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Background: Apatinib is a newly approved antitumor drug (molecular targeted agent/small
molecular kinase inhibitor) for advanced hepatocellular carcinoma (HCC) treatment. However,
current oral administration of apatinib could induce the even distribution of drugs in the body and
cause the concentration of apatinib in the HCC location to be limited or insufficient. Therefore,
it is urgent to develop novel formulations of apatinib to improve its efficiency.

Materials and methods: Apatinib was prepared to form a stable and even dispersion with
cyclodextrin (a clathrate complex/inclusion complex named Apa-Cyc). A temperature-sensitive
phase-change hydrogel of apatinib (named Apa-Gel) was prepared using apatinib—cyclodextrin
and poloxamer 407. Apa-Gel was injected into HCC tissues in nude mice to examine the long-
term antitumor effect.

Results: Apa-Gel can transform from liquid to hydrogel at near body temperature and main-
tain slow release of apatinib in HCC tumor tissues. When injected subcutaneously, one-time
administration of Apa-Gel has a long-acting antitumor effect on the subcutaneous growth or
epithelial-mesenchymal transition process of HCC cells.

Conclusion: This novel slow-releasing system allows apatinib to be released effectively on
the long term and facilitates tissue attachment, thereby preserving the efficiency of apatinib
over the long term.

Keywords: advanced hepatocellular carcinoma, apatinib—cyclodextrin inclusion complex,
long sustaining and long acting

Introduction

Oral administration of molecular targeted agents (multitarget protein kinase inhibitors)
continues to be the primary choice for advanced hepatocellular carcinoma (HCC)
chemotherapeutic treatment (antitumor agent treatment).'* Sorafenib (BAY 43-9006)
was the first approved molecular targeted agent and remains one of the foremost choices
for advanced HCC treatment.®’ Recently, some other molecular targeted agents, eg,
apatinib or regorafenib (BAY 73-4506), were approved for the treatment of advanced
HCC.#1° Application of molecular targeted agents could prolong the survival and
improve the life quality of patients suffering from advanced HCC.* '* However, current
oral administration of these drugs is still not satisfactory. Oral administration of these
drugs could induce the even distribution of drugs in the entire body and cause the
concentration of drugs in the HCC location to be limited or insufficient. Moreover,
high daily doses (over 800 mg) result in a range of side effects and heavy financial
burden.!! Our aim is to develop novel approaches for increasing the efficacy and safety
of molecular targeted agents.
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Apatinib is a newly approved antitumor drug (molecu-
lar targeted agent/small molecular kinase inhibitor) for
advanced HCC treatment.'> As a result of the structure
of apatinib, it is hydrophilic in nature but not easily
soluble. The current strategy is to prepare apatinib as
apatinib mesylate (AiTan®, apatinib mesylate tablets).!?
Although preparation of apatinib as apatinib mesylate
tablets could possibly improve the solubility of apatinib,
ionized apatinib (positive ion) may not improve trans-
membrane conductance in the human gastrointestinal
system after oral administration. Therefore, it is valu-
able to develop novel pharmaceutical formulations for
apatinib. In this work, apatinib was prepared to achieve
a stable and even dispersion with cyclodextrin. A tem-
perature-sensitive phase-change hydrogel (Apa-Gel) was
prepared using apatinib—cyclodextrin and poloxamer 407.
Apa-Gel was injected into HCC tissues in nude mice.

Materials and methods

Cell culture and agents

MHCC97-H cells (a highly aggressive HCC cell line) were
purchased from Type Culture Collection of the Chinese
Academy of Sciences (Shanghai, People’s Republic of
China), an organization possessing typical biological samples
of the Chinese government. The protocol, methods, and usage
of cell line in cell-based experiments were approved by the
Ethics Committee, Henan Medical College. MHCC97-H
cells were cultured in DMEM (Thermo Fisher Scientific
Corporation, Waltham, MA, USA) with 10% FBS (Thermo
Fisher Scientific Corporation) in 5% CO, at 37°C. Apatinib
mesylate (Cat. No S2221) was purchased from Selleck Cor-
poration (Houston, TX, USA). Cyclodextrin was purchased
from Sinopharm Chemical Reagent Beijing Corporation
(Beijing, People’s Republic of China).

