Chinese Chemical Letters 34 (2023) 107763

Contents lists available at ScienceDirect

cliers GRERE

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Fabrication of microwave-sensitized nanospheres of covalent organic ®)
framework with apatinib for tumor therapy S

Qijun Du?<!, Jian Zou®!, Zhongbing Huang®*, Shimei Li?, Longfei TanP, Xiangling RenP,
Guangfu Yin?, Yongfa Zhengd*, Xianwei Meng?*

3 College of Biomedical Engineering, Sichuan University, Chengdu 610065, China
b Laboratory of Controllable Preparation and Application of Nanomaterials, CAS Key Laboratory of Cryogenics, Technical Institute of Physics and Chemistry,

Chinese Academy of Sciences, Beijing 100190, China

¢Sichuan Kangcheng Biotechnology Co., Ltd., Chengdu 610041, China
d Department of Oncology, Renmin Hospital of Wuhan University, Wuhan 430060, China

ARTICLE INFO

ABSTRACT

Article history:

Received 3 April 2022

Revised 16 August 2022
Accepted 17 August 2022
Available online 20 August 2022

Keywords:

Covalent organic framework
Antiangiogenesis

Tumor therapy

Microwave hyperthermia
Hollow spheres

A new nanocomposite of hollow covalent organic framework (COF) conjugated with the apatinib (AP)
and loading microwave-sensitizer (ionic liquid, IL) was prepared by layer by layer (LBL) method and
hyaluronic acid (HA) coating, named as COF-AP-IL@HA. AP loading rate in COF hollow-spheres (~30 nm
shell thickness) was ~40.3%, due to the interactions of hydrogen and w-7 bonds between AP and COF
shell, and acidic environment destroyed COF structure, promoting AP release. Microwave sensitization of
loaded IL in COF hollow-spheres could enhance the microwave heat-effect, and combined AP therapeutic
ability, leading to their higher inhibitation on tumor, due to targeting ability of HA and the local release
of apatinib. 88.9% of inhibition rate of COF-AP-IL@HA under microwave on the in vivo tumor was signifi-
cantly higher than those without microwave (12.3%) and COF-IL@HA with microwave (37.5%), indicating a
synergism of sensitized microwave hyperthermia and AP therapy on the reduced expression of VEGF via
the downregulation pathway of hypoxia inducible factor. These results indicated that COF-AP-IL@HA was
potential to the application in the combination therapy of tumor of the sensitized microwave hyperther-

mia and apatinib.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Liver cancer is one of the main diseases threatening human
health [1,2]. Drug chemotherapy, as one of the current main treat-
ment methods, has greatly improved the survival rate of tumor pa-
tients. However, its shortcomings still exist, such as bad stability
and non-specific release of drugs, leading to systemic toxicity [3].
So, a number of nanomaterials, as drug carriers for efficient de-
livery, have been developed. Common drug-loaded nano-systems
include inorganic carriers [4], organic carriers [5] and metal carri-
ers [6], which have achieved better progress for many clinical ex-
amples. However, some defects of these materials still limit their
wider application in drug-delivery, such as biological toxicity, dif-
ficult degradability, lower loading rate and burst release, leading
to their worse therapeutic effect. So the repeated treatment is re-
quired, increasing the risk of systemic toxicity and drug resistance
of the tumor. Drug molecules are usually simply immersed in the
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pores of common nano-carriers, such as porous silica, so the worse
adsorption interaction between the drug molecules and the pore
surface leads to their lower loading rate, poorer transportation of
the drug. Therefore, it is still a challenge to explore a carrier with
higher efficiency of drug delivery, good biocompatibility and better
targeting ability.

Covalent organic frameworks (COFs) are composed of light el-
ement atoms connected with strong covalent bonds, so they have
the characteristics of low mass density and high thermal stabil-
ity [7,8]. Recently, COFs have been widely applied in semiconduc-
tors [9], carbon dioxide capture [10], storage [11], catalysis [12] and
biosensing [13]. Furthermore, the high specific surface area and
controllable pore diameter of COFs have also resulted in their ap-
plication in drug delivery [14-16]. The high nitrogen content in
COFs provides a large number of lone pairs of electrons, which
can be connected with the loaded drug through hydrogen bonds
and w-m bonds, significantly increasing its loading capacity of drug
[17]. At the same time, COFs are chemically stable under water
and physiological conditions, and there are not toxic metals, metal
oxides in COFs and their hydrolysates, so COFs have hardly bio-
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Fig. 1. TEM images of various particles: (a) SiO,, (b) COF@SiO,, (c) hollow COF. (d) XRD pattern of hollow spheres. (e) Potential changes of various particles. (f) FTIR spectra
of reactants and products. (g, h) TEM images of a magnified hollow sphere. (i) FTIR spectra of hollow COF before/after loading drug.

