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ABSTRACT Angiogenesis in the tumor microenvironment is
the main cause for the insensitivity of tumor cells to che-
moradiotherapy. Strategies for increasing the sensitivity of
tumor cells to conventional therapies using nanoparticles are
limited. In this study, we developed rationally designed mi-
croenvironment response nanoparticles with physicochemical
and biological features to overcome cisplatin resistance by
using decomposition product from Zr-metal–organic frame-
work (MOF) to inhibit the phosphatidylinositol 3-kinase
(PI3K)/AKT/mammalian target of rapamycin (mTOR)/vas-
cular endothelial growth factor (VEGF) pathway in chemor-
adiotherapy. Cisplatin (CDDP) is encapsulated into Zr-MOF
and bovine serum albumin (BSA) is modified into the surface
of nanoparticles to create CDDP@Zr-MOF-BSA (abbreviated
as CDDP@Zr-MOF), which acts as an excellent radiosensitizer
and exhibits microenvironment response, preferable tumor
accumulation, high-efficiency inhibition of angiogenesis, and
obviously reduced efflux on resistant A549 cells. The rate of
angiogenesis inhibition in the combined treatment group is 6-
fold higher than that in other control groups. Moreover,
CDDP@Zr-MOF not only increases the therapeutic effect re-
markably, but also regulates the tumor microenvironment and
inhibits the expression of a drug-efflux transporter, namely
multidrug resistance-associated protein 1 (MRP1), for rever-
sing drug resistance in A549R cells. Thus, CDDP@Zr-MOF
causes synergistic cytotoxicity in A549R cells, and high-effi-
ciency eradication of cisplatin-resistant tumor without re-
growth by inhibiting angiogenesis in the tumor
microenvironment. The microenvironment responsiveness of
CDDP@Zr-MOF provides a multipurpose synergistic ap-
proach for treating drug-resistant tumors with chemor-
adiotherapy.

Keywords: angiogenesis, multidrug resistance, radiotherapy, Zr-
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INTRODUCTION
Chemotherapeutic drug resistance remains a major obstacle in
curing cancer [1–3]. Cisplatin and its derivatives, the most
commonly used chemicals for treating lung cancer are not
clinically satisfactory due to drug resistance [4–8]. Cisplatin
resistance is a multi-factorial phenomenon that renders treat-
ment inefficient [9–12]. For example, insufficient intracellular
drug accumulation, owing to low cellular uptake and high cel-
lular efflux, is the main concern for cisplatin resistance [13–15].
Poor absorption, increase in biotransformation, or excretion of
chemotherapeutics leads to low blood concentration of the drug,
thereby reducing drug diffusion to cancer cells [16–18]. Fur-
thermore, intracellular thiol-containing species, such as glu-
tathione (GSH) and metallothionein (MT), may strongly bind
and sequester cisplatin. Studies have reported that the chemo-
sensitivity of lung cancer cells to cisplatin can be restored by
reducing the cellular concentration of GSH. Xu et al. [19]
demonstrated that sulforaphane mediates GSH depletion
through polymeric nanoparticles to restore cisplatin chemo-
sensitivity and enhance treatment efficacy. In addition, chemi-
cal-mediated apoptosis and DNA damage can be repaired. Due
to the presence of DNA damage repair pathways, homologous
recombination repair occurs after DNA damage, maintaining
the ability of tumor cells to proliferate, invade, and metastasize,
leading to insensitivity to chemotherapy drugs [20–22].
Although multiple factors influence chemotherapeutic drug
resistance, mechanisms involved in determining drug resistance
remain unclear.
Recently, the intrinsic and acquired dysfunction of specific

pathways was identified as the cause of drug resistance. Acti-
vated angiogenic pathways, such as phosphatidylinositol 3-
kinase (PI3K)/AKT/mammalian target of rapamycin (mTOR)/
vascular endothelial growth factor (VEGF) and hypoxia-indu-
cible factor-l alpha (HIF1α)/carbonic anhydrase IX (CAIX)/
VEGF are known to be associated with drug resistance [23,24].
Activation of the PI3K/AKT/mTOR/VEGF pathway can induce
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disordered hyperangiogenesis, increase tumor cell proliferation,
and decrease apoptotic activity, thereby promoting tumor
growth and progression. Increased incidence of drug resistance
due to PI3K/AKT/mTOR/VEGF pathway activation is the most
important reason for treatment failure [25–27]. Several reasons
for the association between the hyperangiogenic pathway and
drug resistance in tumor cells exist. Activation of the PI3K/AKT/
mTOR/VEGF pathway can lead to the overexpression of drug-
resistant proteins, namely multidrug resistance-associated pro-
tein 1 (MRP1) as the most representative, which increases che-
motherapeutic drug efflux into cells, thereby leading to drug
resistance [28]. First, tumor vasculature is non-homogeneous,
tortuous, and highly permeable. This leads to tumor tissue
heterogeneity, and aggravates hypoxia status, which cause the
upregulation of the HIF-1α/CAIX/VEGF pathway, ultimately
affecting chemotherapeutic treatment [29–31]. Overactivation of
the PI3K/AKT/mTOR/VEGF pathway contributes to a hetero-
geneous vascular system, causing insensitivity of tumor cells to
chemotherapeutics and drug resistance [32–34]. In addition, the
balance between proteases and their inhibitors is important for
maintaining tumor homeostasis. The disruption between them
induced by tumor-related vascular endothelial cells, which can
remodel the microenvironment for tumor growth, activates
PI3K/AKT/mTOR/VEGF and HIF-1α/CAIX/VEGF pathways,
thereby exacerbating drug resistance. Finally, VEGF secretion in
tumor cells can induce angiogenesis, affect the efficacy of anti-
angiogenic inhibitors in patients to promote VEGF binding in
tumor cells by a feed-forward manner, initiate PI3K/AKT/
mTOR/VEGF and HIF-1α/CAIX/VEGF signaling, and result in
the progress of drug resistance [35–37]. Therefore, PI3K/AKT/
mTOR/VEGF and HIF-1α/CAIX/VEGF signaling pathways are
targets in antiangiogenesis studies, and reversion of drug resis-
tance can be achieved by inhibiting these pathways [38–40].
Multiple upstream and downstream regulatory molecules are

present in PI3K/AKT/mTOR and HIF-1α/CAIX/VEGF path-
ways. Inhibiting these pathways can decrease tumor cell pro-
liferation, induce tumor cell apoptosis, and reverse drug
resistance [41,42]. Multidrug resistance has been reversed by
using similar derivatives or isozymes of each target as inhibitors,
such as the PI3K inhibitor [43], HIF-1α inhibitor [44], and

