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Epithelial ovarian cancer is still the leading cause of death in gynecology due to its resistance to platinum-based
ﬁrst-line chemotherapeutic drugs. The utilization of mitochondria-targeted drugs has become an important direction in anti-tumor drug research and development. In this work, cisplatin (DDP)-loaded ZIF-90 with mitochondrial-targeting was synthesized at room temperature with a high drug loading (11.7 %, calculated based
on Pt content). The ZIF-90@DDP showed high cellular uptake and less toxicity in both non- and DDP-resistant
ovarian cancer cells with eﬀective pH- and ATP-responsive drug release. Both mitochondria-targeting and responsive drug release could increase the drug concentration in mitochondria of drug-resistant cancer cells to
reverse such resistance. Conclusively, the mitochondria-targeting ZIF-90@DDP with high drug loading could
trigger responsive drug release in mitochondria of epithelial ovarian cancer cells, inhibit DPP-resistant epithelial
ovarian cancer cells, and reverse drug resistance.

1. Introduction
Ovarian cancer is one of the most common malignant tumors in
gynecology, and the epithelial ovarian cancer is one of the most
common ovarian tumors with the highest fatality rate in gynecological
tumors [1]. It is estimated that more than 100,000 patients worldwide
die of this disease every year [2]. As the ovaries have special anatomical
locations, patients who develop ovarian cancer often show no obvious
insidious onset, thus lacking eﬀective early diagnosis. At present, ideal
cytoreductive surgery and neoadjuvant chemotherapy based on platinum are considered as standards for the management of ovarian
cancer. Most patients can be sensitive to the ﬁrst chemotherapy after
surgery, such as with cisplatin (DDP). However, with chemotherapy,
most of the patients gradually develop multi-drug resistance [3]. Consequently, the survival rate of patients with ovarian cancer does not
improve signiﬁcantly. The ﬁve-year survival rate is hovering around
20–25% [4]. Therefore, investigating eﬀective ways to reverse the
platinum resistance in tumors will be beneﬁcial to the teeming number
of ovarian cancer patients [5].

Targeting mitochondria is believed to eradicate chemotherapy refractory and resistant cancer cells [6]. For instance, targeting mitochondria was used as an eﬀective technique to induce cancer cell
death and bypass drug resistance mechanisms, as the mitochondria is
the powerhouse of cancer cells [7]. In another strategy, DNA in mitochondria served as the target for several DNA-damaging anticancer
agents for the lack of eﬃcient repair mechanism [7]. Consequently,
targeting mitochondria therapies may provide new strategy to obviate
several mechanisms involved in multidrug resistance (MDR) and resolve drug resistance [8,9]. Mitochondrial delivery of anticancer agents
using mitochondriotropic ligands has been exploited to overcome drug
resistance in cancer in a few studies [10]. However, the advantages of
mitochondria-targeted therapy in practical applications have not yet
been fully harnessed. There are two major issues in mitochondria-targeted therapy that hinder the progression of mitochondria as a cancer
chemotherapeutic target. One of such is the low amount of drug accumulation inside the mitochondria, resulting in insuﬃcient killing
eﬀect. The other impediment lies on the fact that there is no signiﬁcant
diﬀerence between normal and cancer cell mitochondria, resulting in
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2.2. Synthesis and characterization of ZIF-90@DDP

