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ABSTRACT

Hepatocellular carcinoma (HCC) exhibits high mortality rates in the advanced stage (>90 %). Sorafenib (SORA)
is a targeted therapy approved for the treatment of advanced HCC; however, the reported response rate to such a
therapeutic is suboptimal (<3%). Piperine (PIP) is an alkaloid demonstrated to exert a direct tumoricidal activity
in HCC and improve the pharmacokinetic profiles of anticancer drugs including SORA. In this study, we
developed a strategy to improve efficacy outcomes in HCC using PIP as an add-on treatment to support the first-
line therapy SORA using biodegradable Poly (D, L-Lactide-co-glycolide, PLGA) nanoparticles (NPs). SORA and
PIP (both exhibit low aqueous solubility) were co-loaded into PLGA NPs (PNPs) and stabilized with various
concentrations of polyvinyl alcohol (PVA). The SORA and PIP-loaded PNPs (SP-PNPs) were characterized using
Fourier Transform Infrared (FTIR) Spectroscopy, X-ray Powder Diffraction (XRD), Dynamic Light Scattering
(DLS), and Scanning Electron Microscopy (SEM), Release of these drugs from SP-PNPs was investigated in vitro at
both physiological and acidic pH, and kinetic models were employed to assess the mechanism of drug release.
The in vitro efficacy of SP-PNPs against HCC cells (HepG2) was also evaluated. FTIR and XRD analyses revealed
that the drugs encapsulated in PNPs were in an amorphous state, with no observed chemical interactions among
the drugs or excipients. Assessment of drug release in vitro at pH 5 and 7.4 showed that SORA and PIP loaded in
PNPs with 0.5 % PVA were released in a sustained manner, unlike pure drugs, which exhibited relatively fast
release. SP-PNPs with 0.5 % PVA were spherical, had an average size of 224 nm, and had a high encapsulation
efficiency (SORA ~ 82 %, PIP ~ 79 %), as well as superior cytotoxicity compared to SORA monotherapy in vitro.
These results suggest that combining PIP with SORA using PNPs may be an effective strategy for the treatment of
HCC and may set the stage for a comprehensive in vivo study to evaluate the efficacy and safety of this novel
formulation using a murine HCC model.

1. Introduction

stage is < 40 %, whereas in the distant stage, it is lower than 4 %
(Neureiter et al., 2019; Siegel et al., 2019).

Hepatocellular carcinoma (HCC) is the most common type of liver
cancer and the third main cause of cancer related deaths worldwide
(Yang et al., 2023; Zhuo et al., 2019). Up to 75 % of patients who
develop HCC have a history of risk factors including chronic liver dis-
eases such as hepatitis and cirrhosis (Gomaa et al., 2008; Yang et al.,
2019). Despite advancements in HCC treatment in recent decades, sur-
vival rates remain poor. The 5-year relative survival rate in the localized
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Sorafenib (SORA) is a multi-target tyrosine kinase inhibitor currently
used as a first-line treatment in unresectable and metastatic HCC (Fur-
use, 2008; Laface et al., 2022; Nguyen et al., 2023). SORA is highly
hydrophobic with a reported 38 to 49 % bioavailability of its salt form
(SORA Tosylate) (Liu et al., 2016). Due to its low pharmacokinetic
profile, it is administered twice daily to HCC patients at a high dose (400
mg) (Ben Mousa, 2008). Despite being a drug of choice, the phase III
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clinical trial (SHARP) that led to SORA FDA approval revealed that the
overall response rate to SORA in HCC patients is suboptimal (2 %), with
only slight improvement in overall survival compared to placebo (2.8
months median improvement) (Storandt et al., 2022). However, no
other targeted therapies tested in phase III clinical studies showed su-
periority to SORA in terms of HCC survival rates (Colagrande et al.,
2016; Zhang et al., 2023).

Plant-derived natural products, such as flavonoids and alkaloids
have been extensively investigated in preclinical studies for the treat-
ment of several cancers, including breast, lung, and liver cancer
(Kopustinskiene et al., 2020; Li et al., 2022). Piperine (PIP), an alkaloid
constituent of black pepper, has been shown to exhibit antitumor,
hepatoprotective, antihypertensive, antioxidant, and antimicrobial ac-
tivities when used as monotherapy or in combination with other
bioactive plant extracts and with standard anticancer therapies (Tripathi
etal., 2022). PIP is also a bioenhancer; it inhibits P-glycoprotein (Pgp), a
major drug transporter largely involved in the efflux of several anti-
cancer drugs including tyrosine kinase inhibitors, which may potentially
lead to drug resistance (Finch and Pillans, 2014; Syed et al., 2017; Tri-
pathi et al., 2022). Moreover, PIP has been shown to inhibit CYP3A4, a
major drug-metabolizing enzyme (Wang et al., 2013). Inhibition of Pgp
and CYP3A4 is strongly associated with the enhancement of absorption
and bioavailability of many drugs including anticancer drugs (Gao and
Hu, 2010). The bioavailability of curcumin was enhanced by 1.5 times in
rats and 20 times in human volunteers when administered with PIP
(Shoba et al., 1998). PIP has also been shown to improve the pharma-
cokinetic properties of SORA, which was likely attributed to its Pgp and/
or CYP3A4 inhibitory effect (Patel et al., 2022; Tiwari et al., 2020;
Tiwari et al., 2021).

Given the prominent role of PIP in cancer and the suboptimal effect
of SORA in the treatment of HCC, we set out to investigate whether the
incorporation of PIP as an add-on to the standard-of-care therapy SORA
would lead to superior anticancer effects against HCC compared to
SORA treatment alone. Our novel strategy aimed to encapsulate SORA
and PIP (both highly lipophilic molecules) in Poly Lactic-co-Glycolic
Acid (PLGA) based nanoparticles (NPs) and examine the impact of the
therapeutic on HCC. PLGA, a biodegradable and biocompatible polymer
(Lu et al., 2023; Rocha et al., 2022), is FDA-approved and widely been
employed in drug delivery applications (Alsaab et al., 2022; Makadia
and Siegel, 2011). Many reports have revealed that PLGA-based NPs
(PNPs), when used as drug carriers, can prolong the release of drugs,
potentially reducing the dosing frequency, minimizing off-target side
effects of therapeutics, and increasing drug stability (Alvi et al., 2022;
Bai et al., 2022; Shao et al., 2022). PLGA has also been shown to be an
optimal vehicle for a variety of hydrophobic compounds as it enhances
their aqueous solubility, and thereby, their efficacy (Caputo et al., 202.3;
Makadia and Siegel, 2011).

This work involves development of dual drug-loaded PNPs and their
associated characterization, drug release studies, as well as the assess-
ment of the therapeutic efficacy on HCC cells (HepG2) using in vitro
techniques.

