PS, 7.5 mg/mL had appreciably (p<0.05)
higher PS at the corresponding CFZ: PLGA ratio. Such an effect
of enhancement of PS by increased PVA level was established
in earlier studies **. However, a decrease in PS by PVA was also
established.” Nevertheless, from the results of the present study,
we could assume that the PVA level of 7.5% was insuflicient to
overcome the effects of PLGA amount at CFZ:PLGA ratios of 1:1
to 1:4 on increasing the mean PS of PLGA NPs. Furthermore, a
reported study demonstrated an initial decrease in PS and later
an increase in PS of PLGA NPS on changing PVA level from 1 to
5%.% Thus, it could be concluded that a PVA level of 7.5 mg/mL
supports the increase in the PS of PLGA NPs.

A conclusion about the effect of PVA levels on various CFZ:PLGA
ratios can be derived from Figure la. At all studied CFZ: PLGA
ratios, the PS decreased when the PVA level increased from 2.5
to 5 mg/mL, and later the PS increased when the PVA level was
further increased to 7.5 mg/mL. In addition, the CFZ:PLGA
ratio provided the lowest PS values for all the PVA levels studied.
A further increase in the CFZ:PLGA ratio did not produce a
noteworthy effect on PS for a specific PVA level.

Meanwhile, the PDI did not show a pattern or trend with
respect to CFZ: PLGA at a PVA level of 7.5 mg/mL. However,
the PDI at a CFZ:PLGA ratio of 1:1 was considerably (p<0.01)
lower than those produced by ratios of 1:2 and 1:4. As discussed
earlier, higher PLGA amount can possibly enhance the PDI by
interfering with the diffusion of acetone in the nanoprecipitation
method and finally resulting in higher polydispersity. Now
considering the effect of PVA level on PDI, it can be seen that
(Figure 1b) the effect is dependent on the CFZ:PLGA ratio. For
the CFZ:PLGA ratio of 1:1, the PDI first increases and later
decreases on increasing the PVA level from 5 to 7.5 mg/mL. The
CFZ:PLGA ratio of 1:2 produces a linear increase in PDI with
increasing the PVA level. In the case of CFZ:PLGA ratio of 1:4,
the PDI first decreases upon changing the PVA level from 2.5
to 5 mg/mL, and a further increase in PVA level to 7.5 mg/mL
increases the PDI. Thus, it could be derived that the PDI could
be tailored by selecting the appropriate CFZ:PLGA ratio for the
preparation of PLGA NPs.
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The ZP values showed a gradual increase in the mean value on
changing the CFZ: PLGA ratio from 1:1 to 1:4. However, there
was considerable variation (p<0.05) in ZP among CFZ:PLGA
ratios of 1:1 and 1:4 only. As suggested earlier, the adsorption of
the PVA stabilizer on the PLGA NPs could have contributed to a
higher magnitude of ZP at higher CFZ:PLGA ratios. The overall
effect of the studied PVA levels on ZP is provided in Figure lc.
A clear enhancement of the magnitude of ZP was observed on
changing the CFZ:PLGA ratio from 1:1 to 1:4. In the case of
CFZ:PLGA ratios of 1:1 to 1:2, there was no noteworthy effect
of PVA level on ZP. However, at a CFZ:PLGA ratio of 1:4, the ZP
first increased in magnitude when the PVA level was increased
from 2.5 to 5 mg/mL and further increasing of PVA level to 7.5
mg/mL decreased the magnitude of ZP.

The EE of the PLGA NPs with a PVA level of 7.5 mg/mL showed a
similar pattern observed for 2.5 and 5 mg/mL concentrations. The
EE was appreciably higher (p<0.05) for the CFZ:PLGA ratio of 1:4
compared to that of others. However, no considerable variation
(p>0.05) was observed between the effects of CFZ:PLGA ratios
1:1 and 1:4. As explained earlier, the effect of PLGA on enhancing
the EE must have outperformed any effect of PVA on EE. The
combined effect of PVA level on EE was determined from Figure
1d. For all the studied CFZ:PLGA ratios, EE increased when the
PVA level increased from 2.5 to 5 mg/mL. Further increase of
PVA level to 5 mg/mL resulted in a decrease in the EE. In the
case of the CFZ:PLGA ratio of 1:1, this final decrease in EE was
insignificant. A similar change in the pattern of EE on changing
the PVA level was noted in a previous study.*

Further PS in the range of 50-200 nm and PDI below 0.3 are
considered suitable for in vivo use.'®*! The selected formulation
had low PS and low PDI. Furthermore, this formulation had the
highest magnitude for zeta potential and entrapment efficiency
compared to all other canagliflozin-loaded PLGA nanoparticles.
Therefore, the selected formulation was considered most suitable
for further studies. The PS, PDI, ZP, and EE for the selected NPs
were 159+1.0 nm, 0.149+0.02, -36.5+3.52 mV, and 84.8+3.10%.

