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ARTICLE INFO ABSTRACT

Keywords: Hepatocellular carcinoma (HCC) is a primary malignant neoplasia of the liver and sorafenib is one of the most
Hepatoc‘ellular carcinoma commonly used drugs in the treatment of HCC. Due to undesirable nature and side effects of sorafenib, nano-drug
Sorafenib delivery systems are being developed. A member of metal-organic frameworks (MOFs), ZIF-8 offers a very
Metal-organic frameworks . . . is

— suitable platform for drug transport and controlled drug release due to its zinc content and pH-sensitive,

biodegradable in an acidic environment. In the present study, sorafenib was encapsulated in ZIF-8 material
with 53.8% efficiency and 58% loading capacity (SRF@ZIF-8). Structural characterizations of synthesized ZIF-8
and SRF@ZIF-8 system were investigated in details. Drug release analysis exhibited a faster release profile at pH
5.0 compared to that of pH 7.4. The cytotoxic effects of sorafenib and zinc were investigated in HepG2 and HuH-
7 cell lines in vitro. The results demonstrated that in addition to sorafenib, ZIF-8 provided zinc to the envi-
ronment with its biodegradable structure resulted in an effective cytotoxic effect on HCC cells. The findings
showed that a formulation combining zinc and sorafenib together was more effective in HCC treatment compared

Controlled drug release

to sorafenib itself.

1. Introduction

Hepatocellular carcinoma (HCC) is primary malignant neoplasia of
the liver, which is more common in populations with a high incidence of
hepatitis. According to world statistics, HCC is the fifth most common
type of cancer and the third leading cause of cancer-related deaths [1,2].
Approximately 250,000-1,000,000 people die as a result of HCC every
year. While most types of cancer can be treated with applications such as
surgical intervention, radiotherapy, and chemotherapy [3] depending
on their localization and stages, most patients are diagnosed at a late
stage of HCC because of the absence of the early and pathognomonic
symptoms of HCC. As a result, most of the cases are cirrhotic at the time
of diagnosis and are in a stage that cannot be effectively treated [4,5].
This situation makes it necessary to seek new effective alternative ways
of treatment for HCC.

Sorafenib (SRF), a multiple kinase inhibitor, is one of the most
commonly used drugs in the treatment of HCC [5,6]. It is the first Food
and Administration (FDA) approved drug for systemic therapy in HCC
patients, and studies show that sorafenib has a life-extending effect in
advanced HCC. The hydrophobic structure, low solubility and stability
of Sorafenib, decreasing its effectiveness without going to the liver,

having undesirable side effects, and damaging healthy tissues other than
cancerous tissue limit the applications of this molecule in treatment [7,
8]. Today, nano-drug delivery systems are being developed to eliminate
these and similar problems that can be seen also in other chemotherapy
drugs [9]. There is an increasing interest in the development of active
substance-loaded nano-carrier systems for therapeutic purposes [10].
These systems provide controlled release, biocompatibility, solubility,
targeting, stability, non-toxic and non-carcinogenic property in biolog-
ical systems. Several kinds of research also have been performed to-
wards the development of new generation drug platforms and drug
delivery systems to make HCC cells susceptible to sorafenib.

There is distinct importance of zinc in HCC. Compelling evidence
supports the plausibility that a zinc treatment regimen will prevent the
development of malignancy and termination of progressing malignancy
in HCC [11,12]. This has led to the development of zinc-based treat-
ments for HCC and the search for an agent to provide zinc to the cell.
Therefore there is a need to develop new formulations for HCC treat-
ment as anticancer metallodrugs, including zinc.