2. Materials and methods
2.1. Materials

HepG2 cells were purchased from the American Type Culture
Collection (ATCC®). Dulbecco’s modified Eagle’s medium (DMEM),
high glucose with sodium pyruvate (GibcoTM), fetal bovine serum (FBS,
Gibco™), and penicillin-streptomycin antibiotics 100x (Capricorn™)
were obtained from ThermoFisher (Massachusetts, USA). SORA
(C21H16CIF3N4O3; Mw 464.825 g/mol) was purchased from LC Labo-
ratories®, MA, USA. PIP (C;7H;9NOs3; Mw 285.35 g/mol) and the
Annexin V-FITC/PI Apoptosis Detection-Kit (catalog # HY-K1073) were
obtained from MedChemExpress LLC, NJ, USA. Poly (D, L-lactic-co-
glycolic acid; 50: 50) with 40,000-75,000 Mw, polyvinyl alcohol (PVA)
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with 30,000 Mw, acetone, dimethyl sulfoxide (DMSO), ethanol, Kolli-
phor® EL, and Thiazolyl Blue Tetrazolium Bromide (MTT) (catalog #
M2128) were provided by Sigma Aldrich Co. (St. Louis, MO, USA).
Tween-80 was supplied by Eurostar Scientific Ltd. Liverpool, UK.
Acetonitrile, methanol (HPLC grades), and formic acid were obtained
from “BDH Ltd. (Poole, England)”. Phosphate buffered saline (PBS) was
purchased from Life Technologies™ (Frederick, MD, USA). Dialysis
membrane with a molecular weight cutoff of 12-14 kDa was supplied by
Spectra/Por®, Spectrum Lab Inc., (Rancho Dominguez, CA, USA). Milli-
Q water was obtained from Millipore filter unit (Millipore, Molsheim,
France). All chemicals used were of analytical grade.

2.2. High-performance liquid chromatography (HPLC) analysis of SORA
and PIP

A previously reported HPLC with UV-detection was utilized for the
simultaneous quantification of SORA and PIP (Escudero-Ortiz et al.,
2015; Tiwari et al., 2020). A reversed-phase Cig column (SunFire™
columns by Waters®, 5 pm, 4.6 x 250 mm) was connected to a Waters®
HPLC system (1500-series controller, Milford, MA, USA). Other essential
HPLC parts were used, including binary pump (Model-1525), autosam-
pler (Model-2707), and dual absorbance UV-detector (Model-2489). The
system was controlled and monitored by Breeze 2 software for data
collection and calculations, and the column was maintained at 25 °C.
The mobile phase consisted of acetonitrile (70 % v/v) and water with
formic acid (29.5 %: 0.5 %, v/v). The mobile phase components were
filtered through a 250-pm membrane filter and sonicated for 20 min for
degassing. Subsequently, the mobile phase compositions were pumped
isocratically to the HPLC system at 1 mL/min of flow rate. Simultaneous
detection of both drugs was performed at 280 nm UV-detection (iso-
sbestic point for SORA and PIP) (Tiwari et al., 2020). The injection
volume was 30 pL and the total run-time was 10 min.

The stock solution of the drug mixture was prepared by dissolving 10
mg of each drug in 100 mL of acetonitrile (100 pg/mL). Standard cali-
bration of samples was prepared by diluting the stock solution. The
mobile phase mixture was used for further dilutions to obtain a con-
centration range of 0.25-50 pg/mL for each drug.

2.3. Preparation of PLGA NPs

PNPs, co-loaded with SORA and PIP (SP-PNPs) were prepared by
using the commonly employed “emulsification solvent evaporation
method” as described in previous reports (Caputo et al., 2023; Kalam
and Alshamsan, 2017; Rezvantalab et al., 2018; Song et al., 2008).
Briefly, 60 mg of PLGA, 4.5 mg of SORA and 2.5 mg of PIP were dis-
solved in 2.5 mL of acetone (organic phase). PVA was dissolved in Milli-
Q water at 0.25, 0.5, or 1 %, w/v concentration (aqueous phase). The
organic phase was gradually added drop by drop to 7.5 mL of the
aqueous phase under magnetic stirring (750 rpm) and emulsified by
probe sonication (Sonics & Materials, Inc., Newtown, CT, USA) at 40 W
power in an ice-bath for 1 min followed by homogenization at 21,500
rpm for 5 min (IKA®-WERKE, GMBH & Co., Staufen, Germany) to form
the primary emulsion. After the primary emulsion was prepared, addi-
tional aqueous phase (three times the volume of the primary emulsion)
was added with magnetic stirring to facilitate the formation of droplets.
The organic solvent was allowed to evaporate by magnetic stirring for 4
h at room temperature, resulting in PNPs suspended in the aqueous
phase. the suspended PNPs were then purified by multiple washes with
Milli-Q water for purification by ultracentrifugation at 4 °C for 30 min at
30,000 rpm (Preparative Ultracentrifuge, WX-series, Hitachi Koki,
Ibaraki, Japan). The supernatant was discarded and the pellet of PNPs
was freeze-dried at 0.02 mbar and —50 °C for 24 h (FreeZone-4.5 Freeze
Dry System, Labconco Corporation, Kansas, MO, USA) for subsequent
studies. PNPs loaded with SORA (S-PNPs), PIP (P-PNPs) and blank PNPs
(B-PNPs) were prepared in a similar fashion. Pure drug solutions of
SORA and PIP (SP-SOL) were prepared by dissolving appropriate
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amounts of the drugs in a 3:1 (v/v) mixture of ethanol and Kolliphor® EL
for comparative in vitro release profiling (Yang et al., 2016). All batches
of formulations were prepared in triplicate.

2.4. Particle size, polydispersity index (PDI) and zeta potential ({)
measurements

The average size and PDI of the developed PNPs were determined by
dynamic light scattering (DLS) measurement using Zetasizer Nano ZS90
(Malvern Instruments Ltd., Malvern, UK) at 25 °C and a 90° scattering
angle for optimal detection. The PNP suspensions were diluted with
Milli-Q water (1:10) before each measurement. The PDI ranged from
0 to 1. The ¢ of the PNPs was determined by DLS at 25 °C using the same
aqueous dilution. Water was selected as diluent due to its dielectric
constant value of ~ 78. The Zetasizer was equipped with DTS version 4.1
(Malvern, England) software capable of measuring the electrophoretic
mobility of the suspended NPs, which was then converted to a numerical
value of { (mV) by the software. Measurements were performed in
triplicate for each formulation.

2.5. Scanning electron microscope (SEM) imaging

SEM (Zeiss EVO LS10, Cambridge, UK) imaging was performed using
the standard gold-sputter technique to assess the morphology of the
developed PNPs. The PNP samples were coated with gold using an “Ion-
Sputter” for 60 sec at 20 mA current. Scanning was performed at an
accelerating voltage of 20 kV, with a working distance of 7.5-9.0 mm,
and magnification of 25,000 to 40,000 times.

