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Abstract

Background: Hepatocellular carcinoma (HCC) is the most invasive form of liver cancer. Despite major
improvements in diagnosis and treatment of early HCC, the prognosis is still very poor. The current targeted
therapy generally has low tumor response rates and substantial side effects, so it is necessary to explore other
types of targeted therapy against HCC. Metformin (Met) is a first-line anti-diabetic drug for the treatment of
type 2 diabetes. It protects the liver from chemicals or viral hepatotoxicants. As a result of progress in
nanotechnology; highly improved materials for biological purposes have been produced.

Aim: This study aims to model Met-loaded with natural chitosan polymer (Cs) and synthetic polymer (PCL)
nanoparticles (NPs) and investigate the enhanced effect of polymers-Met blends on HepG: cells in vitro, and
to examine the effect of Met on the HepG: growth, proliferation and apoptosis.

Methods: HCC (HepGy) cell lines were treated with both free-Met and Met-conjugated withNPs (Met-Cs NPs
and Met-PCL NPs), then the cell viability was measured. In addition, immunohistochemical (IHC) examination
for cyclin D1, caspase-3, and ki67 was performed on HepG2 cell lines.

Results: The range of cell viability percentages for free-Met was 30.54-63.40 %, for Met-Cs NPs was 25.73-
58.50%, and for Met-PCL NPs was 44.9-91.49%. Histopathological examination revealed degeneration and
necrosis of HepG2 cells in Met-treated media (free-Met and nanoconjugated-Met NPs). By IHC; Met-treated
media showed decreased expression of cyclin D1, as an indicator for cell growth limitation, decreased expression
of k-i67, as an indicator for inhibited cell proliferation, and increased expression of caspase-3 which reflects
increased apoptotic activity of Met.

Conclusion: The natural polymer chitosan (expressed by Met-Cs NPs) enhances the anticancer activity of the
metformin drug and is completely safe on normal cells.
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Introduction

Hepatocellular carcinoma (HCC)
represents 85%-90% of primary liver tumors.
Globally, it represents the seventh most common
cancer and the second most common cause of
cancer-related deaths (Ali et al, 2023).

The global burden of HCC is increasing
and the World Health Organization (WHO)
approximates that above 1 million people will die
from HCC in 2030 (Zhang et al, 2022). In Egypt,
HCC is considered the most challenging health
problem representing 23.8% of the total
malignancies and ranks the fourth most common
cancer (Rashed et al, 2020).
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Many risk factors are associated with HCC;
mainly hepatitis B virus (HBV) and hepatitis C virus
(HCV) infection; where 50% of HCC cases are
associated with HBV infection and 25% are
associated with HCV (Ezzat et al, 2021). Other
causes include autoimmune hepatitis, primary
biliary cirrhosis, alcoholic cirrhosis, and non-
alcoholic steatohepatitis (Sharma and Nagalli,
2022). In recent years, non-alcoholic fatty liver
disease (NAFLD) and its more active form, non-
alcoholic steatohepatitis (NASH) have emerged as
new risk factors for HCC particularly in developed
countries (Foerster et al, 2022). Additionally,
diabetes mellitus and obesity have been correlated
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with an increased risk of HCC (Nakatsuka et al,
2023).

Type 2 diabetes mellitus (T2DM) has a
tremendous impact on human health worldwide
(Goyal 2023). The global prevalence of T2DM in
2019 was estimated to be approximately 9.3%, and
the incidence is expected to continue to increase
(Saeedi et al, 2019).

Epidemiologic evidence suggests that
patients with diabetes have an increased risk of
many kinds of cancer including breast, pancreatic,
lung, colorectal, kidney, and liver cancer (Pati et al,
2023). The link between diabetes and HCC was first
reported approximately 40 years ago. In 1986
Lawson et al, observed a 4-fold excess of diabetes
incidence among patients with HCC.

The choice of HCC therapy is mainly
challenged and based on many factors such as the
stage of cancer, the severity of the underlying liver
disease, the availability of treatment resources, and
clinical expertise (Lin et al, 2012). HCC treatment
can be classified into three categories: potentially
curative, palliative, and symptomatic (Izabela et al,
2021). Potentially curative treatments including
liver resection, transplantation, and local ablation
are associated with promising 5-year survival rates
of up to 75% (Lin et al, 2012). Unfortunately, the
majority of HCC patients are subjected to palliative
or symptomatic treatment (Norman et al, 2022).
The 3-year survival rate for palliative treatment is
10-40%, and the duration of survival for patients
who receive symptomatic treatment is <3 months
(Jordan et al, 2020).

In tumors, the signaling pathways mediate
proliferation and other processes involved in tumor
progression and metastasis (Sever et al, 2015). The
tumor growth induced by mitogenic compounds is
associated with the activation of several cytosolic
proteins, including those involved in the
phosphorylation and activation of Mitogen-
activated protein kinases (MAPKS) (Cargnello et
al, 2011).

