Open Access Article. Published on 08 April 2025. Downloaded on 7/30/2025 8:24:18 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials
Advances

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2025,
6, 3104

Received 10th February 2025,
Accepted 2nd April 2025

DOI: 10.1039/d5ma00122f

rsc.li/materials-advances

Introduction

Sorafenib nanocrystals enhance bioavailability
and overcome multidrug resistance in liver
cancer cells: an approach based on P-gp
inhibition strategy

Mohamed Nasr, (2 *3® Sameh Saber,® Heba I. Elagamy,® Soha M. El-Masry,°
Haydy Asad,® Ahmed A. E. Mourad,” Ahmed Gaafar Ahmed Gaafar' and
Shaimaa K. Mostafa®

This research aimed to improve the oral bioavailability of Sorafenib (SF) and overcome multidrug
resistance in hepatocellular carcinoma cells based on P-glycoprotein (P-gp) inhibition strategy. Four
nanocrystal formulations (F1-F4) were developed using Labrasol®™ (LB) or Gelucire®™ (GL) as stabilizers as
well as P-gp inhibitors. The prepared SF nanocrystal (SF-NC) formulations were characterized in vitro
and in vivo. The results of in vitro studies showed that LB-based nanocrystals (F2) prepared using 0.02%
LB, significantly reduced the crystal size and improved the aqueous saturation solubility of SF compared
to the GlL-based nanocrystals. Crystal morphology analysis of SF-NC (F2) revealed a uniform
arrangement of nanosized crystals with significantly smaller particle size compared to plain SF.
Furthermore, in vitro cytotoxicity studies showed that LB had no significant effects on cell viability of
MDR-HepG2 and SF-resistant Huh-7 cells and can be considered safe in the in vivo environment at
concentrations more than 10 times its corresponding concentration in SF-NC. However, LB-stabilized
SF-NC significantly reduced ICsq values in MDR-HepG2 and SF-resistant Huh-7 cells compared to plain
SF. In vivo absorption studies revealed that SF-NC significantly increased the rate and extent of
absorption with a 1.27-fold increase in relative bioavailability. The developed SF-NC stabilized by LB as a
P-gp inhibitor is expected to be a promising approach to improve oral bioavailability and restore SF's
activity against multidrug-resistant hepatocellular carcinoma cells.

limited oral absorption from the gastrointestinal tract, which
is primarily due to the poor aqueous solubility and its classi-

Sorafenib tosylate (SF) is a multi-kinase inhibitor and is cur-
rently the only drug approved by the FDA for the treatment of
advanced liver cancer.'” It can facilitate apoptosis, attenuate
angiogenesis, suppress tumor cell proliferation, and improve
overall survival by approximately three months compared to a
placebo. However, SF’s clinical efficacy is hindered by the
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fication as a P-gp substrate.*”

P-gp is only overexpressed in certain kinds of cancers and
carries a lot of anticancer medications, which makes the malig-
nancies resistant to those medications.® The decrease in antitu-
mor drug intracellular concentration is due to drug efflux by
P-glycoprotein (P-gp) which is considered a key factor contributing
to the development of MDR in cancer cells.” Previous reports
indicated that the therapeutic anticancer efficacy of SF relies on
various efflux transporters, such as P-glycoprotein (P-gp),®™*
multidrug resistance-associated proteins 2 and 3 (MRP2 and 3),
breast cancer resistance protein (BCRP), organic anion transport-
ing polypeptide 1B1/3 (OATP1B1/3), and organic cation
transporter-1 (OCT1). These efflux transporters play a key role in
cancer chemoresistance®'*™*> due to the efflux extrusion of either
SF itself or its metabolites, which show chemical characteristics
typical of P-gp and MRP2 substrates.'®™"® Accordingly, a potential
reduction of its intracellular concentration and therapeutic effi-
cacy could be expected.' Previous reports indicated that P-gp was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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involved in the transport of SF, and coadministration with P-gp
inhibitors like verapamil'® or morphine® could increase SF
absorption in either Caco-2 cell model or rats.