2.6. Drug encapsulation and loading efficiencies

Drug encapsulation and loading efficiencies were calculated by in-
direct method, where the unencapsulated drugs were measured.
Following purification by ultracentrifugation, the pellet of SORA and
PIP-loaded PNPs was resuspended with 5 mL of Milli-Q water. Subse-
quently, 1 mL of PNPs suspension was centrifuged again for 30 min, and
the supernatant was collected. A 30 uL aliquot of the supernatant was
then injected into the HPLC system for the quantification of the unen-
trapped SORA and PIP in the PNPs. The chromatographic separation of
the two drugs was achieved using the adopted HPLC-UV method at the
isosbestic point of both drugs (280 nm), as mentioned above. The
experiment was performed in triplicate. Encapsulation efficiency (%EE)
and loading capacity (%DL) were calculated by the following equations
(Eq. 1 and Eq. (2):

_ (nitialamountofrug(yg) ~ Finalamountofdrug(g)
%EE = ( Initiaz‘zér\rl:ountofdrug(yg) e > % 100.... (1)
%DL — Initialamountofdrug(ug) — Finalamountofdrug(ug) « 100
T TotalamountofPNPs(ug)

(2
2.7. Fourier Transform infrared (FTIR) spectroscopy

FTIR was performed for the pure drugs (SORA and PIP), PLGA, the
physical mixture of drugs and PLGA, freeze-dried B-PNPs, and SP-PNPs
using BRUKER Optik GmBH (Model ALPHA, Germany). Approximately
5 mg of each sample was placed on a holder plate and exposed to a range
of infrared spectra. The instrument was equipped with OPUS software
version 7.8. The spectra of all samples were recorded from 4000 to 400
em ™! wavenumber at 2 cm™! resolution.

2.8. X-ray Powder diffraction (XRD)

Samples were ground using a mortar and pestle. XRD analysis of the
pure drugs (SORA and PIP), PLGA, the physical mixture of drugs and
PLGA, freeze-dried B-PNPs, and SP-PNPs was performed using “Ultima-
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IV Diffractometer (Rigaku, Inc. Japan)” at 2-theta (20°) over a range of 3
to 100° and a scan speed of 1 deg/min. The X-ray tube was composed of
copper (Cu) as the anode material with Ka2 elimination (1) of 0.154 nm
and was monochromatized with a graphite crystal. The diffraction
pattern was recorded at 40 kV voltage and 40 mA current for the
generator in step scan mode. The step size was 0.02° and counting time
was 1 sec per step.

2.9. Invitro release of SORA and PIP from SP-PNPs

Invitro release profiles of SORA and PIP were assessed in PBS release
medium at two pH conditions, neutral (pH 7.4) and acidic (pH 5), which
are representative of the physiological and the tumor microenvironment
PH, respectively (Ebadi et al., 2020). Tween-80 (0.5 %) was added to the
release media to enhance the solubilization of the highly lipophilic
drugs. For comparative release profiling, SORA and PIP solutions (SP-
SOLs) were prepared by dissolving the same drug quantities as in PNPs
in a 3:1 (v/v) mixture of ethanol and Kolliphor® EL (Yang et al., 2016).
One milliliter of each SP-PNP suspension and SP-SOLs was placed into
activated 12 kDa MWCO dialysis bags (Spectra/Por® Standard RC
Tubing). Both ends of the bags were securely sealed by appropriate
closures and they were immersed in 50 mL of release media using bea-
kers. Three sets of beakers for each formulation were placed into a
shaking water bath and maintained at a speed of 100 S/min and a
temperature of 37 + 2 °C. Samples (1 mL) were collected from each
beaker at various time points to assess the release of drugs. To maintain
sink conditions, 1 mL of fresh release medium (kept at 37 + 2 °C) was
added to the beakers after each sampling. The collected samples were
transferred to HPLC vials and 30 pL of each sample was injected into an
HPLC-UV system for the simultaneous quantification of SORA and PIP at
280 nm (Tiwari et al., 2020). The percentage of drug released (%DR)
was estimated using Eq. 3. Thereafter, the %DR was plotted against time
(h) to obtain the release profiles of both drugs.

__ Conc.(ug/mL) x DFx Vol I dium(mL)
%DR = = Tnitialamountofdrugused(1g) x 100...... (3).

2.10. Release kinetics of SORA and PIP from SP-PNPs

The release kinetics of SORA and PIP in SP-PNP formulations were
determined by fitting the in vitro release data to different kinetic equa-
tions (release models). The models utilized in this investigation were
zero-order, first-order, Korsmeyer-Peppas, Higuchi-matrix (square root
model), and Hixson-Crowell models. Among the applied models, the one
that showed the highest value of correlation-coefficient (R%) was
considered the best-fit model for drug release. By using the slopes of the
regression equations, obtained from the plots, the release-exponent (n-
values) was calculated to examine the mechanism of drug release from
SP-PNPs. In addition, the K-values (the release constant) for all models
were estimated.

2.11. Cell culture

Human hepatocellular carcinoma cells (HepG2) were grown in a
complete medium composed of DMEM supplemented with 10 % FBS and
1 % penicillin-streptomycin antibiotics and maintained in culture at
37 °C and 5 % CO2.

2.12. In vitro anticancer activity

2.12.1. Cell proliferation (MTT assay)

The anti-proliferative effect of SP-PNPs, pure SORA, and pure PIP on
HepG2 cells was assessed using MTT assay. The pure drugs were solu-
bilized in a solution composed of DMSO and Tween-80 in deionized
water, and then diluted in cell culture media (0.003 % DMSO and 0.03 %
Tween 80). Seven thousands cells were plated in 96-well plates and
cultured in complete media at 37 °C and 5 % CO2 for 24 h. Cells were
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then treated for 72 h with various concentrations of SORA (0.94-15 ng/
mL), PIP (0.94- 15 pg/mL), a mixture of the pure drugs (0.94/0.47 - 15/
7.5 pg/mL), and SP-PNPs (equivalent to 0.94/0.47 — 15/7.5 ug/mL,
SORA/PIP), as well as equivalent amounts of drug-free NPs or B-PNPs
using 3 % FBS containing-DMEM cell culture media. Thereafter, the
MTT assay was performed as follows; 15 pL of 5 mg/mL MTT stock so-
lution (dissolved in 1x PBS) was added to each well. The cells were then
undergone shaking for 5 min before incubating at 37 °C and 5 % CO, for
2 h in the dark. After that, the medium was completely removed from
the wells and replaced with 200 uL of isopropyl alcohol to solubilize
formazan. Cells were then mixed by shaking for 10 min before the
absorbance was measured at 570 nm using microplate reader (Synergy
HT, BioTek®). The “cells only” group was used as the control, with their
average absorbance representing 100 % cell viability. The average
absorbance of the “positive control” group (cells treated with 5 %
DMSO) was considered 0 % viability, and the percentage viabilities in all
groups were estimated with respect to controls readings (0 and 100 %).
To calculate ICsg values and the confidence interval (CI) for the various
treatment groups, nonlinear fit of normalized data (log inhibitor vs.
normalized response) was used.