logical toxicity when degraded in the body, leading to their good
application prospects in the biomedicine [18-22]. Hyaluronic acid
(HA), a natural glycosaminoglycan with good biocompatibility and
degradability, could mediate the targeting recognition of CD44-
overexpressed cancer cells [23].

Apatinib (AP), N-[4-(1-cyano-cyclopentyl)phenyl]-2-[(4-
pyridinylmethyl)amino]-3-picolinamide, is a small molecule
tyrosine kinase inhibitor with high selectivity for VEGFR-2, which
can limit the activity of key signal molecules in cell VEGFR-2 path-
way through dephosphorylation mechanism [24], resulting in the
decrease of transcription and expression of downstream signal of
HIF-1o¢ molecules and VEGEF, thereby effectively preventing tumor
angiogenesis [25]. However, apatinib is insoluble and poor stable,
so it is very important to develop a stable carrier of apatinib.

Recently, we have prepared COF hollow spheres through LBL
method, and obtain ~40% loading rate of doxorubicin drug [26]. In
this work, COF nano-spheres with hollow structure were prepared
through LBL method, and apatinib were conjugated in COF shell via
anchoring drug molecules on the free electron pairs of the imine
nitrogen of COF, due to non-covalent interactions of w-m bonds
[17]. At the same time, the ionic liquid (IL), as a microwave sensi-
tizer, was also loaded in the hollow nano-spheres to enhance their
microwave hyperthermia (Fig. S1 in Supporting information). The
drug-delivery and microwave sensitization of these COF nanocom-
posites were analyzed, and their combination of chemotherapy and
hyperthermia on tumor in vitro and in vivo were evaluated.

SEM image in Fig. 1a revealed that, SiO, particles were spher-
ical, and their mean size was ~125 nm. As shown in Fig. 1b, it
is obvious that a shell layer was formed on SiO, surface, and its

mean thickness was ~30 nm. Similarly, the particle size distri-
bution from SEM image was shown in Fig. S2 (Supporting infor-
mation), indicating that their mean particle size was ~188 nm,
and the increased particle size corresponded to the shell thick-
ness. TEM image of COF hollow nano-spheres and the size distribu-
tion of hollow spheres in Fig. 1c and Fig. S2c¢ (Supporting informa-
tion) suggested that the alkali corrosion on SiO, nano-spheres did
not affect the shell structure, the shape and size of hollow nano-
spheres.

XRD pattern of COF nano-spheres in Fig. 1d shows that, four ob-
vious peaks of (110), (200), (210) and (001) at 8.13°, 9.02°, 13.01°
and 26.06° [27], respectively, suggested the existence of crystal
structure of COF. Potential changes of different intermediate prod-
ucts in Fig. 1e showed that, after SiO, with the initial potential of
-30.1 mV was aminated, the potential of NH,-SiO, was -13.0 mV,
indicating the successful linkage of amino groups on SiO, surface.
During the LBL process, the reaction of NH,-SiO, with the ligand
trimesaldehyde led to the positive surface potential of aldehyde-
modified particles (CHO-SiO,, 15.0 mV), and the formation of COF
structure on SiO, surface resulted in their potential into -7.1 mV,
because lots of the imine groups in COF were protonated and ab-
sorbed lots of hydroxyl groups with negative charges. Finally, af-
ter a layer of negatively charged hyaluronic acid was coated on
the surface of the hollow nano-sphere, their surface potential was
changed into -11.7 mV. FTIR patterns of the reactants and COF
hollow sphere were shown in Fig. 1f. There was a strong C=N
tensile vibration peak at 1618 cm~!, indicating the presence of
imine bonds in the sample. The peaks at 1695 cm~! and 3415
cm~! of COF hollow nano-sphere corresponded to the absorption
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of the terminal aldehyde and amino chemical bonds at the edge
of COF spheres, respectively. Compared to the corresponding peaks
of trimellitic and p-phenylenediamine of the reactants, the peaks
of aldehyde groups and amino groups of COF nano-spheres were
weakened, due to the formation of the imine bond through the
condensation between aldehyde groups and primary amines, in-
dicating the successful formation of COF composition. A TEM and
its amplified image in Figs. 1g and h further shows the clear hol-
low structure of COF, and there were obviously multilayer structure
(pointed by black arrows) and many nano-pores in its shell (shown
by white arrows), and these pore size was ~3 nm, corresponded
with the 2~4 nm of the median pore width via N, adsorption-
desorption curves (Figs. S3a and b in Supporting information). In
addition, the cumulative surface area of COF nanospheres via N,
adsorption-desorption method was ~33.2 m2/g, suggesting that
their better median pore size was beneficial to loading and release
of drug.