VEGF inhibitor [45]. However, due to the relatively low inhi-
bition efficiency, target inhibitor strategies have not achieved
desired results for interfering with PI3K/AKT/mTOR and HIF-
1α/CAIX/VEGF signalling. Studies focusing on nano-drug
delivery systems as carriers, loaded with target inhibitors and
chemotherapy drugs for combating drug resistance by targeting
angiogenic pathways, have been reported. Nie’s group [46–48]
reported that the use of metal–organic framework (MOF)
nanoparticles containing the VEGF inhibitor combined with
photodynamic therapy, significantly reduced vessel density and
VEGF levels, inhibited angiogenic pathway activation, and
increased tumor cell sensitivity to chemotherapeutics. Because
angiogenic pathways are associated with drug resistance, rever-
sing crucial pathways involved in drug resistance, such as PI3K/
AKT/mTOR/VEGF and HIF-1α/CAIX/VEGF, using nano-drug
delivery systems has great potential.
Despite these advancements, cisplatin drugs succumb to the

emergence of acquired resistance due to failure in inhibiting
factors involved in the PI3K/AKT/mTOR/VEGF pathway.
Because of the presence of correlation target in the two path-
ways, the HIF1α/CAIX/VEGF pathway has gained increasing
attention. In 2019, we demonstrated a hypoxia microenviron-
ment regulating nano-drug delivery system [49]. Inspired by the
CAIX inhibition function of Zr-MOF degradation products, we
encapsulated cisplatin (CDDP) into Zr-MOF and modified it
using bovine serum albumin (BSA) to obtain CDDP@Zr-MOF-
BSA (abbreviated as CDDP@Zr-MOF) for destroying cisplatin-
resistant tumor (A549R). In this study, CDDP@Zr-MOF
exhibited multistage and cascade-responsive advantages as an
efficient vehicle: (1) degradation products from Zr-MOF
inhibited the expression of CAIX effectively and improved the
hypoxic environment. (2) CAIX triggered the downregulation of
HIF1α/CAIX/VEGF and blocked PI3K/AKT/mTOR/VEGF sig-
nalling. (3) MRP1, which is associated with the PI3K/AKT/
mTOR/VEGF pathway, can be controlled further and realize the
reversion of cisplatin in A549R cells (Scheme 1). Moreover, we
introduced radiotherapy (RT) for collaborative treatment on
account of the previously used microenvironment modulation
strategy. Consequently, CDDP@Zr-MOF + RT generated
synergistic cytotoxicity against A549R cells by a cascade

Scheme 1 Schematic of the composition of CDDP@Zr-MOF nanocomposites and the therapeutic principle based on CDDP@Zr-MOF + RT mediated
angiogenesis inhibition mechanism for reversing drug resistance in tumor microenvironment.
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microenvironment-responsive nano-drug-delivery platform,
thus providing a new promising treatment strategy for cisplatin-
resistant tumors.

EXPERIMENTAL SECTION

Synthesis of the CDDP@Zr-MOF
Zr-MOF was synthesized via one step with a hydrothermal
method. 33.8 mg of zirconium tetrachloride, 24.0 mg of 1,4-
benzenedicarboxylic acid, and 18.9 mg of polyvinyl pyrrolidone
were weighed and added into 33.4 mL of N,N-dimethylforma-
mide for ultrasonic dispersion dissolution. Then, it was put into
the polyethylene hydrothermal reactor and reacted at 120°C for
10 h. At the end of the reaction, the reaction liquid was cen-
trifuged, sub-layer precipitation was washed with ethanol three
times, and the final product Zr-MOF was collected. CDDP was
loaded into Zr-MOF by the vacuum negative pressure method to
synthesize CDDP@Zr-MOF. Specifically, Zr-MOF (10 mg) was
dispersed into 5 mL DMF, which was evenly dispersed by
ultrasound. The same amount of CDDP was added, which was
also uniformly dissolved by ultrasound. The mixture was kept
under vacuum until the solution was drained. The precipitant
was washed alternately with dH2O and ethanol three times to
obtain CDDP@Zr-MOF. To improve biocompatibility, BSA was
coated on the surface of CDDP@Zr-MOF; 5 mg BSA was added
to the aqueous solution containing 10 mg of CDDP@Zr-MOF
with stirring for 30 min. CDDP@Zr-MOF-BSA was obtained by
centrifuging and washing with water three times.

Characterization
Transmission electron microscopy (TEM) was performed using
the A JEOL JEM 2100F electron microscope at 200 kV. Zeta-
Sizer (Malvern Nano series) was used to acquire the hydro-
dynamic diameter, and Excalibur 3100 (Varian) was performed
to test Fourier transform infrared (FTIR) spectra.

Radiotherapy experiments
A549R cells and cisplatin-resistant mice models were treated
with image guided RT, which was a linear accelerator equipment
with an X-ray dose of 8 Gy for 2 min.

Transwell assay and hoechst 33258 staining
After treatment for 48 h, A549R cells were seeded on top of a
Matrigel-coated invasion chamber (1 × 106) in serum-free
RPMI-1640, and fetal bovine serum (FBS) containing RPMI-
1640 was added to the lower chamber. After 24 h, cells on the
bottom of the upper compartment were fixed by using 4%
paraformaldehyde for 30 min. After staining with 0.1% crystal
violet for 15 min, the chambers were photographed under a
microscope (Olympus, Tokyo, Japan). The Hoechst 33258
staining was performed as previously method.