Formulation, evaluation, and optimization of
chitosan-coated PLGA NPs of canagliflozin

The effects of chitosan concentration on the PS, PDI, ZP, and EE
of the chitosan-coated PLGA NPs of CFZ are shown in Figure
2. The PS was found to increase linearly with an increase in
the chitosan concentration. There was a considerable variation
(p<0.05) between the PS of NPs prepared with 0.25 and 0.5%
chitosan. Meanwhile, the PS of NPs prepared with 0.75%
chitosan had a extensive variation (p<0.001) with the other two
chitosan concentrations. Such an effect of enhancement of PS of
PLGA NPs on chitosan coating was previously demonstrated.?
Furthermore, the increase in PS of chitosan-coated PLGA NPs
with an increase in chitosan concentration is also reported.*
The positive charge on chitosan molecules, surface free energy,
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and surface non-uniformity-dependent mechanisms were
suggested for the concentration-dependent chitosan adsorption
onto PLGA NPs.”> Meanwhile, the PDI also followed a similar
pattern shown by the PS. The PDI values increased by increasing
the chitosan concentration. The PDI was found to be unaffected
by chitosan coating in a reported study even when an increase
in PS was observed.”” However, in that reported study chitosan
concentration of 0.1% was used and was much lesser than the
concentrations used in the present study. Therefore, such an effect
cannot be expected in the present study. There was no major
variation (p>0.05) between the PDI values observed for 0.25 and
0.5% chitosan concentrations. The PDI value was much higher
(p<0.001) for chitosan concentration of 0.75% compared to
other studied concentrations. The increased viscosity of chitosan
solution and uncontrollable surface adsorption of chitosan
onto PLGA nanoparticles could be the possible reasons for the
formation of polydisperse NPs and subsequently high PDI values
at chitosan concentration of 0.75%.

The chitosan coating was well established by the change in the
sign of ZP values. The sign was positive for all the chitosan-coated
NPs whereas the uncoated PLGA NPs described in the previous
sections had a negative sign for ZP. This result was in good
agreement with reported studies.**? Furthermore, it is obvious
that the negative charge of PLGA molecules favors adsorption
and subsequent coating of chitosan over the NPs. The ZP was
significantly lesser (p<0.001) at 0.25% compared to 0.5 and
0.75% chitosan. However, there was no major variation (p>0.05)
between the ZP values produced by 0.5 and 0.75% chitosan.
Furthermore, it was noteworthy that the ZP values were very
high and above 57 mV for all the chitosan-coated NPs. This
has tremendous implications for high stability and enhanced
cancer cell death rendering it a highly attractive platform for
tumor-targeted drug delivery.*® However, such an increase in the
ZP value was associated with a lowering of entrapment efficiency
in the present study. Nevertheless, such a decrease in EE was
not much affected at a chitosan concentration of 0.25%. It still
retained an EE of 80.5+1.78% and was much comparable to the
EE of uncoated PLGA NPs (84.8+3.10%). The EE decreased
drastically to 58.6+1.50% when the chitosan concentration was
0.75%. It was noted that the EE at all the chitosan concentrations
was considerably dissimilar (p<0.01). Interestingly, the loss of
surface adsorbed drug during the repeated centrifugation steps
in chitosan-coated NPs has been suggested for such a decrease
of EE.*

Based on the results of the evaluation of chitosan-coated PLGA
NPs of CFZ, formulation prepared with 0.25% chitosan, CFZ:
PLGA ratio of 1:4, and PVA level of 5 mg/mL was chosen for
further characterization and evaluation (C-CFZ-PLGA-NPs).
The selection was based on the lowest PS, lowest PDI, and
highest EE. Even though the ZP was lowest for this formulation
compared to those prepared with other chitosan concentrations,
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the observed value of 57.2+0.67 mV was extremely high and
therefore acceptable.

Characterization and evaluation of chitosan-coated PLGA
nanoparticles of canagliflozin (C-CFZ-PLGA-NPs)

The SEM images confirmed the spherical structure and less
smooth surface morphology of the C-CFZ-PLGA-NPs. It has
been reported that PLGA nanoparticles have a very smooth
surface compared to chitosan-coated surfaces when examined for
the SEM image.* A very similar SEM image was observed for the
optimized C-CFZ-PLGA-NPs.