In order to evaluate its pH-response degradation, COF-AP-IL@HA
was cultured in PBS (pH 5.7) at 37 °C. After the immersion of 2
h, the spherical skeleton deformed (Fig. S4a in Supporting infor-
mation), and even the sphere shape disappeared. The immersion
of 4 h resulted in the collapse of the spherical skeleton, and those
sphere bodies tended to agglomerate together (Fig. S4b in Support-
ing information). The immersion of 6 h led to the disappearance of
the hollow structure, and the random fragments were aggregated
together (Fig. S4c in Supporting information). Fig. S5 (Supporting
information) shows their corresponding size distribution under dif-
ferent immersion time, and the nano-spheres at 2 h exhibit the
size of 200-800 nm and a wide size distribution, indicating that
only part of the nano-spheres was degraded and agglomerated.
The particle size distribution at 4 h and 6 h tended to be larger,
suggesting that the accumulation trend of degraded COF-AP-IL@HA
under acidic condition were potential to release the loaded drugs.

According to the method of Fig. S1, the encapsulation efficiency
of apatinib in the hollow nano-sphere was ~67.5%, and the drug
loading rate of apatinib in COF-AP-IL@HA was up to ~40.5 wt%.
FTIR patterns of apatinib and COF-AP in Fig. 1i show that the
peaks at 1053 and 1040 cm™! in AP curve were attributed to imino
groups of apatinib, however, there was only the existence of the
peak at 1043 cm™! in COF-AP pattern, suggesting that many hydro-
gen bonds between the imino group of apatinib and amino group
of COF surface were formed [17], leading to the blue shift of the
peak from 1053 cm™!' to 1043 cm~!. Similarly, the peaks at 783
and 770 cm™! in AP pattern were attributed to aromatic rings of
apatinib, however, there was only the existence of the peak at 771
cm~! in COF-AP curve, suggesting that lots of 7 -7 interactions be-
tween the aromatic rings of apatinib and COF surface appeared
[1], resulting in the blue shift of the peak from 783 cm™! to 771
cm!. These results suggested that COF hollow nano-spheres with
multilayer structure was beneficial to the apatinib loading via hy-
drogen bonds and m-7 interactions of the aromatic rings, signifi-
cantly enhancing their loading drug rate. To explore the controlled
release ability of COF-AP-IL@HA, the drug release of nano-carriers
were immersed in two solutions, respectively: (1) acidic buffer so-
lution (pH 5.7), neutral buffer solution (pH 7.2), and their results
of drug release were shown in Fig. 2a. Under neutral conditions,
the release of apatinib was slow and the release rate at 24 h was
only ~41.6 wt%. The release rate under the acidic condition was
significantly improved, due to the collapse and destruction of COF
nano-spheres, and the final rate of released drug at 24 h reached
~76.3 wt¥%, suggesting a good pH-responsive drug release of COF-
AP-IL@HA.

To evaluate their microwave sensitization, COF-AP-IL@HA nano-
spheres were dispersed in 1 mL of PBS with different concentra-
tions of nano-spheres, and then these suspensions were placed
under the microwave radiation. The real-time infrared photos of
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Fig. 2. (a) Apatinib release of COF-AP-IL@HA in PBS with two pH values. Tempera-
ture changes of COF-AP-IL@HA suspension with different concentration under MW:
(b) infrared thermal images; (c) temperature change curves; (d) heated tempera-
tures; MW irradiation: 1.8 W, 5 min.

these suspensions and their corresponding temperature change
were shown in Figs. 2b and c, indicating that the temperature of
each experimental group was obviously higher than PBS group.
Temperature increase of each group was shown in Fig. 2d, indi-
cating only 16.9 °C of increase in PBS solution, however, the tem-
perature increases of COF-AP-IL@HA suspensions with 1.0 and 0.5
mg/mL concentration were 21.3 °C and 25.0 °C, respectively, in-
dicating the good microwave sensitization of COF-AP-IL@HA. The
higher the concentration of COF-AP-IL@HA suspensions, the less
the elevated temperature, which results from the reduced proba-
bility of ions colloid in higher concentration.