γ-H2AX immunofluorescence and colony formation assay
This section of the experiment was carried out with reference to
the standard procedure as reported [21]. Three independent
experiments were performed.

NIRF imaging in-vivo
Near-infrared fluorescence (NIRF) imaging of A549R tumor-
bearing mice was performed by using an in-vivo Imaging System
(Bruker, German). CDDP@Zr-MOF-cy5.5 (10 mg kg−1, in 5%

D-glucose dissolved in ddH2O) was injected via the tail vein and
NIRF imaging was catched (excitation = 710 nm; emission =
750 nm) at 0, 1, 6, 12, and 24 h. Average NIRF intensities were
managed to express photon signals in tumors at different times
according to the tumor.

CT imaging in-vivo
We used animal micro-computed tomography (CT) scanner for
CT imaging (Quantum GX, PerkinElmer). A549R tumor-bear-
ing mice were examined by micro-CT imaging at 0, 1, 6, 12, and
24 h. The dosage of CDDP@Zr-MOF administered was
10 mg kg−1 (body weight) via tail vein. The scanning parameters
as followed: voltage: 90 kV; current: 80 μA; acquisition field of
view (FOV): 72 mm × 40 mm. The three-dimensional (3D)
reconstruction was established and analyzed by using an Analyze
12.0 software.

Antiangiogenesis mediated by CDDP@Zr-MOF + RT in-vivo
All the mice treatments were approved by Harbin Medical
University Cancer Hospital. For xenograft implantation, a total
of 5 × 106 A549R cells were injected subcutaneously into the
back next to the left forelimb of 4-week-old female BALB/c mice
(Charles River Laboratories, Beijing, China), for all of which
tumors with a size of 30–50 mm3 were developed within 7–10 d.
All the A549R mice were then randomly assigned to seven
groups (6 mice/group) and classified by intravenous adminis-
tration of nanomaterials, and then irradiated or not irradiated
with X-ray. Mice weight and tumor volume were measured every
day. Tumor volume was calculated as (length × width2)/2. After
3 weeks, we removed the tumor and main organs to calculate the
therapeutic effect of the seven groups.

TUNEL and immunohistochemical staining
We used standard techniques to test pathologic changes for all
tumors and other organs in the seven groups. All tumor tissues
were used for H&E staining, and terminal deoxynucleotidyl
transferase-mediated dUTP nick end-labeling (TUNEL) staining
and immunohistochemistry staining were performed. All sec-
tions were observed by using a microscope.

Western blotting analysis
Relative protein concentration was quantified using the BCA
protein assay kit as our described previously [40]. The primary
antibodies were CAIX, PI3K, Akt, mTOR, VEGF, MRP1, and β-
actin, and the secondary antibody was anti-rabbit IgG. Protein
bands were imaged using the chemiluminescence system
(Tanon-5200, China) and quantitative data were managed by
Image J.50 software.

Ethical approval
All animal experiments were carried out in accordance with the
agreement of Harbin Medical University Cancer Hospital (No:
SYXK2019-001; SCXK2019-001). All the animal experimental
operations were in compliance with the National Guidelines for
Animal Protection.

RESULTS AND DISCUSSION

Synthesis and characterization of CDDP@Zr-MOF
Zr-MOF was synthesized by a one-step hydrothermal process.
The synthesized Zr-MOF has a uniform particle size and good
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monodispersity, which can be seen in TEM images (Fig. 1a). We
introduced BSA into the surface of CDDP@Zr-MOF to fabricate
the CDDP@Zr-MOF-BSA. Analyses of the scanning electron
microscopy image are shown in Fig. S1a, b. The average size of
Zr-MOF is 80 ± 10 nm (Fig. S1e), which further confirms
monodispersity. The average hydrodynamic particle size of Zr-
MOF is 155 nm, which was measured using dynamic light
scattering (Fig. 1b). CDDP was loaded into Zr-MOF through the
vacuum negative pressure method to synthesize CDDP@Zr-
MOF. Energy-dispersive X-ray spectroscopy of CDDP@Zr-MOF
reveals the content of each element (Fig. S1f), whereas high-
resolution TEM (HRTEM) mapping of CDDP@Zr-MOF reveals

the elemental distribution of Zr, Pt, O, C, and N (Fig. 1c),
indicating that CDDP was successfully loaded into Zr-MOF. We
used FTIR spectroscopy to evaluate CDDP loading into Zr-MOF
(Fig. 1d). The characteristic amine stretching vibration peak of
CDDP between 3400 and 3200 cm−1 appeared in the CDDP@Zr-
MOF spectrum. Powder X-ray diffraction (PXRD) patterns of
both Zr-MOF and CDDP@Zr-MOF indicate excellent crystal-
linity (Fig. 1e). The peaks of Zr-MOF and CDDP@Zr-MOF
overlapped well, and differences were also observed, manifesting
successful CDDP loading. Zeta potential values for Zr-MOF,
CDDP@Zr-MOF, and CDDP@Zr-MOF-BSA were −17.6, −20.1,
and 4.5 mV, respectively (Fig. S1d), further validating the

Figure 1 (a) TEM image of Zr-MOF. (b) Average hydrodynamic particle size of Zr-MOF. (c) HRTEM image of CDDP@Zr-MOF in dark field and the
relative element mapping for zirconium, platinum, oxygen, carbon, and nitrogen. Scale bar is 300 nm. (d) FTIR spectrometry of Zr-MOF, CDDP, and
CDDP@Zr-MOF. (e) PXRD patterns of Zr-MOF and CDDP@Zr-MOF.
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CDDP@Zr-MOF-BSA composition.