Preparation of apatinib formulations

Apatinib mesylate was first prepared into apatinib. For the
apatinib suspension preparation (named Control), 20 mg of
apatinib was simply mixed with 10 mL of double-distilled
H,O (ddH,0). For the apatinib solution preparation, 20 mg
of apatinib was dissolved in a solution of 100 UL dimethy]l
sulfoxide, 200 UL polyethylene glycol 400 (PEG 400), and
200 uL Tween 80. Next, the solutions were carefully and
slowly diluted by PBS to a total volume of 10 mL, accom-
panied with ultrasonic or churning treatment. The apatinib
concentration in the diluted solution (named Apa-Sol) was
~2 mg/mL. For the apatinib—cyclodextrin clathrate complex/
inclusion complex preparation, apatinib and cyclodextrin

were mixed to form an apatinib—cyclodextrin inclusion
complex (named Apa-Cyc), following the methods provided
by Giglio et al and Kim et al.'*!> Next, these formulations
were scanned by a multifunctional microplate reader to
examine the OD values under a series of wavelengths. For
temperature-sensitive phase-change hydrogel of apatinib
preparation, poloxamer 407 (FREDA Corporation, Jinan
City, People’s Republic of China) was added to the apatinib—
cyclodextrin inclusion complex formulation (Apa-Cyc).
Moreover, these formulations were extracted with acetonitrile
(ACN), and the apatinib in each formulation was examined by
liquid chromatography mass spectrometry/mass spectrometry
(LC-MS/MS) methods as described by Feng et al, Feng et al,
and Xie et al.!¢"18

Releasing or clearance of apatinib

All animal experiment protocols were approved by the Insti-
tutional Animal Care and Use Committee of Henan Medical
College. All animal studies were carried out in accordance
with the UK Animals (Scientific Procedures) Act of 1986
and associated guidelines. MHCC97-H cells were cultured
and seeded into nude mice to prepare the subcutaneous tumor
model. When the tumor volumes reached 1,200-1,500 mm?,
the apatinib formulations (Solvent Control, Apa-Cyc, Apa-
Gel, and Apa-Sol) were injected into subcutaneous tumors
formed by MHCC97-H cells. Total volumes of formula-
tions were 50 UL for each tumor, and formulations were
administered once by intratumor injection. At the indicated
time points, mice were harvested, and tumor tissues were
collected. Collected tumor tissues were weighed and lysated,
and apatinib sustaining in tumor tissues was extracted with
ACN for LC-MS/MS examination. The LC-MS/MS experi-
ments were performed, and the sustaining curves of apatinib
in HCC tumor tissues were obtained through calculations
following the methods provided by Xie et al, Feng et al, Li
et al, and Wu et al.!$2!

In vivo antitumor effects of apatinib

MHCC97-H cells were cultured and injected into nude
mice (5x10° cells per animal) to form subcutaneous tumor
models.?>* To examine the antitumor effect of oral adminis-
tration of apatinib mesylate suspension to mimic the apatinib
clinical application or tail vein injection of Apa-Cyc prepared
in this present work, nude mice 4-6 weeks of age were
purchased from Si-Bei-Fu Corporation (Beijing, People’s
Republic of China). Four to five days after MHCC97-H cells
were injected into nude mice, the mice received oral admin-
istration of the indicated dose of apatinib mesylate to mimic
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the clinical application of apatinib or tail vein injection of
the indicated dose of Apa-Cyc every 2 days. After 25 days
of treatment (12 treatments), tumors were harvested. Tumor
weight was measured by precision balances, and tumor
volumes were measured as length x width X width/2.