low selectivity for therapeutic drugs.
Zeolitic imidazole frameworks (ZIFs) are porous materials with
periodic multi-dimensional network structures [11], which are generated by the hybridization of metal ions and organic ligands in self-assembly processes [11]. They have shown excellent performances in
catalysis [12–15], sensing [16,17], gas separation [18–20], gas storage
[21], drug loading [22–24], and other aspects. ZIF-90, sister of ZIF-8,
self-assembled from zinc ions and imidazole-2-carboxaldehyde is biocompatible with various cell lines and can be degraded within several
weeks in vitro [24]. Recently, nano ZIF-90 was reported to release
Rhodamine B for ATP sensing due to its mitochondrial targetability and
response to ATP [25]. It has also been used to image mitochondrial ATP
levels in live cells because ATP could build stronger coordination with
Zn2+ than imidazole-2-carboxaldehyde [26]. Furthermore, when DNAdamaging drugs in ZIF-90 were released in the mitochondria, an increase in therapeutic eﬃcacy was obtained, in comparison to free drugs
[27]. Eﬃcient mitochondria-targeting ability, high drug loading [28]
and ATP-responsive drug release of ZIF-90 may provide a new strategy
to overcome DDP resistance of epithelial ovarian cancer. Until now,
there are limited reports on ZIF-90 with speciﬁc targeting drug release
to reverse drug resistance of cancer cells.
In this work, we report the use of ZIF-90 as a mitochondria-targeting
carrier for the loading and release of DDP in platinum-resistant ovarian
cancer A2780 cells (Scheme 1). To accomplish this, we also conducted
an investigation into its invasion and cellular proliferation eﬀects. Put
together, this work establishes the signiﬁcance of the mitochondriatargeting carrier (ZIF-90) in the treatment of platinum-resistant ovarian
cancer, by a new therapeutic strategy.

ZIF-90@DDP nanoparticles were prepared by one-step coating at
room temperature according to a previous report with slight modiﬁcation [23]. In brief, 2 mL Zn (CH3COOH)2·2H2O (0.1 M in DMF) was
added into 2 mL 2-ICA (0.2 M in DMF) with 10 mg DDP under vigorous
stirring. After 10 min, 15 mL DMF was added for another 10 min. The
product was washed with ethanol by centrifugation for three times. The
size of the prepared nanoparticles was conﬁrmed with a ﬁeld emission
scanning electron microscope (FE-SEM) (S-4800, Hitachi, U.S.), and
transmission electron microscope (TEM) JEOL-2100 (JEOL, Japan)
which was operated at 200 kV. The crystal structure was veriﬁed with
an X-ray diﬀractometer (D8 Discover, Bruker AXS, Germany). The drug
loading was conﬁrmed by ICP-OES (ARCOS MV, Germany). The hydration particle size, size distribution, and Zeta potential were tested
with a Zeta particle size analyzer (Nano-ZS, Malvern, England) at room
temperature.
2.3. Drug release in vitro
1 mL of DDP or ZIF-90@DDP (Pt: 1 mg/mL) in PBS (pH 7.4) was
added into a dialysis bag (MWCO: 2 kDa). The samples were incubated
with 49 mL of PBS containing 10 % fetal bovine serum (FBS) at pH 7.4
or 2 mM ATP at pH 5.5, and in each case at 37 °C with 100 rpm. At predetermined time points (2, 4, 6, 8, 10, 12, and 24 h), aliquots were
collected for analysis and replaced with the same volume of fresh
medium. The concentration of Pt was determined by ICP-OES.
2.4. Cell culture

2. Materials and methods

Human ovarian cancer cells A2780 and DDP-resistant human
ovarian cancer cells A2780/DDP were purchased from Shanghai Aolu
Co. Ltd (Shanghai, China). A2780 cells were cultured in 1640 medium
(Gibco, Grand Island, NY, USA) containing 10 % FBS (Hyclone, Utah,
USA), 100 units/mL of penicillin and 100 mg/mL streptomycin. On the
other hand, A2780/DDP cells were cultured in 1640 medium containing 10 % FBS, DDP (2 μg/mL), 100 units/mL penicillin, and 100
mg/mL streptomycin.

2.1. Materials and reagents
Zn(CH3COOH)2•2H2O, N,N-Dimethylformamide (DMF) and cisplatin (DDP) were purchased from Sigma-Aldrich (Beijing, China).
Imidazolate-2-carboxyaldehyde (2-ICA) was purchased from Fisher
(New York, USA). All products were used without further puriﬁcation.