Several formulation approaches have been applied to overcome
SF’s poor water solubility to improve its bioavailability, such as
cyclodextrin-based inclusion complex,® solid self-nano-emulsifying
drug delivery systems,”® liquid nanocrystals,*" solid dispersion,*
mesoporous solid dispersion,”® in addition to nanoparticle-
based drug delivery systems, including liposomes,*** polymeric
nanoparticles,”*>® polyethylene glycol nanoparticles,”**® nano-
structured lipid carriers,**” silica nanoparticles,**** and solid lipid
nanoparticles.'*>"’

Nanocrystals or solid micelles are commonly employed as a
formulation strategy to enhance the solubility of poorly water-
soluble drugs by increasing the surface area available for
dissolution and subsequently enhancing the bioavailability.>®
Drug nanocrystals consist of solid drug particles surrounded by
a stabilizer layer, preventing individual particles’ aggregation.
Various stabilizers have been utilized in the stabilization of
nanocrystals such as polymers like hydroxypropyl methylcellu-
lose, polyvinylpyrrolidone K30, and Pluronic®™ as well as amphi-
philic surfactants like polysorbates,®® Labrasol,*® and sodium
lauryl sulfate.**™** Amphiphilic surfactants enhance the solubi-
lity of nanocrystals via better wetting and solubilizing effects. In
addition to their solubilization effect, some stabilizers like LB,
and Gelucire 44/14 (GL) have been found to possess inhibitory
activity against efflux transporters, particularly P-gp.**™*¢

This study aimed to develop a novel SF-nanocrystals (SF-NC)
by using LB or GL as stabilizers and P-gp inhibitors. The newly
developed SF-NC will be in vitro and in vivo evaluated. In vitro
characterizations of SF-NC include crystal characteristics,
saturation aqueous solubility, dissolution, and cytotoxicity in
terms of ICs, against resistant cancer cells compared to plain
SF crystals. In vivo, the influence of SF-NC on oral absorption in
rats will be evaluated. The developed SF-NC formulation is
expected to be a promising approach to improve SF oral
bioavailability and potentiate its activity against resistant
cancer cells.

Materials and methods
Materials

Sorafenib tosylate was purchased from Cayman Chemical (Ann
Arbor, MI, USA). Gelucire™ 44/14 and Labrasol® (caprylocaproyl
polyoxyl-8 glycerides) were kindly provided as a gift by Gatte-
fosse, Saint-Priest Cedex, France. Acetonitrile (HPLC grade) was
obtained from BDH, Poole, England. We bought methanol,
phosphoric acid, sodium dihydrogen orthophosphate dihydrate
(pharmaceutical quality), and hydrochloric acid (analytical
grade) from El Nasr Chemical Company in Cairo, Egypt.

Methods

Preparation of SF-NC. Different SF-NC were prepared by
recrystallization from acetone in the presence of different
stabilizers. Four SF-NC formulations (F1-F4) were prepared
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using Labrasol® (LB) or Gelucire® 44/14 (GL) as stabilizers.
Briefly, a solution of SF in acetone was prepared by heating to
60 °C. The prepared hot solution was injected in cold water
containing different concentrations of the stabilizers. F1 and F2
were prepared using LB (0.01 and 0.02% w/v, respectively). GL
was used in concentration of 0.01 and 0.02% w/v to stabilize F3
and F4 respectively. Plain SF crystals were prepared by the same
procedure without using stabilizers. The prepared SF crystals
were collected and dried at 50 °C.

Characterization of SF-NC

Particle size analysis. The prepared crystals were dispersed
in a saturated solution of SF in deionized water at 25 & 0.5 °C.
The mean particle size and size distribution were determined
using Zeta Sizer Nano-series (Nano ZS), Malvern, Worcester-
shire, UK. The measurements were conducted in triplicate, and
the results were reported as the mean particle size + standard
deviation.