Metformin (Met) belongs to a biguanide
class of oral hypoglycemic agents and is the first-
line drug for the treatment of T2DM (Ganesan et al,
2023). Moreover, metformin is a powerful
anticancer agent that hinders cell proliferation via
G1 phase arrest and also induces apoptosis, thus
reducing the risk of HCC occurrence (Cunha et al,
2020) and (Szymczak et al, 2023).

Several in vitro and in vivo studies have
shown that metformin could exert its antitumor

Eur. Chem. Bull. 2023,12( issue 9),756-773

Section A -Research paper

effect by targeting multiple pathways such as cell
cycle/apoptosis,  anti-inflammatory  pathway,
insulin/IGF-IR, and angiogenesis. Additionally,
metformin helps lowering blood glucose levels
throughout the day by reducing the liver blood
glucose-raising effect. Rather than stimulating the
release of insulin. Moreover, metformin increases
the body sensitivity to insulin and therefore has
benefits for weight management (Vacante et al,
2019).

However, owing to its low bioavailability
and short half-life span, metformin monotherapy is
imperfect, and its therapeutic efficacy is dependent
on glucose levels at the tumor site (Zhang et al,
2023). Thus, a good carrier (drug delivery system)
is needed for high loading and to diminish the
limitations of Met’s poor bioavailability and short
half-life (Javidfar et al, 2018; De et al, 2023).
Under high glucose conditions, metformin inhibits
proliferation but does not induce cell apoptosis
(Samuel et al, 2019). Consequently, reducing the
glucose level at the tumor site is required for
metformin to achieve anti-proliferation and
apoptotic functions and provide effective cancer
management.

Different studies tried novel methods to
encapsulate metformin using various polymers and
they revealed the outstanding effect of polymeric
nanoparticles to overcome the metformin limitations
(Sartaj et al, 2021). Corti et al., 2008 developed
sustained-release matrix tablets of metformin
hydrochloride in combination with triacetyl-beta-
cyclodextrin. The release studies of this report
demonstrated that blends of hydrophobic swelling
polymer  (hydroxypropyl methylcellulose or
chitosan) with a pH-dependent one (Eudragit L100-
55) were more useful than single polymers in
controlling drug release. Metformin  was
encapsulated in lecithin (LC) and chitosan (Cs)
nanoparticles (NPs) to inhibit colorectal cancer
(CRC) proliferation through modulations of long
noncoding RNAs (IncRNAs), micro RNAs
(miRNAs), and some biochemical markers. They
concluded that the NPs can potentially be cytotoxic
to CRC cells in vitro by modulating noncoding RNA
(Abd-Rabou et al, 2021).

Chitosan and its derivatives are gaining
admiration and are widely used as a carrier for
various novel dosage forms generally due to their
cationic  nature and endosomal  escape,
biodegradability, low cost, and therapeutic efficacy.
The chitosan characteristics improve the solubility
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of poorly soluble drugs, in addition to controlling the
release of drugs by slow erosion from hydrated
matrix (Wang et al, 2015). While, chitosan and
hydroxy propyl methyl cellulose phthalate
(HPMCP), an enteric coating polymer were used as
matrix materials for metformin delivery and
extended-release was obtained. Another WZB117
decorated  metformin-carboxymethyl  chitosan
nanoparticles for targeting breast cancer metabolism
were fabricated with extended-release for up to 60
hours, indicating growth-inhibitory and apoptotic
characteristics (Garg and Saluja, 2013; De et al,
2023).

This study aims to fabricate metformin
polymeric nanoparticles and observe the aspects of
the drug delivery system related to the type of
polymer. The aim extends to investigate the
enhanced effect of polymers-Met blends on HepG:
cells in vitro, and examine the effect of Met on the
HepG, growth, proliferation and apoptosis. This
will further point out the most promising strategies
in the experiments, to overcome the limitations of
metformin’s poor bioavailability and short life-span.
MATERIALS AND METHODS:

Materials:

Poly -e-caprolactone (PCL), polyvinyl alcohol
(PVA), dichloromethane (DCM), stearic acid,
polyethylene glycol (PEG), chitosan, low molecular
weight, deacetylated chitin, poly (D-glucosamine),
glacial acetic acid and sodium tripolyphosphate
(TPP) were purchased from Sigma-aldrich
(Germany). Phosphate buffer saline (PBS), sodium
hydroxide, and hydrochloric acid were supplied by
Loba Chemical (India). Metformin (Met) was
purchased fromEl-Nasr Pharmaceutical Chemical
Co. (Egypt). Ultrapure water with resistivity of 18
MU cm was used in all aqueous preparations.
Methods:

Preparation of Met-polymer nanoparticles
Together with using both natural chitosan
polymer(Cs) and synthetic polymer (PCL), two
novel techniques were conducted to fabricate
metformin-polymer NPs.