To explore their cyto-compatibility, the cell viability of COF-
IL@HA were analysed via their co-culture with 1929, H22 and
HepG2 for 24 h, respectively, and the viability of these cells
showed that with the increase of the material concentration, the
viability of L929 cells slightly decreased to a certain extent (Fig.
S6 in Supporting information); similarly, the viability of H22 cell
of the highest material concentration in Fig. 3a was ~80%, even
the viability of HepG2 cells at the highest concentration in Fig. 3b
was still as high as 98.77%, indicating that COF-IL@HA materials
had very low cytotoxicity. Furthermore, it is seen from Fig. 3c that
with the concentration increase, the inhibitory effect of COF-AP-
IL@HA on HepG2 cells was gradually increased, and the cell via-
bility at the highest concentration of 200 ng/mL was only 66.4%,
indicating a certain dose toxicity of COF-AP-IL@HA on HepG2 cells.
Hyperspectral images of COF-AP-IL@HA co-cultured with HepG2
cells (Figs. S7c and d in Supporting information) showed that lots
of nano-spheres were on cell membrane or inside cell, suggesting
the better recognition and endocytosis of COF-AP-IL@HA on tumor
cells.

To explore the inhibitory effect of COF-AP-IL@HA under mi-
crowave, experiments on H22 cells were further carried out. It
is found from Fig. 3d that, after 5 min of microwave irradia-
tion, the cell viabilities of COF-IL@HA +MW group and COF-AP-
IL@HA + MW group were significantly decreased, and they reached
65.3% and 52.4%, respectively. Compared with MW group, cell vi-
ability of COF-IL@HA + MW group was significantly reduced, indi-
cating a good effect of microwave sensitization of COF-IL@HA and
COF-AP-IL@HA, which killed tumor cells much effectively under
the same MW irradiation. Due to the co-loading apatinib and IL
in COF-AP-IL@HA + microwave group, the higher microwave sensi-
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Fig. 3. Cell viability of COF-IL@HA with various concentrations: (a) H22, (b) HepG2,
(c) COF-AP-IL@HA on HepG2. (d) Viability of H22 cells under different treatments.
(e) Images of stained H22 cell in therapy experiments: green live cells and red dead
cell. *P < 0.05, and **P < 0.01 show significant difference between two correspond-
ing groups.

tization of IL produced effect of better hyperthermia, and the inhi-
bition of apatinib released from the composite nano-spheres much
significantly killed tumor cells, indicating their higher therapy ef-
fect on tumor. Moreover, it is also found from Fig. 3d that, the cell
viability in COF-AP-IL@HA group was ~74.7%, significantly lower
than 87.2% of COF-AP-IL group, suggesting the targeting effect of
HA and the easy adhesion or entrance of nano-spheres onto/into
tumor cells, leading to the apoptosis of more cells. Fluorescence
images of stained live and dead cells of different groups after the
material or microwave treatments were shown in Fig. 3e and Fig.
S8 (Supporting information). It is seen from Fig. S8 that compared
with microwave group, COF-AP group only exhibited a slight thera-
peutic effect; however, dead cells in COF-AP@HA group were more
than COF-AP group, suggesting HA targeting ability on tumor cell.
Moreover, there were only a small amount of live cells and lots of
dead cells in the view field of COF-IL@HA + MW group or COF-AP-
IL@HA + MW group, indicating a significant limitation of two treat-
ments on cells.

Animal acute toxicity analyses of COF-IL@HA were performed
through (ICR Institute of Cancer Research) mouse. Weight change
of mice in 14 days after intravenous injection of different doses of
COF-AP-IL@HA was shown in Fig. S9 (Supporting information), and
it is found that there was no significant difference in body weight
among the different groups. The results of a blood routine analysis
were shown in Fig. S10 (Supporting information), including hema-
tocrit (HCT), mean platelet volume (MPV), hemoglobin (HGB), red
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blood cell count (RBC), mean hemoglobin content (MCH), mean red
blood cell volume (MCV), and there was no significant difference
between each test group and the control group. The result of blood
biochemical analysis of the serum was shown in Fig. S11 (Sup-
porting information), also indicating that there was no significant
change between each test group and control group, suggesting the
good blood-compatibility of COF-AP-IL@HA. Images of H&E-stained
sections of heart, liver, spleen, lung, and kidney tissues of mouse
were shown in Fig. S12 (Supporting information), and no obvious
abnormal changes were found, indicating that there was no tissue
damage from the materials. These results confirmed that a good
biological safety of COF-AP-IL@HA composite nano-spheres.

