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The current study focuses on the development and evaluation of nano lipidic carriers (NLCs) for codeliv-
ery of sorafenib (SRF) and ganoderic acid (GA) therapy in order to treat hepatocellular carcinoma (HCC).
The dual drug-loaded NLCs were prepared by hot microemulsion technique, where SRF and GA as the
drugs, Precirol ATO5, Capmul PG8 as the lipids, while Solutol HS15 and ethanol was used as surfactant
and cosolvents. The optimized drug-loaded NLCs were extensively characterized through in vitro and
in vivo studies. The optimized formulation had particle size 29.28 nm, entrapment efficiency 93.1%,
and loading capacity 14.21%. In vitro drug release studies revealed>64% of the drug was released in the
first 6 h. The enzymatic stability analysis revealed stable nature of NLCs in various gastric pH, while accel-
erated stability analysis at 25◦C/60% RH indicated the insignificant effect of studied condition on particle
size, entrapment efficiency, and loading capacity of NLCs. The cytotoxicity performed on HepG2 cells
indicated higher cytotoxicity of SRF and GA-loaded NLCs as compared to the free drugs (p < 0.05).
Furthermore, the optimized formulation suppressed the development of hepatic nodules in the Wistar
rats and significantly reduced the levels of hepatic enzymes and nonhepatic elements against DEN intox-
ication. The SRF and GA-loaded NLCs also showed a significant effect in suppressing the tumor growth
and inflammatory cytokines in the experimental study. Further, histopathology study of rats treated
SRF and GA-loaded NLCs and DEN showed absence of necrosis, apoptosis, and disorganized hepatic par-
enchyma, etc. over other treated groups of rats. Overall, the dual drug-loaded NLCs outperformed over
Wuying
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the plain drugs in terms of chemoprotection, implying superior therapeutic action and most significantly
eliminating the hepatic toxicity induced by DEN in Wistar rat model.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Hepatocellular carcinoma (HCC) is liver cancer and 3rd most
common cause of death across the globe. 70–85% of the liver
malignancy is attributed due to hepatitis infection or persistent
fatty liver (Harshita et al., 2019; Perz et al., 2006; Anwanwan
et al., 2020). Annually, >6,20,000 cases are reported and the cases
from South East Asia, Africa and China (Cheng et al., 2020). Eventu-
ally, the available therapy for HCC is limited. Only surgical resec-
tion and liver transplantation are the effective options, but the
detection should recognize at the earlier stage of HCC (Cheng
et al., 2020; Escudier et al., 2019). In all HCCs, chemotherapy and
immunotherapy are very effective in >90% of the cases as the treat-
ment of choice (Zhu et al., 2017).

Sorafenib (SRF) got approval in 2007 for the treatment of
advanced HCC. In the subsequent years, SRF gained popularity
and become the first-line drug recommended for advanced HCC
treatment. Extensive clinical data revealed their maximizing bene-
fit and it is also given in combination with other drugs for the
treatment of HCC (Escudier et al., 2019). However, non-specific
uptake induces severe side effects and elevated toxicity (Tahavi
et al., 2016; Zhu et al., 2017). SRF is a multi-kinase inhibitor that
impairs tumor development and shows cytostatic activity, which
improves the survival rate of the patients (Tahavi et al., 2016).
SRF also possess antiangiogenic effects in HCC and its combination
with doxorubicin (DOX) is feasible and effective in enhancing the
effects of SRF (Lee et al., 2020).

Another side, the utility of plant-based drugs has received wider
attention, which possesses excellent chemotherapeutic and
chemopreventive activities (Bahman et al., 2018). They are well-
tolerated, non-toxic, cheap, and easy to obtain. Some biologically
active natural products are considered as adjuvant therapy to pro-
vide synergistic action along with the conventional chemothera-
peutic agents (Bahman et al., 2018). Earlier, the combined
delivery of SRF with curcumin showed synergistic effects by arrest-
ing the growth of HCC cells and inducing apoptosis as compared to
the treatment with SRF or curcumin (Bahman, et al., 2018). SRF has
limitations such as poor aqueous solubility and low oral bioavail-
ability, thus requires the administration of higher doses for proper
therapeutic action (Tahavi, et al., 2016). In this regard, the simulta-
neous delivery of anticancer drugs with natural antioxidants in
nanocarriers may provide synergistic effects and can effectively
work with minimal doses (Tahavi et al., 2016; Bahman et al.,
2018; Lee et al., 2020).

For decades, common medicinal plants including fungi have
been used in the treatment of liver diseases. The important phar-
macologically active constituent of ganoderma lucidum is ganoderic
acid (GA). There are numerous literatures reported its uses for hep-
atoprotective, antitumor, antioxidant, hypocholesteraemia, and
antihistaminic action (Rahman et al., 2019; Rahman et al., 2021).
It is well known for its ability to neutralize free radicals and protect
cells from mutagen-induced damage in animal studies, and also
improves liver detoxification. Several literature reports on the
development of NLCs of various drugs including the chemothera-
peutic molecules for tumor targeting have been documented. The
nanocarriers help in targeting drugs to the tumor site via leaky vas-
culature (Müller et al., 2002; Rahman et al., 2019; Xu et al., 2020).

In our research, SRF and GA-loaded NLCs were used as a combi-
nation therapy for achieving synergistic anticancer effect on HCC.
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The study revealed superior cytotoxicity on HepG2 cell line pro-
moting greater tumor volume inhibition and vital change in addi-
tional parameters including hepatic injury markers, biochemical
parameters, and antioxidant enzymes over SRF or GA solution in
male albino Wistar rats.

2. Material and methods

2.1. Materials

Sorafenib (free base) was purchased from Active Biochem, Bil-
lion Centre, Hong Kong. Ganoderic Acid (GA) was received from
Sigma Aldrich, USA. Capmul MCM C10 and Capmul PG8 were pur-
chased from M/s Gattefosse, Cedex, France. Precirol� ATO5 and
Solutol HS15 were purchased from Sigma-Aldrich Inc., Alabama,
USA. Solvents with HPLC grades were purchased from local ven-
dors. Span Diagnostics, Surat, India, supplied the kits for detection
of the serum sickness Alkaline Phosphatase Test (APT), albumin,
Aspartate Transaminase (AST) Test, Alanine transferase (ALT) and
total protein.

2.2. Analytical method development

The reversed-phase high-performance liquid chromatography
(HPLC) method was employed to measure the amount of SRF and
GA from the in vitro samples and biological samples. The solvent
system containing 0.1% v/v glacial acetic in water (pH 3.5) and ace-
tonitrile (70:30% v/v) under isocratic flow rate at 0.2 mL/min was
used. The separation was achieved on a BEH C18 (4.6 mm � 250 m
m, particle size 5 lm) with the help of a photodiode array detector.
The retention times (Rt) for SRF and GA were observed at 3.89 and
7.24 min, respectively, with good peak symmetry and absence of
any peak tailing.

