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HIGHLIGHTS

® A novel pH-responsive Metal Azolate Framework-based nanosystem is designed and synthesized.
® The designed nanosystem can deliver therapeutic selenadiazole derivative to cancer cells with high-efficiency.

® The designed system can precisely and significantly inhibited tumor growth.
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Chemotherapy is one of the major cancer therapeutic approaches, however, it is limited by non-specificity, poor
solubility, resistance. We reported here the use of bioresponsive nano metal azolate framework-4 (MAF-4) as
vehicle materials and cRGD (cyclic arginine-glycine-aspartic) as target peptide to precisely deliver PSeD (sele-
nadiazole derivative) to breast cancer cells. This intelligent nanosystem was stable at relatively basic pH (~7.4,
body fluid), while it slowly decomposed at slightly acidic pH (~5.3, lysosomes) to release drug for precise

treatment of breast cancer. The nanosystem specifically accumulated in tumors in vivo, and thus demonstrated
high antitumor efficacy and non-toxic to normal tissues. Generally, this study indulged an innovative strategy for
efficient cancer therapy using intelligent nanocarrier materials.

Breast Cancer is the most common gynecological malignancies, re-
presenting the most serious threat of death among women worldwide
[1]. Chemotherapy is one of the major standard therapeutic ap-
proaches, however, it is obviously limited by non-specificity, poor so-
lubility, resistance and unknown side effects [2]. New strategies to
overcome these drawbacks are urgently needed. Integrin a,f33, a re-
ceptor for RGD (arginine-glycine-aspartic) or cyclic RGD (cRGD) pep-
tides, is overexpressed on activated endothelial cells and tumor cells
[3], which provided an efficient avenue for designing targeting drugs to
combat breast cancer. In the meantime, selenadiazole derivatives
(SeDs) have been identified as a new potential drug to treat breast
cancer by regulation of apoptotic signaling pathways [4-6]. PSeD (Fig.
S1), the best SeDs reported until now with excellent anticancer activity
and good inhibitory effect was selected in this work. However, the poor
solubility and insufficient selectivity of PSeD limit its clinical applica-
tion. In order to solve these problems, developing novel biocompatible
intelligent hybrid vehicle materials to selectively delivery PSeD to
tumor cell is required. In the meanwhile, metal-organic frameworks are
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novel materials with great potential in biomedicine delivery due to
their high modifiability to form hybrid materials [7-13]. Herein we
report the first use of bioresponsive and biocompatible nanoscale metal-
azolate framework-4 (MAF-4) conjugated with cRGD and copolymer as
hybrid vehicle system (PSeD@MAF-4(R)) for the effective delivery of
PSeD to breast cancer cells (Fig. 1).

MAF-4 is synthesized from acid-base neutralization reaction be-
tween 2-methylimidazole and Zn(NOs),, presenting a 3D intersecting
pore system [14]. MAF-4 shows variable applications due to the high
surface areas and large uniform pore sizes. More importantly, the
nature of MAF-4 determined it is pH-sensitive since MAF-4 is the pro-
duct obtained from acid-base neutralization reaction [15-17]. On the
other hand, biological system is also well known to be highly pH sen-
sitive and different cell organelles have different acidity. These make
MAF-4 system can be potentially used as a smart biorespective vehicle
materials to deliver drugs in vivo once scaled down to nanoscale (Fig. 1)
[9,18-20]. MAF-4 nanosystem not only maintains the structure and
physicochemical properties as bulk MAF-4 but also exhibits nano size
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Fig. 1. a) Design and preparation of PSeD@MAF-4(R). TEM image of MAF-4 (b) and PSeD@MAF-4(R) (c). d) BET surface area. e) XPS spectra. f) PXRD char-

acterization of simulated MAF-4 and PSeD@MAF-4(R).

effects suitable for drug delivery [21-26]. In our system, the large
uniform pore of MAF-4 provides a platform to load PseD (loading rate
16.1 * 0.9%), while the high surface area offers more surface metal
ion to facilitate functionalization with biocompatible polymers [27,28].

In this study, we scaled down MAF-4 to 40 nm as nanocarrier ma-
terial [29], and then loaded PseD to MAF-4 through mesoporous ad-
sorption to form PseD@MAF-4 (Fig. 1a). In order to link cRGD targeting
peptide to PseD@MAF-4, we employed polyethylenimine-polyethylene
glycol (PEI-PEG) as copolymers to form a two cross-linked di-block
linker [30]. The nanoparticle characterization was done very carefully
after current recommendation [7,8] to confirm their monodispersity
and colloidal stability. From TEM images (Fig. 1b) and N, absorption-
desorption isotherm (Figs. 1d and S2a) results, we confirmed that the
synthesized MAF-4 is highly dispersed hexagonal plate-like nano-
particles with diameter at ~40nm and maintained porous property
(with BET specific surface area 1345 cm®/g). After PSeD loading and
cRGD decoration, PseD@MAF-4(R) nanosystem was also crystal
(Fig. 1f) and uniformly dispersed with a thin film on the edge (Fig. 1c),
while the BET surface area was significantly decreased to 105 cm®/g
(Fig. 1d). The loading rate of PSeD was found at 16.1 * 0.9%, and
further confirmed by XPS (Fig. 1e) and UV-Vis spectra analysis (Fig.
S2b). The successful conjugation of cRGD was also evidenced by BCA
protein assay (Fig. S2c) and infrared spectrum (Fig. S2d).