2.5. Cellular uptake and location of ZIF-90@DDP in the cell
X-ray ﬂuorescence microscopy of Shanghai Synchrotron Radiation
Facility (SSRF, Shanghai, China) was used to investigate the elements of
Zn and Pt in A2780 and A2780/DDP cells [29]. Before incubation, the
cells were grown on sterile Malay ﬁlms for 24 h. Then, the cells were
cultured with DDP or ZIF-90@DDP (Pt =5 μg/mL) for another 4 h.
Prior to analysis, the cells were ﬁxed by tissue ﬁxation with 4 % paraformaldehyde (Solarbio, Beijing, China) and washed with PBS. The
mapping of elements (Cl, Zn, Pt) was achieved with an X-ray energy of
20 keV and step of 1 × 1 μm/s.
The A2780 and A2780/DDP cells (1 × 105) were adhered for 24 h.
Then, the cells were incubated with DDP or ZIF-90@DDP (Pt =5 μg/
mL) for another 4 or 12 h. The cell mitochondria were separated from
cell cytosol by mitochondria extraction kit (Solarbio, Beijing, China)
and treated with aqua regia overnight. The mitochondrial uptake was
tested by ICP-OES. The cellular uptakes of ZIF-90@DDP were detected
following the above-mentioned procedure without mitochondria extraction.
2.6. Cytotoxicity experiments
A2780 and A2780/DDP cells were seeded in 96-well-culture
(10000/well) at 37 °C with 5 % CO2. The cells were cultured with
diﬀerent concentrations of ZIF-90 (5∼100 μg/mL), DDP (Pt:
0.3125∼10 μg/mL), and ZIF-90@DDP (Pt: 0.3125∼10 μg/mL). After
another 24 h of treatment, the medium was discarded and replaced

Scheme 1. (a) The preparation of ZIF-90@DDP and (b) the potential mechanism of mitochondria-targeting zeolitic imidazole frameworks bypass the
resistance pathway of DDP in the resistance human ovarian cancer cell line
A2780/DDP.
2
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Fig. 1. (a) SEM and (b) TEM images of ZIF-90@DDP; (c) XRD results of ZIF-90@DDP and simulated ZIF-90; (d) DLS result of ZIF-90@DDP in complete cell cultural
medium.

Fig. 2. Cumulative release of DDP and ZIF-90@DDP in (a) PBS with 10 % FBS at pH 7.4 and (b) PBS with 2 mM APT at pH 5.5 for 24 h at 37 °C with 100 rpm.
Mean ± SD (n = 3).

3. Results and discussion

with a fresh medium containing 10 % CCK-8, which was placed in an
incubator for 4 h. The absorbance values at the wavelength of 490 nm
were detected with a multifunctional microplate analyzer (iMark
(168–1130), Biorad, U.S.). Thereafter, an SPSS 18.0 software was used
to plot and calculate the IC50 value. Resistance ratio=IC50(A2780/
DDP)/IC50(A2780).

3.1. Synthesis and characterization of ZIF-90@DDP
One-pot synthesis was used to encapsulate DDP into nano ZIF-90.
After centrifugation, the product was mixed with methanol for 48 h to
remove the adsorbed DDP on the surface of nano ZIF-90. The SEM and
TEM images indicate that ZIF-90@DDP nanoparticles are uniform in
size with average size of 85 ± 8 nm (Fig. 1a and b). The powder XRD
was used to determine the crystal properties of the products. The ZIF90@DDP shows a similar peak to the simulated ZIF-90 crystal, suggesting that the DDP has less eﬀect on the crystal structure of ZIF-90
and the DDP is encapsulated in the pore of ZIF-90 instead of the surface
(Fig. 1c) [27]. Furthermore, nano ZIF-90@DDP could evenly disperse in
water, PBS, and culture medium. The DLS result indicates that the
hydration particle size is 105.8 ± 7.5 nm with a polydispersity index
(PDI) of 0.274, (Fig. 1d), showing a narrow size distribution. This is a
bit larger than that of SEM and TEM. Additionally, the Zeta potential of