2.3. Preparation of SRF and GA-loaded NLCs

2.3.1. Pseudo ternary phase diagram
The lipid mixtures were selected in the ratio of 3:1, where Pre-

cirol� ATO5 was taken as the solid lipid and Capmul PG8 was taken
as the liquid lipid. The combinations of Solutol HS15 and ethanol
were taken as Smix and distilled water was used as the aqueous
phase. To equalize the temperature of the surfactant and lipid
phase, Smix and other components were heated at the same tem-
perature. In the finding of microemulsion (ME) region, the temper-
ature kept at 60–70 �C, and known quantity of Smix and lipid phase
(10:0, 0:10 w/w) was added. The appearance of turbidity in the
lipid and aqueous phase mixture was taken as the end-point of
titration. The weight percentage of individual components at the
end-point is calculated and phase diagrams are constructed for
each Smix ratio (Rahman, et al., 2019).

2.3.2. Preparation of the NLCs
The SRF and GA-loaded NLCs were prepared by hot microemul-

sion technique (Heidolph, Silent Crusher M, Germany). To obtain
the primary microemulsion, SRF and GA, Precirol� ATO5, Capmul
PG8 were melted, while Solutol HS15 and ethanol were dissolved
in the required amount of water. The entire operation is processed
at 60–70 �C and proceeds to be revived at 3 W by a probe sonicator
at a sonic duration of 15 s (Sonicator 3000, Misonix). The resulting

http://creativecommons.org/licenses/by-nc-nd/4.0/
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hot microemulsion was poured into a solution of 0.5% w/v of Pre-
cirol� ATO5 with high shear by micro-syringe. Furthermore, pro-
viding shear homogenization at the 10000 rpm for 15 min and
provides magnetic stirring at 500 rpm for 1–2 h. Whereas the
unencapsulated drug was removed with the use of a water-to-
dimethylformamide (DMF) mixture in the ratio of 3:1 with a cellu-
lose dialysis bag (MW of 10 kDa).

2.4. Characterization of the NLCs

2.4.1. Size, particle-diameter dispersity index (Ɖ) and surface
morphology

The drug-loaded NLCs were evaluated for determining the par-
ticle size and particle-diameter dispersity index (Ɖ) using Zetasizer
(Nano ZS, Malvern, UK) (Kumar et al., 2016). The samples were
diluted 10–20 times with the deionized water and taken in poly-
styrene cuvettes to analyze the aforementioned parameters. For
determining the surface morphology, NLC dispersion was placed
on a glass slide, mounted with a coverslip, and placed at an appro-
priate magnification using an optical microscope (Medilux, Kyowa
opticals Co. Ltd, Hashimoto, Japan). The surface morphology was
evaluated by transmission electron microscopy (TEM) after stain-
ing with the help of 1% phosphotungstic acid solution on the grid
surface and observed under TEM at room temperature (JEM-
2100F, Jeol, Tokyo, Japan).

2.4.2. Entrapment efficiency and loading capacity
The entrapment efficiency (EE) and loading capacity (LC) were

measured by particle lysis method. EE is the percentage of a drug
that is essentially incarcerated or adsorbed. LC is the total amount
of drug encapsulated into the formulation in total amount particle
weight. At first, the unentrapped drug-loaded formulation was
subjected to lysis by adding ethanol. The lysed samples were
diluted by adding mobile phase and filtered out. The drug concen-
tration in the filtrate was analyzed by the HPLC method described
in Section 2.2. EE and LC were then calculated using equations (1)
and (2) (Ahmad et al., 2018).

EE %ð Þ ¼ Totalamountof SRForGA� Freeamountof SRForGA
Totalamountof SRFofGA

� 100

ð1Þ

LCð%Þ ¼ Totalamountof SRForGAencapsulatedinNLC
TotalamountofNLCweight

� 100 ð2Þ
2.5. In vitro gastrointestinal stability

An aliquot (3 mL) of the optimized SRF and GA-loaded NLCs was
added to 250 mL of simulated gastric fluid for 2 h and simulated
intestinal fluid for 6 h time duration. After incubation, 1.5 mL of
the sample was taken for determining of the particle size, Ɖ and
EE, as per the experimental methods described in the previous
sections.

2.6. In vitro drug release

The SRF and GA-loaded NLCs were performed out in dialysis bag
(12 kDa, M/s Himedia Limited, Mumbai, India), kept in the saline
phosphate buffer (pH 7.4), which were incubated at 37 ± 0.5 �C
and provide agitation at 100 rpm for 24 h. The NLC dispersion con-
taining 50 mg drugs was taken in the dialysis bag and kept in the
beaker containing 50 mL dissolution medium. At periodic time
845
intervals, aliquot 0.5 mL samples were withdrawn and immedi-
ately replaced with the fresh dissolution media. The obtained sam-
ples were suitably diluted, filtered and drug concentration was
quantified by the HPLC method described in Section 2.2. The drug
release data analysis was carried out with the help of ZOREL soft-
ware by applying correction factors for the drug loss during sam-
pling (Singh and Singh, 1998).
2.7. Cell culture study and cell viability

Human hepatocellular carcinoma cell line (HepG2) was
obtained from NCCS, Pune, India. The cells were grown in Dul-
becco’s modified Eagle’s medium (DMEM), 1 mM L-glutamine,
100 U/mL penicillin and 100 mg/mL streptomycin with 10% (v/v)
of foetal bovine serum (FBS). Furthermore, the cells (5 � 104

cells/well) were incubated at 37 �C temperature supplied with 5%
CO2/95% air, and (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetra
zolium bromide) (MTT) assay was carried out for measuring the
cellular cytotoxic potential of the various treatments and control
groups. The treatment formulations were seeded with cells in 96
well-plates and incubated at temperature of 37 �C for 24 and
48 h. After that, 10 lL MTT solution prepared in phosphate buffer
saline (pH 7.4) was added to the plates and stored at 37 �C for 2 h
for incubation. The enzyme-linked immunosorbent assay (ELISA)
plate reader (BioTek, USA) was used to calculate the optical density
at 570 nm and cell viability was measured using the equation (3)
given below. The graph pad prism software (GraphPad Inc., MA,
USA) was used to calculate the overall inhibitory half concentra-
tion (IC50).