Next, to examine the long-acting antitumor effect of
Apa-Gel on HCC cells’ subcutaneous growth, MHCC97-H
cells were injected into nude mice to form subcutaneous
tumors. After 1-2 weeks of growth, when tumors reached
1,000-1,200 mm? volume, mice were randomly divided into
four groups as follows: 1) solvent control group (mice with
intratumors injected with 50 uL solvent control); 2) mice
with intratumors injected with 50 uL Apa-Sol; 3) mice with
intratumors injected with 50 L. Apa-Cyc; and 4) mice with
intratumors injected with 50 UL Apa-Gel. After 14-20 days
of growth, tumors were harvested. Tumor weight was
measured by precision balances and tumor volumes were
measured as length x width x width/2.24%

Quantitative polymerase chain reactions
MHCC97-H cells were injected into nude mice to form
subcutaneous tumors. After 1-2 weeks of growth, when
tumors reached 1,000-1,200 mm?® volume, the mice were
randomly divided into four groups as follows: 1) untreated
group; 2) mice with intratumors injected with Apa-Sol;
3) mice with intratumors injected with Apa-Cyc; and 4) mice
with intratumors injected with Apa-Gel. After 14-20 days
growth, tumors were harvested, and total RNA samples were
extracted with the PARISTM Kit (Applied Biosystems,
Foster City, CA, USA) and reverse transcribed to cDNA
with a Multiscribe™ Reverse Transcriptase Kit (Applied
Biosystems) according to the manufacturer’s instructions
for quantitative polymerase chain reactions (qQPCRs). The
mRNA levels of E-cadherin, N-cadherin, and vimentin were
examined by qPCR, referring to the methods described by
Kang et al.?® The sequences of the primers used are presented
in Table 1.

Table | The primers used in this work

Targets Primer sequence (5’-3)

E-cadherin Forward: 5-AAGGCACGCCTGTCGAAGCA-3’
Reverse: 5-ACGTTGTCCCGGGTGTCATCCT-3’

N-cadherin Forward: 5-TGCGCGTGAAGGTTTGCCAGT-3’
Reverse: 5-TGGCGTTCTTTATCCCGGCGT-3’

Vimentin Forward: 5-ACCGCACACAGCAAGGCGAT-3’
Reverse: 5-CGATTGAGGGCTCCTAGCGGTT-3’

B-actin Forward: 5-ACCGCACACAGCAAGGCGAT-3’
Reverse: 5-CGATTGAGGGCTCCTAGCGGTT-3’

Statistical analysis

Statistical analysis was carried out using Bonferroni’s cor-
rection with or without two-way analysis of variance using
SPSS Statistics software (IBM Corporation, Armonk, NY,
USA). The half-life (¢, , value) of apatinib in MHCC97-H was
calculated with Origin software (Version No 6.1; OriginLab
Corporation, Northampton, MA, USA). A P-value <0.05
was considered statistically significant between groups.

Results

Preparation of apatinib formulations

To reveal the characteristics of the apatinib formulations, the
samples were examined by either multifunctional microplate
reader or LC-MS/MS methods. As shown in Figure 1A,
apatinib simply mixed in ddH,O was a suspension containing
tiny drug particles and had much higher absorbance value
measured under a series of wavelengths than the Solvent
Control group, Control group, Apa-Sol group, or Apa-Cyc
group. Next, the apatinib suspension (Control group) was
filtered with a 0.22 pum pore size filter to extract undissolved
apatinib particles and used as the control. The concentrations
of apatinib in the formulations were determined. As shown in
Table 2, the concentrations of apatinib in Apa-Sol and Apa-
Cyc were 1.9310.16 and 1.99+0.08 mg/mL, respectively,
and after multiple filtrations (0.22 um aperture), apatinib
sustaining in the apatinib suspension was found to be rare
(0.031£0.02 mg/mL). The results identifying apatinib in
formulations from LC-MS/MS are shown in Figure 1B-F.
Therefore, we successfully prepared the formulations of
apatinib and determined the features and apatinib concentra-
tions in the formulations.