2.7. Statistical analysis
Quantitative data were expressed as mean standard deviations unless speciﬁcally described. Means were compared using student's t-test.
*p values < 0.05, **p values < 0.01 was considered statistically signiﬁcant in all analyses.
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Fig. 3. Cellular uptake of Pt in A2780 and A2780/DDP cells. XFM images of Cl (cell), Zn (ZIF-90), Pt (DDP) of (a) A2780 and (b) A2780/DDP cells incubated with
DDP or ZIF-90@DDP for 4 h.

Fig. 4. The concentration of Pt in cancer cells and mitochondria of (a) A2780 and (b) A2780/DDP incubated with DDP or ZIF-90@DDP for 4 or 12 h, respectively.
Mean ± SD (n = 3), **P < 0.01.

which is about 85 % release of the loaded drug within 6 h. This might
be due to the replacement of the 2-ICA with ATP which abound on the
mitochondria, thereby forming much stronger coordination with Zn2+
with resultant structural collapse of ZIF-90. Further, the acidic environment in tumor cell also improves the drug release at a lower speed
than ATP, before the drug release happens in mitochondria according to
our pervious report [27]. Those drugs released outside the mitochondria might be pumped out to induce the drug resistance as shown in
Scheme 1, which might decrease the inhibition eﬀect on drug resistance
cancer cell. These results show that the ZIF-90@DDP could decrease the
drug release during blood circulation and promote the fast drug release
in ovarian cancer cells even in mitochondria with high level of ATP
[30,31].
Fig. 5. Cell viability of A2780 and A2780/DDP incubated with ZIF-90 for 24 h.
Mean ± SD (n = 3).

3.3. Cellular uptake and location of ZIF-90@DDP
To further characterize the cellular location of ZIF-90@DDP, X-ray
ﬂuorescence microscopy (XRFM) was used to locate the distribution of
Zn and Pt (Fig. 3). The element Cl was used to represent the cell
structure. Fig. 3a shows a random distribution of Pt in A2780 cell for
free DDP, whilst only a little Pt is observed in A2780/DDP cell (Fig. 3b).
This result indicates that the DDP is pumped outside the drug-resistance
of A2780 cells to decrease the concentration of DDP in cell. However,
Fig. 3b shows the intensity of Zn and Pt is observed to be basically the
same everywhere for ZIF-90@DDP, which indicates that the ZIF-90@
DDP is integrated into the drug-resistant ovarian cancer cells and increases the concentration of DDP in cell [32]. This could bypass the
sparing mechanism to increase the drug concentration and reverse cell
drug resistance [6]. Utilizing mitochondrial targeting to bypass

ZIF-90@DDP is -4.7 ± 0.7 mV. After dissolving the ZIF-90@DDP in
aqua regia at 180 °C for 8 h, the DDP loading as recorded by ICP-OES is
11.7 ± 0.6 % (Based on Pt content).

3.2. ATP- and pH-responsive drug release in vitro
Fig. 2 shows the drug release of DDP and ZIF-90@DDP in diﬀerent
media for 24 h. The DDP was dialyzed as a control experiment, and
approximately 95 % of total drug is released within 6 h, irrespective of
the medium. In contrast, ZIF-90@DDP only releases nearly 10 % of the
loaded DDP within 24 h in PBS at pH 7.4. On changing the medium to
PBS (pH 5.5) with 2 mM ATP, ZIF-90@DDP shows a high fast release,
4
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Fig. 6. Cell viability of A2780 and A2780/DDP incubated with (a) DDP and (b) ZIF-90@DDP after 24 h at diﬀerent concentration of Pt. Mean ± SD (n = 3),
*P < 0.05.

preferential accumulation and direct action of ZIF-90 in the mitochondria of cells leading to activation and release of apoptotic mediators.