%Cellinhibition ¼ 100� Test
Control

� �
� 100 ð3Þ
2.8. Stability studies

To evaluate the stability of the drugs in NLCs, the optimized for-
mulations were kept in Binderfi KBF-240 climate chambers
(Hashemi et al., 2020). The stability studies were performed at
25 �C/60% relative humidity (RH) and 40 �C/75% RH conditions.
The formulations stored in the glass ointment jars and kept in
the stability chambers. At predetermined intervals such as 1, 2, 3,
6 and 12 weeks of storage, the vials were removed and tested for
the formulation quality attributes such as particle size, Ɖ, EE and
LC, respectively.
2.9. Animal experiments

The male albino Wistar rats (weight 140–175 g) were used for
the experimental study and were acclimatized at 25 ± 2 �C;
12/12 h with light and dark cycles and fed the normal rattan chow
and water ad libitum. The study protocols were duly approved by
the Institutional Animal Ethical Committee approved by the Insti-
tutional Animal Ethics committee of Patliputra University,
Patna, Bihar, India (1840/PO/ReBi/S/15/CPCSEA Reg. No.).
2.10. Induction of the HCC

The rats were administered with a single intraperitoneal injec-
tion of diethyl nitrosamine (DEN; 200 mg/kg) in phosphate buffer
saline (pH 7.4) to induce the HCC (Kumar et al; 2017a,b). After
10 days of administration of DEN, the animals in various treatment
groups and control groups were subjected to the determination of
by a-fetoprotein (AFP) level to confirm the development of HCC
(Ravenzwaay and Tennekes, 2002).
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2.11. Experimental procedure

The rats were divided into six groups, with six animals in each
group. Group I was as control group which were administered with
0.9% w/v normal saline at the dose of 5 mL/kg/day p.o. (orally).
Group II animals were administered with SRF (50 mg/kg) 5 mL/kg/-
day for 14 weeks. Group III animals were administered with DEN at
the dose of 200 mg/kg in phosphate buffer. Group IV animals were
given GA (50 mg/kg) single-dose and DEN (5 mL/kg/day p.o) for
14 weeks. Group V animals were administered with SRF and GA
solution (25 mg/kg each of drug) single dose and DEN (5 mL/kg/day
p.o.) for 14 weeks. Group VI animals were administered with SRF
and GA-loaded NLC (25 mg/kg) and DEN (5 mL/kg/day p.o.) for
14 weeks. All the rats were euthanized using cervical dislocation
method after completion of the experiment. The body weight of
rats was recorded over the time to observe the changes and the rel-
ative tumor volume was calculated using equation (4). The blood
sample (~0.5 mL) were withdrawn from the retro-orbital plexus of
rats and stored in heparinized tubes at 4 �C (Kumar et al; 2017a).
The serum was collected by centrifugation at 5000 rpm for
15 min at 37 �C, and then various biochemical parameters and
oxidative stress markers were estimated for various study groups.

Relativetumorvolume ¼ Tx � 100
T0

ð4Þ

where, Tx indicates absolute tumor volume of the respective tu-
mor on day ‘‘x”) and T0 = represents the absolute tumor volume of
the on day 0 when treatment was started

2.12. Pharmacokinetic studies

The healthy maleWistar rats (weight 150–200 g) were taken for
pharmacokinetic study and the animals were divided into four
groups (n = 6) and kept under over night fasting. Animals were per-
orally administered with various treatment formulations such as
SRF solution (50 mg/kg), GA solution (50 mg/kg), SRF and GA solu-
tion (25 mg/kg of each drug), SRF and GA-loaded NLC (25 mg/kg of
each drug). After oral administration, the blood samples were col-
lected from the retro-orbital plexus at periodic time intervals in
heparinized tubes and subsequently centrifuged at 10,000 rpm
for 15 min to separate the plasma and analysis was carried out
as per the previously developed and validated HPLC method
described in Section 2.2. The obtained data were analyzed through
model-independent pharmacokinetic approach to calculate vari-
ous drug absorption and elimination parameters.

2.13. Biodistribution studies

The rats carrying HCC was classified randomly in the biodistri-
bution studies in the 4 groups (n = 6) and orally administered for-
mulation entitled as SRF solution, GA solution, SRF and GA
solution, SRF and GA-loaded NLC at the same dose of 50 mg/kg.
After administration of aforementioned formulations each group
of rats was sacrificed at post 10 h. The vital organs such as kidney,
lung, heart, spleen, liver and tumor were collected. These organs
were homogenized separately and drugs were extracted with etha-
nol and water (70:30% v/v). The drug concentrations in the organ
samples were estimated by HPLC method described in Section 2.2
by considering the tissue weight (mg/g tissue).

2.14. Hepatic tissue injury markers

a-fetoprotein (AFP), alanine transaminase (ALT) and aspartate
transaminase (AST) were determined as hepatic tissue injury
markers, as per the procedure described in literature (Kumar
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et al., 2017b; Harshita et al., 2019) as according to the given
instruction of kits manufacturer (Span Diagnostic, Surat, India).

2.15. Biochemical parameters

The biochemical parameters including total protein, total biliru-
bin and globulin were determined as per the methods described in
literature (Rahman et al., 2019). Besides, the samples were also
kept to evaluate the membrane enzymes such as Mg2+ATPase,
Ca2+ATPase and Na+/K+-ATPase as per the reported procedures
(Rahman et al., 2019).

2.16. Antioxidant parameters

The antioxidants parameters such as lipid peroxidation (LPO),
catalase (CAT), superoxide dismutase (SOD), glutathione peroxi-
dase and glutathione-S-transferase (GST) were determined as per
the methods described in literature (Rahman et al., 2019).

2.17. Inflammatory mediators

The formation and development of HCC is dominated by
inflamed mediators such as interleukin-1b (IL-1ß), interleukin-6
(IL-6), (TNF-a) tumor necrosis factor-a and NF- jB (Rahman,
et al., 2019; Harshita, et al., 2019). In addition, these inflammatory
mediators have been measured using diagnostic kits which are
commercially available (Span Diagnostic, Surat, India).

2.18. Histopathology examination

Liver tissues were prepared from each group of rats, embedded
in the 10% formalin, dehydrated in 50–100% gradual alcohol,
washed in xylene and were fixed in paraffin wax (Rahman, et al.,
2019). After that, the liver tissue stained with hematoxylin and
eosin (H-E) for microscopical examination.

2.19. Data analysis

The obtained results were reported as mean ± S.E.M and One-
way variance analysis (ANOVA) followed by post-hoc analysis
was performed using Dunnett’s multiple comparison test with 5%
level of statistical significance (P < 0.05).

3. Results and discussion

3.1. Phase diagram

In the construction of a pseudo-phase diagram by titration pro-
cess, the probable area of ME was recognised with different com-
position analysis. The border points were also analysed with the
use of Gibbs triangle, which comprises water, lipid mixtures and
Smix fractions, as shown in Fig. 1A-B. In addition, the axis of the tri-
angle has the title aqueous-oil, aqueous-surfactant or surfactant
with oil for one of the three binary mixtures. The changes made
in Solutol HS15 and ethanol (Smix) ratio, the ME region was altered.
From the phase diagram evaluation, Precirol� ATO5 and Capmul
PG8 were taken as the solid and liquid lipids at the ratio of 4:1.
The ME region was increased when Smix ratio goes up to 4:1 (as
shown in Fig. 1B). Hence, the selected Smix ratio was utilized for
preparing the NLCs.