Met-PCL NPs were prepared by a polymer-to-drug
ratio of 1:1. A weight of 100 mg of Met was
dissolved in the aqueous phase (2 ml PVA).
Likewise, 100 mg PCL was liquefied in 8 ml
dichloromethane (DCM). The aqueous phase was
added to the organic phase (DCM) and homogenized
using a high-speed homogenizer for 3 min at 5000
rpm in the presence of 2 ml stearic acid that stabilize
the boundary of the internal water in oil emulsion
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(w1-0). The resulting emulsion was transferred into
a larger flask containing an aqueous solution of {25
ml (2 % PVA), 10 ml (0.3 % Cs), and 5 ml (0.5 %
PEG)} and a drop of Tween 80 was added to
stabilize the boundary of the oil in water emulsions
(0-w2). The mixture was homogenized for 5 minutes
at 8000 rpm to form the second emulsion water-in-
oil-in-water (w1-0-w2). All the previous steps were
repeated without the addition of the drug for the
preparation of empty PCL nanocapsules. The whole
process of homogenization was done on ice and all
experiments were performed in triplicate. The
prepared nanoemulsion was kept on a magnetic
stirrer overnight at 1000 rpm at room temperature to
evaporate the DCM. Then centrifuged using a high-
speed cooling centrifuge at 10°C and 13000 rpm for
45 min (Tshweu et al, 2013).

The Met-Cs NPs were prepared according
to a slightly modified ionotropic gelation method
using the natural polymer Cs and TPP as a cross-
linker. Particles with and without Met were prepared
in the same conditions. The unloaded Cs particles
were used as a negative control. Briefly, 2 mg/ml Cs
in 1% (v/v) acetic acid and 1mg/ml of TPP aqueous
solution were prepared and filtrated using a 0.22 pm
syringe filter (Millipore, USA). The pH level of
both Cs and TPP solutions were adjusted to 5.5 by
the addition of NaOH and HCI, respectively. For the
experiments with encapsulated Met, the Met was
dissolved into the Cs solution to a concentration of
2 mg/l (Cs to Met weight ratio of 1:1). A glass
burette was adjusted to add the TPP solution to the
Cs-Met solution (at Cs to TPP weight ratio of 2:1)
drop wisely with the flow rate of 1.25 ml/min.
During the addition, the Cs solution was stirred
vigorously (1000 rpm) using a magnetic stirrer. The
solution was mixed for an additional 10 min after all
of the TPP was consumed. The nanoparticle blend
was incubated at 4°C for 40 min, and then
centrifuged at 18,000 rpm for 30 min at 4°C. The
supernatant was collected for calculating the
efficiency of entrapment and the nanoparticles pellet
was washed three times with double distilled water
to remove the unreacted metformin. All experiments
were done at room temperature (Calvo et al, 1997;
Neves et al, 2014).

Subsequently, the nanoparticles pellet was
resuspended in double distilled water (50 mg/ml)
and stored at -80°C till freeze-dried. The
resuspended pellet was frozen overnight at -10°C.
Subsequently, the samples were transferred to the
freeze dryer under the standard freeze-drying
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conditions (pressure 7 bars, the inlet temperature
was 96°C, and the achieved outlet temperature
ranges from 65-70°C).
Determination of encapsulation efficiency and
drug loading percentages
Exactly 2 mg of the Met-PCL NPs and Met-Cs NPs
were dissolved in 1 ml deionized water. Then
incubated at 37°C for 20 min and centrifuged at
10,000 rpm for 10 min. The absorbance of the
supernatant was measured at 232 nm. The samples
were measured in triplicate and the results were
quantified as the mean £SD. These Met quantities
were determined according to a calibration curve,
which was plotted by measuring the UV absorbance
of known Met concentrations (15.625, 7.813, 3.906,
1.953, 0.997) pg/ml (Fig. 1a). These standards were
prepared using 1x PBS buffer of pH 7.4 and
absorbance was determined using a Multiskan sky
spectrophotometer (Thermo Scientific, Germany).
The EE was calculated using the following equation:
Encapsulation efficiency (EE %) = (Wi-Wt)/Wi
x100% (Eql).
Where wi is the initial weight of the Met added
during the preparation step and wt is the weight of
the drug in the nanocapsule.
The drug loading percent was calculated using the
following equation:
The drug loading % =(The weight of the Met in
NPs)/(The total weight of the NPs) x 100 (Eq 2).
Determination of the particle size, particles size
distribution, and zeta potential