In recent years, metal-organic frameworks (MOFs), which have
attracted the attention of chemistry and materials science researchers,
are emerging as a new material to be used in nanomedical applications.
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MOFs are crystalline, porous, and high-volume materials that are
formed by the self-polymerization of metal-ion and organic multi-
toothed ligands. Due to their outstanding properties like well-defined
pore opening, regular structure, adjustable size, versatile functionality,
high loading capacity, and biocompatibility, many potential application
areas of MOFs have been explored lately such as catalyst, magnetic
devices, ion exchange, gas storage, separation, and drug transport [13].
ZIF-8, created with zinc metal ion and 2-methylimidazole, is an
important member of the MOF family. ZIF-8, which has all the superior
properties of MOFs, is a very suitable platform for drug delivery and
controlled drug release due to its zinc content and its biodegradability in
an acidic environment as pH-sensivite. So far, various molecules such as
methyl orange, methylene blue, caffeine, cyt-c enzyme, turmeric,
3-methilladenine (3-MA), insulin were successfully encapsulated in the
cavities of ZIF-8 for several purposes. Additionally, ZIF-8 was utilized as
drug delivery systems for doxorobusin, 5-Fluorouacil, camptothecin,
6-mercaptopurine. The only study regarding to HCC has been shown in
gabapentin-ZIF-8 against HepG2 liver cancer cells but no study was
conducted in which sorafenib encapsulated with ZIF-8 [14].

In this research, it was aimed to improve HCC treatment by encap-
sulation of sorafenib drug with ZIF-8 metal-organic frameworks as a
multifunctional nano-carrier. The purpose of this encapsulation was to
increase the accumulation of sorafenib in liver tissue by taking advan-
tage of the pH sensitivity of ZIF-8, and at the same time to minimize the
damage of the drug to healthy tissues. In addition, since ZIF-8 biode-
gradable structure provides zinc which creates a cytotoxic effect on HCC
cells, the cytotoxic effects of sorafenib and zinc were combined as dual
therapy in a single nanoparticle. Herein, sorafenib drug was encapsu-
lated in ZIF-8 material (SRF@ZIF-8) with 53.8% yield and 58% loading
capacity. Drug release analysis performed after detailed structural
characterization of synthesized ZIF-8 and SRF@ZIF-8 system was
observed to exhibit a slower profile at pH 7.4, while fast at pH 5. The
cytotoxic effects of sorafenib, ZIF-8 and SRF@ZIF-8 were investigated in
HepG2 and HuH-7 cell lines in vitro. SRF@ZIF-8 demonstrated a better
cytotoxic effect on HCC cells compared to sorafenib and ZIF-8 because
the biodegradable structure of ZIF-8 has provided not only sorafenib but
also zinc to the environment. It has been also observed that the syn-
thesized multifunctional nano-carrier enters the nucleus in HCC cells
and exerts an apoptotic effect. As a result of this study, the findings
obtained showed that a formulation with ZIF-8 metal-organic frame-
works as a multifunctional nano-carrier combining zinc and sorafenib
together was more effective on HCC treatment.

2. Materials and methods
2.1. Materials

Unless otherwise stated all chemicals were purchased from Sigma.
2.2. Synthesis of ZIF-8 and SRF@ZIF-8nanoparticles

The synthesis of ZIF-8 nanoparticles was carried out with the some
modifications of the previously establised method of Pan et al. (2011)
[15]. In this study, ZIF-8 was synthesized such that the Znt%:2-methy-
limidazole:H,0 molar ratio of 1:70:1238 was obtained [16]. According
to these values, Zn(NOg3)2.6H20 (585 mg) was completely dissolved with
4 mL of DI water. On the other side, 2-methylimidazole (2-MeIM)
(11.35 g) was dissolved in 40 mL of DI water and 6 mL of DMSO solution
was added. Then two solutions were mixed together to form a white
solution and the mixing process was continued for another 5 min at
room temperature. The samples as white powders were collected by
centrifugation at 14,000 rpm for 15 min, washed three times with 30%
ethanol and then dried.

For the synthesis of SRF@ZIF-8 nanoparticles, the same method
described above was applied. In this study, 50 mg of Sorafenib was
dissolved in 6 mL of DMSO and added to the dissolved 2-
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methylimidazole solution and then added to the dissolved zinc nitrate
solution after stirring for 5 min. Other steps were continued as the ZIF-8
synthesis.