The antitumor effect of apatinib

formulations

To reveal whether Apa-Cyc could be used in HCC treatment,
MHCC97-H cells were seeded into nude mice to form subcu-
taneous tumors. Mice received apatinib treatment by 1) oral
administration of apatinib mesylate to mimic the clinical
application of apatinib or 2) injection of Apa-Cyc through
the tail vein. Results are shown in Figure 2. Oral administra-
tion of a 2 mg/kg dose of apatinib significantly reduced the
tumor volumes or tumor weights of MHCC97-H cells. The
antitumor effects of 0.5 and 1.0 mg/kg doses of apatinib were
weaker than that of the 2 mg/kg dose (Figure 2). Oral admin-
istration of a 0.2 mg/kg dose of apatinib did not significantly
inhibit the subcutaneous growth of MHCC97-H cells in nude
mice (Figure 2). Injection of 0.5, 0.2, and 0.1 mg/kg doses
of Apa-Cyc through the tail vein inhibited the subcutaneous
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Notes: Apatinib was ) simply mixed with ddH,O to form an apatinib suspension (named Control); 2) dissolved in organic solvents and diluted in ddH,O to form an apatinib
solution (named Apa-Sol); and 3) mixed with cyclodextrin to form an apatinib—cyclodextrin inclusion complex (named Apa-Cyc). (A) Apatinib formulations were scanned
with a microplate reader to obtain the OD values of apatinib formulations (Control, Apa-Sol, and Apa-Cyc) measured under a series of wavelengths. Cyclodextrin solution
in ddH,O was used as a solvent control. (B) Apatinib suspension was filtered with a 0.22 um pore diameter filter membrane. Apatinib formulations (Control, Apa-Sol, and
Apa-Cyc) were extracted by ACN for LC-MS/MS examination. (C—F) The typical photographs of Solvent Control (C), Control (apatinib suspension) (D), Apa-Sol (E), and

Apa-Cyc (F) by LC-MS/MS. *P<0.05.

Abbreviations: ACN, acetonitrile; Apa-Cyc, apatinib—cyclodextrin inclusion complex; Apa-Sol, apatinib solution; ddH,O, double-distilled H,O; LC-MS/MS, liquid
chromatography mass spectrometry/mass spectrometry; MRM, multi reaction monitoring.

growth of MHCC97-H cells in nude mice (Figure 2). The
antitumor effects of 0.1 and 0.2 mg/kg doses of Apa-Cyc
were much lower than those of the 0.5 mg/kg dose of Apa-
Cyc, and injection of a 0.05 mg/kg dose of Apa-Cyc did not

Table 2 The loading efficiency of apatinib formulations

Groups Loading efficiency (mg/mL)
Solvent control -

Control 0.03+0.02

Apa-Sol 1.9310.16

Apa-Cyc 1.99+0.08

Notes: Data are presented as meantSD.
Abbreviations: Apa-Cyc, apatinib—cyclodextrin inclusion complex; Apa-Sol, apatinib
solution; Control, apatinib suspension.

significantly inhibit the subcutaneous growth of MHCC97-H
cells in nude mice (Figure 2). Moreover, the antitumor effect
of the injection of a 0.5 mg/kg dose of Apa-Cyc was more
effective than the oral administration of a 2 mg/kg dose of
apatinib. The inhibition rate of the oral administration of a
2 mg/kg dose of apatinib on the subcutaneous growth of
MHCC97-H cells in nude mice was 64.19%%7.22%, whereas
the inhibition rate of the injection of a 0.5 mg/kg dose of Apa-
Cyc on subcutaneous growth of MHCC97-H cells in nude
mice was 87.93%23.54%. Therefore, the formulation of Apa-
Cyc not only achieved injective administration of apatinib but
also improved the efficiency of apatinib treatment. Also, the
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Figure 2 Antitumor effect of apatinib formulations on the subcutaneous growth of MHCC97-H cells.
Notes: MHCC97-H cells were injected into nude mice to form subcutaneous tumors. The mice that received solvent control PBS was the control group. The indicated
doses of apatinib were orally administered or injected via the tail vein with an indicated dose of Apa-Cyc to the mice. The results are shown as (A) photographs of tumors,
(B) tumor volumes of nude mice receiving orally administered apatinib, (C) tumor volumes of nude mice receiving tail vein-injected Apa-Cyc, (D) tumor weights of nude mice
receiving orally administered apatinib, and (E) tumor weights of nude mice receiving tail vein-injected Apa-Cyc. *P<<0.05 vs apatinib oral administration group with control
group (untreated group); *P<<0.05 vs apatinib injection group with control group (untreated group).
Abbreviation: Apa-Cyc, apatinib—cyclodextrin inclusion complex.
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Table 3 Phase-transition temperature of Apa-Gel containing
different poloxamer 407 concentrations