Malvern Zetasizer Nano ZS (Malvern
instruments Itd., Malvern, Worcestershire, UK) was
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used to measure the particle size distribution, zeta
potential, and polydispersity index (PDI). Typically,
2 mg of PCL, Cs, Met-PCL, and Met- Cs NPs were
resuspended in 2 ml of 1% acetic acid solution; it
was sonicated for 10 min to confirm uniform
dispersion. The particle size analysis of the NPs was
accomplished in triplicate at 25°C, an angle of 90°
for the photomultiplier, and a wavelength of 633 nm.
The surface charge (zeta potential) of the
nanoparticles  was  quantified  from  the
electrophoretic mobility. The zeta potential
measurements were performed at pH 5.5 in triplicate
using the 100 uL aqueous dip cell by Zetasizer,
Nano ZS (Malvern Instruments Ltd., Malvern,
Worcestershire, UK). The samples were diluted
1:100 with double distilled water before
measurements.
In vitro drug release of Met-Cs

Initially, 5 mg of Met- Cs NPs and Met-
PCL NPs, were added to 5 ml 1x PBS buffer of pH
7.4 and pH 5.5. The mixture of the resuspend
particles was incubated at 37°C in an orbital stirring
shaker at 100 rpm. Aliquots of supernatant (500 pl)
were taken out at time intervals and the particle
mixture was supplemented with 500 pl fresh 1x PBS
buffer (pH 7.4 and 5.5) to maintain the total initial
volume. The absorbance of released Met at pH 7.4
and pH 5.5 was measured using Multiskan sky
spectrophotometer (Thermo Scientific, Germany),
at Amax = 232 nm with the same calibration curve
used to calculate the entrapment efficiency (Fig. 1a)
together with another one plotted at pH 5.5 (Fig.
1b).
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Fig. 1: Metformin calibration curve (a): Metformin calibration curve at pH 7.4, (b): Metformin calibration curve at pH 5.5.

In vitro cytotoxicity studies of Met-polymeric NPs
using Vero and HepG2 cell lines

Human liver cancer cells (HepG2) and
normal cells (Vero) were obtained from VASCERA
Co. (Vaccine sera and Drugs, Giza, Egypt) and
supplied from the American Type Culture
Collection (Manassas, VA, USA). Cells were
cultured using DMEM and MEM. All media were
supplemented with 10% fetal bovine serum (FBS),
and 1% penicillin/streptomycin.  Cells were
incubated at 5% CO; and humidified at 37°C for
growth maintenance. A 100 ml sample of cells at a
density of 10* cells was plated in a 96-well culture
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plate and then incubated for 24 hours at 37°C to
attain 85% confluency. Serial dilutions of each drug
(free Met, Met-Cs, free Cs, Met-PCL, and free
PCLNPS) were prepared using maintenance growth
media (MEM for Vero and DMEM for HepG2) to
produce standard solutions that are further used for
the cytotoxicity assay as follows: (2, 1, 0.5, 0.25,
0.125, 0.062, and 0.031 mg/ml). Aliquots of 100 pl
sample of each substance concentration were added
to each well containing cells. A well of only media
as negative control and another one as blank, were
prepared in triplicate, then incubated for 48 hours at
37°C and the medium was replaced with 200 ml of
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fresh medium. Cytotoxicity was performed using
Vybrant MTT assay following the manufacturer’s
protocol. The absorbance was measured at 490 nm
using a microplate reader (Molecular Devices Co.,
CA, United States) and a reference wavelength of
655 nm. The cell viability percentage was calculated
compared to control.
Cell culture

The HepG2 cells were grown in DMEM
low glucose media containing 10% FBS and 1%
penicillin/streptomycin, and incubated at 5% CO,
humidified at 37°C. Then, 500 pl of cells were
plated in 24 well culture to get a cell count of
500,000/well. The cells were incubated for 24 hours
at 37°C to reach 85 % confluency. The doses (ICso)
of Met and Met-Cs NPs were added to the plate. The
plates were incubated for 24 hours at 37°C. After
incubation of the cells with the test substance, the
medium was aspirated from the wells. Cells were
collected for histopathological studies.
Histopathological technique

Histopathological examination of tissue is
a direct method for analyzing the morphology of
cells. HepG2 cells were collected from the culture
and processed in the same way as tissue specimens
by embedding them in agarose and subsequently in
paraffin as cell blocks. This approach has the benefit
of allowing several sections to be cut from a single
cell block (Koh, 2013).

Preparation of formalin-fixed paraffin blocks
from HepG2 cells
This technique results in cell culture

preparation that mimics the histologic processing of
tissue samples, allowing the cell culture to be used
as a control for tissue immunohistochemistry (IHC).
Two 150 ¢cm? flasks of near-confluent cell culture
were used, the volume of the packed cell pellet
ideally was approximately 0.5 ml, media was
aspirated off cell pellet. Then, 20 ml of neutral
buffered formalin were added slowly down the side
of the tube to avoid disturbing the pellet, the cells
were fixed in formalin overnight at 4°C.

