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Background: Antitumor research aims to efficiently target hepatocarcinoma cells (HCC) for drug delivery. Nanostructured lipid
carriers (NLCs) are promising for active tumour targeting. Cell-penetrating peptides are feasible ligands for targeted cancer treatment.
Methods: In this study, we optimized gefitinib-loaded NLCs (GF-NLC) for HCC treatment. The NLCs contained cholesterol, oleic
acid, Pluronic F-68, and Phospholipon 90G. The NLC surface was functionalized to enhance targeting with the cRGDfK-pentapeptide,
which binds to the avp3 integrin receptor overexpressed on hepatocarcinoma cells.

Results: GF-NLC formulation was thoroughly characterized for various parameters using differential scanning calorimetry and X-ray
diffraction analysis. In-vitro and in-vivo studies on the HepG2 cell line showed cRGDfK@GF-NLC'’s superiority over GF-NLC and
free gefitinib. cRGDfK@GF-NLC exhibited significantly higher cytotoxicity, growth inhibition, and cellular internalization.
Biodistribution studies demonstrated enhanced tumour site accumulation without organ toxicity. The findings highlight cRGDfK@GF-
NLC as a highly efficient carrier for targeted drug delivery, surpassing non-functionalized NLCs. These functionalized NLCs offer
promising prospects for improving hepatocarcinoma therapy outcomes by specifically targeting HCC cells.

Conclusion: Based on these findings, cRGDfK@GF-NLC holds immense potential as a highly efficient carrier for targeted drug
delivery of anticancer agents, surpassing the capabilities of non-functionalized NLCs. This research opens up new avenues for
effective treatment strategies in hepatocarcinoma.

Keywords: nanostructured lipid carrier, avp3 integrin receptor, cRGDfK-pentapeptide, hepatocellular carcinoma, tumour targeting

Introduction

The worldwide prevalence of liver cancer continues to rise, posing a global health problem. By 2025, it is anticipated that
yearly incidences of liver cancer will exceed 1 million. By 2040, liver cancer is projected by the World Health
Organization to cause the deaths of over 1.3 million individuals. Hepatocellular carcinoma (HCC) is the primary subtype
of liver cancer, constituting 90% of cases.'

There are few available systemic treatments e.g., targeted therapies and immunotherapies for advanced HCC but they
may be limited in advanced cases. Systemic therapy, particularly with standard cytotoxic drugs, is frequently unsuccess-
ful. Sorafenib and Lenvatinib are the two drugs that the FDA has approved for use as first-line therapies in the treatment
of advanced HCC. However, the difficulty in obtaining these medications in underdeveloped nations ensures that HCC
continues to severely limit clinical applicability and highlights the need for novel therapies. Nonetheless, during the past
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three years, the fast development of molecular targeted treatments has drastically altered the landscape of advanced HCC
therapy.>”

Traditional chemotherapeutic agents for HCC treatment had broad modes of action, such as cytostatic or cytotoxic,
and were thus non-targeted along with severe side effects. Drug resistance and hostile effects are problems that might
arise while using conventional chemotherapeutic drugs like doxorubicin, cisplatin, and 5-fluorouracil. So, tailored
therapeutics like tyrosine kinase inhibitors (TKIs) have resulted in a notable advancement.*>

Gefitinib is a low molecular weight (Mol. Wt. 446.9) anilinoquinazoline structural basis compound.® As a tyrosine
kinase inhibitor of the epithelial growth factor receptor (EGFR), gefitinib inhibits the proliferation, invasion, and
metastasis of tumour cells while increasing their death rate. The fundamental mechanism is that it can suppress the
activation of mitogen-activated protein kinase (MAPK) by locking down the signal transmission through competitive
binding of Mg-ATP located on the catalytic domain of EGFR-TK, hence triggering apoptosis in cancer cells.”®

The potential of NLCs as alternative colloidal drug carriers is receiving significant attention. NLCs are generally
considered to be second-generation solid lipid nanoparticles (SLNs), and they transport the drug without changing the
drug’s composition in any way.’ 2

The lipidic component of NLCs consists of a combination of solid and liquid lipids, as opposed to solid lipids alone in SLNS.
The addition of liquid lipids converts the completely crystalline structure of SLNs into an imperfect amorphous structure,
allowing for a larger drug-loading capacity. Thus, boosting drug loading efficiency and formulation stability by decreasing drug
ejection.'® After intravenous administration, the NLC can be passively targeted to the liver and spleen due to its hydrophobic
surface. Additionally, NLCs can be manipulated with antibodies or ligands to selectively target tumour tissue.'*'”

Active and passive targeting are the two approaches that have been developed in recent years to enhance the
therapeutic efficacy of HCC therapy. Due to their diminutive size, nanoscale drug delivery systems can passively target

and enter solid tumours, where they are then retained there. However, active targeting is necessary to guarantee that the
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Figure | Schematic diagram of anti-cancer mechanism of non-functionalized NLC and functionalized NLC working on HCC cancer cells.

particles are taken up by the intended cells. Nanotechnology at the surface, is key to this goal. Targeting molecules,
which are identified at the location of the tumour, are included in the delivery system to raise the drug’s concentration at
targeted cells.'®

Since RGD is a potent tumour-targeting ligand, nano-carriers that are conjugated with RGD may be able to efficiently
identify and attack tumour cells. Since it is well established that most cancer cell types have overexpressed integrin
receptors, surface modification of NLC with integrin targeting ligands (RGD peptides) is an appealing method.'”
cRGD1K is a pentapeptide with the highest affinity for the integrin protein receptors that are frequently overexpressed
on the liver’s surface. It plays a role in regulating both cell-cell and cell-extracellular matrix interactions, facilitating the
simultaneous targeting of different tumour cells as well as angiogenic endothelial cells. In recent years, the field of avf3
integrin-mediated bioactive tumour targeting has earned considerable interest.

avp3 integrins are expressed by diverse tumour cells, such as HCC cells, breast cancer cells, and lung cancer cells, and
have been linked to tumour progression and metastasis. According to literature, the targeting ligand c¢(RGDfK) offers
advantages in terms of endocytosis due to its small molecular weight. Furthermore, its ability to undergo various chemical
reactions without being deactivated by other target molecules enhances its potential as a therapeutic agent.'®'*Figure 1
represents the anti-cancer mechanism of non-functionalized NLC and functionalized NLC working on HCC cancer cells. In
our previous work, we prepared liposome and the surface was functionalized with ¢(RGDfK) for active targeted delivery of
gefitinib for liver targeting. The result was confirmed that anti-cancer activity and targeting ability of the surface functionalized
formulation greatly enhanced in in-vitro and in-vivo studies.*

In the current work, we attempt to developed c(RGDfK)-surface functionalized NLCs loaded with gefitinib to target the
integrin receptor overexpressed on HCC cells. NLCs were synthesized using the melt emulsification and ultrasonication
technique, and the optimal formulation was determined using the Box Behnken design (BBD). The targeting ligand was
attached to the surface of nanocarriers by conjugating cRGDfK and DSPE-PEG,yp-COOH to minimize the drug toxicity,
accomplish tumour targeting and boost therapeutic activity. The particle size (PS), shape, surface morphology, zeta potential
(ZP), particle size distribution, entrapment efficiency (EE), drug loading (DL), and in-vitro release pattern of the optimized
NLC batch were assessed. Additionally, pharmacokinetic studies, organ biodistribution, histopathological analysis, and
oxidative stress marker estimation were performed to assess in-vivo therapeutic efficacy for treating HCC. Moreover,
a cytotoxicity study using a MTT assay and cellular uptake of developed NLCs were done against the HepG2 cell line.

Material and Methods

Materials
Gefitinib was obtained as a kind gift from Hetero Drugs Ltd. Hyderabad, India. Cholesterol, Oleic acid, Pluronic F68,
1-Ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC), sulfo-N-hydroxy succinimide (sulfo-NHS),
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Triton X-100 were purchased from Sigma-Aldrich (St. Louis, MO, USA). 1.2-distearoyl-sn-glycero-3-phosphoethanol
amine-N- [carboxy (polyethylene glycol)-2000] (Na™ salt) (DSPE-PEG,(0,-COOH) was procured from Avanti polar
lipids, Inc. USA. cRGDfK was purchased from APExBIO Technology (Houston, USA). Phospholipon 90G was received
as a generous gift sample from Lipoid® (GmbH) Germany.

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) dye, DAPI (4',6-diamidino-2-phenylindole,
dihydrochloride) dye and FITC (fluorescein isothiocyanate) dye were obtained from Sigma-Aldrich, St. Louis, MO,
USA. DMEM (Dulbecco’s modified Eagle’s medium) and FBS (foetal bovine serum) were purchased from Himedia,
Mumbeai.