2.3. Nanoparticle yield and encapsulation efficiency

The yield of the nanoparticles was determined by gravimetry after
washing and drying of a known volume of nanoparticle suspension. The
drug encapsulation efficiency was investigated directly by inductively
coupled plasma-optical emission spectrometry (ICP-OES). In ICP-OES
analysis the particles were decomposed in an aqueous solution of 5%
HNOg prior to the measurement, and thus, the Zn compositions of the
whole particle material were obtained. The encapsulation efficiency of
the active agent was calculated as follows:

Encapsulation efficiency (%) = (mass of drug in nanocrystals/mass of total
loaded drug) x 100 100

2.4. Characterization of ZIF-8 and SRF@ZIF-8 nanoparticles

Particle sizes and zeta potentials of ZIF-8 and SRF@ZIF-8 nano-
particles were determined by Dynamic Light Scattering Method (DLS)
via Zetasizer Nano Z Malvern Panalytical, United Kingdom). The di-
mensions of the nanoparticles were verified by scanning electron mi-
croscopy (SEM). The samples were displayed using the 5 KV electron
beam and 200 nm scale by the FEI QUANTA 250 FEG (USA). The
average fibre diameter was evaluated from the SEM micrographs of 100
individual fibres by using Fiji ImageJ software. Energy Dispersive X-ray
Spectroscopy (EDX) were used to determine the elemental compositions
of ZIF-8 and SRF@ZIF-8 nanoparticles. XRD analysis was performed by
using the CuKa radiation in the Philips X arakpert Pro (Royal Philips
Electronics, Amsterdam, The Netherlands) diffractometer with a beam
length of 1.541 A, at 40 kV and 25 mA. With the Fourier Transform
Infrared Analysis (FT-IR) (PerkinElmer FT-IR System Spectrum BX), the
functional groups present in ZIF-8 and SRF@ZIF-8 were examined.

2.5. Determination of Zn?* concentration

ZIF-8 and SRF@ZIF-8 nanoparticles were dissolved in three different
pH environments in phosphate-citrate buffer at pH 5 and 6 and PBS at
pH 7.4. Samples agitated at 150 rpm were centrifuged after 5 days and
the supernatants were analyzed by Flame Atomic Absorption Spectros-
copy at a wavelength of 213.9 nm.

2.6. Hemolysis

To determine hemolysis potential of nanoparticles, erythrocytes
were mixed with nanoparticles at 1, 5 and 10 pg/mL ZIF-8 and
SRF@ZIF-8 (in PBS solution) at 1:1 (v/v) ratio and incubated at 37 °C for
4 h. PBS was used as negative control group and 1% Triton X-100 as
positive control group. At the end of the incubation, erythrocytes and
nanocrystals were separated from mixture by centrifugation and he-
moglobin was spectrophotometrically determined at upper layer at 540
nm. Hemolysis ratio calculated via absorbance with the formula below.

(% Hemolysis = (A sample - A negative control)*100/A positive control)

2.7. Release of sorafenib from Sorafenib@ZIF-8

A typical release system was used by suspending 25 mg of ZIF-8 and
SRF@ZIF-8 nanoparticles in 20 mL of PBS solution (pH 7.4 and 5.0 and)
at 37 °C and maintained under shaking (shaking frequency = 150 rpm).
At each time 1 mL of sample were taken and centrifuged to collect the
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Fig. 1. (i) SEM micrographs of a)ZIF-8 b)SRF@ZIF-8; (ii) FTIR spectra for a) ZIF-8 b) SRF@ZIF-8 and c) SRF; (iii) XRD patterns of a)ZIF-8, b)SRF@ZIF-8 and c)SRF;

(iv) N2 adsorption/desorption slope of ZIF-8.

Table 1
Yield, Hydrodynamic radius, Drug Loading Capacity, and Zeta Potentials of a)
ZIF-8 and b) SRF@ZIF-8.

Yield Hydrodynamic Drug Loading Zeta Potential

(%) radius (nm) Capacity (%) (mV)
ZIF-8 68,3 340 —21,3
SRF@ZIF- 53,8 809 58 17,8

8

supernatant and at the same time system was replaced with fresh PBS.
The UV-Visible spectroscopy absorbance value of each sample was
recorded at 265 nm.

The release percentage of Sorafenib was determined according to the
following formula:

Release percentage (%) = Mr/Mt, where Mr is the amount of released Sor-
afenib, while Mt is the total amount of loaded Sorafenib

2.8. Cell viability and cytotoxicity test

HuH-7 and HepG2 cell lines were cultured in DMEM medium con-
taining 1% penicillin/streptomycin, 1% t-glutamine and 10% fetal
bovine serum. The cells at a concentration of 5000 cells/well were
seeded into 96-well cell culture dishes and incubated for 24 h at 37 °C,
95% humidity and 5% CO». Then the cells were incubated with ZIF-8
and SRF@ZIF-8(sterilized by UV irritation) at various concentrations
for 24, 48 and 72 h. At the end of each incubation period, 10 pl of MTT
solution was added and incubated at 37 °C for 4 h, then formazan
crystals were dissolved with DMSO (dimethyl sulfoxide) and measured
at 570 nm.