Saturation solubility. The determination of the saturated
aqueous solubility of both plain SF crystals and SF-NC formula-
tions involved the addition of surplus powder samples to
10 milliliters of deionized water in test tubes with airtight
screws. The tubes were left on a water-bath shaker set to
25 °C for 48 hours in order to reach equilibrium. Five minutes
at 3000 rpm were spent centrifuging the equilibrated samples.
To quantify SF at 265 nm using spectrophotometry, aliquots of
the supernatants were filtered through a 0.2 pym membrane
filter and the filtrate was appropriately diluted with deionized
water.”” The mean and standard deviations of each sample
were noted after it was evaluated in three copies.

Scanning electron microscopy (SEM). Electron micrographs
of the chosen SF-NC and plain SF were taken with a scanning
electron microscope (JEOL JSM-5500 LV-JEOL Ltd, Japan) oper-
ating in high vacuum. The samples were coated with a gold
sputter coater (SPI-Module) prior to observation.

Differential scanning calorimetry (DSC). DSC was carried out
on plain SF and SF-NC using a thermal analysis system (Perki-
nElmer Inc., Waltham, MA, USA) to detect any possible change
in the physical state of SF-NC compared to plain ST. The
samples (5 mg) were heated in an aluminum pan under a
nitrogen environment at a constant rate of 10 °C min~". As a
reference, a similar empty pan was used.

X-ray powder diffraction studies. Using an X-ray diffracto-
meter (Shimadzu XRD 7000, Japan) with Cu as the tube anode,
X-ray diffraction patterns of SF-NC and plain SF samples were
obtained in order to verify the physical state of SF. The
diffractograms were recorded at room temperature with the
following parameters: 45 kV of voltage, 30 mA of current, 0.02°
of (2°) steps, and 0.5 s per step counting rate. Data were
collected between 4 and 40°2.

In vitro dissolution study. The dissolution pattern of SF-NC
and regular SF were contrasted. Using the Hanson dissolving
apparatus (Hanson Research, California, USA), the dissolution
studies were carried out in accordance with the paddle techni-
que (USP). The temperature was kept at 37 °C £ 0.5 °C while the
paddles rotated at 100 rpm. To maintain sink conditions, the
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dissolution medium was 900 mL of 0.1 N HClI (pH = 1.2) with
0.1% tween.”®*® 200 mg samples that had been precisely
weighed were added to the dissolving medium. Samples of the
dissolution medium (3 mL) were taken at various intervals,
filtered through a 0.2 pum membrane filter, diluted accordingly,
and then spectrophotometrically examined at 265 nm to deter-
mine the concentration of SF. New medium was used in place of
the withdrawn samples. Three separate experiments were run for
the dissolving processes.

Determination of LB content in SF-NC. LB content in SF-NC
was determined by fluorimetry based on the fluorescence of
caprylocaproyl polyoxyl-8 glycerides.”® Samples of ST-NC
(10 mg) were dissolved in 10 mL of ethanol. The obtained
solutions were filtered through a 0.2 pm membrane. The filtrate
was diluted with ethanol and analyzed for LB concentration
using a Shimadzu spectro-fluorophotometer RF-6000 (Shimadzu,
Kyoto, Japan). Using an excitation wavelength of 220 nm, the
fluorescence intensity of LB solutions was evaluated at Aem
295 nm against a reagent blank solution of ethanol that had
undergone comparable treatment. All the assays were achieved
at room temperature, applying a scan speed of 6000 nm min ™,
and keeping the bandwidth of the excitation and emission
monochromators at 5 nm. A calibration curve of LB fluorescence
intensity against concentrations (1-25 ng mL™") was utilized to
estimate the amount of LB in SF-NC. Each sample was examined
in triplicate.