2.12.2. Apoptosis/Necrosis assay

To further evaluate the cytotoxic effect of SP-PNPs on HepG2 cells
and determine the mechanism of cell kill, an apoptosis/necrosis assay
was performed. Briefly, 1 x 10° cells were plated in 6-well plates and
cultured in complete media at 37 °C and 5 % CO2 for 24 h. Cells were
then treated for 72 h with 2 ug/mL of SORA, 1 pg/mL of PIP, SP-PNPs
containing 2 pg/mL of SORA with 1 pg/mL of PIP, and B-PNPs (with
equivalent polymer concentrations as in SP-PNPs). Following treatment,
the cells were trypsinized, washed with 1x PBS and re-suspended in
binding buffer prior to being stained with 5 L of Annexin and 10 uL of
PL The cells were then incubated in the dark at room temperature for 20
min. After that, Flow-cytometric analysis was performed using a Beck-
man Coulter Flow-cytometer (Indianapolis, IN, USA). Cells undergone
only necrosis were identified as PI", the Annexin" cell population is
representative of early apoptosis, and the PI* Annexin® population
represented late apoptotic cells.

2.13. Statistical analysis

Data are presented as means with standard deviations (Mean + SD)
or standard error of the mean (+SEM). Statistical analyses were per-
formed using GraphPad Prism: Versions 5.1 and 8.0.1 (GraphPad Soft-
ware, Inc., San Diego, CA, USA). One-way ANOVA and Kruskal-Wallis
tests were used to compare between treatment groups and the control in
the efficacy experiments, and statistical significance was considered
when p-values were less than 0.05 (p < 0.05). ROUT analysis was used to
eliminate outliers in the efficacy experiments.

3. Results
3.1. HPLC analysis of SORA and PIP at isosbestic point

The HPLC method used (Tiwari et al., 2020) was deemed appropriate
for chromatographic separation and simultaneous quantification of
SORA and PIP. Calibration curves for both drugs were linear within the
specified concentration range (0.25-50 pg/mL). The regression equa-
tions for SORA and PIP had correlation coefficients (Rz) of 0.9979 and
0.9994, respectively. Moreover, the retention times for SORA and PIP
were 6.29 min and 4.98 min, respectively.

3.2. Development of SP-PNPs and initial characterization
Particle size, PDI, and ¢ of the various prepared PNPs are listed in

Table 1. The developed PNPs were ranged in size from 221 to 420 nm.
The { measurements for all the prepared formulations, including B-
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Table 1

Physical characterization of the developed PNPs. Data are presented as the av-
erages of at least three measurements with standard deviations (Mean + SD, n >
3.

PLGA-NPs Parameters
Particle size Polydispersity index Zeta potential ({)
(nm) (PDD) (mV)
SP-PNPs (0.25%,  221.21 + 0.246 + 0.060 -3.73+1.85
PVA) 15.74
SP-PNPs (0.5 %, 224.82 + 0.131 + 0.068 —5.01 £ 1.78
PVA) 14.04
SP-PNPs (1 %, 420.56 + 0.592 + 0.244 —7.38 £ 1.67
PVA) 26.22
B-PNPs (0.5 %, 202.16 + 0.192 + 0.092 —5.85 + 2.35
PVA) 18.98

SP-PNPs: Sorafenib-Piperine co-encapsulated PLGA-NPs; B-PNPs: Blank PLGA-
NP.

PNPs, had negative values of low magnitude (—3.7 and —7.4). Among
the developed formulations (Table 1), PNPs with 0.5 % PVA exhibited
the least PDI, indicating superior homogeneity.

3.3. Encapsulation and drug loading

The %EE and %DL of both drugs are listed in Table 2. Similar to the
effect on the size of polymeric NPs, the drug-to-polymer ratio signifi-
cantly influences the encapsulation of drugs into NP cores. A drug-to-
polymer ratio of approximately 1:9 (w/w) drugs (SORA and PIP) to
PLGA was used to prepare SP-PNPs. The results (Table 2) showed that
PNPs were more efficient in loading SORA compared to PIP (SORA: >
6.5 %DL, PIP: < 3.5 %DL). The entrapment of SORA and PIP in 0.5 %
PVA PNPs resulted in higher %EE (82.13 % and 78,93 %, respectively)
compared to PNPs with 0.25 % and 1 % PVA. However, PVA concen-
tration did not have a significant impact on drug entrapment for either
drug, which is different than its effect on PNP size and ¢ (as described in
Section 3.2). Therefore, based on these findings, 0.5 % (w/v) was chosen
as the optimal concentration of PVA for preparing SP-PNPs for in vitro
drug release and efficacy studies.

3.4. SEM analysis

The shape and surface structures of PNPs, prepared with various PVA
concentrations were evaluated by SEM using magnifications ranging
from 25,000 to 40,000 times, as depicted in Fig. 1. SEM imaging
revealed that the developed PNPs had fairly regular and spherical solid
dense structures with smooth surfaces and without overt aggregation.
No noticeable differences were observed in the surface morphology
between B-PNPs and SP-PNPs.

3.5. FTIR spectroscopy
FTIR is a commonly used technique for obtaining material- specific

Table 2
%EE and %DL of the developed SP-PNPs. Data are represented as the averages of
three measurements with standard deviations (Mean + SD, n = 3).

PLGA-NPs %EE %DL
SORA PIP SORA PIP
SP-PNPs (0.25 %, 78.92 + 73.10 = 6.86 3.18 +
PVA) 3.98 4.44 0.34 0.19
SP-PNPs (0.5 %, 82.13 + 78.93 + 7.14 + 3.43 +
PVA) 5.97 7.18 0.52 0.31
SP-PNPs (1 %, PVA) 77.72 £ 76.58 + 6.76 + 3.32 +
3.19 4.13 0.28 0.18

SP-PNPs: Sorafenib-Piperine co-encapsulated PLGA-NPs; SORA: Sorafenib and
PIP: Piperine.
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Fig. 1. Scanning electron micrographs of PNPs, prepared with different concentrations of polyvinyl alcohol (PVA): 0.25% PVA SP-PNPs (a); 0.5% PVA B-PNPs (b);

0.5% PVA SP-PNPs (c); 1% PVA SP-PNPs (d).

IR spectra, and it is useful for identifying potential interactions among
molecules. FTIR analysis is fast, sensitive, and precise compared to other
IR methods, making it an ideal method for analysing small samples (Eid,
2022). In this study, IR spectra of the pure drugs (SORA and PIP), PLGA,
the physical mixture of SORA, PIP, and PLGA, freeze-dried B-PNPs, and
SP-PNPs were generated as shown in Fig. 2.

The IR spectra of pure SORA (Fig. 2a) demonstrated the character-
istic bands of C-O stretching (at 1123.10 ecm™!), C-NH stretching
(1641.13 cm’l), C = O stretching (at 1704.48 cm’l), CH stretching
band for aliphatic CH (at 3073.21 cm™!), CH stretching band for aro-
matic CH (at 3293.67 cm™ '), and OH bending (at 3332.29 cm™})
(Caputo et al., 2023; Stancioiu et al., 2022). The spectra of pure PIP
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Fig. 2. Overlay infrared spectra of pure-SORA (a); pure-PIP (b); pure-PLGA (c); the physical mixture of drugs and PLGA (d); B-PNPs (e); SP-PNPs (f).
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(Fig. 2b), showed an out of plane C-H bending (at 837.60 cm’l), C-0
stretching (at 925.73 cm_l), C-H stretching, C-H bending of trans -CH
= CH- (at 998.77 cm’l), =C-0-C asymmetric stretching (at 1243.48
cm’l), C = C stretching (at 1436.17 cm’l), symmetric and asymmetric
stretching of C = O diene (at 1522.45 cm‘l), C = O stretching (at
1578.14 cm™ 1), -CO-N stretching (at 1623.60 cm ™), -NCH, stretching
(at 2856.57 cm’l), stretching band of aliphatic C-H (at 2931.84 cm’l),
and stretching band of aromatic C-H (at 3006.51 em™Y) (Zarai et al.,
2013).