Evaluation of biological behavior changes induced in A549R cells
by CDDP@Zr-MOF + RT
Before demonstrating the mechanism of CDDP@Zr-MOF + RT
in reversing cisplatin resistance in A549R cells, we evaluated the
effect of CDDP@Zr-MOF + RT on changes in the biological
behavior of A549R cells. To improve the biocompatibility of the
nano-drug system, BSA was modified on CDDP@Zr-MOF
surface to obtain CDDP@Zr-MOF-BSA before performing
experiments (abbreviated as CDDP@Zr-MOF). The A549R cells
were divided into seven groups, including control, cisplatin, RT,
Zr-MOF, CDDP@Zr-MOF, Zr-MOF + RT, and CDDP@Zr-
MOF + RT. Cell proliferation ability, apoptosis rate, and inva-
sion ability were assessed and compared among these groups.
We evaluated the ability of CDDP@Zr-MOF + RT to affect the
biological activity of A549R cells by performing the methyl
thiazolyl tetrazolium (MTT) assay. For these assays, A549R and
A549 cell lines were used. Nanomaterials and drugs were co-
cultured with A549R and A549 cells for 24 and
48 h, respectively. The combined group exhibited less cellular
stability than other treatments at two time points (Fig. S2, and
Fig. 2a, b). Thus, CDDP@Zr-MOF + RT can inhibit proliferation
of A549R and A549 cells, whereas the ability to inhibit tumor
proliferation by the other six groups was unsatisfactory. We
evaluated therapeutic outcomes of CDDP@Zr-MOF + RT using
the clonogenic assay and found 89.4%, 82.1%, 65.6%, 84.1%, and
62.1% colony formation in control, cisplatin, RT, Zr-MOF, and
CDDP@Zr-MOF groups of A549R cells, respectively. However,
only 45.2% and 19.8% A549R cells survived in the Zr-MOF + RT
and CDDP@Zr-MOF + RT groups, respectively (Fig. 2c, e).
Results from the clonogenic assay in A549 cells revealed similar
results (Fig. S3). Thus, CDDP@Zr-MOF can overcome cisplatin
resistance for increasing the sensitivity of A549R to che-
motherapy. Results from the transwell assay to detect the inva-
sion ability of A549R cells revealed that CDDP@Zr-MOF + RT
could inhibit invasion of A549R cells. Increased entry of che-
motherapeutic drugs into A549R and A549 cells to kill them,
thereby reduces their ability to invade (Fig. S4, and Fig. 2d, f).
Hoechst staining revealed marked apoptosis in combination
group than other groups, and a distinctly broken fragment of the
nucleus was observed in combination therapy (Fig. S5, and
Fig. 2g, j). Finally, immunofluorescence was used to evaluate γ-
H2AX foci in A549R nuclei for quantifying DNA double-strand
breaks. Conspicuous green fluorescence was observed in the
CDDP@Zr-MOF + RT group. A spot of γ-H2AX fluorescence
signal was observed in control, cisplatin, RT, and Zr-MOF
groups. Compared with these four groups, CDDP@Zr-MOF and
Zr-MOF + RT displayed relatively high numbers of γ-H2AX foci.
High γ-H2AX intensity in the combination group indicated
more DNA damage. Number of γ-H2AX foci/100 μm2 for the
combination group was 2.96-, 2.08-, and 1.44-fold higher than
that in RT, Zr-MOF@CDDP, and Zr-MOF + RT groups,
respectively. The combination group demonstrated the differ-
ence compared with the control group (p < 0.001), compared
with cisplatin, RT, and Zr-MOF groups (p < 0.01), and com-
pared with CDDP@Zr-MOF, Zr-MOF + RT groups (p < 0.05)
(Fig. S6, Fig. 2h, i). CDDP@Zr-MOF mediated RT can effectively
inhibit the proliferation and invasion ability of A549R cells, and
then promote apoptosis in tumor cells. These changes in bio-
logical behavior were attributed to the increased infiltration of

cisplatin into the target site and susceptibility of A549R cells.
Random angiogenesis in the microenvironment is an important
barrier for tumor cells to resist cisplatin. The activation of
angiogenic pathways further increases cisplatin tolerance in cells.
Furthermore, 1,4-benzenedicarboxylic acid, derived from Zr-
MOF biodegradation, can bind to Zn2+ functional in CAIX
tightly in an acidic tumor microenvironment to downregulate
hypoxia, as reported by our group [44]. HIF1α/CAIX/VEGF
signaling is blocked and VEGF stimulated growth is inhibited.
Zr-MOF mediated VEGF inhibition can inhibit PI3K/AKT/
mTOR/VEGF signaling through a cascade reaction, which is
associated with the expression of the MRP1 as a drug-efflux
transporter. As a microenvironment response nanomaterial,
CDDP@Zr-MOF + RT can further inhibit PI3K/AKT/mTOR/
VEGF angiogenic pathway in positive feedback manner regula-
tion synergistically, thereby inactivating MRP1, increasing the
rate of cisplatin retention and sensitivity in A549R cells, rever-
sing drug resistance, and increasing A549R cell apoptosis and
death combined with RT. The ability of A549R cells to pro-
liferate, invade, and apoptosis can be regulated by CDDP@Zr-
MOF + RT. The combination treatment provided a strategy to
modulate tumor microenvironment, reduce drug resistance, and
generate synergistic cytotoxicity, and thus, inhibited A549R cell
regrowth. We speculated that CDDP@Zr-MOF + RT could act
as VEGF inhibitor, thereby inhibiting HIF-1α/CAIX/VEGF and
PI3K/Akt/mTOR/VEGF signaling in tumor cells, and thus,
improving the sensitivity of tumor cells to cisplatin by
decreasing MRP1 expression. Furthermore, we used apatinib
which is vascular endothelial growth factor receptor 2 (VEGFR2)
inhibitor. Apatinib can highly selectively inhibit the binding site
of VEGFE-2 and ATP, block downstream signal transduction,
inhibit tumor angiogenesis, and then reduce the ability of tumor
cell proliferation, invasion and metastasis. We used apatinib as a
positive control to verify its ability to inhibit the PI3K/AKT/
mTOR/VEGF pathway. A549R cells were divided into four
groups, namely control, cisplatin, apatinib, and apatinib +
CDDP@Zr-MOF + RT. We evaluated the proliferation, invasion,
and ability to apoptosis among four groups. Results from the
combined treatment group were consistent with other results.
Combined treatment effectively changed the biological behavior
of A549R cells and had a better curative effect on tumor cells
(Figs S7 and S8).