Delivery of the preparation could be made
within 24 hours of the start of fixation, but if not, the
formalin could be removed and replaced with 20 ml
of 70% ethyl alcohol (EtOH) without resuspending
the pellet. This acted as a non-cross linking
preservative, and the cells can be kept this way
indefinitely at 4°C without freezing. Then the
formalin was removed and replaced with 20 ml of
70% EtOH without the pellet being resuspended.
The cells were preserved at 4°C. The cell pellet was
then processed into a paraffin block that was cut into
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3-5 micrometer thick slices on positively charged
glass slides and stained with hematoxylin and eosin
for histopathological examination.

The tissue sections were examined by using light
microscope (Scope Al, Axio, Zeiss, Germany).
Photomicrographs were taken using a microscope
camera (AxioCam, MRc5, Zeiss, Germany).
Immunohistochemical analysis
Immunohistochemical study was done for the
examination of cyclin D1 as a promotor of the cell
cycle, caspase-3 as a marker for apoptosis, and Ki67
as a proliferation marker.

Sections prepared from the cell blocks of different
groups were processed for IHC analysis, first
unmasking for antigens was performed with 10 mM
sodium citrate buffer, pH 6.0, at 90°C for 30 min.
Sections were incubated in 0.03% hydrogen
peroxide for 10 min at room temperature to remove
endogenous peroxidase activity, and then in
blocking serum (0.04% BSA, A2153, Sigma-
Aldrich, Shanghai, China, and 0.5% normal goat
serum X0907, Dako Corporation, Carpinteria, CA,
USA, in PBS) for 30 min at room temperature. The
sections were incubated overnight at 4°C with cyclin
D1 antibody (Code Number# M3642, rabbit 1gG,
concentrated, anti-human, DAKO), at a dilution of
1:100, caspase-3 antibody (#31A1067): sc-56053,
concentrated, Sant Cruz.) at a dilution of 1:100, and
Ki-67 antibody (Roche, anti-Ki-67, Rabbit
Monoclonal Primary Antibody, Cat. Number: 790-
4286) at a dilution of 1:200. After 24 hours, sections
were washed three times for 5 min in PBS. Non-
specific staining was blocked by 5% normal serum
for 30 min at room temperature and sections were
then incubated for 20 min at room temperature with
the secondary antibody (link) provided by Envision
Kit (Dako-Denmark). Finally, staining was
developed with diaminobenzidine substrate and
sections were counterstained with hematoxylin.
Negative controls were carried out in which PBS
was used instead of the primary antibody
(Aboushousha et al, 2018).

Immunochistochemical interpretation
The cyclin D1 and caspase-3 positive staining was

indicated by brown cytoplasmic, membranous, or
both staining of tumor cells. The score used
according to Morinaga et al, (2008) is the number
of positive cells evaluated under x400 magnification
(extent of expression) and was assessed as: 0 = no
positive cells; 1+ = 1-10% positive cells; 2+ = 11-
50% positive cells, 3+ = > 51% of cells with positive
staining.
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The ki-67 index was obtained by the percentage of
tumor cells that were labeled at nuclei by Ki-67 (Shi
et al, 2015).

Statistical analysis

The data were presented as the mean + SD. The test
of significance was performed by GraphPad Prism
8 (San Diego, California, USA) using XY analysis
(Fit spline/ LOWESS and correlation). The p*< 0.05
was considered a statistically significant difference.
Results and discussion:

Encapsulation efficiency and drug loading
percentages

The entrapment efficiency (EE) of the Met-Cs NPs
was measured as 91.42+ 4.22% and the loading
capacity was 89.82+ 3.92%. This percentage reveals
the nano-chitosan as a perfect carrier for the delivery
of metformin. Because the ionic gelation principle
depends on the ionic interaction of the positively
charged amine groups of chitosan and metformin
with negatively charged TTP cross linker, the
chitosan percentage affects the entrapment
efficiency of the recovered particles. A viscous
solution (2 mg/ml) of chitosan that might causes
effectively dispersion of metformin into the polymer
matrix increasing both the efficiency of entrapment
and loading capacity. These results agree with the
previously published by Elkomy et al, 2021 who
stated that both the entrapment efficiency and the
loading capacity were raised to 91% when the
chitosan: metformin: TPP ratio was 1:1: 0.5. This
study also, outperformed another report by Kalpna
et al, 2018 who reported 83.17% entrapment
efficiency and 82.17+2.21 drug loading at the same
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ratios of chitosan: metformin: TPP and increasing
the TPP ratio to 1 gave rise to EE of 94.05 % and LC
of 70.26+0.3. An earlier study examined different
polymers to encapsulate metformin and the chitosan
polymer showed the highest drug loading compared
to Ethyl cellulose (EC), poly (lactic-co-glycolic
acid) (PLGA), poly (methyl methacrylate) (PMMA)
(Duarah et al, 2015). All the above studies reveal
the outstanding characteristics that support chitosan
to be a good carrier for metformin. For the PCL-
metformin NPs, the encapsulation efficiency and the
loaded capacity were found to be 99.1% and 49.5%
respectively. Thes results indicate that the double
emulsion method is a powerful technique for
encapsulation both hydrophilic and hydrophobic
drugs.