The spectra of pure PLGA (Fig. 2¢) had C-H bending vibrations at
1084.09 cm !, 1170.09 em™?!, and 1268.39 em™’. The characteristic
band at 1385.87 cm ™! was due to the bending vibration of C = O, at
1747.39 cm ™! was due to-COO stretching, and at 2951.87 cm ™! was due
to C-H stretching vibration (Singh et al., 2014). The IR spectra of the
physical mixture of drugs and PLGA (Fig. 2d) showed mixed bands of
different functional groups of SORA, PIP, and PLGA. These bands were
observed at 837.73 cm ™! for C-H bending (out of plane), 925.84 cm !
(C-O stretching for PIP), 999.12 cm ! (C-H stretching and C-H bending
of trans -CH = CH- for PIP), 1120.88 em™! (C-O stretching), 1191.58
cm~! (C-H bending vibration), 1243.58 ecm~! (=C-0-C asymmetric
stretching), 1360.19 cm ™! (bending vibration of C = 0), 1436.16 cm™!
(C = C stretching for PIP), 1491.97 cm™! (symmetric and asymmetric
stretching of C = 0), 1578.21 cm! (C = O stretching), 1623.57 cm!
(possibly —C-NH stretching for SORA or -CO-N stretching for PIP),
2857.31 cm ™! (-NCHj, stretching), 2931.85 cm! (stretching band of
aliphatic CH) and 3007.15 cm ™! (stretching band of aromatic CH).

The IR spectra of B-PNPs demonstrated characteristic bands of some
functional groups, associated with the polymer (Fig. 2e). They showed
some noticeable and prominent bands at 1088.15 cm ! and 1171.45
cm ! (for C-H bending vibrations), 1388.02 en ' (C=0 bending vi-
bration, not a prominent band), 1557.33 em 1 (C=0 stretching, small
band), 1643.72 cm ! (C-NH stretching, very small), 1753.17 em 1 (C=
O bending vibration, 2951.63 cm ™! (stretching band of aliphatic CH,
depressed band), and 3335.08 em! (stretching band of aromatic CH,
slightly depressed band).

The IR spectra of SP-PNPs demonstrated characteristic bands of
functional groups associated with the drugs and PLGA (Fig. 2f). They
showed C-H bending vibrations at 683.34 cm ™! and 839.32 cm ™ (out of
plane) and at 925.70 cm ™! (C-O stretching, likely of PIP), 1094.05 cm ™!
(for C-H bending vibrations), 1128.44 em ™! (C-O stretching), 1172.60
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cm ! (for C-H bending vibrations), 1558.47 cn ' (C=0 stretching
band), 1641.22 em™! (C-NH stretching band), 1757.28 em™! (strong C
= O bending vibration), 2946.83 cm’l, 3298.18 cm ™! (stretching band
of aliphatic CH), and 3335.15 em ! (stretching band of aromatic CH,
slightly depressed band).

3.6. XRD analysis

XRD is a rapid and non-destructive analytical technique, mainly used
for phase identification of crystalline substances and analysis of material
microstructure. It works by irradiating samples with incident X-rays and
measuring the scattering angles and intensities of the X-rays scattered by
the samples (Ermrich and Opper, 2013). Graphs showing the relation-
ship between the intensity of the scattered X-rays and scattering angle
are plotted in Fig. 3. Chemical structures can be determined by
analyzing the location in 26° angle and the intensities of the scattered
intensity peaks. The X-ray diffractograms of the pure drugs (SORA and
PIP), pure PLGA, the physical mixture of SORA, PIP, and PLGA, freeze-
dried B-PNPs, and SP-PNPs are presented in Fig. 3.

The diffractogram of pure-SORA (Fig. 3a) showed intense peaks at 260
of 11.58°, 18.78°, 22.64°, 23.08°, 24.94°, 25.38°, and 38.06° with d-
values (Bragg’s spacing) of 7.6354, 4.7212, 3.9242, 3.8504, 3.5673,
3.5064, and 2.3624, respectively. The intensities of 894 cps (I/Ip 34),
1031 cps (I/1p 39), 857 cps (I/1p 32), 663 cps (I/1Iy 25), 2687 cps (I/1y
100), 665 cps (I/Ip 25), and 682 cps (I/1y 26) indicate a crystalline state
to SORA (Ebadi et al., 2020).

The diffractogram of pure-PIP (Fig. 3b) showed intense peaks at 20
angles of 14.2°, 14.86°, 19.68°, 21.46°, 22.42°, 22.66°, 25.78°, 25.92°,
and 38.04°, corresponding to Bragg’s spacings of 6.232, 5.9566, 4.5073,
4.1373, 3.9622, 3.9208, 3.4529, 3.4346, and 2.3636, respectively. The
intensities of 3607 cps (I/1y 47), 7815 cps (1/1p 100), 2676 cps (I/1 35),
2871 cps (1/1p 37), 6142 cps (1/1p 79), 4963 cps (I/1p 64), 5132 cps (I/1
66), 7519 cps (1/Ip 97), and 2948 cps (I/1 38), also indicate a crystalline
nature to pure PIP (Ramos et al., 2023). The diffractogram of pure-PLGA
(Fig. 3c) revealed intense peaks at 20 angles of 38.02° and 44.24° with
Bragg’s spacings of 2.3648 and 2.0456, respectively, along with in-
tensities of 1536 cps (I/Ip 100) and 535 cps (I/Iy 35), indicating the
characteristic of the PLGA polymer (Sun et al., 2015).

The diffractogram of the physical mixture of PLGA and drugs
(Fig. 3d) showed intense peaks at 26 angles of 15.08°, 25.98°, 38.04°,
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Fig. 3. Overlay diffractogram of pure-SORA (a); pure-PIP (b); pure-PLGA (c); the physical mixture of drugs and PLGA (d); B-PNPs (e); SP-PNPs (f).
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and 44.24° with Bragg’s spacings of 5.8702, 3.4268, 2.3636, and
2.0456, respectively, and intensities of 757 cps (I/Iy 33), 937 cps (I/1p
40), 2353 cps (I/I 100), and 824 cps (I/Ip 36), indicating some of the
intense and characteristic peaks of the pure drugs (SORA and PIP) and
PLGA, which was expected because no changes in the molecular struc-
ture were observed in the physical mixture, and no interaction between
PLGA and the drugs occurred.