2.9. Apoptosis analysis

To understand the effect of Sorafenib, ZIF-8 and SRF@ZIF-
8nanoparticles on hepatocellular carcinoma cells, Annexin V-FITC
detection kit was used. For this analysis, 1980 puL of cell suspension with
density 5 x 10° cells were seeded in 6-well plates and incubated for 24 h
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Fig. 2. (a) Drug release profile of SRF from ZIF-8 (b) Hemolysis rates of ZIF-8
and SRF@ZIF-8 nanoparticles.

at 37 °C, 95% humidity and 5% CO,. After incubation, Sorafenib, ZIF-8
and SRF@ZIF-8nanoparticles were dissolved in DMSO and added to
incubated cells at final volume of 2 mL of various concentrations,
respectively. The treated cells were incubated for 24 and 48 h in CO,
incubator at 37 °C. At the end of each incubation period, the cells were
harvested by trypsin and centrifuged at 800 rpm for 5 min. The resulting
pellets were dissolved in 5 mL of PBS and centrifuged again. After
centrifugation, the pellet was dissolved in 250 pL binding buffer and 2 pL
Annexin V-FITC and 5 pL propidium iodide were added. The stained
cells were incubated for 15 min at room temperature and the apoptotic
effects of test compounds were determined by flow cytometer.

2.10. Cell cycle analysis

The effects of ZIF-8 and SRF@ZIF-8 nanoparticles on the cell cycle
were tested in HuH-7 and HepG2 cancer cell lines by propidium iodide
staining (BioVision, USA). Into 6-well plates, 1980 pL of cell suspension
at a density of 5 x 10° cells per well were inoculated and incubated for
24 h. Test compounds were dissolved in DMSO and added to cells to
maintain the final concentrations of 5, 10, 20, 50, 100 pg/mL. The cells
treated with test compounds were incubated for 24 h in a CO, incubator
at 37 °C.

After incubation, cells were harvested by trypsin and centrifuged at
1200 rpm for 10 min. The supernatant was poured, and the pellet was
dissolved in 5 mL of PBS. The cell suspension was centrifuged again. The
pellet was resuspended in 1 mL cold PBS and fixed by adding 4 mL of
—20 °C ethanol (99.8%) on a low-speed vortex. The fixed cells were
incubated at —20 °C for at least 24 h. After incubation, the fixed cell
suspension was centrifuged at 1200 rpm for 10 min at 4 °C. The pellet
was dissolved in 5 mL of PBS and centrifuged again. The pellet was
resuspended in a 200 pL phosphate buffer, including 0.1% Triton X-100.
20 pL RNase A (200 pg/mL) was added to the cell suspension, and cells
were incubated in a CO5 incubator at 37 °C for 30 min. After incubation,
20 pL PI (1 mg/mL) was added, and cells were incubated at room
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temperature for 15 min. The cell cycle distribution was determined by
flow cytometer (BD FACSCanto, USA), and data were analyzed by
ModFit LT software. For each sample, at least 10,000 events were
collected.

2.11. Data presentation and statistical analysis

All experiments were performed at least in duplicate. Statistical er-
rors of the data were determined by GraphPad Prism version 8.00 for
Windows (GraphPad Software, La Jolla, CA, USA) (www.graphpad.
com).