Poloxamer 407 (%) Phase-transition
temperature (t, ; °C)

5.0 -

7.5 41.38+0.18

10.0 39.21+0.44

12.5 37.05+0.22

15.0 32.1140.27

17.5 25.50+0.33

20.0 19.83£0.54

Note: Data are presented as % or meantSD.

injection of a smaller concentration of Apa-Cyc achieved a
therapeutic effect similar to that of the oral administration
of a much higher dose of the apatinib.

Intratumor injection of Apa-Gel and the
long-term sustaining of apatinib in HCC
tumor tissues

As mentioned above, we successfully prepared a cyclodextrin
inclusion complex of apatinib, which enabled to inject apatinib
far more effectively for treating advanced HCC. Next, a tem-
perature-sensitive phase-change hydrogel of apatinib (named
Apa-Gel) was prepared by using apatinib—cyclodextrin and
poloxamer 407. As shown in Table 3, Apa-Gel achieved
phase-change features and transformed from liquid to hydro-
gel. The phase-transition temperature of Apa-gel containing

7.5%, 10%, 12.5%, 15%, 17.5%, and 20% poloxamer 407
was 41.38°C10.18°C, 39.21°C+0.44°C, 37.05°C%0.22°C,
32.11°C£0.27°C, 25.50°C£0.33°C, and 19.83°C%0.54°C,
respectively. Therefore, the phase-transition temperature of
Apa-Gel which contains 12.5% poloxamer 407 was nearest
to body temperature (37.05°C+0.22°C), so we chose 12.5%
poloxamer 407 for further steps of the experiment.

To identify whether Apa-Gel could achieve the long-
term sustaining of apatinib, the in vitro release of Apa-Gel
was determined by LC-MS/MS experiments. As shown in
Figure 3, Apa-Gel achieved the slow-releasing of apatinib.
Apatinib could sustain in Apa-Gel for more than 400 hours.
The ¢,,, value of apatinib releasing from Apa-Gel was
164.5717.82 hours. Therefore, the formulation of Apa-Gel
achieved long-term releasing of apatinib.

Intratumor injection of Apa-Gel and the

long-acting antitumor effect of apatinib

To further examine the long-sustaining feature of Apa-Gel,
MHCC97-H cells were seeded into nude mice to form sub-
cutaneous tumors, and apatinib formulations were injected
into the subcutaneous tumors. Next, tumor tissues were
harvested at indicated time points for LC-MS/MS analysis to
examine the sustaining of apatinib in tumor tissues. As shown
in Figure 4 and Table 4, after Apa-Sol and Apa-Cyc injec-
tions, apatinib was almost completely cleared from the tumor
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Figure 3 In vitro release of Apa-Gel.

Notes: Apa-Cyc was prepared to form a temperature-sensitive phase-change hydrogel (named Apa-Gel). Apa-Gel was incubated in ddH,O at 37°C. The ddH,O was
collected at the indicated time points for LC-MS/MS experiments. (A) Results are shown as the drug-sustaining curve of Apa-Gel. (B—E) The typical photographs of Apa-Gel
at (B) 0-hour time point, (C) 24-hour time point, (D) 96-hour time point, and (E) 408-hour time point.