The XRD-pattern of freeze-dried B-PNPs in Fig. 3e showed less
intense diffraction peaks at 20 angles of 30.58°, 36.0°, 38.0°, 44.42°,
57.9°, and 63.6° with d-values of 2.921, 2.4927, 2.366, 2.0465, 1.5913,
and 1.4618, respectively, and intensities of 243 cps (I/Ip 40), 621 cps (I/
Ip 100), 386 cps (I/1y 63), 177 cps (I/1y 29), 175 cps (1/1y 29), and 191
cps (I/Ip 31). The diffraction peaks for B-PNPs appeared more or less
(£0.5) around the 26 angles of the polymer but with somewhat low
intensities, suggesting low crystallinity of the polymer after passing
through the different steps of formulation development. The diffraction
patterns of freeze-dried SP-PNPs (Fig. 3f) showed intense peaks at 20
angles of 28.84°, 32.36°, 36.12°, 38.02°, and 44.24° with Bragg’s
spacings of 3.0932, 2.7643, 2.4847, 2.3648, and 2.0456, respectively,
and intensities of 100 cps (I/Iy 23), 123 cps (I/1y 28), 200 cps (I/Iy 46),
443 cps (I/1p 100), and 141 cps (I/Iy 32).

3.7. Drug release assessment

In vitro release profiling of drugs from nanoformulations can mimic
their release behavior in vivo. Therefore, the in vitro release of SORA and
PIP was assessed in this study using the conventional dialysis method.
Drug release was investigated under two pH conditions, pH 7.4 (physi-
ological pH) and pH 5 (mimicking solid tumor microenvironments). The
concentrations of released drugs were estimated using HPLC-UV as
described in Section 2.2. As shown in Fig. 4, the release of SORA and PIP
from SP-PNPs at pH 5 and pH 7.4 was slower and sustained compared to
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the release of the pure drugs. At pH 5 (Fig. 4a and 4b), drug release from
NPs was gradual and peaked at the 192-h time point (SORA: 77.7 £+ 7.2
% and PIP: 61.3 + 7.1 %), In contrast, the release of pure drugs was fast
at the same pH, reaching nearly 92 % for SORA and 90 % for PIP at 12 h
and 24 h, respectively.

As shown in Fig. 4c and 4d, at physiological pH, the cumulative
release of SORA and PIP from SP-PNPs at the 192-h time point was 62.8
+ 6.4 % and 51.3 + 2.4 %, respectively. Similarly, at pH 7.4, the release
of SORA and PIP was also fast, reaching around 89 % and 87 % at 24 h,
respectively. In both formulations (pure drugs and PLGA encapsulated),
a higher release rate was observed in the slightly acidic environment (pH
5) compared to pH 7.4 which was expected (D’Souza, 2014) because
SORA is more soluble at acidic pH (Park et al., 2020). In a previous
study, a higher release rate of SORA was observed under acidic condi-
tions (pH 4.7) from PEG and PVA-coated magnetic NPs compared to
neutral pH (Ebadi et al., 2020).

The release kinetics of SORA and PIP from the SP-PNPs at pH 5 and
pH 7.4 were investigated using various kinetic models including Zero-
order, First-order, Korsmeyer-Peppas, Hixson-Crowell, and Higuchi-
Matrix models. Results suggested sustained drug release characteristics
of the developed PNPs (Fig. S2 and S3). At pH 5, the results showed that
the release of SORA from SP-PNPs was best fitted with Korsmeyer-
Peppas model followed by the Higuchi-Matrix model (second-best
model) with the highest coefficients of correlation (R% = 0.9982 and
0.9956, respectively). The release of PIP at pH 5 was best fitted with
Hixson-Crowell model followed by the zero-order model with the
highest R? values (0.9965 and 0.9933, respectively). At pH 7.4, the
release of SORA was best fitted with the zero-order model followed by
Hixson-Crowell model with the highest coefficients of correlation (R* =
0.9993 and 0.9958, respectively), whereas the release of PIP was best
fitted with the Hixson-Crowell model followed by the zero-order model
with the highest R? values (0.9926 and 0.9921, respectively).
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Fig. 4. Release profile of the pure drugs and PLGA-entrapped drugs in PBS, supplemented with 0.5 % Tween-80 at pH 5 and 7.4. SORA (pH 5) (a); PIP (pH 5) (b);
SORA (pH 7.4) (c); PIP (pH 7.4) (d). All experiments were performed at 37 & 0.5 °C and the data are presented as the means of three measurements with standard
deviations (Mean + SD, n = 3). PBS (phosphate buffered saline); SORA (Sorafenib); PIP (Piperine); SP-PNPs (SORA and PIP-loaded PLGA nanoparticles; SP-SOL
(SORA and PIP dissolved in ethanol: Kolliphor® EL at 3: 1 v/v).
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The linearity observed in the best-fitted models further suggested a
sustained release property of SP-PNPs for both drugs. Given the slopes of
the best fitted models, the diffusion-exponents (n-values) were calcu-
lated, and the numerical values of release constants were estimated. The
R? values, slopes, K-values (release constant) and n-values (release/
diffusion-exponents) of the different applied models are summarized in
Table 3.

3.8. Cell proliferation study

To assess the impact of the developed dual anti-cancer therapy on
HCC, MTT assay was performed on treated HepG2 cells (Fig. 5 and
Fig. S4). After 72 h of treatment, both single therapeutics (SORA and PIP
as pure drugs) reduced cell viability and showed similar effects, with
ICsp values of 7 and 8.2, respectively (Fig. 5a). Dual therapy (SP-PNPs)
significantly reduced cancer cell viability and showed superiority over
single treatments (Fig. 5a and 5b) at a concentration range equivalent to
SORA and half of PIP. The ICsq value for the SP-PNPs group was very low
(0.74). Treatment of cells with the mixture of pure drugs resulted in a
similar effect as SP-PNPs (ICso: 0.87, Fig. S4). However, B-PNPs had
only a minor impact on HepG2 cells, suggesting that the developed PNPs
are likely tolerable at low concentrations and do not induce pronounced
cellular cytotoxicity, consistent with many previous studies investi-
gating the cytotoxicity of PNPs on various cancer cell lines using the
MTT assay (Elhabak et al., 2020; Mukerjee and Vishwanatha, 2009;
Taebpour et al., 2021). Differences in the cytotoxic effect among the
treatment groups compared to the control (Fig. 5b) were more clearly
observed at low concentrations. SP-PNPs significantly decreased cellular
viability across the entire concentration range, whereas SORA and PIP
monotherapies did not markedly affect viability when used at concen-
trations below 3.75 pg/mL. This suggests that PIP exhibited a synergistic
effect on HepG2 cells when combined with SORA. These results indicate
that our therapeutic approach is likely effective in treating HCC.