IL-2 (RABO0288) and IL-6 (RABO0311) pro-inflammatory cytokines were obtained from Sigma Aldrich, Bengaluru,
India. IL-1B (GX-3930-E1) was obtained from Genetix Biotech Asia Pvt. Ltd., New Delhi, India, whereas caspase-9
(ITER0804) was obtained from Geno Technology Inc., Noida, India.

Dialysis membrane (M. Wt. cut off between 12,500 and 14,000 daltons) was acquired from Himedia, Mumbeai.
Thermo Fisher Scientific Pvt. Ltd., India, supplied the 25 mm (0.2 pm) membrane filters and all other chemicals of
analytical quality. In-house deionized water was utilized to conduct the entire experimental work.

Methodology
Development of Gefitinib-Loaded NLC (GF-NLC)

All the GF-loaded NLC batches were prepared by solvent-emulsification and evaporation method followed by ultra-
sonication with slight modification as reported previously.>'*** Briefly, considering Table 1, different ratio of cholesterol
and OA (85:15, 80:20 and 75:25 %w/w) and 50 mg (w/v) Phospholipon 90G (PL-90G) were completely dissolved into
ethanol (2.5 mL) at 60°C. A required amount of the drug (30 mg) was dissolved in ethanol (0.5 mL) and added to the
lipidic mixture. During the second step, the aqueous phase was prepared by dissolving Pluronic F-68 (PF-68) in distilled
water using a magnetic stirrer. The temperature of the aqueous phase was carefully maintained at the same level as the
molten lipid phase to avoid recrystallization while stirring. In the final step, the lipid phase was dispersed into an aqueous
phase containing different concentrations (0.5-1.5% w/v) of surfactant PF-68 at a temperature of 60°C. The mixture was
stirred using a magnetic stirrer at 900 rpm for 15 minutes. Subsequently, the resulting pre-emulsion was subjected to
ultrasonication using a probe sonicator at an amplitude of 40% for a duration of 3-9 minutes, resulting in the formation
of an oil-in-water (o/w) nanoemulsion. To remove the solvent, the obtained nanoemulsion was stirred at room
temperature and a speed of 500 rpm for 3 hours. Figure 2 shows the schematic illustration of development of GF-
NLC and cRGDfK@GF-NLC.

Table | Development of GF-NLCs by Solvent-Emulsification and Evaporation Method
Followed by Ultrasonication: Variables and Their Levels for Box-Behnken Design

Studied Variables Code Levels

Independent variables Low Medium High
©) ) (+1)

A Oleic acid (% w/w) 15 20 25

B PF-68 (% wiv) 0.5 1.0 1.5

C Ultrasonication time (min) 3 6 9

Dependent Variables Goal

Yl Mean particle size (nm) Minimum

Y2 Encapsulation Efficiency (%) Maximum

Y3 Drug loading (%) Maximum
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Figure 2 Schematic illustration of preparation method of (A) non-functionalized NLC (GF-NLC), (B) functionalized NLC (cRGDfK@GF-NLC) and (C) representative
structure of cRGDfK@GF-NLC.

Lyophilization of the Developed NLCs

Suspensions of non-functionalized NLCs and functionalized NLCs were lyophilized so that they could be re-dispersed in
a stable and facile manner. As a cryoprotectant, 10% w/v mannitol was added to the NLCs preparation. In a freeze-dryer
(Lyolab 3000, Heto, India), samples were lyophilized at —80 °C for 24 hour after being pre-frozen for 12 hour at —20 °C.
Lastly, the powders were reconstituted with distilled water.>®

Optimization of GF-NLC by Box-Behnken Experimental Design

To optimize the formulation of GF-NLCs, a Box-Behnken design (BBD) was employed, utilizing a three-factor, three-
level design. Design-Expert®™ software (Trial version 13.0) was utilized for this purpose. The factors, or independent
variables, chosen for optimization were the concentration of liquid lipid (X1), surfactant (X2), and ultrasonication time
(X3), each set at low (—1), medium (0), and high (+1) levels, respectively. A total of 15 experimental trials were
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generated based on this design and evaluated for particle size (Y1), percentage entrapment efficiency (Y2), and
percentage drug loading (Y3) as the dependent or response variables. The design matrix, including the different
combinations of factors and the corresponding response values, is presented in Table 1. By employing a quadratic
polynomial model, the cause-and-effect relationship between the independent and dependent variables was determined
through mathematical modelling. Mathematical optimization with the desirability function and graphical optimization
with an overlay plot were used to determine the best possible optimal formulation.

Development of cRGDfK-Surface Functionalized NLCs (cRGDfK@GF-NLC)
Conjugation of pentapeptide to optimized NLC (F11) was accomplished via carbodiimide reaction between an amine group of
peptides and a carboxylic group of DSPE-PEG,,00—~COOH by using activation of EDC/NHS chemistry as stated by the
previously reported method with slight modification.>*> Briefly, the optimized NLC formulation containing cholesterol, oleic
acid, PF-68 and PL-90G in the optimized ratio was decided for cRGDfK conjugation. The ratio of DSPE-PEG;0o-COOH to
cRGDfK used in the formulation was 1:2 on a molar basis. For 5 mL NLC formulation, 75 mg (w/v) of cholesterol, 25 mg (w/
v) of oleic acid and 50 mg (w/v) of PL-90G along with 40 puL. of DSPE-PEG,,o,—COOH (0.2 mM), 10 uLL of EDC (200 mM),
and 10 pL of NHS (200 mM) were added to the ethanolic solution and vortex until it got clear. DSPE-PEG;(0o—COOH was
used as a linker, and EDC/sulfo-NHS were used as a coupling agent or catalyst. The above lipidic solution was added dropwise
into a PF-68 containing aqueous phase (12 mL) under a magnetic stirrer (900 RPM) and incubated for 30 minutes at room
temperature. After 30-minute, 0.4 mM solution of cRGDfK which was prepared in phosphate buffer saline (PBS), pH 7.4 was
added dropwise with moderate stirring (500 rpm). The resulting reaction mixture was kept aside under gentle stirring
overnight at room temperature to achieve the conjugation. The excess quantity of unreacted cRGDfK peptide was separated
through a dialysis membrane (MW. 12,000 Dalton, Himedia, India) against distilled water.

Physicochemical Characterization of GF-NLC and cRGDfK@GF-NLC
FTIR and "H NMR spectroscopy: The FTIR spectra of pure GF, cholesterol, oleic acid, PL-90G, PF-68 and the physical
mixture of Chol/PL-90G, Chol/PL-90G/PF-68 and GF/Chol/PL-90G/PF-68 were examined to check the intermolecular
interactions between the components consisting of GF-loaded NLC. Furthermore, blank and GF loaded NLC formula-
tions (non-functionalized and surface functionalized both) were observed and recorded by using an FT-IR spectro-
photometer (Nicolet 6700, Thermo Scientific, USA). All the FTIR data were examined in the 4000 cm ' to 400 cm !
spectral region. Origin Pro Lab 2021 software was used to analyse and graph the data.

"H-NMR (FT-NMR, Bruker Avance 400) analysis was performed to verify the conjugation between the cRGDfK
peptide and the DSPE-PEG;(0o-COOH. Chemical shifts (&) were measured as parts per million/ppm after dissolving the
samples (10 mg) in DMSO-d6. An internal standard of tetramethyl silane (TMS) was used in the study.

Particle Size (PS), Polydispersity Index (PDIl), Zeta Potential (ZP) and Surface
Morphology

The mean particle size, PDI, and ZP of each formulation run was measured by the Differential light scattering (DLS)
method via NanoPlus-3, zeta/nanoparticle analyser (Yokohama/Japan). Prior to measurement, the samples were diluted
with ultra-purified water at a ratio of 1:5 to achieve a slight opalescence. All measurements were conducted in triplicate,
and the results were reported as the mean + standard deviation (SD).

Surface morphology and shape of developed GF-NLC and cRGDfK@GF-NLC were examined by using SEM (JEOL
6490 LB, Tokyo, Japan) and TEM (TECNAI 200 kV) technique. The samples were prepared according to the previously
reported protocol and the photomicrographs were captured at an ambient temperature by using TEM Fei, Electron Optics.*®

Differential Scanning Calorimetry (DSC)

The physical state of GF inside the GF-NLC and cRGDfK@GF-NLC was determined by DSC (Setaram, LABSYS DSC
131, 700 °C). The samples (5-10 mg) were purged at a flow rate of 10 mL/min with dry nitrogen. The rate of heat
addition was 10 °C min~'. The sample was scanned from the range of 20 °C to 350 °C.
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Powder X-Ray Diffraction (P-XRD) Analysis

The X-ray diffractometer (D8 Advance Eco, Bruker, Germany) equipped with a copper anode (Cu Ka radiation, 30 mA,
40 kV, A=1.54 A) was employed to examine the crystalline structure of pure GF, GF-NLC, and cRGDfK@GF-NLC
(lyophilized with 10% w/v mannitol). The data acquisition involved scanning the samples in the 26 (diffraction angle)
range of 2°-80 °C at ambient temperature. The measurements were typically performed with a step width of 0.04° and

a detector resolution. A scanning rate of 2°/min was utilized during the data collection process.