3. Results and discussion

3.1. Synthesis and characterization of ZIF-8 and SRF@ZIF-
8nanoparticles

ZIF-8 nanoparticles were synthesized successfully in a Znt%2-
methylimidazole: HyO molar ratio of 1: 70: 1238 and sorafenib was
encapsulated into ZIF-8 in situ. Scanning electron microscopy (SEM)
showed that the ZIF-8 and SRF@ZIF-8 materials consisted of isolated
crack-free particles of diameter between 113 and 140 nm. As shown in
Fig. 1(i), scanning electron microscopy (SEM) images of the resulting
structures indicate the formation of rhombic dodecahedral crystals,
which corresponds to the average size of biomedically relevant ZIF-8
encapsulating biomacromolecules, as previously reported by Falcaro
and co-workers [17]. As expected,energy-dispersive X-ray (EDX) spec-
troscopy maps confirm the presence of Zn, C, and N elements uniformly
distributed throughout each crystal whereas, sorafenibe has F,S and Cl
[18]. The atomic percent distribution of ZIF-8 is in accordance with the
CgH19N4Zn formula. When the distribution of SRF@ZIF-8 and ZIF-8
nanoparticles is compared, it is observed that the F and Cl elements
from SRF are added in the atomic percentage distribution of SRF@ZIF8
and the percentage of element C increases. These results overlap with
the SRF with the formula Cy1H;CIF3N4O3.

Comparison of the sample XRD results to the pattern simulated from
the published ZIF-8 structure data indicates that the product is pure-
phase ZIF-8 material. Peak broadening can be clearly observed from
the sample XRD pattern, indicating the formation of nanosized crystals
[19]. Each synthesis yielded pure-phase ZIF-8 crystals as demonstrated
by X-ray diffraction (XRD) patterns (Fig. 1(iii)). Patterns generated by
the ordered porous structure of the ZIF-8 particles between 26 values of
5 and 40° can be observed and the peak broadening observed indicates
the formation of nanosized crystals. The relative intensities and the
sharp peaks in the diffraction pattern of ZIF-8 at 26 = 7.11°, 12.5°,
17.75°, and 26.4° prominent peak positions, including 011, 002, 112,
022, 013, and 222 are in good agreement with previous reports [20,21],
confirming the sodalite structure, which is the typical structure of ZIF-8,
and the well-defined peaks revealed high crystallinity. The interplanar
spacings calculated using Bragg’s law from the reflection at different
Bragg’s angles correspond to a body centered cubic structure with a unit
cell parameter of 17 A and are in accordance with those reported in the
literature [20,21]. The XRD analysis show the exact crystal structure of
ZIF-8 nanoparticles showing that the addition of SRF didn’t alter the
lattice parameters of ZIF-8.

The zeta potential of nanoparticles is an important factor for cellular
retention rate in in vitro applications. Therefore, zeta potential and
hydrodynamic radii of ZIF-8 and SRF@ZIF-8 nanoparticles were inves-
tigated by DLS measurement (Table 1). The hydrodynamic radius of the
ZIF-8 nanoparticles were approximately two times larger than the values
in the SEM measurement [22]. Also, the zeta potentials of the nano-
particles were measured as 24.5 and 17.8 mV, respectively. This change
in zeta potential can be attributed to the encapsulation of the drug.

FTIR spectra were obtained for ZIF-8, Sorafenib, and SRF@ZIF-8
(Fig. 1(ii)). In the spectrum corresponding to ZIF-8, two bands at 3135
and 2928 cm ™! can be observed for the aromatic C-H stretch and the
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Fig. 3. Cytotoxic activity profiles of SRF, ZIF-8, and SRF@ZIF-8 in (i) HEPG2 and (ii) HUH7 cell lines at 24, 48, and 72 h. Statistical analysis was performed with one-
way ANOVA and p values are <0.0001 in ****  <0.001 in ***, <0.01 in ** and <0.05 in * indicating that results are statistically significant.

aliphatic G-H stretch of the imidazole, respectively. The 1606 cm™!
band is for the C-C stretch, and the peak at 1580 cm ™! is for the C-N
stretch. The C-N absorption bands are found in the 1100-1400 cm™!
region. The absorption band at 421 cm ™ is associated with the Zn-N
stretching mode. These assignments are in agreement with the FTIR
measurements from Park et al. [23]. Several bands are observed for
SRF@ZIF-8. The FTIR spectrum analysis for the system SRF@ZIF-8 do
not undoubtedly show the adsorption of the drug into ZIF-8, but the
detection of characteristic bands for both ZIF-8 and drug indicates the
presence of both compounds.

Metal organic frameworks are organic coordination compounds with
high porosity. The surface areas of these materials are quite large.
Therefore, the Ny adsorption/desorption slopes of the ZIF-8 nano-
particles were deduced (Fig. 1 (iv)). The curve obtained corresponds to
the Type I isotherm. Thanks to this measurement, it is calculated that the
nanoparticles have 1017.3249 m?%/g and 1495.7186 m2/g BET and
Langmuir surface areas. The surface area results found correspond to
those known in the literature [24].