3.2. Preparation and optimization of the NLCs

The NLCs were prepared using glyceryl palmitostearate mixture
Precirol� ATO5 and Capmul PG8 as the solid and liquid lipids. Etha-



Fig. 1. Pseudo ternary phase diagrams indicating oil-in-water microemulsion (shaded area) region of Precirol� ATO5, Capmul PG8 as the lipidic phase, Solutol HS15 and
ethanol (as surfactant and cosurfactant) at different Smix ratios 3:1 and 4:1.
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nol was used as a co-surfactant in the making of primary emulsion
and further it is effective for easy separation during the develop-
ment process. The variation in particle size and particle-diameter
dispersity index (Ɖ) was observed from the NLCs prepared with
different lipid concentrations, which selected from the microemul-
sion region. The NLCs were developed at the concentration of 12%
lipid and 35% of Smix, to receive the maximum LC. In addition, at
poor concentration of surfactant led to bigger particle size, lower
LC and EE. In the other hand, the increased surfactant concentra-
tion (0.25–1% w/v) results in larger particle sizes. In addition, the
particle size and EE decreased above 0.5% of surfactant concentra-
tion. However, at 0.5% surfactant concentration, the maximum LC,
EE and smaller particle size was achieved. For optimization, sonica-
tion time and sonication energy are critical. The sonication time
and probe sonicator energy>20 s and 3 W, produces unstable
NLC with lower particle size, entrapment and agglomeration can
result in the formation of the larger particle size (data not
shown).Thus, the sonic duration of up to 20 s at 3 W results in
improved entrapment ability and a smaller particle size, which
may lead to produce the fine NLCs due to the increased lipid solu-
bility of SRF and GA-loaded NLCs. Homogenization speed and time
exhibited major effect on particle size and EE, which are critical
parameters for development of NLCs. In the range between 7000
and 12000 rpm for a 10–25-min period, the homogenization speed
was optimized for uniform size distribution (Mitri et al., 2011). The
resulting NLCs were found to be with particle size ranging between
20 and 50 nm, while EE was found to be ranging between 90 and
93%. The optimization studies revealed high drug loading, smaller
particle size and good EE, ostensibly owing to the rational selection
of the blend of lipid mixture which helped in designing the NLC
formulation with desired formulation attributes (Moraes et al.,
2021).
3.3. Characterizations of the SRF and GA-loaded NLCs

The particle size below 10 nm is extracted quickly from the
renal filtration, while the particle size >300 nm is rapidly absorbed
and removed from the circulation of the blood by reticuloendothe-
lial system (Rahman et al., 2021). Additionally, NLC/nanoparticles
in 10 to 200 nm from a disorderly tumor vasculature can be extra-
vasated (Rahman et al., 2021). Thus, NLCs with size of <200 nm and
a negative surface charge helps in inhibiting the protein adsorp-
tion, and encourages accumulation in the tumor. In the present
research, the optimized formulation, found particle sizes of
29.28 nm with Ɖ of 0.412, it confirmed the homogeneous disper-
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sion of NLC (as shown in Fig. 2A-B). The photo microscopy indi-
cated the uniform morphology and poor degree of aggregation
(shown in the Fig. 2C). The morphology of the same formulation
also shows that the optical micrograph image is of uniform mor-
phology and a poor degree of aggregation. In addition, TEM studies
have shown spherical particles of 19. 2 nm to 47.3 nm of scale
(shown in Fig. 2D). The optimized SRF and GA-loaded NLC showed
EE and LC of 93.1% and 14.21%, that reflects the appropriate con-
centration of lipids, drug concentration, Smix, homogenization
speed, sonication time and power in the development of aforemen-
tioned formulation. In addition, this also showed the method
employed for preparation and other process parameters used are
effective. Overall, the results observed were in agreement with
the finding of other researcher and our previous published article
and validate their results (Beg et al., 2018a,b; Rahman et al., 2021).

3.4. In vitro gastrointestinal stability

Table 1 shows the particle size, Ɖ, and EE of the optimized SRF
and GA-loaded NLCs employed with different GI fluids at the pH of
1.2 and 6.8. Further, insignificant differences (P > 0.005) observed
in the formulation properties before and after the treatment and
finally revealed the adequate stability of the aforementioned for-
mulation in the gastrointestinal pH conditions.

3.5. In vitro release studies

The in vitro release data of 24 h study showed the biphasic pat-
tern at initial burst release with 64% drug release in first 6 h and
then followed sustained drug release profile, as shown in Fig. 3.
The release rate of SRF and GA was determined by HPLC. In the
in vitro drug release studies, SRF solution showed a faster release
profile than GA and a combination of both the drugs (Fig. 3). After
the burst release, the NLC showed sustained release until 24 h
study and provided the maximum liberation of SRF and GA-
loaded NLC (84%). The observed results are inconsonance with
the NLCs formulations being extensively reported in literature
(Beg et al., 2018a,b; Rahman et al., 2019).

3.6. In vitro cytotoxic activity

MTT testing was conducted in order to assess the in vitro cyto-
toxic activity of the drug in the solution and NLCs on HepG2 cancer
cells. In Fig. 4A and 4B, the cell remains viable in the blank NLCs
treated cells. With the increasing amount of drug in the solution



Fig. 2. (A-B) Particle size distribution of SRF and GA-loaded NLCs, (C) photo-microscopy of SRF and GA-loaded NLCs, D) Transmission Electron microscopy (TEM) of SRF and
GA-loaded NLCs. (SRF; Sorafenib: GA; Ganoderic Acid: NLC; Nano lipid carriers).

Table 1
In vitro gastrointestinal stability of optimized SRF cum GA loaded NLC in variousgastric media.

Stability Parameters SGF (pH 1.2) SIF (pH 6.8)

Before After Before After

Particle size (nm) 29.28 ± 0. 2 nm 30.32 ± 2.20 nm 29.28 ± 0. 3 nm 30.12 ± 1.34 nm
Particle-diameter dispersity index (Ɖ) 0.41 0.51 0.41 0.51
Entrapment Efficiency (%) 93.1 ± 1.5 92.02 ± 0.10 93.1 ± 1.41 92.21 ± 1.01

SGF: Simulated gastric fluid; SIF: Simulated intestinal fluid.
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(SRF, GA, or SRF and GA solution), the cell viability for 24 h dura-
tion reached to 51, 55 and 42%, respectively. On the other hand,
SRF and GA-loaded NLCs showed cell viability of only 15% which
revealed the highest cytotoxicity (Fig. 4A). For the 48 h study,
the increasing concentration of SRF, GA solution, SRF and GA solu-
tion, the cell viability found to be 37, 43 and 25%, respectively. In
case of SRF and GA-loaded NLCs, the cell viability was further
reduced to 4%. Thus, SRF and GA-loaded NLCs reduced the cell via-
bility more substantially and sustained way over the solution of
the same drugs (Fig. 4B). In addition, the drug sensitivity assay
(IC50) results have coherence with %cell viability. The lower num-
ber of viable cells led by GA, SRF and both drugs were found in
higher concentrations (IC50) but the lowest number of viable cells
was detected in 48 h of analysis at lower IC50 by SRF and GA-loaded
NLCs (shown in Table 2).
3.7. Stability studies