Characterization of the metformin-polymer

nanoparticles

In this study, we used the double emulsification (w1-
0-w2) and the ionic gelation techniques to fabricate
polymeric nanocarriers for improving the metformin
efficacy. The mean particle sizes of the polymeric
nanocapsules should be within the range of 250-500
nm but, in some cases, it is possible to obtain low
mean particle sizes by using ultrasound in the initial
steps of the procedures (Mora-huertas et al, 2010).
The dynamic light scattering illustrated the
homogenous particle size distribution of free
polymers and Met-polymers NPs, where the DLS
particle size patterns showed one peak at 101.7 nm
and 97.23 nm for the free PCL and Met-PCL NPs
with zeta potential of 27.5 mV and 24.6 mV
respectively (Fig. 2a, 2b, 2c and 2d).
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Fig. 2: (a): Particle size of free PCL, (b): Zeta potential of free PCL, (c); Particle size of Met-PCL and (d): Zeta potential of Met-PCL.

Also, small particle sizes were obtained for Cs and
Met-Cs NPs. The pattern showed one peak at 108
nm and 114 nm for free Cs and Met-Cs with zeta
potential of 26.2 mV and 24.9 mV correspondingly
(Fig. 3a, 3b, 3c and 3d). The small particle sizes
obtained in this study may be due increasing the
stirring speed of Cs-Met mixture before and during
the addition of TPP solution. Also, controlling the
homogenization speed in the double emulsion
method can affect the particle size. That is why, the
results of the current study outperformed the
previous one reported by Tshweu et al, 2020 who
stated that the PCL (PEG-Mox) NPs were 241.8 + 4
nm in diameter, significantly larger than the 174.4 +
10 nm of empty PCL NPs. The high zeta potential
value of both free PCL, free Cs, Met-PCLand Met-
Cs NPs revealed a huge surface area of the NPs that
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prevents particle agglomeration and shows the very
high chemical activity and its stability in solution.
The positive charge was due to the adsorption of
chitosan on the surface of the nanocapsules. The
homogenous particle size distribution of free
polymers and Met-polymers NPs indicates that the
metformin fine powder loading did not affect the
particle size distribution or slightly increased the
particle size by means of 4 to 6 nm. These results
are agreed with the previous reported by Yadav et
al, 2021 who noticed that the blank chitosan NPs
showed slightly less particle size and zeta potential
as compared to BSA-loaded NPs. Whereas Piras et
al, 2015 stated that the particle size was shifted from
124 to 185 nm when loaded with the antimicrobial
peptide temporin B.
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Fig. 3: (a): Particle size of free Cs, (b): Zeta potential of free Cs, (c): Particle size of Met-Cs and (d): Zeta potential of Met-Cs.

In vitro drug release of the Met-polymers
nanoparticles

The release of drugs from the chitosan nanoparticle
is affected by the hydrophilicity of chitosan and the
pH of the swelling solution. Hence, an improved
drug release could be achieved when polymers get
into contact with an aqueous medium, the water
would diffuse into the polymer until the polymer
swells, chitosan release mechanism involves
swelling, diffusion of drugs through the polymeric
matrix and polymer desolation (Younis et al, 2018).
Due to the hydrophilicity of chitosan, Cs-NPs
exhibit pH-dependent drug and controlled drug
release system (Mohammed et al, 2017). In this
study, the in vitro release profile of Met-Cs NPs in
PBS at pH 7.4 and pH 5.5 was studied over a period
of 24 hours. At pH 5.5, the Met-Cs NPs showed an
initial release of 10.5+ 0.55% within the first 6
hours, 26.73% * 1.54% after 12 hours, 71.54% +
5.3% and a cumulative release of 97.6 £ 2.67% in 24
hours and lower concentrations were released from
the met-Cs NPs at pH 7.4 within 6, 12 and 18 hours
but the total metformin loaded was completely