Our first aim in this study is to synthesize nanoparticles that can be
encapsulated in small size with high loading and high encapsulation
efficiency of sorafenib. ICP-OES was used to determine the effective SRF
loading capacity. In the ICP-OES analysis, nanoparticles were degraded
in 5% HNOs solution before measurement and thus the amount of Zn in
the nanoparticle was obtained. Based on the Zn amount obtained, the
ZIF-8 yield was calculated. The amount of SRF in ZIF-8 using the

gravimetrically determined ZIF-8 and SRF@ZIF-8 quantities is shown in
Table 1.

In order to observe the change of drug release from SRF@ZIF-8
nanoparticles over time, pH 5 solution mimicking acidic cancer cell
environment and PBS buffer solutions with physiological pH 7.4 were
created. SRF@ZIF-8 nanoparticles were incubated in these two different
pH environments at 150 rpm for 5 days. Absorbance values of super-
natants were measured with UV-Vis device to calculate the amount of
drug released in a certain time period. The cumulative emission graph
obtained at pH 5 and 7.4 is in Fig. 2(a).

Erythrocytes, also known as red blood cells, constitute 48% of blood.
The erythrocytes-MOFs interaction is essential to study the hemoglobin
release known as hemolysis. The percentage of erythrocyte cells in the
blood of ZIF-8 and SRF@ZIF-8 nanoparticles were investigated. It is
known that increased concentration of nanoparticles and especially
positive surface charged nanoparticles undergo more hemolysis by
erythrocytes in blood than negatively charged ones [25]. The hemolysis
rate of nanoparticles on erythrocytes was investigated in three different
concentrations: 1 pg/mL, 5 pg/mL, and 10 pg/mL. The hemolysis rate of
nanoparticles was found to be consistent with each other as 0.53% and
0.42%, respectively (Fig. 2(b)). These values are below 5%, which
supports the biocompatibility of nanoparticles.

Cell viability of ZIF-8 and SRF@ZIF-8 nanoparticle concentrations
(25-250 pg/mL) at 24, 48 and 72 h in HEPG2 and HuH-7 cell lines was
examined using the MTT assay (Fig. 3). It is known by the literature that
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apoptosis (Q4) rates); (ii) The cell cycle analysis for of SRF, ZIF-8 and SRF@ZIF-8 at 24 h in HEPG2 and HUH?7 cell lines.

an amount less than 30 pg/mL ZIF-8 does not have a cytotoxic effect on
cells. When the results obtained are examined, nearly 100% of the cells
preserved their viability at 25 pg/mL ZIF-8 and these results are
consistent with the literatiire [26]. While 250 pg/mL ZIF-8 showed
approximately 60% viability on both cell lines, it was observed that it
was not cytotoxic at lower concentrations. The incubation time of ZIF-8
is not an important factor for the decrease in cell viability. As a result of
the MTT test, it is shown that SRF@ZIF-8 nanoparticles create a signif-
icant cytotoxic effect on HEPG2 and HuH-7 cells compared to ZIF-8. Cell
death by the addition of Sorafenib to ZIF-8 was found to be more
effective in the HEPG2 cell line than HuH-7 cells (Fig. 3). The results
were Statisticaly analyzed with one-way ANOVA and p values are
<0.0001 in **** <0.001 in ***, <0.01 in ** and <0.05 in * indicating
that results were statistically significant. While SRF@ZIF-8 nano-
particles in HEPG2 cells decreased by 40% at a dose of 250 pg/mL and at
the end of 24 h, in HuH-7 cells this ratio decreased by 20%. In both cell
lines, cell viability showed an inversely proportional effect due to the
increasing dose of SRF@ZIF-8 nanoparticles. Along with the increase in
incubation time, it was observed that SRF@ZIF-8 nanoparticles also
increased cellular inhibition (Fig. 3). High cytotoxic effects were
observed with Sorafenib in HuH-7and HEPG2 cell lines. The low

cytotoxicity of SRF@ZIF-8 compared to SRF on cell death can be
explained by the slow release of the drug.