Encapsulation Efficiency (EE) and Drug Loading (DL) Determination

The % EE of developed GF-NLC and cRGDfK@GF-NLC were calculated by indirect method.*"*’ For this, a 1.5 mL of
NLCs preparation was centrifuged (15,000 RPM) at 4 °C for 30 min to measuring the amount of free GF in the dispersion. The
free GF amount remained in the supernatant was calculated by using UV—Vis Spectrophotometer (Labtronics LT-2910) at 254
nm. A 0.22 pm membrane filter (Thermo Fisher Scientific Pvt. Ltd., India) was used to purify samples before analysis. Each
test was conducted in triplicate and obtained values were expressed as mean+ SD. The percentage entrapment efficiency (%
EE) and percentage drug loading (% DL) of the prepared NLCs were determined using the following formula:

Total GF in NLC — free GF in supernatent o

EE (%)=
(%) Total GF inNLC

100

Total amount of GF

= 100
Weight of NLC(GF + excipients used) %

DL(%)

In-vitro Drug Release Profile

The dialysis bag diffusion method under sink conditions was used to calculate the in-vitro percent drug release of GF-NLC and
cRGDfK@GF-NLC. For the release studies, a dialysis bag (M.W. 12,500 Dalton) with an average pore size of 2.4 nm was
used which was activated by soaking it for 24 h in release media containing pH 7.4 PBS. In brief, the drug-loaded NLC
dispersions (2 mL) were introduced into a dialysis bag and carefully sealed at both ends. The filled dialysis bag was then
suspended in a 200 mL beaker containing 100 mL of pH 7.4 PBS at a controlled temperature of 37 + 1°C. The system was
subjected to mechanical agitation at 100 rpm for a duration of 48 hours. At specified time intervals, 2 mL of aliquots were
taken out and refilled with the fresh release media in order to keep the sink condition constant. Prior to analysis, all the reserved
samples were filtered by using a syringe filter (0.45 um). Finally, using a UV spectrophotometer (Labtronics LT 2910) set to
254 nm, the amount of GF from GF-NLC and cRGDfK@GF-NLC was calculated. A plot of percent cumulative GF release
was constructed against the time (hour).”®

Blood Compatibility Assay

To evaluate the potential haemolytic toxicity, the spectrophotometric analysis was employed to measure the haemoglobin
content in the supernatant of the centrifuged suspension of red blood cells (RBCs). Briefly, blood sample was collected
from the healthy male Wistar rat in a prefilled K,-EDTA (anticoagulant) microcentrifuge tubes (MCT) via retro-orbital
plexus puncture method. Obtained blood was centrifuged for 15 min at 3000 RPM to isolate the RBCs. The settled RBC
pellet was gently washed four to five times with PBS (7.4) to remove serum proteins and debris. The clear supernatant
was carefully discarded and make the 10% haematocrit solution with PBS. 100 puL of haematocrit solution was mixed
with 900 uL of GF, GF-NLC and cRGDfK@GF-NLC at a different concentration in separate tube for assessing the
percentage of haemolysis. All the samples were incubated at 37°C for 30 min following the centrifugation at 3000 RPM
for 15 min. Finally, the haemoglobin release in obtained supernatant was assessed via UV-visible spectrophotometer
(Labtronics LT 2910) at 540 nm Ap,ax. 1% Triton X100 and PBS (7.4 pH) was taken as a positive control, and a negative
control, respectively.’>*® All the experiment was done in triplicate, and the data were expressed as mean+ SD.

The following formula was used to calculate the percent haemolysis.
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A(TS)—A(NC)

A(PC)—A(NC) <190

Hemolysis (%)=
Where A (TS) denotes the mean absorbance of the supernatant of the test sample (RBC with GF/GF-NLCs/cRGDfK@GF-
NLC), A (NC) and A (PC) are the mean absorbance of the supernatant of negative control and positive control, respectively.

In-Vitro Anticancer Activity Study on HepG2 Cell Line

MTT Assay for Cytotoxicity Study

The MTT assay was conducted using a HepG2 cell line obtained from the National Centre for Cell Science (NCCS) in
Pune, India. The MTT [3-(4,5-di-methylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] assay is a widely accepted
colorimetric assay used to quantify the enzymatic activity of living cells by observing the purple colour produced
when MTT is reduced. Cytotoxic substances would cause metabolic dysfunction.

Briefly, HepG2 cells were cultured in 96-well cell culture plates at a density of 1x10? cells/well. The culture medium
used was Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 1% v/v antibiotic solution (penicillin and
streptomycin) and 10% v/v foetal bovine serum (FBS). For the next 24 hours, the cells were exposed to 5% (v/v) CO,,
95% (v/v) air, and 95% relative humidity (RH) at 37 &= 2°C temperature. Freshly prepared solutions of free GF, developed
GF-NLC, and cRGDfK@GF-NLC samples in DMSO were applied at concentrations ranging from 5 to 25 pg/mL.
Following a 4-hour incubation at 37°C, each well of the plate was supplemented with 20 pL. of MTT (5 mg/mL) solution.
This addition facilitated the conversion of MTT into purple-coloured formazan crystals by viable cells, leading to
a noticeable reduction in their numbers. In order to solubilize the formazan crystal, 100 uL of DMSO was mixed to each
well. The half-maximal inhibitory concentration (IC50) of free GF and the developed NLC (non-functionalized and
functionalized both) were calculated based on the absorbance measurement at 540 nm.**>!

Cellular Internalization Ability Study

Both FITC-NLC and cRGDfK@FITC-NLC were fluorescently tagged with the green fluorescent dye fluorescein
isothiocyanate (FITC). These FITC-tagged NLC were prepared in the same way as GF-NLC and cRGDfK@GF-NLC,
with the exception that FITC dye was loaded in place of GF during the NLC development process.

Briefly, HepG2 cells were seeded in a 96-well culture plate at a density of 1x10* cells/well. The cells were then
incubated with FITC-NLC and cRGDfK@FITC-NLC at 37 °C in a 5% C0O2/95% air atmosphere until they reached 70%
confluence, as indicated by the presence of fluorescent tracers. Following incubation, the cells were fixed with 4% w/v
paraformaldehyde solution for 30 minutes, followed by three washes with ice-cold PBS. Similarly, the cell nuclei were
stained with DAPI (2 mg/mL) dye by incubating the cells with the dye for 30 minutes, followed by three washes in ice-
cold PBS to remove any unbound dye. After that, a glass slide was used to mount the cells so that they could be imaged
under an inverted laser scanning confocal microscope.>

In-vivo Animal Study

Animal Testing Ethics Declaration

The Male Wistar experimental rats were acquired from Veterinary & Animal Sciences (LUVAS), Hisar, Disease Free
Small Animal House (DFSAH), India and were housed in a laboratory. All animal treatments conform to ethical
standards. The institutional animal ethics Committee (IAEC) of SD College of Pharmacy & vocational studies,
Muzaffarnagar approved the animal experimentation procedure (Approval No. SDCOP&VS/AH/CPCSEA/02/14). All
the experiments involving animals followed the National Institutes of Health’s Guide for the Care and Use of Laboratory
Animals (NIH Publication No. 18-23, 1985).

Experimental Design

In-vivo animal study was conducted on Male Wistar rats weighing 180-230 g which were randomly categorized into five
groups. All the rats were housed in a controlled laboratory environment (25 + 2°C, 60 + 5% RH, 12 hour dark/light
cycles), fed standard pellets with free access to clean and fresh water ad libitum. Prior to the study, all rats were
acclimatised for seven days. The experiment protocol was followed precisely as outlined in Table 2.
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Table 2 Experimental Groups Used in the in-vivo Animal Study to Assess the Outcome of Therapeutic Treatment in DEN Induced
HCC Wistar Rats

Group | (Normal control) Rats received normal saline for six weeks; once in a week by i.p. route

Group Il (Toxic control) DEN (100 mg/kg body weight) for six weeks; once in a week by i.p. route

Therapeutic treatments

Group Il (GF control) Free GF (10 mg/kg body weight) after induction of HCC; consecutive four dose means on every 3™ day by i.v. route
Group IV (GF-NLC) GF-NLC (10 mg/kg body weight) after induction of HCC; consecutive four dose means on every 3™ day by i.v. route
Group V (cRGDfK@GF- cRGDK@GF-NLC (10 mg/kg body weight) after induction of HCC; consecutive four dose means on every 3™ day
NLC) by i.v. route

Body Weight Variation, Liver Index, Tumor Burden and Tumor Incidence Measurement

On the initial day and final day (sacrifice day), the body weight of each rat was recorded, and a graph was drawn to
analyse the weight change of each group over the duration of the experiment. Absolute liver weights were divided by
animal body weights to calculate liver index. Tumour burden and tumour incidence number were describing the percent
of number of nodules per liver and percentage of rat carrying tumour during the study respectively.