In vitro cytotoxicity studies. Multidrug-resistant HepG2 and
SF-resistant Huh-7 cells were used to evaluate the in vitro
cytotoxicity of SF-NC compared to plain SF. MDR-HepG2 cells were
developed as previously described.> In summary, HepG2 cells were
cultivated in RPMI-1640 media containing 10% (v/v) fetal bovine
serum (FBS), 100 U mL ™" penicillin G, and 100 pg mL ™' strepto-
mycin. The cells were then incubated at 37 °C in a humidified
atmosphere of CO, and air. The cells were received from the
American Type Culture Collection (ATCC). Following this, during
cell passages, the cells were cultivated with varying amounts of
Doxorubicin, ranging from 0.1 to 100 uM. Following multiple
selection rounds, resistant HepG2 exhibiting MDR characteristics
was discovered.”" The developed resistant HepG2 cells by the same
procedure were previously characterized by an overexpression of
P-glycoprotein.”>*

The establishment of SF-resistant Huh-7 cell line was con-
ducted according to the method described by Verslype, van
Malenstein.’* In summary, Huh-7 cells were cultured for 21 days
straight in a medium containing 5 pM SF. Every three days, the
medium containing SF was changed, and the cells were divided
when they achieved 80% confluency. The developed SF-
resistant Huh-7 cells were maintained in DMEM supplemented
with 10% fetal bovine serum, 100 U mL ™" penicillin G, and
100 pg mL™" streptomycin and kept in the 37 °C humidified
CO, incubator. Previous reports indicated that resistance of
hepatocellular carcinoma to SF was associated with increased
expression of P-gp.>>>°

Cell viability assay. MDR-HepG2 and SF-resistant Huh-7 cells
were seeded in 96-well plates at the density of 1.5 x 10" cells per
well and incubated for 24 hours. The cells were incubated for
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24 h with 100 pL of different concentrations of either SF-plain,
SF-plain + 50 uM verapamil as a standard P-gp inhibitor,>” and
SF-NC formulation (F2, stabilized by 0.1% LB). To evaluate
the impact of LB exposure on the survival of MDR-HepG2 and
SF-resistant Huh-7 cells, both kinds of cells were cultured in
DMSO at different LB doses ranging from 1 to 10 ng mL ™" for a
full day. To further clarify the treatment’s cytotoxic effects,
0.1% DMSO was administered to the vehicle control groups.
The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay was used to measure the vitality of the cells.
In summary, 10 uL MTT per 100 uL media was incubated for an
additional 3 hours at 37 °C in a humid environment with 5%
CO,. After dissolving the formazan in DMSO, the absorbance at
570 nm was measured.’®

Bioavailability study

Study design. The Animal Ethics Committee of Delta
University for Science and Technology’s Faculty of Pharmacy
has approved the protocol for animal studies (approval num-
ber: FPDU3/2024). Two groups of twelve mature male Wistar
rats, weighing 200 g on average, were formed. All rats were
given free access to water and were permitted to fast through-
out the whole night. Each rat in groups 1 and 2 received a single
dosage of 50 mg kg~ " of either plain SF or SF-NC aqueous
suspension on the day of the experiment.

Plasma sample preparation. Blood samples were collected in
heparinized tubes at different time intervals. The blood sam-
ples were centrifuged (Centrifuge, PLC-03, Gemmy Industrial
Corporation, Taiwan) at 5000 rpm for 10 min; then transferred
to Eppendorf tubes; and stored at —80 °C till analysis.

HPLC analysis of SF. The plasma concentrations of SF were
determined using a validated HPLC-UV previously published
method with minor modification.>® The analysis was carried
out on a reversed-phase column (Zorbax SB-C18) (2.1 mm X
100 mm i.d.; 1.8 Micron, Agilent, USA) at room. The mobile
phase was 10 mM sodium dihydrogen orthophosphate dihy-
drate (pH = 3 adjusted using phosphoric acid) and acetonitrile
in ratio of (55 : 45, v/v), pumped by a flow rate of 0.25 mL min~".
The detection wavelength was 265 nm. The validity of the
method was examined regarding selectivity, linearity, precision,
and accuracy according to ICH guidelines.®® SF plasma calibra-
tion curve was established by spiking 200 pL blank plasma with
20 pL of working standard solutions to obtain concentrations
ranging from (1-1000 pg mL ') prepared by dilutions of stock
of SF solution (1000 pg mL™ ') in HPLC methanol. Plasma
samples (200 pL) were added to 20 pL Celecoxib solution
(100 pg mL™' in methanol, as an internal standard). To
precipitate plasma proteins, 400 pL of acetonitrile was added.
The resultant mixture was centrifuged (Tabletop Centrifuge,
PLC-03, Gemmy Industrial Corporation, Taiwan) at 4000 rpm
for 15 min and finally, the supernatant was filtered through
0.22 um Millipore filter and 20 pL was injected into HPLC.