Mechanisms of angiogenesis inhibition mediated by CDDP@Zr-
MOF + RT in-vitro
CAIX expression was verified in all groups before performing
immunofluorescence to quantify two angiogenesis markers. The
results showed that significant CAIX inhibition could be
observed in the CDDP@Zr-MOF + RT group compared with
other treatment groups, indicating that the combined treatment
group could effectively regulate the expression of CAIX in the
hypoxia microenvironment, thereby improving the hypoxia
status and inhibiting hypoxia signaling pathways, such as HIF-
1α/CAIX/VEGF (Figs S9 and S10). Platelet endothelial cell
adhesion molecule-1 (CD31) and VEGF are blood vessel mar-
kers that are used to evaluate angiogenesis in tumor cells. CD31
is primarily used to demonstrate the presence of endothelial
tissue and assess tumor angiogenesis, which indicates the extent
of a rapidly growing tumor. In various tumors, VEGF over-
expression correlates with invasion and metastasis, and posi-
tively correlates with tumor malignancy. We used
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immunofluorescence to verify the expression of CD31 and
VEGF in all groups. The results indicated that the CDDP@Zr-
MOF + RT treatment group expressed the least amount of CD31

and VEGF. Compared with control, cisplatin, and RT groups,
the inhibition rate of CD31 in the combination treatment group
was almost 6-fold in A549R cells (Fig. 3a, c). Furthermore, the

Figure 2 CDDP@Zr-MOF mediated enhancement of chemoradiotherapy effects on the biological behaviors in cisplatin resistant A549 cells. (a, b) MTT
assay results of A549R cells in different groups including the control, cisplatin, RT, Zr-MOF, CDDP@Zr-MOF, Zr-MOF + RT, and CDDP@Zr-MOF + RT
groups. (c) Colony results of A549R cells treated with cisplatin, Zr-MOF, CDDP@Zr-MOF (100 ppm, 1 mL) combined with RT (X-ray radiation was 8 Gy).
(d) Invasion ability and rate of different treatment methods (compared with control group). (e, f) Corresponding survival fraction and relative invade rate
evaluation of A549R cells (n = 3). (g) Hoechst images of different groups. (h) Representative immunofluorescence images of nuclear condensation and DNA
fragmentation caused by different treatments (100 ppm; 1 mL), and radiation dose was 8 Gy in all groups contained RT. Nuclear visualization was stained with
4′,6-diamidino-2-phenylindole (DAPI) and DNA fragmentation was stained with γ-H2AX, respectively (green fluorescence intensity represents the degree of
nuclear breakdown). (i, j) Counted number of γ-H2AX and relative apotosis rate of A549R cells in different groups (* represents the statistical difference
between the treatment groups and the control group). Data are presented as the mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001.
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inhibition rate of VEGF in CDDP@Zr-MOF + RT was nearly 9-,
7-, and 6-fold than control, cisplatin, and RT groups in A549R
cells, respectively (Fig. 3b, d). As the main inhibitor of angio-
genesis, Zr-MOF can effectively inhibit VEGF, which is the key
target of angiogenesis in the tumor microenvironment, pro-
moting the downregulation of tumor cell invasion and metas-
tasis, thereby resulting in tumor cell death. Chemoradiotherapy
further increased the ability of Zr-MOF to inhibit VEGF which
the PI3K/AKT/mTOR/VEGF pathway was blocked because
VEGF is downstream, thereby shutting down the expression of
MRP1, which is involved in this pathway. CDDP@Zr-MOF + RT
might cause long-term retention of cisplatin in A549R cells and
effectively decrease the incidence of cisplatin-resistance through
the inhibition of the PI3K/AKT/mTOR/VEGF pathway. Finally,
we used apatinib as VEGFR-2 inhibitor to evaluate its anti-
angiogenic ability in combination with CDDP@Zr-MOF + RT.
Immunofluorescence results revealed that in the apatinib
+CDDP@Zr-MOF + RT group, the expression of CD31 and
VEGF was induced at a very low level compared with that in
other groups in A549R cells, indicating that combination ther-

apy can suppress angiogenesis with high efficiency (Fig. S11).
Based on immunofluorescence results, we probed the

mechanism of CDDP@Zr-MOF mediated inhibition of angio-
genesis in the tumor microenvironment and further improve the
sensitivity of A549R cells to cisplatin in RT. We used western
blotting to quantify protein expression associated with angio-
genesis and drug resistance in different groups. Significant
hypoxia improvement and inhibition of angiogenic pathways
were observed in the CDDP@Zr-MOF + RT treatment group, in
which PI3K/AKT/mTOR/VEGF plays a leading role in angio-
genesis and MRP1 protein expression was suppressed simulta-
neously (Fig. 4a). We compared related indicators quantitatively
and found that key factors associated with angiogenesis were
significantly suppressed in the CDDP@Zr-MOF + RT group.
Notably, the VEGF inhibition rate was most obvious and the
expression level of VEGF in the CDDP@Zr-MOF + RT group
was inhibited nearly 6-fold compared with that in cisplatin and
RT groups. Moreover, the amount of Akt protein expressed in
angiogenesis related factors also had a significant inhibitory
effect compared with the rest of the control group in the