The hydrodynamic PS obtained from Zetasizer showed
similar results as observed in TEM images. TEM image of the
C-CFZ-PLGA-NPs showed a spherical morphology with a solid

8

== FZ-NPs

8

dense PLGA core and even distribution of chitosan coating and
was comparable to a reported observation of chitosan-coated
PLGA NPs.* The interactions of positively charged chitosan and
negatively charged PLGA NPs a be considered responsible for
such an observation.*

The FTIR spectrum of CFZ complied with reported peaks at
around 3480 (OH stretch), 3287 (aromatic C-H stretch), 1445
(aromatic C=C stretch), 2900 (C-H stretch of CH,), and 1229
cm (Aryl C-F stretch).* Similarly, the FTIR spectrum of PLGA
strongly complied with the reported peaks at around 1094
(C-O-C stretch) and 1758 cm™ (C=0 stretch).* Meanwhile, the
characteristic peaks of PVA were identified in its FTIR spectrum.
Characteristic peaks were found at around 3250 (O-H stretch)
and 2936 cm™'(asymmetric stretch of CH,).””** Chitosan showed
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Figure 5: (A) In vitro CFZ release profiles of CFZ dispersion and C-CFZ-PLGA-NPs at pH 7.4 by dialysis method. (B) Cell viabilities of
HepG2 cells by MTT assay after treatment with Canagliflozin (CFZ), Placebo nanoparticles (Placebo NPs), and C-CFZ-PLGA-NPs. (C)
Particle Size (PS), (D) PDI, and (E) Zeta Potential (ZP) values of C-CFZ-PLGA-NPs at 4°C during the storage stability experiment.
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its typical FTIR spectrum reported in the literature with peaks
at around 3440 (NH, and OH stretch), 1650 (amide C=0), and
1100 cm'(C-O stretch).* The FTIR spectrum of the physical
mixture showed an effect of lowering the peak intensities owing
to the dilution of the samples. It was interesting to note that the
FTIR spectrum of C-CFZ-PLGA-NPs was predominantly similar
to that of PLGA owing to the high content of PLGA in it. Also,
the characteristic peak of chitosan at around 3440 cm™ was
observed. Such a strong resemblance of FTIR spectra of PLGA
and chitosan-coated PLGA NPs was observed in a previous study
also.”

The thermogram of CFZ showed its typical peak at around
100°C.** Meanwhile, the thermogram of PLGA showed typical
endothermic peaks at around 45.62°C (glass transition) and was
well relatable to reported thermograms.**> PVA also showed
established and reported peaks at around 228 (melting) and
40-42.5°C (glass transition).* Chitosan exhibited its characteristic
broad peak around 72.10°C owing to the vaporization of any
residual solvents in it.** The physical mixture displayed the
characteristic peak of CFZ and PLGA but with reduced intensity
due to the possible dilution effect in the sample. Meanwhile,
the sharp peaks of the individual samples disappeared in the
C-CFZ-PLGA-NPs indicative of the conversion of the crystalline
nature of CFZ and excipients to an amorphous one.*

The in vitro release profile demonstrated that C-CFZ-PLGA-NPs
appreciably enhance the CFZ release compared to its aqueous
dispersion. The enhancement of apparent solubility of CFZ in the
chitosan-coated PLGA NPs could be considered responsible for
the observed results.*

Cell viability by MTT assay

The cell viability studies carried out in HepG2 cells showed
a major enhancement of cytotoxicity of C-CFZ-PLGA-NPs
compared to pure CFZ. The placebo NPs were considered
non-cytotoxic up to concentrations of 25 pg/mL."” The effect of
osmotic pressure might have caused some minor cytotoxic effects
at higher concentrations.*® The results of IC_ also indicated the
enhancement of cytotoxicity of C-CFZ-PLGA-NPs as compared
to CFZ. A similar enhancement of the cytotoxic effect of CFZ by
formulation of NPs was observed in a previous study also.*’

Stability study

Some reported studies observed a slight increase in PS in the
storage of chitosan-coated PLGA NPs.**® However, such an
observation was not made in the stored C-CFZ-PLGA-NP
samples. This indicated the absence of any significant chitosan
swelling in the stored C-CFZ-PLGA-NPs. However, slight and
irregular changes in PDI values were observed in the stored
C-CFZ-PLGA-NP samples. Interestingly, both unchanged
PDI and increased PDI have been observed after the storage of
chitosan-coated PLGA NPs.*>*® Therefore, further studies may
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be needed to explore the exact mechanism for the observations.
Meanwhile, a notable decrease in the ZP was observed for the
stored C-CFZ-PLGA-NPs after 30 days. Such a reduction in the
magnitude of ZP of chitosan-coated PLGA NPs has already been
reported.” However, the ZP of the stored C-CFZ-PLGA-NPs
was around 33 mV even after 90 days. Nanoparticles with ZP
values higher than £30 mV are kinetically stable.”* Therefore, the
C-CFZ-PLGA-NPs were considered to have sufficient storage
stability in terms of ZP.