Pharmacokinetic (PK) Study

Eighteen healthy adult male Wistar rats, which were fasted for 12 hour before the experiment, were used for the PK
study. All the animals were randomly categorized into three groups named as GF (Group I), GF-NLC (Group II), and
cRGDfK@GF-NLC (Group III). A single i.v. injection of the respective formulations (10 mg/kg) were administered to
each group animal. A blood sample (0.5 mL) was collected via retro-orbital plexus at predefined time intervals (0.25, 0.5,
1, 2, 4, 8, 12, 24, and 48 hour) and stored in a microcentrifuge tube coated with potassium EDTA (10% w/v).
Subsequently, the tubes were centrifuged (3000 RPM) for 10 min, and the plasma was separated, it was stored at —20
°C for further analysis. To construct the standard plot of GF in plasma, 100 puL blank plasma was mixed with 100 uL
standard working solutions of different concentrations in methanol, vortex it and centrifuged for 30 min (15000 RPM).
Following centrifugation, the transparent solution in the centrifuge concentrator was evaporated, and the resulting residue
was dissolved in 200 puL of methanol. Afterwards, the samples were passed through a 0.22-um membrane filter and
subjected to drug content analysis using a previously validated RP-HPLC method with minor adjustments, as mentioned
in the references.”® The analysis involved utilizing a C18 column and a mobile phase consisting of a combination of
ACN, methanol, and water (70:20:10) at a flow rate of 1 mL/min. To determine the pharmacokinetic parameters, a non-
compartmental analysis model was employed, and the calculations were performed using PK solver software, an add-in
for Microsoft Excel (Version 2.0).

In-vivo Organ Biodistribution Study

Biodistribution studies were conducted to evaluate the targeting ability of pure GF, GF-NLC, and cRGDfK@GF-NLC to
the tumour site. Rats with DEN-induced HCC were administered an intravenous (i.v.) injection of GF-suspension and the
prepared formulations at an equivalent dose of 10 mg/kg via the tail vein. To examine their biodistribution, the animals
were sacrificed at specific time intervals (4, 12, 24, and 48 hours), and organs such as the liver, lung, kidney, heart, and
spleen were extracted for analysis. All the organs were rinsed in normal saline to get rid of any lingering sticky tissues,
and then they were frozen at —20°C for future research. Prior to biodistribution analysis, tissue samples were accurately
measured and weighed, and homogenates were prepared by combining 250 mg of tissue with 1 mL of methanol and
centrifuging at 15,000 RPM for 20 minutes. All homogenates were made at 4°C to prevent sample deterioration. The
obtained supernatant was then reconstituted in methanol after being dehydrated. Using the validated HPLC method, the
concentration of GF in different organs was determined.”*

Histopathological Examination
For the study, immediately following isolation, a 10% formaldehyde solution was used to fix the tissues. Various
concentrations of ethanol were used to dehydrate the liver samples, which were then subjected to xylene and finally
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embedded in paraffin. These H&E-stained slides were cut at a thickness of 5 um and examined under a 40X magnifica-
tion light microscope for morphological changes.”

Assessment of Oxidative Stress Marker and Lipid Profile in Blood Serum
To determine oxidative stress markers, liver tissue was weighed accurately (10% w/v) and homogenized with 0.15
M KCI at 4°C. After centrifuging the sample at 15,000 RPM for 15 minutes, the supernatant was collected for analysis.
Subsequently, the levels of oxidative stress markers including superoxide dismutase (SOD), catalase (CAT), glutathione
(GSH), and thiobarbituric acid reactive substances (TBARS), were measured following established protocols.***’

For the evaluation of total cholesterol (TC), triglycerides (TG), and high-density lipoprotein (HDL), a lipid profiling
kit sourced from Avecon Healthcare Pvt. Ltd. in Haryana, India, was utilized. Additionally, the levels of low-density
lipoprotein (LDL) and very low-density lipoprotein (VLDL) were determined using the Friedewald formula, which is

expressed as follows:

LDL =[TC — HDL — LDL]

VLDL =[TC — HDL—(TG/5)]

Assessment of Various Enzyme Markers
To analyse the enzyme levels, blood serum samples were required. Commercially available kits were employed to quantify
the levels of alanine aminotransferase (ALT), alkaline phosphatase (ALP), and aspartate aminotransferase (AST).

In-vivo Biosafety Evaluation

All rats were euthanized after receiving four consecutives i.v. dose (10 mg/kg), and their major organs (liver, heart,
spleen, lung, and kidney) were removed, paraformaldehyde-fixed, sliced, and haematoxylin- and eosin-stained for
analysis (H&E). Image J software detected images of tissue sections.”

Assessment of Proinflammatory Cytokines by ELISA

Hepatic tissue was analysed for increased levels of pro-inflammatory cytokines using commercially available ELISA kits
following manufacturer’s instructions. Caspase-9 activity was also measured using ELISA according to the manufac-
turer’s instructions.

Stability Studies
The stability study of developed NLCs was performed as per the ICH guidelines at 25°C + 2°C/60% relative humidity
(RH) + 5%RH for their PS, %EE and %DL characteristics for 3 months.

Statistical Analysis

The mean + standard deviation was used to sum up the numerical data. GraphPad Prism (version 8.0) statistical software
was used to conduct statistical analysis. The in vitro and in vivo studies were evaluated using ANOVA (one-way and
two-way) followed by Dunnett and Tukey’s multiple-comparison tests as suggested by the Graph Pad prism software.
*EEE (p < 0.0001), *** (p < 0.001) both represent a highly significant level, ** represents a high significance level
(p < 0.01) and * represents a significant level (p < 0.05) compared with the DEN control group.

Result and Discussion
Optimization of GF Loaded NLC by Box Behnken Design (BBD)

The role of the formulation variables, such as oleic acid, surfactant PF-68, ultrasonication time, and their interactions,
were studied using the response surface method (RSM). The Design expert software generated a design matrix based on
data from 15 experimental runs. The confirmatory GF loaded NLC formulation was developed in triplicate and compared
to the predicted response in order to validate the data generated from the box Behnken experimental design space. The
measured value of dependent variables of the various trial formulations was fitted into the model milieu, and a quadratic
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polynomial model was found to be the best-fitting model. The results of the 15 runs of GF loaded NLCs formulations and
their relevant responses are shown in Table 3.

Impact of Independent Variables on the Particle Size (Response Y1)
Figure 3A—C and Table 3 illustrate the impact of each independent variable on PS of developed GF-NLC. Based on the
results, the PS of each of the prepared formulations ranged from 102.50 + 3.52 nm to 156.36 + 2.02 nm.

The RSM generated polynomial regression equation for PS with respect to A, B and C are as follows:

PS = +106.90 —3.43 %A —3.30%B +4.08 «C + 6.64 % AB + 2.45 x« AC + 0.4167 * BC + 28.13 * A2+9.30 * B2+6.11 + C2

Where, A is the oleic acid content, B is the concentration of surfactant PF-68 and C is the ultrasonication time.

For the above quadratic equation, the plus (+) and minus (-) both the signs indicated the direction of the change in
response as a function of the factors. The significant impact of oleic acid, PF-68 and ultrasonication time on PS was
revealed by One-way ANOVA for the Quadratic model (p-value < 0.05). With a P-value of 0.5826 for lack of fit, model
terms were insignificant. According to fit statistics, adjusted R* and predicted R* values were found to be 0.9436 and
0.7999, respectively, ensuring that the difference of less than 0.2.

Based on the above polynomial equation, it was concluded that PS of NLC decreased as the oleic acid content
increased from 15% to 20%. The decreased core viscosity and increased fluidity of NLC may have contributed to this
phenomenon. As a result, the surface tension of the particles continued to decrease, and more fine particles were formed.
Though, increasing the oleic acid content further disrupted the NLCs’ protective wall, leading to their clustering and
subsequent enlargement.