Figure 3 Immunofluorescence suppression results for two angiogenesis markers mediated by CDDP@Zr-MOF + RT in cisplatin resistant A549 cells.
(a, b) Representative immunofluorescence images of CD31 and VEGF induced by different treatments (100 ppm; 1 mL), and X-ray radiation was 8 Gy in all
groups combined with RT. Nuclear visualization and two angiogenesis markers were stained with DAPI, and CD31 and VEGF, respectively (red fluorescence
intensity represents the expression of both two markers). (c, d) Corresponding normalized number of CD31 and VEGF of A549R cells in different groups
(* represents the statistical difference between the treatment groups and the control group). Data are presented as the mean ± SD. * p < 0.05; ** p < 0.01;
*** p < 0.001.
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CDDP@Zr-MOF + RT group and the inhibitory rate of PI3K
and mTOR in the combined group had a greater inhibitory
effect compared with the control group. Finally, the quantitative
comparison of drug-resistant proteins showed that the content
of MRP1 in the CDDP@Zr-MOF + RT group was significantly
lower compared with other groups (Fig. 4b–f). The conclusions
of related protein were consistent with polymerase chain reac-
tion (PCR) in gene level of related factors (Fig. S12). The main
reason for MRP1 inhibition was that hyperangiogenesis, of
which VEGF is one of the most representative factor, was
blocked in the tumor microenvironment. Zr-MOF can cascade
in the tumor microenvironment through the following steps.
First, the degradation products in an acidic surrounding can
effectively inhibit the expression of hypoxia factor CAIX and
then downregulate HIF-1α/CAIX/VEGF signaling; second,
because VEGF was decreased, angiogenesis in tumor cells was
inhibited. PI3K/AKT/mTOR/VEGF signaling was inhibited in a
positive feedback modulated manner. Finally, MRP1 associated
with the PI3K/AKT/mTOR/VEGF pathway was suppressed and
cisplatin efflux was reduced from A549R cells, accompanied with
the increased sensitivity of tumor cells to chemotherapeutic
drugs and the improvement of therapeutic effect in RT. The

CDDP@Zr-MOF + RT combination can effectively change the
microenvironment of tumor cells in a cascade response by a
collaborative mechanism, reverse drug resistance, and increase
the sensitivity of combination therapy, thereby providing a
comprehensive treatment strategy in cisplatin-resistant A549
cells. Moreover, we found that apatinib + CDDP@Zr-MOF + RT
could more effectively inhibit the expression of VEGF and
reverse the expression of MRP1. This maybe caused by the
excellent vascular targeting effect of apatinib and the rapid
microenvironmental response characteristics induced by MOF
nanoparticles. Therefore, the strategy of loading apatinib into
the CDDP@Zr-MOF structure maybe used to overcome cispla-
tin resistance through dual anti-angiogenesis mechanism in
A549R cells in future (Figs S13 and S14).

Targeting effect of CDDP@Zr-MOF in-vivo
To evaluate the targeting ability of CDDP@Zr-MOF in-vivo, we
used the CT imaging technique, which is an important diag-
nostic performance due to its deep tissue penetration and high
resolution. CDDP@Zr-MOF has high Zr and Pt content, making
it possible to use in based dynamic micro-CT (DMCT) mon-
itoring on the basis of passive targeting. As shown in Fig. 5a, b,

Figure 4 Mechanisms of angiogenesis inhibition mediated by CDDP@Zr-MOF + RT in cisplatin resistant A549 cells. (a) Western blotting results of
angiogenesis related pathways induced by different treatments including PI3K/AKT/mTOR/VEGF combined with MRP1. (b–g) Relative expression levels
associated with key proteins in (a) such as PI3K, AKT, mTOR, VEGF and MRP1 (* represents the statistical difference between the control group and the
treatment groups). Data are presented as the mean ± SD. * p < 0.05; ** p < 0.01; *** p < 0.001.
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1 h after injection of 10 mg kg−1 CDDP@Zr-MOF, high-density
dots were seen in tumors of mice bearing A549R model. Several
high-density dots emerged and persisted in the tumor areas with
scanning time. The highest dot intensity was seen at 12 h,
indicating the long circulation ability of CDDP@Zr-MOF, in
both 3D images and axial images. High-density dots in the
tumor indicated the penetration of CDDP@Zr-MOF to the
tumor core. To quantify nanoparticles, we used hounsfield unit
(HU) value by CT to assess the targeting effect. The relative
pattern of CDDP@Zr-MOF distribution was specific. A gradual

increase in HU signals for A549R tumor cells was observed with
time from 0 h (21.98 HU) to 1 h (42.87 HU), 6 h (72.88 HU),
12 h (169.51 HU), and 24 h (68.4 HU) (Fig. 5c). In vivo imaging
demonstrated the same results as that of DMCT scan, showing a
more prominent fluorescence intensity in the tumor area. A
gradual increase in fluorescence signals for A549R tumor could
be observed with time; from 0 to 1, 6, 12, and 24 h at 12.58 to
98.26, 135.84, 279.60, and 58.41 μW cm−2, respectively
(Fig. 5d, e). All imaging results indicated that CDDP@Zr-MOF
had excellent tumor targeting ability.

Figure 5 Directly tracking drug fate of CDDP@Zr-MOF via DMCT imaging and Xenogen in vivo imaging systems (IVIS) spectrum in cisplatin resistant
A549 mice model. (a, b) In vivo CT images of mice for 0, 1, 6, 12, 24 h after intravenous administration (CDDP@Zr-MOF, 10 mg kg−1). The CT signals are
calculated in the range of red border. (c, d) Relative corresponding HU values and fluorescence intensity for 0, 1, 6, 12, 24 h after intravenous administration
(CDDP@Zr-MOF, 10 mg kg−1). (e) Fluorescence images of mice received CDDP@Zr-MOF-cy5.5 for different time intervals (n = 6). Data are presented as the
mean ± SD. *p < 0.05; **p < 0.01.
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Anticancer efficacy of CDDP@Zr-MOF + RT in A549R models
Due to the superior tumor suppressive efficiency obtained in-
vitro on A549R cells, we verified the efficacy in-vivo by using
A549R BALB/c nude mice with tumor and the grouping was
consistent with in-vitro experiments. The concentration of
CDDP@Zr-MOF was 1 mg mL. We sacrificed all nude mice and
compared them among seven groups after treatment. Subse-
quently, both tumor volumes and weights were calculated until
21 days (Fig. 6a, b). A549R tumors in control groups exhibited
more than 5.9-fold increase of average tumor volume, compared
with their original volumes, regardless of intervention options.
Free cisplatin, RT, and Zr-MOF groups exhibited 3.7-, 3-, and
4.1-fold increase of tumor volume on A549R tumors, respec-
tively, showing that free cisplatin and RT alone had a mediocre

therapeutic effect on A549R cells due to cisplatin resistance and
lower efficacy of Zr-MOF. However, CDDP@Zr-MOF + RT
resulted in a remarkable influence on the growth of A549R
tumors, demonstrating that CDDP@Zr-MOF itself has a non-
negligible influence on tumor growth by altering hypoxia and
angiogenesis in the local tumor microenvironment. RT plays an
irreplaceable role in enhancing the function of cisplatin in
A549R cells as well. Gross and tumor images of mice also
exhibited changes among seven groups (Fig. 6c). Interestingly,
CDDP@Zr-MOF and Zr-MOF + RT groups displayed 57.5%
and 61.4% tumor compared with control group of inhibition
rates on A549R tumors, respectively. Moreover, the CDDP@Zr-
MOF + RT group could significantly delay tumor progression
after 3 d, and there was no recurrence. The final anticancer rate