Abbreviations: ACN, acetonitrile; Apa-Gel, a temperature-sensitive phase-change hydrogel of apatinib; ddH,O, double-distilled H,O; LC-MS/MS, liquid chromatograph

mass spectrometry/mass spectrometry; MRM, multi reaction monitoring.
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tissues at 48 hours. The 7, , values of apatinib in the Apa-Sol
and Apa-Cyc groups were 16.55%1.66 and 18.65+2.07 hours,
respectively. Compared to Apa-Sol and Apa-Cyc, injections
of Apa-Gel achieved long-term sustaining in tumor tissues
(¢, value was 99.16%7.67 hours), and apatinib could still be
detected in tumor tissues at the 408-hour time point.

To further examine the potential application of Apa-Gel
in HCC treatment, we examined whether Apa-Gel could
exert a long-term antitumor effect on HCC tissues. Polox-
amer hydrogel itself did not inhibit the subcutaneous growth
of MHCC-97H cells in nude mice (Figure S1). Results are
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shown in Figure 5. One intratumor injection of Apa-Gel, but
not Apa-Sol or Apa-Cyc, inhibited the subcutaneous growth
of MHCC97-H cells in nude mice compared with that in the
untreated control group. Moreover, to further examine the
antitumor effect of Apa-Gel on MHCC97-H cells, qPCR
experiments were performed. As shown in Figure 6, one

administration of Apa-Gel, but not Apa-Sol or Apa-Cyc,
significantly enhanced the mRNA level of E-cadherin, an
epithelial indicator (Figure 6A) and decreased the mRNA
level of N-cadherin and vimentin, both of which are mesen-
chymal indicators (Figure 6B and C). Therefore, intratumor
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Figure 4 In vivo release of apatinib formulations in HCC tumor tissues.

Notes: Apa-Gel, Apa-Sol, and Apa-Cyc were injected into subcutaneous tumor tissues formed by MHCC97-H cells. At the indicated time points, tumor tissues were
harvested and apatinib sustaining in tumor tissues was extracted by ACN for LC-MS/MS examination. (A—D) Apatinib sustaining in HCC subcutaneous tumor tissues injected
with Apa-Gel formed by MHCC97-H cells was examined at (A) 0-hour time point, (B) 24-hour time point, (C) 96-hour time point, and (D) 408-hour time point with LC-
MS/MS. (E-G) Apatinib sustaining in HCC subcutaneous tumor tissues injected with Apa-Sol formed by MHCC97-H cells was examined at (E) 0-hour time point, (F) 24-hour
time point, and (G) 96-hour time point with LC-MS/MS. (H-J) Apatinib sustaining in HCC subcutaneous tumor tissues injected with Apa-Cyc formed by MHCC97-H cells
was examined at (H) 0-hour time point, (J) 24-hour time point, and (I) 96-hour time point with LC-MS/MS. (K) The sustaining curve of apatinib in subcutaneous tumor tissues
formed by MHCC97-H cells is shown. *P<<0.05 vs Apa-Gel group with Apa-Sol group; *P<<0.05 vs Apa-Gel group with Apa-Cyc group.

Abbreviations: ACN, acetonitrile; Apa-Gel, a temperature-sensitive phase-change hydrogel of apatinib; Apa-Sol, apatinib solution; Apa-Cyc, apatinib—cyclodextrin inclusion

complex; LC-MS/MS, liquid chromatography mass spectrometry/mass spectometry.

injection of Apa-Gel exerted a long-acting antitumor effect
on HCC tumors and inhibited activation of the epithelial—
mesenchymal transition process of MHCC97-H cells in
subcutaneous tumors.