HPLC method was validated regarding selectivity, linearity,
precision, and accuracy according to ICH guidelines. HPLC
chromatogram of blank plasma, plasma spiked with SF, and
celecoxib (internal standard) showed selectivity of the method

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00122f

Open Access Article. Published on 08 April 2025. Downloaded on 7/30/2025 8:24:18 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

with no interferences with plasma components. From the SF
calibration curve in plasma, the linearity was achieved over the
concentration range of 1-1000 pg mL™ ' with R* = 0.9976.
Precision was 2.8702 to 9.458% and accuracy was 96.83 to
103.3% while inter-day precision was 0.178 to 8.034% and
accuracy was 94.65 to 108.4%.

Bioavailability parameters. The rate and amount of medica-
tion absorption were evaluated between SF-NC and plain SF in
terms of bioavailability characteristics. The concentration-time
curve was used to determine the peak plasma concentration
(Cmax) and time (Tpnax)- The linear trapezoidal rule was used to
calculate the area under the curve (AUCO0-24) to the latest
quantified concentration of each group. The AUC,_,, of SF-
NC was divided by the AUC,_,, of plain SF to determine the
relative bioavailability.

Statistical analysis. For statistical analysis, GraphPad Prism
6 (California, USA) was utilized. The degree of statistical
difference between the two data sets was assessed using the
t-test. The data were shown as mean =+ standard deviation (SD),
and a statistically significant difference between the groups was
defined as a p-value of less than 0.05.

Results and discussion
Characterization of SF-NC

Particle size. The size of particles plays a crucial role in
determining the behavior of nanocrystals in drug delivery
systems. The results of the prepared nanocrystal formulation
and plain SF are presented in Table 1. The crystal size of plain
SF was 893.80 + 15.66 nm, however, when 0.01% and 0.02% w/v
LB were used as a stabilizer, the particle sizes of nanocrystal
formulations F1 and F2 were significantly reduced to 320.40 +
8.86 and 132.30 + 5.57 nm, respectively. On the other hand,
when 0.01% and 0.02% w/v GL were used to stabilize the
nanocrystals of F3 and F4 crystal sizes were 350.70 £ 9.69 nm
and 310.90 £+ 7.61 nm, respectively (Fig. 1). It is worth noting
that all nanocrystal formulations exhibited a relatively low
homogeneous size distribution, as indicated by the relatively
high PDI values ranging from 0.445 to 0.937 (Table 1).

The results of particle size analysis indicated that a significant
reduction in crystal size was achieved by using LB compared to the
size of nanocrystals prepared by GL. This might be explained
based on the surface activity of LB that can prevent agglomeration
and promote the formation of smaller, more uniformly distributed
nanocrystals.®®> On the other hand, GL, a combination of mono,
di, triglycerides, and polyethylene glycol esters of fatty acids,
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Fig. 1 Particle size distribution of plain SF and SF-NC formulations (F1 and
F2 stabilized by 0.01% and 0.02% w/v LB, respectively, F3 and F4 were
stabilized by 0.01% and 0.02% w/v GL, respectively).

stabilizes the formed crystals through the formation of gel phase
or liquid crystals, which may limit particle size reduction.®***
Accordingly, it is believed that the higher solubilizing and surfac-
tant properties of LB lead to a more prominent reduction in particle
size than GL. The mechanism behind the particle size reduction by
stabilizers like LB and GL implicates their surfactant characteris-
tics. They are known to develop self-emulsifying systems, which are
isotropic mixtures that form oil in water emulsions under mild
stirring.®> These systems can decrease the particle size of the drug
effectively, thus improving its solubility and bioavailability.**