CONCLUSION

The present study evaluated the effects of different CFZ: PLGA
ratios and PVA levels on PS, PDI, ZP, and EE of CFZ-loaded PLGA
NPs when prepared by the nanoprecipitation method. Both the
CFZ:PLGA ratio and PVA level were found to affect one or more
responses. The formulation with CFZ:PLGA ratio of 1:4 and PVA
level of 5 mg/mL, with PS of 159+1.0 nm, PDI 0 0.149+0.02, ZP of
36.5+3.52mV, and EE 0f 84.8+3.10%, was selected as the optimized
one (CFZ-PLGA-NPs). A chitosan concentration of 0.25% was
found to be optimum for the formulation of C-CFZ-PLGA-NPs.
They had PS of 277423 nm, PDI of 0.241+0.011, ZP of 57.2+0.67
mYV, and EE of 80.5+1.78%. The SEM and TEM images confirmed
the spherical nature and presence of chitosan coating on the
C-CFZ-PLGA-NPs. Meanwhile, the FTIR, and DSC analysis
confirmed the identity of individual components and the
amorphous nature of the drug in the C-CFZ-PLGA-NPs. The
notably higher CFZ release in pH 7.4 from C-CFZ-PLGA-NPs
compared to a CFZ dispersion confirmed these results. The MTT
assay in HepG2 cells demonstrated significant enhancement of
cytotoxicity by C-CFZ-PLGA-NPs. The storage stability studies
conducted at 4°C for 90 days confirmed the physical stability of
C-CFZ-PLGA-NPs in terms of PS, PDI, and ZP. Thus, the present
study demonstrated stable and effective C-CFZ-PLGA-NPs
against hepatic cancer cells which could be further studied for
preclinical and clinical efficacy.
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SUMMARY

Canagliflozin (CFZ), an approved antidiabetic agent, has
reported activities against the proliferation of liver cancer cells.
Given the established biocompatibility, biodegradability, and
the success of chitosan-coated Poly (Lactic-Co-Glycolic Acid)
(PLGA) Nanoparticles (NPs) in delivering drugs to cancer cells,
this study focused on developing nanoparticles specifically
loaded with CFZ (C-CFZ-PLGA-NPs). Firstly, optimization of
the formulation of CFZ-loaded PLGA NPs (CFZ-PLGA-NPs)
by nanoprecipitation was carried out. Polyvinyl alcohol (PVA)
was used as the stabilizer in the nanoprecipitation method.
CFZ:PLGA ratios and PVA levels were considered as independent
variables and mean Particle Size (PS), Polydispersity Index (PDI),
Zeta Potential (ZP), and percent Entrapment Efficiency (EE)
were chosen as the responses. Both the CFZ:PLGA ratio and PVA
level were found to affect one or more responses. Furthermore,
the optimized CFZ-PLGA-NPs had satisfactory PS, PDI, ZP, and
EE respectively. In the next step the concentration of chitosan
was evaluated for the formulation of C-CFZ-PLGA-NPs and a
concentration of 0.25% was found to be optimum. The electron
microscope images, FTIR spectra, and DSC thermograms
confirmed the identity of individual components and the
amorphous nature of CFZ in the C-CFZ-PLGA-NPs. The in vitro
CFZ release from C-CFZ-PLGA-NPs was significantly higher
than that from CFZ dispersion at 48 h. Cell line studies for the
evaluation of cytotoxicity against liver cancer cells were carried out
in HepG2 cells. The cell viability assay demonstrated significant
enhancement of cytotoxicity of C-CFZ-PLGA-NPs against
HepG2 cells compared to pure CFZ. The C-CFZ-PLGA-NPs were
found to be stable when tested for storage stability at 4°C for 90
days. The study unveiled the effectiveness of C-CFZ-PLGA-NPs
against pure CFZ in enhancing cytotoxicity. C-CFZ-PLGA-NPs
can be considered potential candidates for further studies in
providing a commercially viable, stable, and effective system for
the delivery of CFZ.
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