3.7.1. Particle size distribution
The SRF and GA-loaded NLCs stored at 25◦C/60 %RH and

40◦C/75 %RH showed particle size ranging between 29.2 nm and
30.1 nm, and 29.2 nm to 35.0 nm, respectively (shown in Supple-
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mentary Table-S1 and Supplementary Table-S2). The particle
growth retained a fairly constant size with SRF and GA-loaded
NLCs at 25◦C/60% RH and remained stable. However, at 40%/75 %
RH, enhancement in the kinetic energy resuled into more collision
among the particles, thus leading to particle aggregation. The Ɖ
data ranging between 0.41 and 0.54 showed physically stability
of formulation at 25◦C/60 %RH for up to 12 weeks (as shown in
Supplementary Table-S1). SRF and GA-loaded NLCs stored at
40◦C/75% RH indicated significant variation in the Ɖ range of 0.41
and 0.68, which resulted into heterogeneous dispersion and formu-
lation instability (Beg et al., 2018a).
3.7.2. EE and LC
At 25◦C/60% RH condition, the EE and LC of the SRF and GA-

loaded NLCs found93.1% to92.2%, and 14.21 to 13.61 respectively,
these are shown in Supplementary Table-S1. However, EE and
LC of the aforementioned formulation at 40◦C/75% RH were found
to be in the range of 93.1% to 90.12% and 14.21% to 12.5%, respec-
tively, as shown in Supplementary Table-S2. Overall, the parame-
ters, EE and LC of the aforementioned formulation revealed a
significant declining value after storage at 40◦C/75% RH, which



Fig. 3. In vitro release profiles of SRF solution, GA solution, SRF and GA solution, SRF and GA-loaded NLCs up to 24 h duration using of dialysis method (SRF; Sorafenib: GA;
Ganoderic Acid: NLC; Nano lipid carriers).

Fig. 4. A-B) Evaluation of SRF solution, GA solution, SRF + GA solution and SRF with GA-loaded NLC formulation at various levels after the incubation of HEPG2 for 24 h and
48 h; Data expressed as mean ± S.D. (n = 6) (SRF; Sorafenib: GA; Ganoderic Acid: NLC; Nano lipid carriers).
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Table 2
MTT viability assay of SRF + GA solution and optimized SRF + GA loaded NLC. The
SRF + GA loaded NLC shows significant (p < 0.05) cytotoxicity compared to SRF + GA
solution after 24 and 48 h. Data are expressed as mean ± SD (n = 6).

Formulations IC50 (mg/mL)

24 h 48 h

SRF + GA solution 47.31 41.22
SRF + GA loaded NLC 30.01 18.10

(SRF; Sorafenib GA; Ganoderic Acid: NLC; Nano lipidic carrier).

Table 4
SRF solution, GA solution, SRF and GA solution, SRF and GA-loaded NLCs, and their
effects on the number of rats with tumour incidence.

S. No Groups Number of rats
with tumour/
Number of rats

Tumour
incidence
(%)

1 Normal control 6/0 0
2 SRF (50 mg/kg) 5 mL/kg/day for

14 weeks
5/6 83.3%

3 DEN control 6/6 100%
4 DEN control group of rats

administered with GA (50 mg/kg)
5/6 83.3

5 DENcontrol rats administered
withSRF and GA (25 mg/kg each of
drug)

4/6 66.6
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may be linked to lipid and drug release polymorphic forms (Ahmad
et al., 2018).
6 DEN control administered with SRF
cum GA loaded NLC (25 mg/kg each
of drug dose) single dose 5 mL/kg/day
p.o. for 14 weeks

1/6 16.6

Group I did not show the any sign of hepatic nodules and VI did show least sign of
hepatic nodules among group (SRF; Sorafenib GA; Ganoderic Acid: DEN; Diethyl
nitrosamine: NLC; Nano lipidic carrier).
3.8. Effect of treatment formulations on macroscopic characters

The macroscopic test showed that the normal control group
have no hepatic nodules and anomalies were detected. The DEN
treated rats that displayed hepatic nodules spread on the liver
and hepatic cirrhosis. In DEN induced HCC rats, the white nodule
on the liver and blood vessels decreased treating with SRF, GA,
SRF and GA solution (50 mg/kg, 50 mg/kg, 25 mg/kg of each drug)
over the DEN induced HCC rats. Furthermore, HCC rats treated with
SRF and GA-loaded NLCs, found no appearance of hepatic nodules
of size < 3 mm > 1 mm and � 3 mm in the liver (shown in Table 3).
The normal control did not express any appearance of hepatic nod-
ules during the complete study periods. However, in the DEN rat
groups, nodules were 100% expanded. Table 3 and 4 indicating
the DEN group of rats found 250 as total number of nodules with
the size varying of � 1 mm (115), <3mm > 1 mm (75)
and � 3 mm (60). Furthermore, in the treated groups the SRF, GA
solution, SRF and GA solution showed 83.3, 83.3 and 66.6% of hep-
atic nodules with size of � 1 mm (101, 110, 52), <3mm > 1 mm (61,
65, 45,) and � 3 mm (52, 47 and 35) at the dose of 50 mg/kg
respectively. On the contrary, the rats treated with SRF and GA-
loaded NLCs treated DEN showed significant reduction (16.6%) in
the number of hepatic nodules with size � 1 mm (20),
<3mm > 1 mm (0) and � 3 mm (0), respectively.
3.9. Effect of treatment formulations on animal weight and liver
weight

Bodyweight effect on rat by DEN, normal control group body
weight and other groups which is DEN treated with SRF, GA, SRF
and GA solution, SRF and GA-loaded NLCs are presented in
Fig. 5A. In the DEN-induced group of rats, bodyweight initially
increased and diminished with time in contrast with the other rats.
In comparison to DEN rat groups, SRF and GA-loaded NLCs group
particularly increased body weight more significantly than DEN
group and quite effectively approached body weight of normal
Table 3
Effect of SRF solution, GA solution, SRF and GA solution, SRF and GA-loaded NLCs on the n