On increasing the PF-68 concentration, the PS decreased initially and then slightly increased. This is likely due to the
fact that at low PF-68 concentration, there may not be enough surfactant molecules occur to entirely cover the surfaces of
the newly formed particles. To prevent the aggregation of individual particles and improve stability, it is anticipated that
increasing the initial surfactant concentration will reduce interfacial tension and create steric hindrance on the surface of
NLC. However, further increases in surfactant concentration can cause excess surfactant molecules to deposit on the
NLC surface, resulting in a slight increase in size. Conversely, the ultrasonication time (factor C) did not have
a significant impact on PS. A slight decrease in size was observed with longer ultrasonication times, approaching the

central value. 3%

Table 3 Box—Behnken Experimental Runs of GF-NLC with Experimental Value of Particle Size (Y1), % Entrapment
Efficiency (Y2), and % Drug Loading (Y3)

Independent Variables Dependent Variables
Run | Oleic Acid Pluronic F-68 | Ultrasonication Particle Size | Entrapment Drug Loading
(%wlw) A (%wliv) B Time (min) C (nm) YI Efficiency (%) Y2 | (%) Y3

| 25 | 9 135.16 + 3.65 86.04 £ .71 13.74 + 0.45

2 20 1.5 3 113.86 £ 4.17 | 7226 £ 2.42 10.47 + 0.98

3 25 1.5 6 145.56 + 1.86 | 85.22 + |.27 12.97 + 0.23

4 20 | 6 110.56 + 2.54 73.16 = 1.60 11.33 £0.13

5 15 1.5 6 146.00 £ 2.30 70.16 = 1.15 9.04 £ 0.20

6 15 | 9 141.16 + 3.81 65.04 + 1.37 846 + 1.46

7 15 | 3 140.20 + 2.88 65.39 + 2.65 844 + 123

8 20 0.5 9 129.90 £ 494 | 67.80 = .47 8.76 £ 0.26

9 20 | 6 102.50 + 3.52 77.35 + 2.54 9.63 £ 0.32

10 20 | 6 107.62 £ 1.55 74.17 + 1.89 1141 £0.13

I 25 | 3 130.46 £ 2.06 | 89.33 £ 2.5I 15.87 £ 0.45

12 20 0.5 3 125.03 £ 3.36 68.68 + 1.79 9.23 £ 0.55

13 15 0.5 6 156.36 £2.02 | 63.59 * 1.66 6.68 + 0.21

14 25 0.5 6 14830 £ 286 | 83.93 +2.14 12.50 £ 0.19

15 20 1.5 9 120.40 + 2.59 71.09 +2.23 9.16 £ 0.24
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Figure 3 3D surface response plot representing (A) the impact of Oleic acid and PF-68 concentrations on PS, (B) the impact of Oleic acid concentration and UST on PS, (C)
the impact of PF-68 concentration and UST on PS, (D) the impact of Oleic acid and PF-68 concentrations on EE, (E) the impact of Oleic acid concentration and UST on EE,
(F) the impact of PF-68 concentration and UST on EE, (G) the impact of Oleic acid and PF-68 concentrations on DL, (H) the impact of Oleic acid concentration and UST on
DL, (I) the impact of PF-68 concentration and UST on DL, (J) overlay plot, and (K) desirability graph.

Impact of Independent Variables on the Percent Entrapment Efficiency (Response Y2)

The impact of different GF-NLC variables on percent EE can be seen in Figure 3D-F and Table 3. The %EE of
developed GF-NLC batches were varied from 63.59 £+ 1.66% to 89.33 £+ 2.50%. The RSM generated polynomial
regression equation for PS with respect to A, B and C are as follows:

EE = +74.90 + 10.04 x A + 1.84 + B — 0.7123 % C — 1.32 * AB — 0.7346 + AC — 0.0742 + BC 4 3.66 + A>—2.83 * B>—2.11 % C?

Where, A is the oleic acid content, B is the concentration of surfactant PF-68 and C is the ultrasonication time.

One-way ANOVA results for the Quadratic model exposed the significant effect of oleic acid content, PF-68
concentration and ultrasonication time on percent EE (p-value < 0.05). Lack of fit was found to be insignificant with
an F-value of 0.83 related to the pure error. The 3D surface response plot (Figure 3D—F) revealed a significant increment
in %EE with increasing the oleic acid content. Most likely, this is because of the creation of many imperfections in the
NLCs structure which provides more space to the drug entrapment.®®

Furthermore, an increase in % EE was found by increasing the PF-68 concentration and ultrasonication time initially
and later decreased. Increasing the concentration of surfactant can enhance the distribution of the drug and promote its
solubilization in both the lipid and aqueous phases. But on further increment, the lipid matrix may become saturated and
drug escapes the matrix which led to the decrement in EE.*' Furthermore, ultrasonication (UST) aided the migration of
drug molecules from the aqueous phase to the lipid matrix, enhancing drug entrapment. However, excessive or prolonged
UST could potentially lead to the release of loosely bound drugs.*?
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Impact of Independent Variables on the Percent Drug Loading (Response Y3)

The %DL in the GF-loaded NLC is significantly influenced by all the formulation variables. % drug loading of the
developed formulations was varied from 6.68 £+ 0.21%-15.87 + 0.45%. The overall effect of GF-NLC variables (A, B and
C) on the %DL can be understood by the RSM generated quadratic equation given below:

DL = +10.48 +2.81 % A + 0.6750 * B — 0.6025 % C — 0.4733 * AB — 0.5383 % AC — 0.4450 * BC + 0.9058 x A2—1.08 * B>++0.2508 x C?

The significant impact of oleic acid content, PF-68 concentration, and ultrasonication time on percent DL was revealed by
One-way ANOVA for the Quadratic model (p<0.050). In fit statistics, adjusted R* and predicted R* values were found to be
0.9128 and 0.7403, respectively, ensuring that the difference of less than 0.2. Lack of Fit F-value of 0.53 indicates the lack of fit
is insignificant relative to the pure error. On increasing the oleic acid content, percent drug loading was increased significantly
due to massive disruptions of crystal order which offers the ample space for loading the drug in the NLCs.? In contrast, PF-68
surfactant concentration and ultrasonication time resulted in an increased percent drug loading up to a certain limit and then
declined. Higher PF-68 concentration potentially boosts partitioning and solubilization of drug in lipid matrix. However, as the
lipid matrix saturates, drug escapes and percent drug loading decreases. Moreover, the application of UST enhanced drug
loading by facilitating the transfer of drug molecules from the aqueous phase into the lipid matrix. However, excessive or

prolonged ultrasonication could potentially result in the release of drugs that were only loosely bound.*

Optimization and Point Prediction Through Desirability and Overlay Plot

In order to achieve the desired outcome ie, minimum PS, maximum % EEand % DL, the formulation was optimized
using both desirability and overlay plot criteria. Desirability function and the obtained observed values of optimized GF-
NLC via overlay plot are displayed in Figure 3J and K), respectively. The optimized GF-NLC specifications were PS
114.22 nm to 141.17 nm, EE 68.94% to 89.33%, and DL 9.63% to 15.87%. These standards led to the selection of 25%
w/w oleic acid, 1% PF-68 and 9 min ultrasonication time. Based on these standards, the optimized GF-NLC formulation
was developed.

Physicochemical Characterization of GF-NLC and cRGDfK@GF-NLC

Confirmation of Surface Functionalization Conjugation via FTIR and 'H-NMR

Carbodiimide reaction between DSPE-PEG;p0o-COOH and the cRGDfK designated for the development of the
cRGDfK@GF-NLC. The FTIR and 'H-NMR results confirmed that cRGDfK was successfully conjugated to DSPE-
PEG5000-COOH on the NLC surface. Figure 4A displays the FT-IR spectra of the individual excipients and the physical
mixtures used in the NLC preparation. Likewise, Figure 4B represents the FT-IR spectra of pure GF, GF-NLC, B-NLC,
cRGDfK@B-NLC, GF-NLC with linker and cRGDfK@GF-NLC. The FT-IR spectrum of pure GF exhibits an absorption
peak at 1623 cm-1, which corresponds to the stretching vibrations of C=N. Additionally, peaks observed at 1025 cm !
and 1118 cm-1 are attributed to the stretching vibrations of C-F and C-O, respectively.** The presence of the DSPE-
PEG1000-COOH group on the NLC surface was revealed by the characteristic absorption peak at 1728 c¢cm ' and
1656 cm ™' due to of C=0 of ester and acid, respectively, in the GF-NLC/Linker spectra. An amide bond (O=C-NH)
was formed between the carboxylic group of DSPE-PEG»y-COOH and the amine group of cRGDfK peptide, as
evidenced by a new absorption band at 1646 cm™' /1649 cm™' and at 1438 cm™ ' characterised by C=O stretching and
N-H bending vibration in the blank and GF loaded surface functionalized NLC (Figure 4B)."”