Inhibition effect of COF-IL@HA and COF-AP-IL@HA on tumor
growth were evaluated through H22-tumor bearing mice with ~23
g of weight. Under microwave irradiation, the infrared photos and
temperature changes of the tumor site were shown in Fig. S13
(Supporting information). After 5 min of microwave irradiation,
the temperature of tumor site in microwave group was increased
from 37.1 °C to 43.3 °C (AT=6.2 °C); however, the temperature
of COF-IL@HA + microwave and COF-AP-IL@HA + microwave groups
reached 49.0 °C and 50.0 °C, respectively, and the heating values
of the tumor area of the two groups were 11.9 °C and 12.9 °C, re-
spectively, significantly higher than 6.2 °C of MW group. These re-
sults indicate that COF-AP-IL@HA significantly promoted the ther-
mal therapy of microwave on tumor, due to the load of IL sensitiz-
ers.

In order to research the inhibitory effect in vivo, tumor-bearing
mice were randomly dividing into control, MW, Apatinib, COF-
AP-IL@HA, COF-IL@HA + MW, COF-AP-IL@HA + MW groups, which
was approved by the regulations of institutional animal care and
use committee of Sichuan Kangcheng Biotechnology Co., Ltd. (No.
[ACUC-202110-m-007). After the corresponding treatment, the sig-
nificant difference of the average body weight between each treat-
ment group and the control (Fig. 4a). Tumor volume results in Fig.
4b indicated that, volume change in COF-AP-IL@HA + MW was the
smallest among all groups, suggesting the obvious tumor inhibition
effect of this treatment. Compared with other treatments, tumor
volume changes in COF-AP-IL@HA group showed an obvious inhi-
bition during 19 days (P < 0.05 or P < 0.01), due to the slow and
constant release of the apatinib from the COF composite spheres.

Moreover, the tumor weight growths of MW, Apatinib, COF-
AP-IL@HA, COF-IL@HA +MW groups were slower than the con-
trol; and the tumor weight of COF-AP-IL@HA+MW was signifi-
cantly smaller than those of other treatment groups (Fig. 4c). Fur-
thermore, tumor volumes in COF-IL@HA + MW group and COF-AP-
IL@HA + MW group at the 19™ day decreased significantly, indi-
cating that the microwave sensitizer obviously increased its ther-
mal conversion efficiency of microwave irradiation. Inhibition rate
of tumor in COF-AP-IL@HA +MW group was 88.9%, significantly
higher than 12.3% of COF-AP-IL@HA group and 37.5% of COF-
IL@HA + MW group (Fig. 4d), indicating a better synergism of ap-
atinib release and microwave sensitization. Images of mice and
tumor body at the 19™ day also further showed that the tu-
mor size in COF-AP-IL@HA + MW group was the smallest (Figs.
4e and f), further suggesting the highest anti-tumor efficiency of
this treatment. These results indicated that under the combined
action of microwave sensitizers and apatinib, more effective tu-
mor treatment was achieved. In addition, the images of H & E-
stained tissue sections of heart, liver, spleen, lung, kidney and tu-
mor in each group in Fig. S14 (Supporting information) showed
that, there was no obvious tissue damage in the internal organs
of each group, however, large-scale necrosis in the tumor tissues
in COF-IL@HA + MW and COF-AP-IL@HA + MW groups could be ob-
served, further indicating that COF-AP-IL@HA with IL sensitizer un-
der MW irradiation could significantly inhibit tumor growth via
the located hyperthermia in vivo.
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Fig. 4. Therapeutic evaluation of COF-AP-IL@HA in vivo. (a) Body weight of HepG2 tumor-bearing mice in each group in 19 days of treatment. (b) Tumor volumes of different
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group. (e) Representative photographs of mice and (f) tumor tissue from different groups at 19™ day post treatment. Statistical analysis: *P < 0.05, **P < 0.01.