S.
No

Groups

1 Normal control
2 DEN control receiving SRF (50 mg/kg) 5 mL/kg/day for 14 weeks
3 DEN control
4 DEN control group of rats administered with GA (50 mg/kg)
5 DENcontrol rats administered withSRF and GA (25 mg/kg each of drug)
6 DEN control administered with SRF cum GA loaded NLC (25 mg/kg each of drug

dose) single dose 5 mL/kg/day p.o. for 14 weeks

Group I did not show the any sign of hepatic nodules and VI did show least sign of
nitrosamine: NLC; Nano lipidic carrier).
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control group of rats (Fig. 5A). Another parameter is liver weight
determination, where DEN group showed an improvement in the
liver weight in comparison to the standard control group of rats.
SRF, GA, SRF and GA solution also showed only a mild reduction
in the liver weight, as shown in Fig. 5B. On the contrary, SRF and
GA-loaded NLCs group showed a significant reduction in the liver
weight which reached quite near to the liver weight of rats in
the normal control group, as shown in Fig. 5B.
3.10. Pharmacokinetic studies

The pharmacokinetic evaluation of the SRF, GA solution, SRF
and GA solution, SRF and GA-loaded NLCs showed significant dif-
ference in their drug absorption profiles. Fig. 6 summarizes the
drug absorption parameters (Cmax, Tmax and AUC0-1) observed for
the treatment formulations and their statistical significance. The
data indicated Tmax of the drugs from SRF and GA-loaded NLCs
was observed nearly in 10 h, which could be attributed to the sus-
tained drug release performance of the prepared nanoformulations
(Beg et al., 2018a,b). The delayed Tmax (P < 0.05) from SRF and GA-
loaded NLCs over the SRF, GA solution, SRF and GA solution is a
typical characteristic of the NLC formulations. Furthermore, a sig-
nificant difference was observed in Cmax from all the treatment for-
mulations, where NLCs showed superior plasma concentration of
both the drugs (P < 0.05). Also, the drug-loaded NLCs exhibited a
significant improvement in the values of AUC0-1 vis-à-vis other
treatment groups (P < 0.01). The observed results indicated that
drug-loaded NLCs showed significant improvement in the pharma-
cokinetic attributes of the drugs over the plain drug solutions alone
umber of rats, number of nodules and average number of nodules bearing rats.

Number of rats with
nodules/ Number of rats

Total
Number of
Nodules

Relative size (% of number size)

�1mm <3mm > 1 mm �3mm

0/6 0 0 0 0
5/6 214 101 61 52
6/6 250 115 75 60
6/6 222 110 65 47
4/6 132 52 45 35
1/6 20 20 0 0

hepatic nodules among group (SRF; Sorafenib GA; Ganoderic Acid: DEN; Diethyl



Fig. 5. Effect of various treatments such as SRF solution, GA solution, SRF and GA solution, SRF and GA-loaded NLCs on body weight of various groups of rats. (A) rat’s body
weight initial and final, (B) liver weight (DEN = Diethylnitrosamine, All the data corresponds to mean ± SEM, P < 0.05; P < 0.01; P < 0.001, ns = non-significant; ANOVA,
followed by Dunnett’s multiple comparison test) (SRF; Sorafenib: GA; Ganoderic Acid: NLC; Nano lipid carriers).

Fig. 6. Pharmacokinetic study performed under fasting condition after various treatment formulations in Wistar rats; Data expressed as mean ± S.D. (n = 6).
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or in combination, as lipids in the NLCs are particularly responsible
for potentiating absorption of the drugs probably through intesti-
nal lymphatics and transcellular pathways. The delayed Cmax and
Tmax observed for the NLCs are typical characteristics attributed
to the mechanistic absorption of the lymphatic pathways for drug
absorption (Rahman et al., 2019).

3.11. Relative tumor volume and biodistribution studies

The anticancer effect of the drugs was tested at the dose of
50 mg/kg and 25 mg/kg via oral route of administration. SRF solu-
tion (50 mg/kg), GA solution (50 mg/kg), SRF and GA solution
(25 mg/kg of each drug), SRF and GA-loaded NLCs (25 mg/kg of
each drug) was administered after one week of tumor develop-
ment. Fig. 7A represents the relative tumor volume of aforemen-
tioned formulations. In the particular treatment groups, the SRF
and GA-loaded NLCs revealed higher tumor regression with a sig-
nificant difference over the SRF solution (P < 0.001), GA solution
(P < 0.001), SRF and GA solution (P < 0.001) on day of 90. Further-
more, SRF and GA-loaded NLCs found the relative tumor volume at
the end of 90 days was 1.5 ± 0.12 over the SRF solution (2.8 ± 0.01),
GA solution (3.0 ± 0.05), SRF and GA solution (2.5 ± 0.12) (shown in
Fig. 7A). The biodistribution study revealed that SRF and GA-loaded
NLCs in the HCC bearing albino Wistar male rats at 10 h after oral
administration. Fig. 7B revealed that SRF and GA-loaded NLCs
found concentration in hepatic tumor was 2, 1.5 and 1.2 times
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higher over GA solution, SRF solution, and SRF and GA solution
respectively at 10 h after oral administration. SRF and GA-loaded
NLCs found poorly distributed over comparative formulations in
the lungs, heart, kidneys and highly distributed in the liver. Thus,
it concludes that oral administration of SRF and GA-loaded NLCs,
a significantly higher accumulation of SRF and GA into the tumor
and liver over other treatments (as shown in Fig. 7B).

3.12. Hepatic injury markers and non-hepatic parameters

The DEN group of rats found significant elevation in the hepatic
serummarkers including AFP, ALT and AST over the normal control
group of rats (as shown in Fig. 8A). In the DEN group of rats, the
most significant upregulation of AFP observed. The treatment
groups of rats decrease AFP level over the DEN control group of
rats, as shown in Fig. 8A. Furthermore, the most significant reduc-
tion of AFP among the treated group of rats showed by SRF and GA-
loaded NLCs (as shown in Fig. 8A). There are several literature that
reported the elevation of hepatic serum enzymes such as AST and
ALT which is connected to the expansion of HCC (Kim et al., 2008).
During hepatotoxicity and liver cancer, these enzymes are surpris-
ingly enhanced several times (20–40 times) over the normal con-
trol level. The plasma membrane begins the secretion of cytosolic
cellular material in the external region during the development
of the HCC. The treatment group especially SRF and GA-loaded
NLCs most significantly downregulated the serum AST and ALT



Fig. 7. A) Relative tumor development of normal control (DEN + normal saline), SRF solution, GA solution, SRF and GA solution, SRF and GA-loaded NLCs on rats with HCC. A.
Significance relative to both of them: p < 0.001 and p < 0.01. B) SRF solution, GA solution, SRF and GA solution, SRF and GA-loaded NLCs at 10 h after formulation
administration in the rats carrying HCC. Statistical significance compared with all: p < 0.01 and p < 0.01 (SRF: Sorafenib, GA: Ganoderic Acid, NLCs: Nano lipid carriers).