3.9. Assessment of apoptosis/necrosis

The efficacy of the novel formulation, SP-PNPs, against HepG2 cells
was further investigated using an apoptosis/necrosis assay. Cells were
treated with low doses of SORA (2 pg/mL) and PIP (1 pg/mL) as single
therapies, B-PNPs, and dual SP-PNPs therapy at the same concentrations

Table 3
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for 72 h before being stained with PI and Annexin and analyzed via flow-
cytometry. The results showed that, although statistically insignificant,
the percentage of necrotic cells (PIT cells) increased upon treatment
with SP-PNPs (Fig. S5), whereas other therapeutics did not have a
noticeable effect. Treatment with PIP (at 1 pg/mL) did not lead to
apparent cell death, whereas SORA monotherapy reduced cellular pro-
liferation compared to the control as evidenced by the percentage of
apoptotic cells and cell viability (Fig. 6b and 6c). SP-PNPs therapy had
greater impact on cells; it significantly induced apoptosis (Annexin™ +
Annexin™ PI" cells), resulting in a marked decrease in cell viability
(Fig. 6b and 6c¢). These findings demonstrate that HepG2 cells pre-
dominantly undergo apoptosis upon dual treatment with SP-PNPs, and
also confirm MTT results in which SP-PNPs therapy resulted in a marked
increase in HepG2 cytotoxicity compared to monotherapies and B-PNPs.

4. Discussion

The HPLC method adopted in this study gave highly reproducible
profiles for the determination of SORA and PIP at 280 nm UV-detection.
In addition, the specificity and selectivity of the method were confirmed
by the representative chromatograms showing SORA at 6.29 min and
PIP at 4.98 min (Fig. S1). Our calibration results revealed good linearity
between peak areas and drug concentrations. One of the advantages of
this HPLC method is that no dual UV absorbance is needed because both
SORA and PIP were well detected at 280 nm, which is considered the
isosbestic point for both drugs. “An isosbestic point in spectroscopy is a
particular wavelength (nm) at which two (or more) chemical substances
or species have the same absorptivity” (Kaspar, 2023; Tiwari et al.,
2020).

In this study, SP-PNPs were prepared using the double emulsion
solvent evaporation method (Kalam and Alshamsan, 2017; Kwon et al.,
2001). The evaporation of the organic solvent during the preparation of
PNPs is a critical step in preventing aggregation and amalgamation of
the droplets (Pulingam et al., 2022). When the oil-water interface forms,
the stabilizer (PVA) helps in reducing the energy of the system and
decrease the interfacial tension, and thereby preventing amalgamation
or coalescence of the developed PNPs (Alkholief et al., 2022; Kalam and
Alshamsan, 2017; Murakami et al., 1997; Shin et al., 2010; Tian et al.,
2022).

The amount of PLGA in the organic phase plays a significant role in

Release kinetic models applied to the drug release data obtained from SP-PNPs at two pH conditions. The correlation coefficient (R?), rate constant, and half-life were

acquired by fitting various kinetic equations to the SORA and PIP release data.

Release kinetics of SORA and PIP from SP-PNPs at pH 5.0

SORA at pH 5 PIP at pH 5
Release models R? value Slope K n-value R? Slope K n-value
value
Zero-order 0.9670 0.0038 0.0110 0.0017 0.9933 0.0029 0.0112 0.0014
First-order 0.9919 0.0031 0.7482 0.0013 0.9932 0.0020 0.7486 0.0008
Korsmeyer-Peppas 0.9982 0.6304 0.2543 0.2737 0.9751 0.5093 0.1886 0.2211
(FD)*
Hixson-Crowell 0.9930 0.0019 1.4029 0.0008 0.9965 0.0013 1.0802 0.0006
(FD)*
Higuchi- Matrix 0.9956 0.0575 0.0435 0.0250 0.9690 0.0430 0.0354 0.0187
Release kinetics of SORA and PIP from SP-PNPs at pH 7.4
SORA at pH 7.4 PIP at pH 7.4
Release models R? value Slope K n-value R? Slope K n-value
value
Zero-order 0.9993 0.0032 0.0063 0.0014 (FD)* 0.9921 0.0207 0.0106 0.0089
First-order 0.9887 0.0021 0.7539 0.0009 0.9887 0.0379 0.7492 0.0165
Korsmeyer-Peppas 0.9687 0.6918 0.1566 0.3004 0.9779 0.3639 0.1683 0.1580
Hixson-Crowell 0.9958 0.0014 1.4012 0.0006 0.9926 0.0349 1.0800 0.015154
(FD)*
Higuchi-Matrix 0.9494 0.0466 0.0251 0.0202 0.9678 0.1758 0.0326 0.076335

SORA = Sorafenib; PIP = Piperine; R? = Correlation coefficients; K = Release constant; n-value = Diffusion-exponent; and FD* = Fickian Diffusion
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Fig. 5. Evaluation of the cytotoxicity of therapeutics toward HepG2 in vitro via MTT assay. The cytotoxicity curve was obtained after incubation of HepG2 cells for
72 h with B-PNPs, pure SORA (SORA), pure PIP (PIP), and SP-PNPs. ICso values were calculated utilizing non-linear regression, log (inhibitor) vs. normalized
response (a); % cellular viability in response to the various treatments (b). Statistical significance was calculated by comparing treatment groups with the control
using ordinary One-way ANOVA test (**p < 0.01, ***p < 0.001, ****p < 0.0001). Data are represented as mean + SD, n = 4.
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Fig. 6. Assessment of HepG2 apoptosis/necrosis after 72 h of treatment with B-PNPs, pure SORA (SORA), pure PIP (PIP), and SP-PNPs. Gating strategy on flow-
cytometry (a); Change in apoptosis (Annexin* + Annexin® PI") (b); Change in viability (Annexin™ PI') (c). All samples were normalized to the average control in
each independent experiment. Statistical significance was estimated by comparing treatment groups with the control using the Kruskal-Wallis test (*p < 0.05). Data
are represented as mean + SEM, n = 6.

the size of PLGA- based NPs (Chatterjee and Chanda, 2022). Our pre- 2017). Therefore, in the present work, the drug:polymer ratio used was
vious studies have shown higher amounts of PLGA in the organic phase ~ 1:9. The direct proportional relationship between PNPs size and the
result in larger PNPs (Alshamsan et al., 2020; Kalam and Alshamsan, amount of PVA may be attributed to the strong bonding and close
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association of the lipophilic part of PVA with the polymeric matrix
(Prabha and Labhasetwar, 2004). Moreover, the mechanistic influence
of PVA as a stabilizer on particle size can also be attributed to the
interpenetration of PVA and PLGA fragments during PNPs formation.
Based on our previous experience in PLGA-NPs development, the sta-
bilizer PVA was found to be superior to polyvinyl-pyrrolidone (PVP) in
terms of physical characteristics, even at a lower concentration
(Alkholief et al., 2022). The low values of PDI in all the PNPs indicate
uniformly distributed NPs, consistent with previous studies (Mainardes
and Evangelista, 2005; Turk et al., 2014).

The observed negative { in SP-PNPs was likely due to incomplete
shielding of the negative surface of PLGA (presence of -COOH functional
groups) and the presence of PVA, which imparts a weak negative surface
charge to the PNPs (Inam et al., 2022). Despite the low negative ¢, PNPs
were well stabilized by PVA through a steric hindrance mechanism
(Alkholief et al., 2022; Cegnar et al., 2004).