Eur. Chem. Bull. 2023,12( issue 9),756-773

released within 24 hours at the two different pH
(Fig. 4 a). The exponential pattern demonstrated by
the release profile of Met-Cs NPs indicates that the
system is suitable for sustained release of
therapeutics. The amount of metformin and chitosan
as well as the degree of deacetylation of chitosan
play a vital role in the release rate. The higher
deacetylation of chitosan, the higher the number of
amino groups that forms ionic interactions with the
negatively charged TPP, resulting in the formation
of condensed particles, this results in lowering the
permeability of nanoparticle surface and decrease in
release rate. The larger the amount of metformin-
encapsulated leads to higher diffusion rate due to the
formation of concentration gradient between the
chitosan and buffer matrix (Kafshgari et al, 2012).
The results of Met-Cs in vitro drug release are in
accordance to the previously published results by
Duarah et al, 2015, who studied different polymers
to encapsulate metformin and the chitosan polymer,
they showed the highest drug loading compared to
EC, poly (lactic-co-glycolic acid) (PLGA), poly
(methyl methacrylate) (PMMA). The results

764



Effectiveness of Metformin Engineered Polymeric Nanoparticles on Viability of Hepatocellular Carcinoma

Cells

clarified the highly mannered controlled release
within 22 hours for all polymers. Also, our results
outperformed the previously published studies that
showed complete metformin release from the
chitosan microspheres within 12 hours (Kalpna et
al, 2018).

The Met-PCL NPs showed a very delayed in vitro
metformin release at the two different pH within the

Section A -Research paper

first 8 hours followed by controlled release till 18
hours, then the whole metformin amount was
released by 24 hours (Fig. 4b). These results go
parallel with those formerly issued by Abdelghany
et al, 2021, who investigated 80% of the amoxicillin
release from the PCL polymer NPs actually within
14 hours.

Met-Cs release
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Fig. 4: (a): In vitro drug release of Met-Cs NPs and (b): drug release of Met-PCL NPs.

In vitro cytotoxicity studies of Met-polymeric NPs
using the Vero and HepG2 cell lines

In the present study, Vero cell line was treated with
free Met, Met-Cs, free Cs, Met-PCL and free PCL
NPs with a concentration ranging from 2 to 0.03125
mg/ml and showed cell viability ranging 55.54—
88.40 % for free Met, 54.73— 92.50% for Met-CS
NPs, 69.9-94.49% for Met-PCL NPs, 81.24-
99.25% for free Cs and 81.55-98.41% for free PCL
as shown in Table 1, Fig. 5. Also, HepG2 cell line
was treated with the same concentration of each

parameter and displayed cell viability ranging
30.54-63.40 % for free Met, 25.73-58.50% for Met-
Cs NPs, 44.9-91.49% for Met-PCL NPs, 51.24—
81.25% for free Cs and 81.55-99.41% for free PCL
as shown in Table 2, Fig. 6.

Data obtained from statistical analysis using graph
pad prism statistics version 8 showed P-values of <
0.05, which means that there were significant
differences between the viability percentage of free
Met, Met-Cs, free Cs, Met-PCL, and free PCL NPs
on the Vero and HepG2 cell lines.

Table 1:Viability % of free Met, Met-Cs, free Cs, Met-PCL and free PCL NPs on Vero cell line.

Concentration (mg/ml) Viability % of Vero cell line
Met Met-Cs Met-PCL Cs PCL

2 55.54 54.73 69.9 81.24 81.55
1 59.58 56.65 72.1 89.45 86.22
0.5 65.97 69.19 77.4 90.77 88.125
0.25 74.57 78.26 84.79 95.44 92.09
0.125 82.44 81.67 87.84 94.99 95.88
0.0625 86.1 89.21 90.58 97.88 96.99
0.03125 88.4 925 94.49 99.25 98.41
Mean of viability 73.229+4.9 74.601+3.6 82.423+7.4 92.146+6.8 91.324+7.9
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Fig. 5: Cell viability % of free Met, Met-Cs, free Cs, Met-PCL and free PCL NPs on Vero cell line.

Table 2: Viability % of free Met, Met-Cs, free Cs, Met-PCL and free PCL NPs on HepG2 cell line.

Concentration Viability % of HepG2 cell line

(mg/ml) Met Met-Cs Met-PCL Cs PCL

2 30.54 25.73 44.9 51.24 81.55

1 34.58 31.65 47.1 59.45 87.22

0.5 40.97 39.19 52.4 61.77 88.125
0.25 49.57 47.26 84.79 65.44 92.09
0.125 57.44 49.67 85.84 71.22 95.88
0.0625 61.1 58.21 90.58 77.88 97.055
0.03125 63.4 58.5 91.49 81.25 99.41
Mean of viability 48.229+5.3 44.315+4.6 71.014+9.4 66.89+8.8 91.6249.9
1Cs0 (mg/ml) 0.241 0.169 0.745 | -

The correlation | r=-0.8835 r=-0.9115 r=-0.8409 r=-0.8772 r=-0.9179
between the | P=0.0084 P=0.0043 P=0.0178 P= 0.0095 | P=0.0036
concentration  and

viability %

Viability is represented as %, while the correlation coefficient (r).
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Fig. 6: Cell viability percent of free Met, Met-Cs, free Cs, Met-PCL and free PCL NPs on HepG; cells.