B. Wang, L. Sun, M. Wen et al. Saudi Pharmaceutical Journal 29 (2021) 843–856
levels. Consequently, the findings revealed that SRF and GA-loaded
NLCs reduce liver damage by balancing the plasma membrane
integrity and reducing membrane enzyme leaks to increase hepatic
function and safety. Another is nonhepatic parameters include
total protein, albumin, and total bilirubin, which played a key role
in HCC development and significantly reduced in the DEN group of
rats. In the treatment groups, SRF and GA-loaded NLCs is the most
significantly increased total protein and albumin nearly reaches
the control group. The level of total bilirubin was enhanced in
the DEN group of rats, while SRF and GA-loaded NLCs showed sig-
nificantly reduction in the bilirubin levels over other treatment
groups (as shown in Fig. 8B).

3.13. Antioxidant markers

For various biofunctional purposes, antioxidants are essential
such as reducing prostaglandin synthesis, drug metabolization
enzyme induction, carcinogenic reversing, excess free radicals and
ROS toxicity (Pandey et al., 2018). Researchers have confirmed the
use of different natural antioxidants to reduce the formation of
ROS and to reduce the toxicity causes by ROS (Pandey et al., 2018).
DENadministration in rats has resulted in increasedoxidative stress,
which may occur during the development of HCC from over-free
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radical production. It also leads to elevated lipid peroxidation levels
resulting in increased oxidative stress. GST and GPx elevation were
observed inDEN inducedHCC rats and its level aremost significantly
downregulates (p < 0.001) by the SRF and GA-loaded NLCs compar-
atively to the other treatment groups. Other antioxidant parameters
likeCATandSODaredownregulated in theDENgroupof rats, but the
trends are just reversedwith the SRF andGA-loadedNLCs and signif-
icantly much increased (P < 0.001) over other treatment groups of
rats (as shown in Table 5).

Different cellular abnormalities closely connected with lipid
peroxidation are observed. Its determinations are therefore highly
necessary in order to know the redox cell status. The DENmediated
group of rats mainly increase lipid peroxidase (LPO) reflecting sev-
ere cell redox imbalances and initiating oxidative stress [22]. In the
therapeutic approach group, the SRF and GA-loaded NLCs signifi-
cantly (P < 0.001) lowered the level of LPO over other mentioned
groups, as shown in the Table 5. The endogenous enzymes CAT
and SOD are the first to inhibit the oxidative harm caused by the
reduction of superoxide radicals. SOD is predominantly responsible
for reducing superoxide to radical hydrogen peroxide and water
(Pandey et al., 2018).

Glutathione peroxidase (GPx) is a selenium containing antioxi-
dant that can reduce H2O2 and lipid peroxides effectively into



Fig. 8. A) Effect on the hepatic parameter of different group of rats by the SRF solution, GA solution, SRF and GA solution, SRF and GA-loaded NLCs, and control group
(DEN + normal saline). (AFP = a-feto-Protein, AST = Aspartate Aminotransferase, ALT = ALT). All data is corresponding to mean ± SEM, p < 0.05; P < 0.01; P < 0.001, ns = non-
significant; ANOVA, accompanied by multiple Dunnett comparison test. B) Effect on non-hepatic parameters in the multiple classes of rats with SRF solution, GA, SRF + GA
solution and SRF with GA-loaded NLC. The results correspond to mean ± SEM P < 0.05. All data correlates to mean P < 0.01. P < 0.001. ns = non-significant; ANOVA. C) Impact
on the membrane-bound behaviour by various groups of rats of SRF solution, GA solution and SRF with GA loaded NLC. DEN = Diethylnitrosamine. All the data correspond to
mean ± SEM, P < 0.05; P < 0.01;P < 0.001, ns = nonsignificant; ANOVA, followed by Dunnett’s multiple comparison test. (SRF: Sorafenib, GA: Ganoderic Acid, NLCs: Nano lipid
carriers).

Table 5
Effect of SRF solution, GA solution, SRF with GA solution and SRF cum GA loaded NLC on antioxidant enzymes in hepatocellular carcinoma caused by DEN in rats.

Group LPO CAT SOD GPx GST
(mM/mg Protein) (nmol/min/ml) (U/ml) (mmol) (U/min/mg Protein)

Normal control 8.10 ± 0.41 1.34 ± 0.41 3.11 ± 0.25 9.10 ± 0.79 1.0 ± 0.03
DEN + SRF

solution
(50 mg/kg)

9.21 ± 1.02** 0.78 ± 0.04** 1.31 ± 0.50** 6.91 ± 0.21** 0.39 ± 0.31**

DEN
control

14.11 ± 1.57a 0.08 ± 0.50a 1.0 ± 0.71a 5.12 ± 0.62a 0.06 ± 0.10a

DEN +
GA solution
(50 mg/kg)

9.11 ± 0.75** 0.71 ± 0.14** 1.25 ± 0.65** 6.81 ± 0.52** 0.38 ± 0.45**

DEN + SRF
and GA solution

8.31 ± 0.45** 0.81 ± 0.21** 1.45 ± 0.41** 7.21 ± 0.41** 0.43 ± 0.40**

DEN with
SRF cum GA
loaded NLC

7.3 ± 1.35** 0.92 ± 0.31* 1.67 ± 0.50* 7.94 ± 0.52* 0. 62 ± 0.22**

SRF; Sorafenib; GA: Ganoderic Acid;NLC; Nano lipidic carrier.
Gr 1 - Normal control, Gr II - DEN + Sorafenib (50 mg/kg), Gr III - DEN control; Gr IV - DEN + GA (50 mg/kg), Gr V - DEN + Sorafenib and GA (25 mg/kg each of drug); Gr VI DENA
with Sorafenib cum GA loaded NLC (25 mg/kg each of drug dose). Values are expressed as mean ± SEM. (n = 6). Statistical significance P < 0.05. aP < 0.001 as compared to
normal group *P < 0.01 as compared to DEN treated group **P < 0.001 as compared to DEN treated group.
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Fig. 9. Results on various inflammatory mediators in different group of rats with SRF solution, GA solution, SRF and GA solution, SRF and GA-loaded NLCs and control group
(DEN + normal saline). (TNF-a = Tumor necrosis factor-a, IL-1b = Interlukin-1b, IL-6 = Interlukin-6, NF-jB, DEN = Diethylnitrosamine and RV = Resveratrol). All the data
correspond to mean ± SEM P < 0.05; P < 0.01; P < 0.001, ns = non-significant; ANOVA, followed by Dunnett’s multiple comparison test. (SRF: Sorafenib, GA: Ganoderic Acid,
NLCs: Nano lipid carriers).

Table 6
It showed the various group of treated groups on the histopathological characteristics.