Discussion

Despite many achievements in research related to advanced
HCC treatment in recent years, there are limited options
for drug treatment in advanced HCC.?” Sorafenib, the
molecular targeted agent/small molecular protein kinase

Table 4 Half-life of apatinib in HCC tissues injected with apatinib
formulations

Apatinib formulations Half-life of apatinib in HCC
tissues (t,, value; hours)

Apa-Sol 16.55+1.66

Apa-Cyc 18.65+2.07

Apa-Gel 99.16£7.67

Notes: Data are presented as meanSD.
Abbreviations: Apa-Cyc, apatinib—cyclodextrin inclusion complex; Apa-Sol,
apatinib solution; HCC, hepatocellular carcinoma.

inhibitor, remains the only first-line choice for advanced
HCC treatment.?® Although sorafenib has been widely used
to prolong survival and improve the daily life quality of
patients with advanced HCC, there are many inadequacies:
the antitumor efficiency of sorafenib in clinical application
exhibits individual differences among patients, whereas
sorafenib resistance often occurs during treatment in some
patients who are initially sensitive to sorafenib.?-*° To solve
these problems and achieve better therapeutic effects, a vari-
ety of new molecular targeted drugs, including regorafenib
or apatinib, have been approved for clinical treatment of
advanced HCC. Although these strategies, which rely on
research and development of new drugs, could be innovative
at the source and produce new drugs, there are still some
problems: 1) the mechanism of drug resistance occurring
during HCC treatment is not completely clear, and simply
relying on the development new drugs is risky and costly
and 2) sorafenib, apatinib, and regorafenib, which are all
inhibitors of the VEGFR (vascular endothelial growth
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Figure 5 Long-acting antitumor effect of Apa-Gel formulations on the subcutaneous growth of MHCC97-H cells.

Notes: MHCC97-H cells were injected into nude mice to form subcutaneous tumors. The control group was the mice that received intratumor injection of solvent control.
Mice were administered with one intratumor injection of Apa-Sol, Apa-Cyc, or Apa-Gel. The results are shown as (A) photographs of tumors, (B) tumor volumes, and
(€) tumor weights. *P<<0.05 vs Apa-Gel group with control group; *P<<0.05 vs Apa-Gel group with Apa-Sol group; *P<<0.05 vs Apa-Gel group with Apa-Cyc group.
Abbreviations: Apa-Gel, a temperature-sensitive phase-change hydrogel of apatinib; Apa-Sol, apatinib solution; Apa-Cyc, apatinib—cyclodextrin inclusion complex.

factor receptor) and MAPK (mitogen-activated protein
kinase) signaling pathways, have similar core and chemi-
cal properties, and it is difficult to make an epoch-making
breakthrough. These problems result in higher demands
on researchers.

Apatinib is a recently approved small molecular protein
kinase inhibitor used in treating advanced HCC. Clinically,
patients are prescribed oral AiTan®, apatinib mesylate tablets,
and there are no reports of other apatinib formulations for
injections.”® Because the greatest proportion of HCC cases
in People’s Republic of China consists of HBV/HC V-related
tumors, patients also often suffer from gastrointestinal-
digestive tract dysfunctions caused by cirrhosis,*'** which

seriously affect the patient’s absorption and bioavailability
of orally administered apatinib. In addition, apatinib is
chemically hydrophilic but has poor solubility. Although
apatinib is often prepared to form a mesylate salt to improve
its solubility, the ionized apatinib is not easily absorbed by
the human intestinal tract. Therefore, exploring and estab-
lishing more effective strategies of administration and
pharmaceutical formulation could help to improve the effec-
tiveness of molecular targeted therapies. Cyclodextrin is a
generic term for a series of linear oligosaccharides derived
from cyclodextrin glucosyltransferase produced by Bacillus,
which have a lumen that can form inclusion complexes
and molecular assembly systems with many organic and
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Figure 6 Long-acting antitumor effect of Apa-Gel formulations on the EMT process of MHCC97-H cells.