Histopathological and Immunohistochemical
Results and Discussion

Histopathological examination of sections from
different groups revealed that cells from the free
metformin-treated culture media showed marked
cellular degeneration and necrosis with distorted
malignant acinar pattern (Table 3, Fig. 7).

This finding indicates the role of metformin in
inducing a cytotoxic effect on HepG2 as reported by

Kim et al, 2021 and Tawfik et al., 2022 who
reported that metformin inhibits HepG2 cell
viability. Moreover, other studies stated that
metformin treatment has been associated with
decreasing the occurrence of HCC (Donadon et al,
2010 and Nkontchou et al, 2011). This is attributed
to its glucose-lowering effect which is caused by
inhibition of hepatocyte gluconeogenesis (Zhang et
al, 2021).
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Fig. 7: Sections from cultured HepG2 cells. (a): free metformin: marked cellular degeneration and necrosis (b):
Met-Cs: less degeneration and better preservation of HepG2 cells (H&E stain, X400)
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Table 3: Histopathological features of untreated HepG2 cells, free Met and Met-Cs
Free HepG2 Free-Met Met-Cs
HepG2 cellularity +++ + ++
HepG2 differentiation +++ + ++
HepG2 degeneration - ++ +

Immunohistochemical examination

The IHC results revealed that the expression of the
cell cycle regulatory protein cyclin D1 was lower in
Met-treated media groups (free-Met and Met-Cs)
than in untreated HepG2. In addition, cyclin D1 was
lower in free-Met than in Met-Cs. Our results are in
agreement with the findings of Sabry et al., 2019
who stated cyclin D1 expression was decreased in
metformin HepG2 treated cells compared with the
control. Also, DePeralta et al., 2014 stated that
metformin may inhibit HCC cell growth by
downregulating cyclin D1.

Furthermore, Vacante et al., 2019 and Cai et al.,
2013 reported that treatment with metformin
decreased HepG2 cell proliferation and restricted
the cell cycle progression to the GO/G1 phase in
hepatocellular cancer cells.

The expression of the pro-apoptotic protein caspase-
3 was lower in Met-treated media groups (free-Met
media and Met-Cs) than in HepG2 control media
and was lower in Met-Cs than in free-Met. Contrary
to our findings, Sabry et al., 2019 stated that
caspase-3 levels were increased in metformin

treated HepG2 cells compared to control. This can
be explained as metformin can induce apoptosis in a
dose-dependent manner. Zou et al., 2019 reported
that the apoptosis rate in cancer cell lines increased
with increasing concentration of metformin. A
recent study by Eskandari and Eaves, 2022
suggested a pro-survival role for caspase-3.

The expression of the proliferative marker ki-67 was
lower in Met-treated media groups of HepG2 cells
(free-Met and Met-Cs) than in HepG2 with control
media. Furthermore, k-i67 was lower in free-MET
than in Met-Cs. This indicates that when HepG2
cells treated with free or Met-Cs, the proportion of
proliferating cancer cells decreases. Moreover, free
metformin can induce more suppression of the
proliferative activity of HepG2 compared to that
induced by chitosan nanoconjugated metformin.
Our findings were in the same line with Kim et al.,
2021 and Sabry et al., 2019 who stated that
metformin has an anti-proliferative activity in
HepG2 cells and can inhibit liver cancer cell growth
(Table 4, Fig. 8).

Table 4: Expression of Cyclin D1, Caspase-3 and Ki-67 in untreated HepG2 cells, free-Met and Met-Cs

Marker HepG2 free metformin Met-Cs NPs
control (Met)
Cyclin D1 90% 50% 70%
Caspase-3 10% 30% 50%
Ki-67 90% 60% 50%
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Fig. 8: Expression of Cyclin D1, Caspase-3 and Ki-67 in untreated HepG2 cells, free-Met and Met-Cs.

In a conclusion, our data revealed that treatment of HepG2 cells with both free metformin and chitosan
nanoconjugated metformin induces degeneration and necrosis of HepG2 cancer cells, an effect similar to
chemotherapeutic drugs. Mechanistically, metformin treatments showed increased expression of caspase-3, as an
indicator for induced apoptosis, and decreased expression of cyclin D1, as an indicator for cell growth limitation,
as well as decreased expression of k-i67, as an indicator for inhibited cell proliferation. These findings may
provide novel therapeutic targets or treatment strategies against HCC.
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