"H-NMR spectra of cRGDfK, DSPE-PEG(0,-COOH, and the conjugate DSPE-PEG,(0o-cRGDfK are displayed in
Figure 4C. Peptide benzene rings and secondary amides (C-NH) showed a chemical shift of 7.11-8.5 ppm in Figure 4C
(i). Figure 4C (ii) provides evidence that the proton peaks at 1.19 and 3.53 ppm can be attributed to the DSPE and -CH2
protons of the PEG component in DSPE-PEG2000-COOH. Furthermore, the chemical shift observed between 6.84 and
7.71 ppm in Figure 4C (iii) confirms the chemical conjugation of DSPE-PEG2000-COOH with the benzene ring and
secondary amide (C-NH) of the cRGDfK peptide. In addition, DMSO-d6 and water were identified independently via

their characteristic peaks at 2.42 and 3.24 ppm as reported in previous study.**
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Figure 4 FT-IR spectra of Cholesterol, Oleic acid, Phospholipon 90G, PF-68 and the physical mixture of Chol/PL-90G, Chol/PL-90G/PF-68 and GF/Chol/PL-90G/PF-68 (A),
Pure GF, GF-NLC, B-NLC#, cRGDfK@B-NLC#, GF-NLC with Linker and cRGDfK@GF-NLC (B), and 'H-NMR Spectra of (i) cRGDfK peptide, (i) DSPE-PEG,000-COOH
and (jii) DSPE-PEG-cRGDfK conjugate presenting amide bond formation (C). (*B denotes the term blank means formulation without drug).

Particle Size (PS), Polydispersity Index (PDI), Zeta Potential (ZP) and Surface Morphology
According to the DLS results, the PS values of the GF-NLC and cRGDfK@GF-NLC were 137.83 £ 5.55 nm, 140.66 + 2.17
nm, and their respective PDIs were 0.243 £ 0.09 and 0.166 + 0.07. The PDI value below 0.3 indicated that the developed
formulation was monodispersed. Furthermore, the NLC functionalized with cRGDfK on the surface exhibited a marginal
increase in PS in comparison to the non-functionalized NLC. These findings proved that the developed NLCs were effective at
delivering drug by exploiting their increased permeability and retention effect. Both GF-NLC and cRGDfK@GF-NLC had
negative ZP of —26.22 +£4.01 mV and —31.76 + 5.21, respectively (Figure SE and F).

The SEM and TEM micrograph showed that the NLCs were round and had a smooth exterior. cRGDfK@GF-NLC, had
a distinct, surface-functionalized layer, as seen in TEM and SEM micrographs (Figure SA-D). All the particles were in the
nanometres sized.

Differential Scanning Calorimetry (DSC)

The differential scanning calorimetry (DSC) thermograms for pure GF, GF-NLC, and cRGDfK@GF-NLC are illustrated
in Figure 6A. The melting point of pure GF, as shown by the thermogram, was determined to be 195.83 °C, with an
associated enthalpy of 132.58 J/g (the starting and ending temperatures were 194.27 and 198.26 °C, respectively).
Though, no GF melting peak was found in GF-NLC and cRGDfK@GF-NLC. This could mean that no GF escaped from
the NLC system (both non-functionalized and functionalized), suggesting that the GF was successfully entrapped within
the carrier system.*> Moreover, the addition of mannitol caused an additional sharp melting peak at 165.57 °C to be seen
in both the formulations ie, GF-NLC and cRGDfK@GF-NLC. It was noted that mannitol (10% w/v) was used to
lyophilized the developed NLC, prior to DSC analysis.
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Figure 6 DSC thermogram of the pure GF, GF-NLC and cRGDfK@GF-NLC (A), and XRD pattern of pure GF and the developed blank NLC (B-NLC), GF-NLC and
cRGDfK@GF-NLC (B).

P-XRD Analysis

The diffraction patterns of pure GF, lyophilized B-NLC, GF-NLC and cRGDfK@GF-NLC are illustrated in Figure 6B.
As previously reported in the literature,*>*® pure GF is highly crystalline and exhibits a remarkably high intense peak at
15.95, 19.45, 22.6, 24.37, 26.38 and 26.49. However, the characteristic GF peak was either significantly attenuated or

completely absent in the GF-NLC and cRGDfK@GF-NLC, demonstrating substantial entrapment of GF inside the lipid
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core of the developed NLC in the amorphous form. The Figure 6B, showed that the pattern of GF-NLCs was not
significantly different from that of B-NLCs, suggesting that GF’s inclusion did not alter the intrinsic properties of NLCs.

Entrapment Efficiency (EE) and Drug Loading (DL) Determination

The observed % EE and % DL of GF-NLC and cRGDfK@GF-NLC were found to be 81.59 + 8.02%, 79.21 + 4.78% and
12.75 + 6.35%, 11.25 + 4.85%, respectively. Whereas, the predicted % EE and % DL values of developed GF-NLC
obtained by the BBD were 85.05% and 13.30% respectively, which showed a slight variation from the observed value.
Since there was no statistically significant difference between the % EE and % DL of cRGDfK@GF-NLC and GF-NLC,
we can conclude that the addition of cRGDfK on non-functionalized NLC did not alter these parameters (Figure 7A).

In-vitro GF Release Profile

Figure 7B illustrates the release profile of GF from GF-suspension, GF-NLC, and cRGDfK@GF-NLC in PBS (at 7.4 pH). The
release curve exhibited an initial burst of drug followed by a sustained release. For 48 hours, GF-suspension, GF-NLC, and
cRGDfK@GF-NLC each showed a release of 95.63 + 4.04%, 83.91 + 11.24% and 75.10 + 5.21%, respectively. According to
the findings, approximately 80% of GF was released from the GF-suspension, whereas approximately 40% of GF was released
from the GF-NLC and cRGDfK@GF-NLC within 4 hours, followed by the slow and prolong release pattern up to 48 hours.
The observed burst effect in release studies can typically be attributed to the presence of unencapsulated drug on the surface of
NLC. Additionally, the sustained release patterns of NLC can be attributed to the release of drug particles from the NLC core,
as they partition between the aqueous phase and the lipid matrix, while also considering the barrier function of the interfacial
membrane. According to the diffusion studies, the amount of GF that can diffuse across the functionalized NLC surface is
curtailed owing to the presence of cRGDfK. To evaluate the release kinetics, data obtained from the in-vitro GF release study
were fitted to various kinetic models. Table 4 reveals that the Korsmeyer-Peppas model provided the best fit to the release data,
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Figure 7 Physico-chemical characterization of B-NLC, GF-loaded NLC, cRGDfK@B-NLC and cRGDfK@GF-NLC (A), comparative in-vitro drug release study of GF-
suspension, GF-NLC and cRGDfK@GF-NLC at pH 7.4 in PBS (B), and percent haemolysis measurement of the developed NLC at various concentration (C). ***Represents

P<0.001 and considered as highly significant.
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Table 4 Correlation Coefficients (R?) for Various Kinetic Models to Fix the Best Fit by Using DD Solver
Software

Optimized NLC Zero-Order | First-Order | Higuchi Korsmeyer-Peppas | Hixson-Crowell

GF-NLC 0.3723 0.9321 0.8744 0.9731 0.8874
cRGDfK@GF-NLC | 0.6298 0.7582 0.7955 0.9056 0.6624

as measured by the strength of their respective correlation coefficients (R?). This finding is evident that Fickian diffusion was
the key driving force behind the transport of GF from the GF-NLC and cRGDfK@GF-NLC.**

Blood Comepatibility Assay

To ensure the safest possible intravenous administration (i.v.), haemolysis of the GF-loaded NLC (Non-functionalized
and functionalized both) was studied. Haemolysis was thought to indicate irritation of RBC by developed formulation, an
issue of critical importance for reliable in vivo drug delivery. According to the results, shown in Figure 7C, the
haemolytic behaviour appears to be concentration-dependent, with higher concentrations leading to more haemolysis.
The developed functionalized NLC showed an excellent hemocompatibility, as evidenced by the significantly lower
haemolysis (2.37 + 0.22%) on erythrocytes at the higher concentration of 0.5 mg/mL when compared to gefitinib drug
and GF-NLC. The significance level was determined through a two-way analysis of variance (ANOVA) and subsequently
confirmed using the Dunette’s multiple-comparison test.

MTT Assay for Cytotoxicity Study
Cytotoxicity studies were conducted with both blank NLC and GF-loaded NLC (both non-functionalized and functio-
nalized) at 5-25 pg/mL concentration to ascertain the impact of target ligand cRGDfK on HepG2 cell lines. Based on the
findings, blank NLC and blank cRGDfK-surface functionalized NLC showed nearly 9.02 + 2.21% and 12.23 + 0.62%
growth inhibition respectively, across all conditions studied as shown in Figure 8C, indicating that the non-toxic nature of
the formulations with HepG2 cells. With no change to the percent cell growth inhibition, the NLC system is a promising
choice for GF delivery, validating the optimised delivery system’s favourable safety profile. In contrast, GF-loaded non-
functionalized and cRGDfK-surface functionalized NLC had a substantial effect on the percentage of growth inhibition.
A linear relationship between GF, GF-NLC, and cRGDfK@GF-NLC concentrations and growth inhibition was observed.
The obtained results revealed the percent growth inhibition of free GF, GF-NLC and cRGDfK@GF-NLC found to be
30.12 £2.03%, 49.24 + 1.96% and 58.48 + 5.48%, respectively.