Solubility study. Table 1 shows the results of saturation aqueous
solubility of plain SF and SF-NC formulations. The solubility of
plain SF was 0.01 + 0.003 pg mL™", this result is consistent with a
previously reported study.”’ On the other hand, the aqueous
solubility of SF-NC formulations was significantly increased
to 2.00 £ 0.119, 445 + 0.072, 1.69 + 0.075, and 1.66 =+
0.081 pg mL™" in case of F1, F2, F3, and F4 respectively. The
notable increase in SF saturation solubility may be attributed to
the higher surface area provided by reduced nanosized crystals.
Moreover, the presence of traces of LB or GL on the surface of
nanocrystal could enhance the wetting ability of nanocrystal for-
mulations due to their surfactant characteristics compared to plain
SF. Based on the results of saturation aqueous solubility and crystal
size, F2 nanocrystal formulation was selected for further evaluation.

Crystal morphology. The morphology of plain SF and F2
nanocrystals was characterized by SEM. SEM image of plain SF
(Fig. 2(A)) revealed irregular large particles. However, F2 nano-
crystals (Fig. 2(B)) demonstrated uniform and organized
arrangement of nanosized crystals.

Differential scanning calorimetry. The thermal behaviors of
plain SF and SF-NC formulation (F2) were further characterized

Table 1 Stabilizers, particle size, polydispersity index (PDI), and saturated aqueous solubility of SF-NC formulations

Stabilizer (concentration % w/v)  Particle size (nm &+ SD, n=3)  PDI SF saturated aqueous solubility (ug mL ™" + SD, n =3)
Plain SF — 893.80 + 15.66 0.937 0.01 £ 0.003
F1 LB (0.01) 320.40 + 8.86 0.445 2.00 £ 0.119
F2 LB (0.02) 132.30 + 5.57 0.641 4.45 £+ 0.072
F3 GL (0.01) 350.70 £ 9.69 0.668 1.69 + 0.075
F4 GL (0.02) 310.90 £ 7.61 0.603 1.66 + 0.081

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM photographs of (A) plain SF and (B) F2 nanocrystals.

by DSC (Fig. 3). The thermogram of SF exhibited one large,
sharp endothermic peak at about 217.99 °C representing the
melting point of its tosylate salt form, in addition to a small
endothermic peak at about 188 °C which might be relevant to
the melting point of the SF base form. These findings were
consistent with previous studies.”” However, the thermogram
of ST-NC showed a new sharp endothermic peak at 116 °C
indicating the formation of a new crystalline structure. The
newly formed polymorph of SF might be due to the interaction
between amino groups of SF and the fatty acid esters in LB. The
new polymorph of SF has a lower melting point than the drug
itself that would boost drug solubility due to the reduction of
the crystal lattice energy.

E — Plain SF

= — SF-NC

g

=
1 1 1 1 1
0 100 200 300 400

Temperature °C
Fig. 3 DSC thermogram of plain SF and SF-NC formulations (F2).
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Fig. 4 Powder XRD patterns of plain-SF (A), and SF-NC (B).

Powder XRD. The crystallinity of the plain SF and SF-NC were
determined by PXPD analysis. Typical diffraction patterns of plain
SF and SF-NC are shown in Fig. 4. The diffraction pattern of SF
showed various characteristic 20 peaks at 12.6°, 14.2°, 15.7°,16.9°,
20.1° 20.4°, 22.1°, 23.8° 27.5° 30.2° and 33.9°. However, these
characteristic peaks were absent in the pattern of the SF-NC, and
new peaks were observed at 10.6°, 11.5°, 12.3° 13.4° 13.9° 14.4°,
17.2°, 18°, 18.5°, 21.8°, 22.3°, 24.2°, 25.2°, 28.4°, 30.3°, 31.3°, 33.8°
and 35.1° indicating formation of new more crystalline structure.
This finding is consistent with DSC findings.

In vitro dissolution study. The dissolution profiles of SF and
a representative nanocrystal formulation (F2) are shown in
Fig. 5. F2 was selected based on its small particle size and the
higher aqueous solubility compared to other nanocrystal
formulations.