Nanoparticles can diffuse passively into the cytoplasm and other cell
organelles through endocytosis. This may cause the formation of nano-
particle agglomerates inside the cell. The interaction between metal-
containing nanoparticle aggregates and living cells leads to cell death.
This is observed more clearly with morphological changes, incubation
time and increase in nanoparticle concentration. The HepG2 cell line
was examined in a 24-h period, when the values of 20 pg/mL Sorafenib
and 100 pg/mL SRF@ZIF-8 were compared, it was observed that the
apoptosis rate increased from 68.0% to 91.5%, while the rate of necrosis
decreased from 30.5% to 8.0%. The HuH-7 cell line was examined in a
24-h period, when the 50 pg/mL Sorafenib and 100 pg/mL SRF@ZIF-8
values were compared, it was observed that the apoptosis rate
increased from 80.1% to 93.9%, while the necrosis rate decreased from
19.3% to 4.8% (Fig. 4(i)). The rate of apoptosis was increased and the
desired reduction in the rate of necrosis was achieved. In addition, when
the viability rates in the cell are examined, it has been shown that the
decrease in the survival rate in the SRF@ZIF-8 is compatible with the
results of apoptosis. In addition, when evaluated in terms of the effects of
ZIF-8 concentration on cell viability, apoptosis results were observed to
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Fig. 5. Confocal images of SRF and SRF@ZIF-8 at 24 hours in HUH7 and
HEPG2 cell lines.

be consistent with MTT results. According to the literature, Sorafenib is
known to downregulate Cyclin D1 and Cyclin D3 & CDK4 proteins [27].
It is also known that the aforementioned proteins are involved in passing
the G1 phase, one of the cell cycle control phases. When the results are
examined comparatively, the findings showing that the highest amount
of HepG2 and HuH-7 cells was found in the G1 phase (Fig. 4(ii)) is
consistent with the literature [28].

The confocal microscope image results of Sorafenib and SRF@ZIF-8
were examined, accumulation around this region including the cell
nucleus was observed by DAPI staining (Fig. 5). The organelles of the
nucleus, nucleus membrane and endoplasmic reticulum (ER) are closest
to these regions. Sorafenib is known to cause stress on the ER [29].
Nucleus, nuclear membrane and endoplasmic reticulum; It forms the
endomembrane complex with the Golgi device and functions together.
The accumulation of sorafenib in the specified regions is known to be
associated with the kinase inhibition activity stated as previously [28,
29]. Sorafenib, known as a multikinase inhibitor, is thought to cause
stress by affecting the organelles that cooperate with ER and disrupting
their work since its activity takes place in these regions.

Journal of Drug Delivery Science and Technology 82 (2023) 104362

4. Conclusions

In this study, a new generation smart, biocompatible, biodegradable
and multifunctional nano-carrier system has been developed, well-
characterized and its cytotoxic effect has been investigated for the
treatment of HCC. In this direction, sorafenib used in HCC treatment was
encapsulated in ZIF-8 smart material formed with zinc and 2-methylimi-
dazole by the one-pot method with 53.8% efficiency and 58% loading
capacity. The material obtained has been characterized structurally and
functionally in detail. SEM images showed that SRF@ZIF-8 nano-
particles were homogeneously distributed and the structure was
rhombic dodecahedral with nearly 100 nm in size. The zeta potential
results demonstrated that SRF@ZIF-8 nanoparticles were negatively
charged and thus suitable for targeting. The crystallinity and impurity of
nanoparticles were determined by XRD measurement. The drug release
profile was indicated that sorafenib released faster at acidic pH which
belongs to the tumor microenvironment compared to physiological pH.
The synthesized SRF@ZIF-8 nanoparticles were also demonstrated as
biocompatible and biodegradable. Besides, as a delivery system, ZIF-8
was chosen for its therapeutic and treatment-supporting effect because
of the zinc source in this study. It was aimed to create a dual cytotoxic
effect on HCC by combining the effects of zinc and sorafenib on a single
platform. The results demonstrated that SRF@ZIF-8 nanoparticles pro-
vided better cytotoxicity on HepG2 and HuH-7 cell lines compared to
sorafenib and zinc itself. As a result of this study, the findings showed
that Sorafenib loaded ZIF-8 metal-organic frameworks as a multifunc-
tional nano-carrier provided effective therapy for hepatocellular
carcinoma.
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