Table 1
IC50 and resistance ratio of DDP and ZIF-90@DDP for A2780 and A2780/DDP
cells.
Cell

A2780

A2780/DDP

Sample

DDP

ZIF-90@DDP

DDP

ZIF-90@DDP

IC50 (μg/mL)
Resistance Ratio

1.37 ± 0.16

1.00 ± 0.29

6.18 ± 0.44
4.49

1.66 ± 0.37
1.66

4. Conclusion
In this work, we report the synthesis of ZIF-90@DDP nanoparticles
at room temperature with high drug loading, which achieved dual pH& ATP-responsive drug release. In addition, the nanoparticles could be
appreciably taken up by both non- and DDP-resistant ovarian cancer
cells. Compared to free drugs, most of the Pt were found in mitochondria within 12 h of ZIF-90@DDP treatment. It then follows that the ZIF90@DDP could inhibit both non- and DDP-resistant ovarian cancer
cells, while the free drugs showed low inhibition for the drug-resistant
cells. Taken together, the mitochondria-targeting ZIF-90@DDP show
promising potential for the therapy of DDP-resistant ovarian cancer.

multiple drug resistance mechanisms in cancer could therefore be a
promising strategy, which can block cancer cell metabolism or induce
apoptosis, leading to cancer cell death.
The technique for reversing drug resistance of cancer cells is a key
point in cancer treatment. To further investigate the subcellular targeting of ZIF-90@DDP, mitochondrial enrichment of ZIF-90@DDP was
determined by ICP-OES (Fig. 4). For free DDP, only 2 % of Pt is present
in mitochondria and the concentration of Pt in A2780/DDP is signiﬁcantly lower than that of A2780 after 4 or 12 h incubation. Conversely, the ZIF-90@DDP could signiﬁcantly increase the Pt concentration in the DDP-resistant ovarian cancer cells as about 80 % Pt
could be detected in the mitochondria (P < 0.01). This indicates that
ZIF-90 not only increases the concentration of Pt in drug-resistant cells,
but also endows ZIF-90@DDP with a mitochondria-targeting property.
As a DNA-damaging drug, DDP can destroy the mitochondrial DNA,
thus overcoming DDP-resistance with a resultant increase in therapeutic eﬃcacy [7]. Although, ovarian cancer cells have several resistance mechanisms for DDP [5], the mitochondria-targeting transport
of DDP can obviate these problems.
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3.4. Biocompatibility and chemotherapy in vitro
Encouraged by the promising responsive drug release and mitochondria-targeting property, the cell toxicity of ZIF-90 and therapeutic eﬃcacy of ZIF-90@DDP were tested. The cell viability of A2780
and A2780/DDP are all over 80 % at concentrations ranging from 5 to
100 μg/mL after 24 h incubation, showing a low toxicity of ZIF-90
(Fig. 5). In order to determine the cell inhibition of ZIF-90@DDP, free
DDP and ZIF-90@DDP were incubated for 24 h at an equivalent concentration of DDP. The CCK-8 results show that the ZIF-90@DDP exhibits a higher cell inhibition than free DDP for A2780 (Fig. 6), conceivably due to the ability of ZIF-90@DDP to inhibit drug resistance
through DDP release in mitochondria to damage the mitochondrial
DNA. The results of IC50 show that ZIF-90@DDP could decrease the IC50
of both A2780 (1.00 μg/mL) and A2780/DDP (1.66 μg/mL), against
1.37 and 6.18 μg/mL for DDP, respectively. Moreover, the drug-resistance ratio of DDP is 4.49, while that for ZIF-90@DDP is only about
1.66 (P < 0.05) (Table 1). This further establishes that ZIF-90@DDP
could overcome the drug resistance of ovarian cancer through the delivery of DDP into the mitochondria [33]. This may be due to the
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