The half-maximal inhibitory concentration (ICsg) values for free GF, GF-NLC and cRGDfK@GF-NLC were found to
be 41.05 + 1.16, 26.43 + 2.17 and 21.47 + 3.93 pg/mL respectively, indicating that NLCs have significantly greater
antitumor activity than free GF-drug.

Cellular Internalization Ability Study

Evaluation of the targeting effect of cRGDfK-surface functionalized NLC can be accomplished by monitoring their
internalisation into cells via Confocal laser scanning microscopy (CLSM). Compared to FITC-NLC, cRGDfK@FITC-
NLC exhibited greater cellular internalisation after 8 hours of incubation as shown in Figure 8A. HepG2 cells, on the
other hand, showed almost no fluorescence after being incubated in PBS. Endocytosis mediated by avp3-integrins
receptors was responsible for the increased internalisation of cRGDfK-surface functionalized NLC, suggesting the
involvement of interactions between the cRGDfK group and its receptor. Treatment of Hep G2 cells with non-
functionalized-NLC and cRGDfK-surface functionalized-NLC led to a damaged nucleus and split, clustered chromatin,
as indicated by DAPI staining. Compared to cells treated with non-functionalized NLC, cells treated with cRGDfK-
functionalized NLC displayed notable increases in nuclear splitting, nuclear chromatin condensation, and the formation

of apoptotic bodies.
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Figure 8 Confocal laser scanning microscopy (CLSM) images showing cellular internalization of FITC-NLC and cRGDfK@FITC-NLC into cultured HepG2 cells (A), IC50
values of Gefitinib (GF), GF-NLC and cRGDfK@GF-NLC (B), and growth inhibition percentage graph of B-NLC, cRGDfK@B-NLC, GF-NLC, cRGDfK@GF-NLC and free
GF-drug over the period of 72 h (C). (B denotes the term blank means formulation without active compound). All the data are expressed as mean +SD (n=3). P value<0.001
is represented by ***And indicates highly significant data. Scale bar (100 pum).

In-vivo Animal Study
Evaluation of Hepatic Physiological Parameters

Several physiological parameters such as animal body weight, weight variation, rat liver weight, liver index, tumour
burden, and tumour incidence number were assessed to evaluate the therapeutic efficacy of GF, GF-NLC, and
cRGDfK@GF-NLC. Figure 9F demonstrates that in the DEN control group, both liver weight and body weight variation
in rats were significantly higher compared to the normal control group. However, treatment with GF, GF-NLC, and
cRGDfK@GF-NLC restored normal body weight fluctuations. Figure 9D reveals a noticeable enlargement of rat liver
after treated with DEN for six weeks. Moreover, compared to the GF, GF-NLC treated group, the cRGDfK@GF-NLC
treated group showed a significant decrease in liver weight. DEN alone increased the liver index by 266.67 + 0.57%,
while GF-NLC and cRGDfK@GF-NLC increased it by 109.65 + 0.14% and 100.12 £ 0.21%, respectively, compared to
the normal control group at the end of the study. These findings suggested that cRGDfK@GF-NLC curtailed DEN-
induced liver enlargement significantly.

Pharmacokinetic (PK) Study

Figure 10 (i) displays the chromatogram of GF showing retention time (RT) 4.181 at 254 nm through HPLC & Figure 10
(i1) displays the pharmacokinetic profiles of the developed GF-NLC, cRGDfK@GF-NLC formulation, and GF suspen-
sion after i.v. administration. Table 5 articulates the pharmacokinetic parameters. The plasma concentrations of GF in rats
treated with GF-NLC and cRGDfK@GF-NLC formulation were consistently higher than in rats treated with GF
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Figure 9 Experimental protocol for in-vivo animal study (A), development of HCC after i.p. administration of DEN in rats till the six weeks (B), % tumour burden (C), liver
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suspension across all time points. Table 5, demonstrate that the half-lives (t;;) for GF suspension, GF-NLC and
cRGDfK@GF-NLC were 7.66+1.70, 11.07+3.57 and 14.69 £4.94 hour respectively. PK studies showed that the plasma
distribution of cRGDfK@GF-NLC was roughly four times higher than that of GF-NLC, as measured by the area under
the concentration-time curve (AUC). It is possible that the nanoformulation’ enhanced permeation and retention (EPR) in
the tumour microenvironment is the reason of the longer half-life and higher AUC.

Furthermore, the administration of GF-NLC and cRGDfK@GF-NLC resulted in a noteworthy increase in both the
Area under the mean curve (AUMC) and the mean residence time (MRT) after 48 hours, when compared to the use of
free GF suspension. Based on these findings, GF-NLC and cRGDfK-functionalized GF-NLC were significant better
compared to free GF suspension after 48 hours. The increased duration of drug presence in the body and higher values of
t1» observed for GF-NLC and cRGDfK@GF-NLC indicate that these formulations exhibit controlled release properties.
This leads to enhanced bioavailability of GF and allows for potential dosage reduction. The incorporation of DSPE-
PEG,000-COOH and cRGDfK-pentapeptide on the surface of the functionalized formulation, cRGDfK@GF-NLC, is
likely responsible for the improved values of Cmax, t;,, AUC, AUMC, and MRT when compared to GF-NLC.

In-vivo Organ Biodistribution Study

Figure 10 (iii A-E) provides a comparative analysis of the distribution of GF in various organs, allowing for a better
understanding of its biodistribution. The study demonstrated that cRGDfK@GF-NLC treated group had a peak con-
centration of 82.36 + 9.88 ng/g in liver at 4 hour post treatment. The concentration steadily declined over the next 48
hours, reaching a final value of 35.41 13.57 ng/g of liver. However, in the GF-NLC treated group, the concentration of
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Figure 10 Chromatogram of GF showing retention time/RT 4.181 at 254 nm through RP-HPLC (i), Plasma drug concentration vs time profile at determined time points
following a single i.v. injection of GF, GF-NLC and cRGDfK@GF-NLC (ii), Biodistribution data of GF and developed non-functionalized and functionalized NLC in various
organs like liver (A), lung (B), spleen (C), kidney (D), and heart (E), (iii). All the data given as Mean % SD (n = 3) ***¥(p < 0.0001), ***(p < 0.001), **(p <0.01) and *(p < 0.05)
compared with the GF control group.

GF in the liver tissue decreased from an initial value of 63.23 8.31 ng/g of liver at 4 hour to a value of 27.28 8.32 ng/g of
liver at 48 hour as can be seen in Figure 10 (iiiA) The surface-functionalized NLC was more active than the GF-treated
group over the time periods studied. This was likely due to the former’s greater GF accumulation. Enhanced cancer tissue
targeting has been linked to an increase in GF accumulation in the liver.

The surface functionalization via cRGDfK-pentapeptide is likely responsible for the interaction between cRGDfK(@-
GF-NLC and avp3-integrin receptor overexpressed on HCC cells, which prolongs GF’s ability to retain cRGDfK-surface
functionalized NLC in tumour sites for 48 hours.

Histopathological Examination

Histopathology was used to examine the cellular and morphological changes in the liver tissues. The macroscopical

alterations in DEN-induced rat liver after the treatments are shown in Figure 11 (A). In contrast, Figure 11B (1a-5a)
Table 5 Pharmacokinetic Parameters of Free GF Suspension, GF-NLC and

cRGDK@GF-NLC as Obtained by PK Solver Software (All the Values are Expressed
as Mean +SD)

Parameters cRGDfK@GF-NLC | GF-NLC Free GF
Crnax (ug/mL) 46.31+1.45 24.07+0.47 7.82+1.14
ty2 (hour) 14.69 £4.94 11.07+3.57 7.66x1.70
AUC 0-t (ug/mL*h) 447.80+19.67 116.49+39.77 | 33.3449.55
AUC 0-inf_obs (ug/mL*h) 489.81+27.24 134.64+58.80 | 41.08+13.23
AUMC 0-inf_obs (ug/mL*h”2) | 514£23.16 2615%22.32 8375426.12
MRT 0-inf_obs (h) 17.26+4.15 17.324£7.20 12.25+2.00
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Figure 11 Comparative macroscopical alterations in DEN-induced rat liver; before and after the treatment (A), showing histopathological changes (40X, scale bar 50 um)
(B) (la-5a), which present 3-dimensional image reconstruction and software-based analysis dataset of constructs representing scores. This analysis was performed using
Image] software from NIH and involved thresholding of stained zones in H&E images, followed by pixel vs intensity determination. Sub-panels (1b-5b) represent the results as
interactive surface plots, while sub-panels (Ic-5c) show log-histogram analysis.

showed that the number of cancerous nodules dramatically decreased in the cRGDfK@GF-NLC treated group compared
to the normal control group. Kupffer cells (K) with numerous nuclei were found in abundance during the histopatho-
logical examination of the NC group. Hepatic tissues from DEN control group, in contrast, showed tumour anaplastic
cells, tumour vacuoles, ruptured liver cells (RC), and abnormal hepatic architecture. The microscopic examination of
liver tissues revealed a notable improvement in their overall microscopic appearance with the administration of
cRGDfK@GF-NLC, followed by GF-NLC and free GF.