The values of dissolution parameters of plain SF including
the % drug dissolved after 10 and 120 min (Q190 and Qi99)
were 25.22 £ 1.23 and 49.55 + 1.44% compared to 90.12 + 2.6
and 99.60 + 1.55 in the case of F2 formulation, with dissolution
efficiency % at 15 min (% DE;5min) of 25.23 + 1.65 and 61.9 +
2.31 for plain SF and F2 respectively. It was obvious that
dissolution parameters were significantly higher for F2 com-
pared to plain SF. This enhancement resulted from the solubi-
lization effects of LB which improved SF wettability and
hydrophilicity in dissolution media due to its amphiphilic
characters and the reduced particle size. This leads to increas-
ing drug surface area available for dissolution medium and
subsequently, the dissolution velocity increases, as verified by
the Noyes-Whitney equation.®®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 In vitro dissolution profiles of SF-NC (F2) and plain SF.

In vitro cytotoxicity study. To investigate the cytotoxic effects
of LB on MDR HepG2 and SF-resistant Huh7 cells, both cell
lines were subjected to various concentrations of LB ranging
from 1 to 10 ng mL™~". In this study, the concentration of LB was
approximately 10-fold more than its concentration incorporated
in SF-NC. LB content in SF-NC was determined by fluorimetry
and was found to be 96.16 & 12.34 ng mg™ . In the cytotoxicity
studies, the highest concentrations of SF and LB in the SF-NC
were equivalent to 4.648 ug mL ™" and 0.446 ng mL ', respec-
tively. The results in Fig. 6 indicate that, within the tested
concentration range, LB did not cause significant cytotoxic
effects in either MDR HepG2 or SF-resistant Huh7 cells. Previous
work showed that including LB as an excipient in formulation of
ravuconazole self-nano emulsifying system, at concentrations up
to 5 nM had no significant effects on HepG2 cell viability and
can be considered safe in the in vivo environment.*®

Fig. 7(A) and (B) illustrates the results of cell viability of MDR
HepG2 and SF-resistant Huh-7 cells after exposure to either SF-
plain crystals or SF-NC formulation (F2), as well as SF-plain in

100-¢—= o &
¢ $ é
80
= —— MDR-HepaG2
= 60 —— SF-resistant Huh-7
S
>
N 40—
20
0 T T T 1
0.0 2.5 5.0 7.5 10.0
LB concentration (ng/ml)
Fig. 6 In vitro cytotoxicity of LB against MDR-HepaG2 and SF-resistant

Huh-7 cells after 24 h of incubation.
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Fig. 7 The cytotoxicity of SF-plain, SF-NC (F2), and SF-plain + 50 uM
against MDR-HepG2 (A), and SF-resistant Huh-7 (B) cells after 24 h

incubation. The measurements were taken using MTT cell viability assay.
The data represent mean + S.D. of three independent experiments.

10.0

addition to 50 pM verapamil. Table 2 summarizes the calcu-
lated IC;, values for each treatment. The ICs, values for SF-
plain crystals were 9.60 + 1.07 uM for MDR HepG2 cells and
10.67 £ 1.30 pM for SF-resistant Huh7 cells. In contrast, the
ICs, values were significantly reduced to 6.31 + 0.71 uM and
7.06 £ 0.84 uM, respectively, when using SF-NC, which may be
attributed to the presence of LB as a P-gp inhibitor on the
surface of SF-NC.

Notably, when different concentrations of SF-plain crystals
were combined with 50 uM verapamil, a remarkable decrease in
ICs, values to 4.99 + 0.53 and 4.81 + 0.66 pM in the case of
MDR HepG2 and SF-resistant Huh7 cells, respectively com-
pared to either SF-plain crystals or SF-NC formulation. This
reduction can be attributed to the presence of verapamil, which
is known as a P-gp inhibitor capable of completely reversing the
resistance caused by the P-gp efflux pump.’” Although the SF-
NC formulation achieved a relatively higher IC5, value than the
SF-plain + 50 uM verapamil, it still demonstrated significantly
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Table 2 ICsg values (uM + SD) of SF-plain crystals and SF-NC formulation
(F2) against MDR-HepG2, and SF-resistant Huh-7, calculated after 24 h
exposure