Images of fluorescence-stained HIF-1oe and VEGF in Figs. S15
and S16 (Supporting information) showed that, compared to con-
trol group, two factors represented by reddish brown objects
in tumor tissue of each treatment group gradually decreased.
Quantitative results of optical density from these images in Fig.
S17a (Supporting information) showed that, amounts of HIF-1«
in each treatment were less than control group, because apatinib
chemo-effect or MW hyperthermia downregulated HIF-1a secre-
tion. Furthermore, there were the significant decreases of VEGF
between each treatment and control (Fig. S17b in Supporting in-
formation), and there was similar to changes trend of HIF-1& in
each treatment. Amounts in apatinib, COF-AP-IF@HA and COF-AP-
IL@HA+MW groups were less than two groups without apatinib
(Fig. S17b), further suggesting inhibitation effect of apatinib on an-
giogenesis HIF-1a secretion in cells significantly limited VEGF gen-
eration, via inhibition of VEGFR2/phospholipases C (PLC)/Erkl/ERK2
signaling pathway [28].

Based on the above results, the primary mechanism of ap-
atinib chemotherapy and IL-sensitized microwave hyperthermia
of COF-AP-IL@HA on cancer were proposed. As shown in Fig.
S18a (Supporting information). First, the COF-AP-IL@HA composite
nano-spheres were injected into the body of tumor-bearing mice
through the tail vein, and then they gradually accumulated in the
tumor area through the blood circulation, due to the targeting
recognition of HA on CD44 overexpressed by tumor (Fig. S18b in
Supporting information) [23]. Some composite nano-spheres were
degraded in the acidic condition of tumor area, and slowly released
the loaded apatinib, which inhibited the activity of PLC/Erkl/ERK2
signaling pathway in the cellular VEGF2 through a dephosphory-
lation mechanism, resulting in the reduction of downstream HIF-
1o molecule transcription and expression, and thereby inhibit-
ing the downstream vascular endothelial growth factor VEGF [27];
and these results could effectively block the formation of tumor
neovascularization, inhibiting tumor cell proliferation (Fig. S18c in
Supporting information). On the other hand, under the microwave
irradiation, the composite nano-spheres gathered at the tumor site
could more efficiently convert microwaves into heat energy, to
generate high temperature in the tumor area, killing the tumor
cells (Fig. S18d in Supporting information); at the same time, mi-
crowave irradiation also led to the re-fracture of the COF struc-
ture to release the retained apatinib molecules, further inhibiting
the formation of tumor angiogenesis. Therefore, COF-AP-IL@HA re-
alizes the combined effect of tumor chemotherapy and sensitized

microwave hyperthermia, thereby inhibiting tumor growth more
efficiently.

In this work, COF hollow nanospheres with a shell thickness of
~30 nm were prepared with LBL method; and the apatinib as tu-
mor drug and the ionic liquid as microwave sensitization were co-
loaded into them, finally hyaluronic acid was coated on their sur-
face. The loading rate of the apatinib in COF hollow nanospheres
was up to 40.5%, due to the hydrogen bonds and w- bond inter-
actions between apatinib and COF multilayer structure, and acidic
environment of simulated tumor could destroyed COF framework,
promoting apatinib release. The microwave irradiation for 5 min
could heat COF-AP-IL@HA suspension with a concentration of 0.5
mg/mL to increase 24 °C. Cell experiment results showed that
coating HA could not only increase cyto-compasibility of COF-IL,
but also endow the recognition of COF-AP-IL@HA on HepG2 cells;
meanwhile, loading apatinib drug provide a dose toxicity of COF-
AP-IL@HA. Although there was better in vivo safety of COF-IL@HA
at the lower concentrations, COF-AP-IL@HA co-loaded with ionic
liquid and apatinib could significantly enhance the inhibitory effect
on the in vivo tumor under microwave irradiation. 88.9% of inhibi-
tion rate of COF-AP-IL@HA under microwave on the in vivo tumor
was significantly higher than those of COF-AP-IL@HA without mi-
crowave (12.3%) and COF-IL@HA with microwave (37.5%), indicat-
ing an obvious synergistic effect of apatinib and microwave irra-
diation. These results indicated that COF-AP-IL@HA could achieved
a more efficient tumor inhibition through the clear synergistic ef-
fect of sensitized microwave hyperthermia and the chemother-
apy of apatinib through a downregulation pathway of HIF-1«
and VEGFE.
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