Assessment of Oxidative Stress Marker and Lipid Profile in Blood Serum

The levels of GSH and SOD showed a significant decrease (p < 0.001) following DEN administration, whereas the levels
of MDA and CAT (measured as the disappearance of H,O,/min/ug of protein) were elevated in the DEN control group
compared to the NC group. Treatment with either developed GF-NLC or cRGDfK@GF-NLC, significantly decreased
these parameters, with hepatic SOD and GSH activities peaking in the latter and being significantly higher (p < 0.001)
than in the DEN control group (Figure 12A and 12B).

Furthermore, SOD and GSH levels in cRGDfK@GF-NLC were also found to be roughly 1.5 and 1.2 times higher
than in free GF, respectively. The production of MDA was approximately 2.5 times higher in the DEN group compared to
the NC group. After treatment with GF, GF-NLC, and cRGDfK@GF-NLC, MDA production was significantly (p <
0.001) reduced. As can be seen in the Figure 12C and 12D) after treatment with cRGDfK@GF-NLC, MDA and CAT

levels were decreased by a factor of 3 and 1.3, respectively.
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Figure 12 Impact of free GF, GF-NLC and cRGDfK@GF-NLC on DEN induced level of oxidative stress marker in liver tissue (A) GSH, (B) SOD, (C) MDA, (D) CAT and
(E) is the change in the lipid profile after GF, GF-NLC and cRGDfK@GF-NLC treatment in DEN induced rat blood serum. All the data presented in the experiment as Mean
+S.D. P<0.05, 0.001 and 0.0001 represented by *, *** and **** respectively.

The DEN control group exhibited increased levels of triglycerides, cholesterol, low-density lipoprotein, and very low-
density lipoprotein in the serum lipid profiles compared to the NC group. Conversely, HDL levels were significantly
lower in the DEN control group (20.34 + 6.91 mg/dl) compared to the NC group (59.17 + 3.30 mg/dl).

As can be seen in Figure 12E, when cRGDfK@GF-NLC was administered intravenously, it normalised TC and TG
levels while reducing LDL and VLDL by 67% and 34%, respectively. Serum HDL levels returned to normal first in
groups treated with cRGDfK@GF-NLC, then in those treated with GF-NLC, and finally in those treated with free GF.

Assessment of Enzyme Markers

In DEN-induced HCC, the plasma membrane undergoes changes that result in the release of cytosolic content into the
external environment. This leads to a significant increase in the levels of blood enzymes such as alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) in DEN-induced animals. The spike in enzyme levels can be attributed to an
increase in the permeability of the plasma membrane. Due to its essential role in maintaining the stability of the plasma
membrane, alterations in ALP signal a failure in membrane function.* Enzyme markers ALP, ALT, and AST were all
significantly elevated in the DEN control groups compared to those of the normal control group as shown in Figure 13
(i1). Enzyme markers were significantly (p < 0.001) regained to normal levels in the cRGDfK@GF-NLC and GF-NLC
treatment groups compared to the free GF treatment groups. The effect of cRGDfK@GF-NLC was more noticeable than
that of GF alone and GF-NLC. Therefore, the protective activity of cRGDfK@GF-NLC was demonstrated by the return
of liver enzyme levels to near normal following treatment of the damaged liver with cRGDfK@GF-NLC.

In-Vivo Biosafety Evaluation

Using H&E staining, we further assessed the in-vivo safety of the developed NLC formulations (both non-functionalized
and functionalized) in Wistar rats. Toxicity to vital organs is a persistent issue that prevents the widespread use of
nanoformulation containing anticancer drug or agents in clinical practice. The liver, lungs, kidneys, heart, and spleen
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Figure 13 H&E staining of the liver, lung, kidney, spleen, and heart after treatment with GF-NLC and cRGDfK@GF-NLC against control for in-vivo biosafety evaluation (i),
Impact of free GF, GF-NLC and cRGDfK@GF-NLC on hepatic enzyme levels of ALP, AST, ALT in blood serum (ii), Impact of free GF, GF-NLC and cRGDfK@GF-NLC on
the proinflammatory cytokines and apoptotic initiator IL-2, IL-6, IL-1B, caspase 9 level (iii). The data is presented as Mean * S.D,, and the level of statistical significance is
indicated by asterisks *, *¥, *¥* and ** represent p-values of < 0.05, < 0.01, < 0.001, and < 0.0001, respectively.

were all analysed histopathologically to see if the GF-NLC and cRGDfK@GF-NLC were harmful. There were no
obvious histological changes in the major organs of GF-NLC, cRGDfK@GF-NLC, or saline-treated rats as shown in
Figure 13 (i). Both groups’ major organs appeared almost healthy, with no signs of inflammation or injury visible in the
images. Thankfully, GF-NLC and cRGDfK@GF-NLC are well tolerated and biocompatible at therapeutic doses.

Impact of Developed GF-NLC and cRGDfK@GF-NLC on Proinflammatory Cytokines and Apoptotic Initiator
In this study, ELISA was employed to determine the levels of proinflammatory cytokines (IL-2, IL-6, and IL-1p) and the
apoptotic signal initiator (caspase-9) in the blood serum. The objective was to examine the effects of free GF, GF-NLC, and
cRGDfK@GF-NLC on inflammatory and apoptotic events associated with cancer. Serum cytokines play a pivotal role in the
development and advancement of inflammation and cancer.*® Whereas, caspase-9 has been shown to inhibit tumour
development by initiating intrinsic apoptosis in response to oxidative stress and abnormal cell proliferation.*’

Figure 13 (iii) illustrated a notable increase in the levels of IL-2, IL-6, and IL-1p, while the level of caspase-9 was
significantly reduced (approximately 4-fold) in the DEN control group. After being treated with free GF, GF-NLC and
cRGDfK@GF-NLC these inflammatory cytokines were reduced to a certain level whereas caspase 9 levels were
increased significantly (p < 0.001) restored to normal levels.’® This finding, though, was most pronounced in the
cRGDfK@GF-NLC treatment group as compared to the GF-NLC and free GF drug. We found that cRGDfK@GF-
NLC surpassed both non-functionalized NLC and free GF in terms of its restorative potential.

Stability Studies
The stability study of GF-NLC and cRGDfK@GF-NLC was performed, and their results have been shown in Table 6. It
may be evidenced from Table 6 that after 1, 2 and 3 months, there was not any significant changes in PS, EE (%) and DL
(%) of formulated NLCs.
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Table 6 Stability Study Data (in Respect of PS, %EE and Drug Loading) of
cRGDfK@GF-NLC for 3 Months at 25 +2°C

S.No Sampling Interval PS (nm) %EE Drug Loading (%)
(Months)

l. 0 130.46 + 2.06 | 89.33 + 2.51 15.87 + 1.66

2. | 134.67+2.60 87.23+4.32 15.10+1.58

3. 2 139.05+1.90 84.18+2.78 14.35+1.45

4. 3 141.47+4.60 82.51%1.31 13.98+1.23

Conclusion

In this research, we demonstrate that the EPR effect is complemented by active-targeting endocytosis mechanism,
allowing the novel nanocarrier derived on cRGDfK-pentapeptide to selectively target the HCC. Based on the in-vitro
cytotoxicity study, anticancer activity of cRGDfK-surface functionalized GF-NLC was found to be significantly
higher than that of non-functionalized GF-NLC. Cellular internalisation analysis proved that cRGDfK@GF-NLC
accumulated preferentially in HepG2 cells due to strong affinity of cRGDfK-peptide to the overexpressed avp3
receptor on HCC. In the in-vivo studies, a significant difference was observed in the effectiveness of cRGDfK-
conjugated NLC and non-functionalized NLC in inhibiting tumour growth. Liver marker enzymes (ALT, AST, ALP)
were significantly reduced in HCC-bearing rats treated with cRGDfK@GF-NLC compared to the DEN control
group. As a result of their roles as anti-oxidative stress markers, pro-inflammatory cytokines, and apoptosis
initiators, cCRGDfK@GF-NLC therapy helps mitigate liver damage. The results of in vitro and in vivo experiments
confirming their primary effects of enhancing drug efficacy provided strong support for their use. This leads us to
believe that cRGDfK-surface functionalized NLC for the GF delivery is a desirable and potent vehicle for the
treatment of HCC.
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