Notes: MHCC97-H cells were injected into nude mice to form subcutaneous tumors. The control group was the untreated group. Mice were administered with one
intratumor injection of Apa-Sol, Apa-Cyc, or Apa-Gel. Tumors were harvested for qPCR experiments. The expression of (A) E-cadherin (an epithelial indicator), (B)
N-cadherin (a mesenchymal indicator), and (C) vimentin (a mesenchymal indicator) are shown. *P<<0.05 vs Apa-Gel group with control group; *P<<0.05 vs Apa-Gel group

with Apa-Sol group; *P<<0.05 vs Apa-Gel group with Apa-Cyc group.

Abbreviations: Apa-Cyc, apatinib—cyclodextrin inclusion complex; Apa-Gel, a temperature-sensitive phase-change hydrogel of apatinib; Apa-Sol, apatinib solution;

EMT, epithelial-mesenchymal transition; qPCR, quantitative polymerase chain reaction.

inorganic molecules, which, in turn, form stable dispersions
in aqueous/parent solutions.*>3# In the present work, an inclu-
sion complex of Apa-Cyc was prepared, and this inclusion
complex was stable in nature, achieving a stable dispersion
of apatinib in an aqueous solution after inclusion of cyclo-
dextrin. Injection of Apa-Cyc achieved a better antitumor
effect than oral administration of apatinib. This is important
for the treatment of advanced HCC with apatinib, as clinical
oral administration of apatinib with daily doses up to 850
mg can represent a great economic burden to patients and
have potential side effects that should not be underestimated.
Preparation of the cyclodextrin inclusion complex to achieve
apatinib injection can improve the efficacy of drugs and
relieve the financial burden and the side effects of apatinib
experienced by patients.

Moreover, the Apa-Cyc inclusion complex helps to
improve the chemical properties of apatinib and enable the

preparation of the insoluble apatinib into a stable aqueous
solution, which also facilitates the pharmaceutical prepara-
tion of apatinib. Application of Apa-Cyc in clinical treat-
ment could also avoid the potential stimulation or toxic/side
effects of organic solvents (eg, PEG or Tween) in an apatinib
solution (eg, Apa-Sol) when injecting an apatinib solution.
Based on this, a temperature-sensitive phase-change hydrogel
of apatinib (named Apa-Gel) was prepared with apatinib—
cyclodextrin and poloxamer 407. Apa-Gel was injected into
HCC tissues in nude mice to examine the long-term antitumor
effect. Apa-Gel is a liquid medicament at room temperature,
and it can be converted into a hydrogel at body temperature
to avoid the quick clearance of drug from tumor tissues being
injected into the tissue. HCC cells in the tissue gradually
degrade and dissolve the hydrogel (Apa-Gel), releasing the
drug from the hydrogel, thus achieving long-term sustain-
ing of apatinib in tumor tissues. In addition, Apa-Gel is
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liquid at room temperature and becomes hydrogel when its
temperature is close to body temperature, which not only
contributes to more effective drug administration but also
offers more choices for transcatheter arterial chemoembo-
lization (TACE) when treating advanced HCC.**#* Current
TACE strategy is that chemotherapeutic drugs, such as
adriamycin, are directly mixed with the lipiodol and then
deposited in the tumor tissues via tumor blood vessels. There
are disadvantages to this treatment strategy: 1) adriamycin
has excellent water solubility properties, and other drugs,
such as lobaplatin, also contain metal ions. However, these
drugs are not miscible with lipiodol and cannot exert the best
synergistic effect, and 2) embolization agents, such as gel
sponges, cannot be loaded with these drugs. In the present
work, Apa-Gel, a liquid at room temperature, was found to
enter into the tumor tissue and be converted into a gel. Such
a hydrogel can not only achieve long-term release of the drug
in the tumor tissue but also block the tumor blood vessel and
exert an embolism function.

Conclusion

This study prepared formulations of apatinib to improve
the efficiency of apatinib, a newly approved and poten-
tially highly effective molecular targeted agent for treating
advanced HCC. A novel slow-releasing system prepared
with apatinib—cyclodextrin-poloxamer allows apatinib to
be slowly released, facilitates tissue attachment, and thereby
preserves the long-acting efficiency of apatinib.
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