S. No. Histopathology Changes Groups

NC DEN + NC
(DEN + normal saline)

DEN DEN + SRF DEN + GA DEN + SRF + GA DEN + SRF + GA-NLC

1. Necrosis – + + – + + –
2. Hydropic degeneration – + + + + + –
3. HSCs focal proliferation – + + + + + +
4. Bile cysts – – + – – – –
5. Pseudo-nucleoli – + + + + + –
6. Peliosis hepatis – + + + + – –
7. disorganized hepatic parenchyma – + + – – – –
8. Apoptosis – + + + + – –
9. Hepatocelluar adenoma – + + + + + –
10. Cell necrosis – + + – – – –
11. Altered basophilic – + + + + + +
12. small dark cytoplasm – + + – + – –
13. Enlargement of karyomegali – + + + + – –
14. Macro lipid droplets – + + + + + –
15. Diffuse dysplasia – + + + + + –
16. Hyperplastic foci – + + – – – –

NC; Normal control: DEN + NC: Diethyl nitrosamine: SRF; Sorafenib: GA; Ganoderic acid: NLC: Nanolipid carrier.
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water and lipid alcohols. Detoxification of ROS is governed by GPx.
The DEN group of rats abnormally increased the oxidative stress
and lowered the GPx. The administration of SRF and GA-loaded
NLCs increased the GPx level to the normal control level. It pos-
sesses free radical scavenging action in the body to obstruct the
carcinogenesis progress. Glutathione S transferase (glutathione s
transferase, GST) is a multipurpose enzyme that is used to detoxify
glutathione via catalytic conjugation with a number of toxins and
carcinogens to non-toxic products (Verma et al., 2018). DEN group
of rats abnormally altered or decrease this enzyme to induce HCC
development. SRF and GA-loaded NLCs most significantly
enhanced the GST level and destruct the HCC progress.
3.14. Effect of treatment formulation on membrane bound enzymes

Ca2+ATPase decrease in the DEN rat population in comparison
with the normal control group of rats. SRF solution, GA solution,
SRF and GA solution, SRF and GA-loaded NLCs enhanced the Ca2+-
ATPase level and approaching to value of normal value in DEN trea-
ted rats (Fig. 8C). In the DEN rat group, the same trend was seen in
Na+/K+ and in Mg2+ATPase. Na+/K+ and Mg2+ATPase were restored
to the normal control level by the same formulation referred to
earlier. The SRF and GA-loaded NLCs in DEN-treated rats demon-
strated efficient Na+/K+/Mg2+ATPase improvements to the level of
normal control.
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3.15. Effect on inflammatory mediators

TNF-a, IL-1b and IL-6 are the cytokines which are typically pro-
duced by the liver. IL-6 also produces by blood cells such as mono-
cytes and lymphocytes. Apart from the liver and blood cells, some
other cells such as murine, kupffer cells and human hepatocytes
also produce the IL-1b, IL-6, and TNF-a. Kupffer cells secrete IL-6
via modulating the NF-jB signaling and MyD88 dependent, thus
further activates IL-1a from the hepatocytes (Kumar et al.,
2017a). TNF-a have a significant role in the inflammatory reaction
and plays a key role in cell proliferation. The mechanism behind
the hepatocarcinogenesis induced by DEN may be attributed to
its action on the kupffer cells via activation of NF-jB, which ulti-
mately regulates IL-6 and TNF-a (Kumar et al., 2017a). Further-
more, these two mediators also cause neoplasia, necrosis, and
expansion of fibroblast, and tumor cells. Fig. 9 portrays the various
proinflammatory cytokines such as TNF-a, IL-1b, IL-6 and NF-jb
expressed by different control and treatment groups. The experi-
mental study revealed that TNF-a induces secretion of genotoxic
molecules and accelerates the production of NF-jb molecule,
which ultimately affects the tumor growth (Rahman et al., 2020).
In the DEN group of rats, TNF-a level was increased, while SRF
and GA-loaded NLCs showed significant reduction (P < 0.05) in
TNF-a level and inhibition in the tumor growth. However, in the
case of IL-6, it displayed a similar observation as that of TNF-a,
and its levels are most significantly (P < 0.01) reduced after treat-
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ment with SRF and GA-loaded NLCs over other treated groups. In
the case of IL- 1b, its level was increased in the DEN group of rats,
and further after administration of SRF and GA-loaded NLCs signif-
icant reduction (P < 0.001) in its level over other treated groups of
rats.
3.16. Effect of the SRF and GA-loaded NLCs on histopathology

The evaluation of normal control group of rats and their
histopathology revealed normal articulature, small uniform shape
of nuclei, typical structure, average size of polyhedral shape of hep-
atocyte, average central vein and contained small uniform nuclei of
cytoplasm. The normal control group showed almost similar
histopathological features like the characters of healthy rats
(Rahman et al., 2019). DEN induced group of rats and their
histopathological characters revealed inflammatory cells, inflam-
matory blood vessels, necrosis cells, nonuniform and dark cyto-
plasm, pseudo acini, trabeculae (hepatic parenchyma with thick
cords) and hyperchromatic nuclei. Furthermore, the observations
also confirmed proliferation in hepatic stellate cells (HSCs), binu-
cleate masses of eosinophils in vacuolation, irregular macro lipid
droplets and nonuniform structure of cytoplasm. The rats treated
with SRF and GA/or combination of both drugs in solution form
only showedmild improvement in the histopathological characters
such as poor altered hepatocytes, less inflammatory cells, absence
of bile cyst, lesser disorganized hepatic parenchyma and less cell
necrosis, etc (as shown in Table 6). On the contrary, SRF and GA-
loaded NLCs treated group of rats revealed significant improve-
ment in histopathological characteristics such as absence of necro-
sis, apoptosis, and disorganized hepatic parenchyma, etc. (Rahman
et al., 2020).
4. Conclusions

The optimized SRF and GA-loaded NLCs were successfully
developed found an average particle size of 29.28 nm, with an
encapsulation efficiency of 93.1%. The in vitro release data revealed
fast release in the duration of 6 h followed by sustained release
behaviour of NLCs, which exhibited nearly complete drug release
within 24 h. The cell viability studies construed higher cytotoxicity
of combined drugs in NLCs over the usage of a single drug and/or
combination of the drugs in solution form. The stability studies
of SRF and GA-loaded nano lipidic carrier showed good stability
at 25◦C/60 %RH and unstable at 40◦C/75 %RH. The macroscopical
study of liver tumor after treatment with SRF and GA-loaded NLCs
showed a 16.6% reduction in the hepatic nodules. The pharmacoki-
netic evaluation construed significant augmentation in the drug
absorption parameters and biodistribution studies revealed a
higher accumulation of SRF and GA-loaded NLCs in the tumor
and liver. Moreover, the SRF and GA-loaded NLCs most effectively
restored hepatic parameters, non-hepatic parameters and inflam-
matory markers, which were approaching to the normal level close
to the values of control group. From the observed findings, it can be
construed that SRF and GA-loaded NLCs proved as beneficial
chemopreventive tool for the treatment of HCC, while their clinical
safety remains a challenge and further topic of investigation to for
rational usage of SRF and GA combined drug therapy for HCC
management.
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