View Article Online
Paper
Table 3 Bioavailability parameters (mean + SD, n = 6) after oral admin-

istration of 50 mg kg ™! as a single dose of ST-NC and plain SF aqueous
suspensions

IC5o (Mean + SD pM)

Cancer cells SF-plain crystals SF-NC (F2) SF-plain + verapamil

MDR-HepG2 9.60 £+ 1.07
SF-resistant Huh-7 10.67 + 1.30

6.31 £ 0.71 4.99 £ 0.53
7.06 £ 0.84 4.81 £ 0.66

The data represent the mean + SD of three independent experiments.

lower values than the SF-plain. The findings suggest that SF-NC
successfully reduces the viability of MDR-HepG2 and SF-
resistant Huh-7 cells, although its potency is much less com-
pared to verapamil. Further investigations are needed to assess
LB’s potential in reducing MDR.

Bioavailability study. Fig. 8 displays the plasma concentration-
time profiles of plain SF and SF-NC after administering a single
oral dose of 50 mg suspensions. The mean values of bioavail-
ability parameters, including Cijax, Tmax and AUC,,, are pre-
sented in Table 3. The mean Cy,.x value of the plain SF was
166.475 + 6.523 ug mL ™", reached after 6 hours compared to
196.4 + 19.09 pg mL ™", achieved after 4 hours in the case of SF-NC.
The mean value of AUC,_,, of SF-NC was 2949.4 + 268.6 pjg h mL ™"
and showed a significant increase when compared to that of
plain SF which was 2320.9 + 79.32 pg h mL™". The obtained
results indicated that formulation of SF-NC, stabilized by LB as
a P-gp inhibitor, remarkably increased both the rate and extent
of oral bioavailability of SF in terms of Cp.x and AUCy_,4, as
indicated by a 1.27-fold increase in the relative bioavailability. The
notable improvements observed in the measured bioavailability
parameters were found to have a positive correlation with the
results of both in vitro dissolution and in vitro cytotoxicity studies.
These results are well correlated with previous studies regarding
the effect of P-gp inhibitors on improving intestinal absorption,
tissue distribution, and reducing drug elimination, resulting in
enhanced oral bioavailability.”””® Previous reports indicated that
LB enhances drug absorption not only due to the inhibition of

= 2501
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Fig. 8 SF plasma concentration-time profiles (mean + SD, n = 6) after

administration of a single oral dose (50 mg kg™) of SF-NC and plain SF
agueous suspensions to rats.
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Bioavailability parameters SF-NC Plain SF

AUCq_»4 (ug h mL™%) 2949.40 + 268.60  2320.90 + 79.32

Crnax (g mL™") 196.40 + 19.09 166.47 + 6.52
Trnax 4.00 6.00
Relative bioavailability (%) 127.08%

P-gp efflux’* but also increases the cell membrane fluidity,”
potentiates intestinal absorption of different drugs,”®”® and alters

the permeability in the intestinal “gap junctions”.”®

Conclusion

In conclusion, the results of this study revealed that SF-NC
formulation (F2) prepared by 0.02% LB, significantly improved
the aqueous saturation solubility and dissolution of SF com-
pared to plain SF. Moreover, in vitro cytotoxicity studies showed
that LB had no significant effects on the cell viability of MDR-
HepaG2 and SF-resistant Huh-7. However, SF-NC significantly
reduces ICs, values compared to plain SF. In vivo absorption
studies indicated that formulation of SF-NC, stabilized by LB as a
P-gp inhibitor, remarkably increased both the rate and extent of
oral bioavailability of FS in terms of Cpax and AUCy_,4, as
indicated by a 1.27-fold increase in the relative bioavailability.
Overall, the developed SF-NC formulation utilizing LB as a
stabilizer and P-gp inhibitor showed promising improvements
in the physicochemical properties and oral bioavailability of SF
and could be a reliable strategy for overcoming multidrug
resistance in hepatocellular carcinoma cells.
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