Figure 6 In vivo therapeutic outcomes induced by CDDP@Zr-MOF + RT in cisplatin resistant A549 tumor-bearing BALB/c nude mice. (a) Relative tumor
growth curves of different treatment groups after 21 days in A549R mice. (b) Tumor weights of different groups showing in A549R mice. (c) Representative
photographs in seven groups on 21 days. (d) Tumor inhibition rates in combination group and other groups. (e) Body weight of A549R mice at the end of each
treatment. (f) Survival profiles at the end of each treatment in A549R. (g) Images of H&E-stained A549R tumor sections harvested from the mice treated with
CDDP@Zr-MOF + RT and other control groups (scale bar: 40 μm. The representative images were 400X. * represents the statistical difference between the
treatment groups and the control group). n = 6 in each group, data are expressed as mean ± SD. * p < 0.05; ** p < 0.01; *** p < 0.001.
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of the combination treatment was 89%. The combination group
demonstrated the difference compared with the cisplatin and Zr-
MOF groups (p < 0.001), compared with the RT group (p < 0.01)
and compared with CDDP@Zr-MOF, Zr-MOF + RT groups (p <
0.05) (Fig. 6d). During treatment, no mice died in the combi-
nation group, indicating that the CDDP@Zr-MOF + RT strategy
could achieve better survival benefits with significantly pro-
longed survival time (Fig. 6f). There were no obvious body
weight changes in all groups (Fig. 6e). We collected A549R
tumor sections for hematoxylin and eosin (H&E) staining for all
treatments. CDDP@Zr-MOF + RT treatment resulted in more
severe cancer necrosis with extensive damage accompanied by
increased necrosis, cell morphologic changes, and apparently
condensed nuclei, whereas single cisplatin and RT only caused
slightly hemorrhagic inflammation and sporadic areas of
necrosis. The Zr-MOF group exhibited a local inflammatory
response and a small amount of tumor cell necrosis. Moderate
amounts of tumor cell necrosis were detected in the remaining
two groups (Fig. 6g). The excellent experimental results obtained
by CDDP@Zr-MOF mediated RT were determined by the fol-
lowing factors: (1) Zr-MOF can effectively react in the acidic
tumor microenvironment. The decomposition product can
inhibit the expression of key factor CAIX, leading to the
blocking of the HIF-1α/CAIX/VEGF pathway, thereby inhibiting
intracellular angiogenesis. (2) VEGF expression was reduced,
which resulted in PI3K/AKT/mTOR/VEGF signaling being

blocked in the tumor microenvironment in positive feedback
manner by CDDP@Zr-MOF + RT co-operating function, lead-
ing to the downregulation of the most important drug-resistant
protein MRP1. (3) Increase in intracellular cisplatin content
changed the sensitivity of A549 cells to cisplatin combining with
RT and further synergistically enhance treatment effect. Thus,
CDDP@Zr-MOF + RT might act as an effective strategy to
ablate A549R model in-vivo without regrowth through a
microenvironment-responsive nano-system. Moreover, we
found that combination with apatinib could induce tumor
necrosis more effectively, leading to more pronounced tumor
shrinkage (Figs S15 and S16).

Comparison of immunohistochemical analysis in-vivo
Immunohistochemical analysis was operated in cisplatin-resis-
tant A549R mice after treatment in seven groups. We focused on
factors related to hypoxia, angiogenesis, and apoptosis in the
tumor microenvironment, including HIF-1α, CAIX, CD31,
VEGF, PI3K, AKT, mTOR, and TUNEL. We found that HIF-1α
and CAIX exhibited lower relative expression in the combina-
tion group, which was consistent with the previous conclusions,
indicating that Zr-MOF was capable of significantly inhibiting
signaling of hypoxic pathways (Figs 7 and 8a, b). As a marker to
evaluate the activity of neovascularization in the tumor, we
detected the expression levels of CD31 and VEGF in cisplatin
A549R mice of each group. We found that the levels of CD31

Figure 7 Immunohistochemical analysis of tumor tissues in cisplatin resistant A549 mice after treatment in different groups. The expression levels of HIF-
1α, CAIX, CD31, VEGF, PI3K, AKT, mTOR, and TUNEL in seven groups, respectively.
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and VEGF in the CDDP@Zr-MOF + RT group exhibited the
lowest expression compared with control, cisplatin, and RT
groups, indicating that the combined treatment group had a
strong ability to inhibit angiogenesis, and other groups had
different degrees of inhibition of angiogenesis (Figs 7 and 8c, d).
Moreover, because neovascularization was inhibited, the PI3K/
AKT/mTOR pathway also controlled signaling. We found that
differences in expression levels were similar to the results of
VEGF in seven groups (Figs 7 and 8e–g). However, the
expression of TUNEL in combination group was the maximum,
far more than that in CDDP@Zr-MOF and Zr-MOF + RT
groups. The comparison of cisplatin and RT groups did not
show significant differences (Figs 7 and 8h). Zr-MOF as a VEGF
inhibitor can improve neovascularization in tumor tissues by
silencing CAIX, which is indispensable for gene regulation. The
hypoxic pathway and angiogenic pathway intersect; therefore,
the alteration of hypoxic factors in the microenvironment may
cause a series of biological behavior changes in tumor cells. In
this research, we used CDDP@Zr-MOF + RT to figure cisplatin-
resistant A549 mice by performing changing hypoxia, inhibiting
angiogenesis, reversing drug resistance, enhancing RT sensiti-
zation, and promoting apoptosis. Finally, CDDP@Zr-MOF + RT
combined with apatinib could induce expression change of
related factors and the trend was similar to previous results
(Figs S17 and S18).