The SEM analysis revealed preferred properties for the polymeric
NPs developed in this study, which confirms the suitability and appli-
cability of the chosen formulation factors. The smooth surface and
discrete nature of PNPs across all concentrations of PVA were attributed
to the strong emulsification (high hydrophilic-lipophilic balance [HLB]
> 18) and surface stabilization properties of PVA (Sakhi et al., 2023).
The presence of PVA at the interface of nano-droplets during the
emulsification stage of formulation development may prevent droplet
merging and potential NP aggregation by decreasing the overall free
energy of the two phases (Garcia-Melero et al., 2022).

IR spectral analyses of the pure drugs, excipients, their physical
mixture, B-PNPs, and SP-PNPs suggested that both drugs were
compatible with the polymer and other excipients used to develop PNPs.
The appearance of a band at 1750 cm ™! is attributed to stretching vi-
brations of the C = O ester bond which is prominent and abundant in the
structure of PLGA. Its presence in the spectra of B-PNPs and SP-PNPs in
association with drugs-related bands indicates their compatibility, as
suggested in a previous report (Caputo et al., 2023). The appearance of
bands of functional groups associated with the drugs in the formulations
confirmed that the preparation steps of SP-PNPs did not alter the basic
chemical structures of the drugs in the presence of the organic solvent
and the stabilizer (PVA of high HLB value [> 18]), as seen in a previous
study (Cortes et al., 2021).

The absence of high-intensity diffraction peaks for SORA and PIP in
the XRD diffractogram of SP-PNPs suggests that the drugs were encap-
sulated in the PNP core, because the crystallinity of the drugs was
reduced and converted to amorphous forms, similar to what was seen in
the encapsulation of SORA into PVA/LDH-and PEG/LDH-coated iron
oxide NPs (Ebadi et al., 2020) and PIP encapsulation into solid lipid NPs
(Bhalekar et al., 2017).The appearance of very small and low intensity
peaks of PIP observed in the SP-PNP diffractogram (Fig. 3f) can be
attributed to the presence of surface adsorbed PIP on the polymeric NPs.
This finding can be correlated with the lower %EE of PIP compared to
SORA.

The majority of FDA-approved anticancer therapeutics are devel-
oped as rapidly bioavailable dosage forms and, thus, they typically
induce their activity in a short period of time. They are also cleared
relatively quickly, so they usually require more frequent dosing. On the
other hand, slowly released therapeutics maintain their levels in the
body for a relatively longer time, allowing for continuous exposure.
Many nanoformulations are tailored to allow for slow drug release
(Adepu and Ramakrishna, 2021). Such characteristic is particularly
important for anticancer drugs because patients usually use several
medicines, some of which may require hospital visits (Pacheco et al.,
2023). It has been shown that SORA exhibits slow-release profiles when
incorporated into lipid-based nanoformulations (Yang et al., 2016;
Zhang et al., 2012).

In our work, the sustained release of SORA and PIP from the PLGA
matrix (in SP-PNPs) more likely occurred due to the following mecha-
nisms: liberation/release of the drug(s) due to the degradation/erosion
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of the polymeric matrix, diffusion of the drug(s) from the matrix into the
release medium, as well as a combination of these two mechanisms
(Alkholief et al., 2022; Kalam and Alshamsan, 2017; Ritger and Peppas,
1987). These phenomena might have controlled the release of SORA and
PIP up to 192 h.

The calculated values of the diffusion-exponents (<0.5) for the best-
fitted models indicate that the released drugs followed a Fickian-
Diffusion type of release mechanism, as suggested in previous reports
(Chime et al., 2013; Guo et al., 2023; Ritger and Peppas, 1987; Unagolla
and Jayasuriya, 2018).

The anti-cancer efficacy of dual SORA and PIP therapy on liver and
breast cancers was previously evaluated (Mohany et al., 2021). El-
Shehawy et al. conducted a study employing a therapeutic combina-
tion strategy, in which Thymoquinone and PIP were combined with
SORA for the treatment of liver and breast malignancies. In vitro studies,
including MTT assay, revealed that the combination therapeutic
approach was more cytotoxic compared to each single treatment (El-
Shehawy et al., 2023). However, the lipophilic drugs were dissolved in
human incompatible solvents, unlike in this present study, where a
translatable, biocompatible FDA-approved vehicle (PLGA) was used.
Another study has investigated the effect of SORA and PIP combination
therapy on triple negative breast cancer in vitro, showing its enhanced
effectiveness against breast cancer cells compared to each drug alone;
however, the vehicles used were also not intended for human use
(Mohany et al., 2021). Nevertheless, those studies provided a proof of
concept for utilizing SORA and PIP as a dual therapeutic, which in this
work was highly effective.

PIP is a pleiotropic natural compound. In the context of cancer, be-
sides its direct antitumor activity, PIP has been shown to enhance the
efficacy of anti-malignant drugs by inhibiting the drug-metabolizing
enzyme CYP3A4 and by reducing drug resistance through its effect of
blunting Pgp efflux transporter (Benayad et al., 2023; Gao and Hu,
2010). In this study, the marked effect of SP-PNPs compared to pure
SORA on HepG2 cells was likely because PIP synergistically enhanced
the cytotoxic effect on HepG2 cells, which was also seen in previous
studies where PIP was used in combination with chemotherapeutics
(Fattah et al., 2021; Pal et al., 2016). Taken together, efficacy studies
highlight the benefits of using PIP as an add-on therapy to the standard
of care SORA for the treatment of HCC.

This work demonstrates the potential of PIP to support SORA syn-
ergistically when formulated in PNPs to treat liver cancer. Future studies
will focus on in vivo investigation of this novel strategy, including drug
escalation studies, and extensive safety and efficacy studies conducted
using a murine cancer model.

5. Conclusions

In this study, SORA and PIP were successfully loaded into PLGA NPs
using the emulsification-solvent-evaporation method. Results showed
that the candidate formulation (SP-PNPs with 0.5 % PVA) was spherical
in shape with no obvious aggregation of particles, approximately 225
nm in size with low PDI (0.131) and small negative ¢ (—5.01 mV), and
exhibited a high %EE (SORA: ~82 %, PIP: ~79 %). Moreover, drugs
entrapped in such nano-carriers were in an amorphous state and their
release pattern in vitro was sustained in both physiological and acidic pH
environments. At pH 7.4, 62.8 % of SORA and 51.3 % of PIP were
released over 192 h, whereas at pH 5, 77.7 % of SORA and 61.3 % of PIP
were released. The release behavior of the drugs was also assessed using
kinetic models, which showed that Fickian-diffusion was the mechanism
of drug release. Cell proliferation study and apoptosis analysis revealed
that PLGA-encapsulated SORA and PIP, as a dual therapy, was more
effective than SORA monotherapy in killing HepG2 cells. These results
indicate that SP-PNPs may potentially be an efficient treatment strategy
for the management of HCC and may offer an opportunity for further
investigation through pre-clinical and clinical studies. Our future
research will be directed toward in vivo safety and efficacy assessment of
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SP-PNPs using an appropriate mouse HCC model.
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