Mechanisms of angiogenesis inhibition mediated by CDDP@Zr-
MOF + RT in-vivo
Based on immunohistochemical semi-quantitative analysis in
A549R mice, we found that the CDDP@Zr-MOF + RT group
can significantly inhibit angiogenesis and reduce apoptosis in
tumors. We used real-time PCR and western blotting to quantify
protein levels associated with hypoxia, angiogenesis, and drug
resistance in different groups. The results revealed that sig-
nificant hypoxia improvement and inhibition of angiogenic
pathways were observed in the combination treatment group, in

which CAIX, VEGF, and MRP1 expressions were suppressed
simultaneously (Fig. 9a). We further compared the three indi-
cators quantitatively, and found that VEGF, associated with
angiogenesis, and CAIX, associated with hypoxia, were sig-
nificantly suppressed in the CDDP@Zr-MOF + RT group; the
expression of VEGF and CAIX in combination group was
inhibited nearly 4- and 5-fold compared with control and cis-
platin groups, respectively. Finally, the quantitative comparison
of drug-resistant proteins revealed that the content of MRP1 in
the CDDP@Zr-MOF + RT group was significantly reduced
compared with other groups (Fig. 9b–d). This change was
consistent at the gene level, as seen by PCR analysis (Fig. S19).
CDDP@Zr-MOF + RT can effectively regulate the micro-
environment of A549R in-vivo in a cascade response and reverse
drug resistance as a VEGF inhibitor, thereby increasing the
sensitivity of chemoradiotherapy. Furthermore, apatinib
+ CDDP@Zr-MOF + RT could more effectively inhibit VEGF
expression and further reverse the expression of MRP1. This
may correlate to excellent vascular inhibition mediated by apa-
tinib and responsive characteristics reacted from Zr-MOF
nanoparticles and hypoxia microenvironment, inducing con-
trolled VEGF expression. Therefore, we established a strategy to
overcome cisplatin resistance mediated by the dual anti-
angiogenesis mechanism in A549R tumor-bearing BALB/c nude
mice (Fig. S20).

Safety evaluation of CDDP@Zr-MOF in-vivo
We evaluated the toxicity of CDDP@Zr-MOF in mice. All
pathological assays of major organs and hematological and
biochemical tests were performed. No significant abnormal
behavior was observed in A549R bearing mice throughout the
experiment, confirming the excellent biocompatibility of
CDDP@Zr-MOF (Fig. S21). Similarly, changes in all functional
indicators can be controlled, which was suggested by the slight
steady standard of biomarkers listed in Figs S22 and S23.
Therefore, we believe that our results support the feasibility of

Figure 8 Expression levels of HIF-1α (a), CAIX (b), CD31 (c), VEGF (d), PI3K (e), AKT (f), mTOR (g), and TUNEL (h) in seven groups, respectively
(* represents the statistical difference between the treatment groups and the control group). * p < 0.05; ** p < 0.01; *** p < 0.001.
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employing CDDP@Zr-MOF in the clinic with RT. Apatinib also
has some side effects, and the main side effects are hypertension,
proteinuria, hand-foot syndrome, diarrhea, in addition to fati-
gue, mouth ulcers and hoarseness.

CONCLUSIONS
In conclusion, to reverse chemotherapy resistance in tumor cells,
we designed CDDP@Zr-MOF and combined it with RT for
treating cisplatin-resistant A549 cells. This multifunctional drug-
delivery system displayed a chain-shattering manner under
intracellular or acidic microenvironment for optimal anticancer
efficacy, targeting hypoxia properties efficiently, inhibiting
tumor angiogenesis, blocking PI3K/AKT/mTOR pathway,
reversing MRP1 expression, and improving the sensitivity of
A549R cells to cisplatin and RT. Moreover, Zr-MOF@CDDP can
be applied as a contrast agent to directly track the drug via
DMCT and fluorescence scanning in-vivo. The cascade strategy
was used to treat A549R cells by using CDDP@Zr-MOF + RT
without significant side effects. Our results provided an example
of microenvironment response nanomedicine in tackling drug
resistance in tumors, including precise release, microenviron-

mental remodeling, real-time monitoring, and therapeutic effect
evaluation. Our study leads to further research into the use of
CDDP@Zr-MOF + RT in biomedical applications.
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利用金属有机框架抑制PI3K/AKT/mTOR信号传导
通路以克服放化疗中的多重耐药性
宋春雨1†, 关雪2†, 谢昌明3†, 姜珊4, 洪智文4, 吴琼5, 曲国蕃1*,
马腾闯4*, 崔亚利4*

摘要 肿瘤微环境中的血管生成是肿瘤细胞对放化疗不敏感的主要原
因. 在本项研究中, 我们设计了一种微环境响应型的纳米颗粒, 利用Zr-
MOF的分解产物抑制肿瘤细胞中的PI3K/AKT/mTOR/VEGF通路,从而
克服A549R细胞对顺铂的耐药性. 我们将顺铂包裹在Zr-MOF中, 并在
表面修饰BSA, 形成了CDDP@Zr-MOF-BSA纳米复合体, 该复合体在肿
瘤微环境中有良好的响应性, 有助于在肿瘤区域蓄积, 展现出卓越的血
管生成抑制能力, 并能明显降低药物的外排. 此外, CDDP@Zr-MOF-
BSA能显著抑制多药耐药相关蛋白1 (MRP1)的表达, 从而逆转A549R
细胞的耐药性. 总体而言, CDDP@Zr-MOF-BSA对A549R有细胞毒性,
能抑制肿瘤微环境中的血管生成, 最终有效提高顺铂耐药肿瘤的治疗
效果. CDDP@Zr-MOF-BSA为放化疗治疗耐药肿瘤提供了一种多功能
协同的方法.
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