MAF-4 is stable at relatively basic pH, while it will slowly decom-
poses at acidic pH. This property was confirmed in MCF-7 human breast
cancer cells. Firstly, we studied the localization of the MAF-4 using
fluorescence microscopy. As shown in Fig. 2a and 2b, PSeD@MAF-4(R)
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was absorbed into the cells by endocytosis after 1 h incubation, and
localized in lysosomes (pH 5.3) at the end time. PSeD released from
PSeD@MAF-4(R) after 2h, and the green fluorescence of PSeD slowly
increased with time, finally filled the whole cytoplasm at 4h. The
mechanism of PSeD@MAF-4(R) endocytosis was further confirmed by
using various endocytosis inhibitors (Fig. S3). The pH bioresponse was
further examined by powder X-ray diffraction (PXRD) in a varity of
physiological conditions (Fig. 2c). The results shown that, MAF-4 na-
nosystem was stable under the tested physiological conditions after one
week, while decomposed at pH 5.3. This may be due to the ligand
protonation in acidic pH. Once the ligand protonated, the coordination
ability decreased. The TEM images shown that, after treatment with
pH = 5.3 buffer for 1h, the particle size of PSeD@MAF-4(R) increased
siginificantly, while maintained the same shape and size at pH 7.4
(Fig. 2d). The dynamic light scattering (DLS) results also confirmed this
phenomenon (Fig. S4).

Drug release experiments was also carried out at pH 7.4 and 5.3. As
shown in Fig. 2e, PSeD was released from PSeD@MAF-4(R) from 16.5%
(4h) to 29.1% (24 h) in pH 7.4 buffer, while in pH 5.3 buffer, PSeD
release rate reached 47.8% (24h). The stability of PseD@MAF-4(R)
system under physiological conditions was studied by monitoring its
particle size in PBS using DLS (Fig. S5a). No obvious particle size
change was observed after one week, which indicated that this system
was very stable in physiological media and suitable for in intro and in
vivo experiments. Interestingly, the Zeta potential of PseD@MAF-4(R)
was much higher (+ 35 mV) than the naked MAF-4 (4 20 mV), possibly
due to the cationic polymer PEI wrapping (Fig. S5b), thus enhanced the
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Fig. 2. a) Simulated bioresponsive drug release of PSeD@MAF-4(R). b) Intracellular localization of PSeD@MAF-4(R) in living cells. ¢) PXRD of MAF-4 simulated, and
PSeD@MAF-4(R) under various tested conditions. d) TEM images of PSeD@MAF-4(R) in different buffers. e) In vitro drug release of PSeD from PSeD@MAF-4(R) in

different pH. Each value represents means + SD (n = 3).

higher cellular uptake and rapid drug accumulation. [31] Taken to-
gether, MAF-4 was a pH-sensitive nanocarrier system with responsi-
bility to cancer microenvironment.

PSeD@MAF-4(R) is proposed to recognize a,f33 integrin receptor by
the cRGD targeting peptide to distinguish tumor cells from normal cells,
and then accumulated to the tumor sites during blood circulation
(Fig. 3a). Therefore, western blot experiment was done to proof the
overexpression of a,f3; integrin in MCF-7 cells (Fig. S6a), and the tar-
geting property was further confirmed by cRGD blocking assay and cell
survival study. As shown in Fig. S6a, after preincubation with cRGD,
the amount of PSeD@MAF-4(R) absorbed by MCF-7 cells decreased
significantly, which may be due to the interaction of cRGD with a,f3
integrin receptor and thus inhibited the recognition by PSeD@MAF-
4(R). Consistently, the cell viability increased with increasing of cRGD
concentration (Fig. S6b).

In order to evaluate the anticancer activity of PSeD@MAF-4(R), in
vitro experiments were carried out using MTT assay. As shown in
Fig. 3b, beside MCF-7 cells, PSeD@MAF-4(R) shown broad anticancer
activities against A549 nonsmall-cell lung cancer cells, Siha cervical
cancer cells, MB-231 triple-negative breast cancer cells, while shown
low toxicity to normal cells (HUVEC, HL-7702 and LO2 cells). The
safety index was found reaching 15.1, much higher than those of
commercial anticancer drugs. Moreover, the anticancer activity of
PSeD@MAF-4(R) was also much higher than those of free PSeD
(Fig. 3b), while the naked MAF-4 showed negligible toxicity (Fig. S6¢).
As comparison, we also determined the cellular uptake of the naked
MAF-4 and PSeD@MAF-4(R) (40 uM) in different cell lines for different
time intervals by ICP-MS analysis of Se content. As shown in Fig. 3c, the
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time of maximum PSeD uptake was 4 h, while great difference was also
found in Se content in cancer and normal cells. These results confirmed
the high cancer selectivity of PSeD@MAF-4(R).

In order to get more insight into the action mechanisms, flow cy-
tometry was used to analyze the cell cycle distribution. From Figs. 3d
and S7a we can see, free PSeD slightly induced cell apoptosis and G2/M
arrest, while PSeD@MAF-4 and PSeD@MAF-4(R) significantly caused
cumulative sub-G1 (78.5% and 90.5%, respectively). This suggested
that induction of apoptosis was the major action mode for the targeting
PSeD@MAF-4(R). Overproduction of reactive oxygen species (ROS) is
very important to understand the cell apoptosis pathway. Intracellular
ROS could cause protein, DNA damage, and induce apoptosis. There-
fore, we have detected the ROS level by DHE fluorescence probe. As
shown in Fig. 3e, intracellular ROS produced by PSeD@MAF-4(R)
reached 200% at 70 min, then decreased to 165% (135 min), while that
produced by PSeD found at about 138%. This indicated that PSeD@
MAF-4(R) can significantly enhance the intracellular ROS production.
Consistently, as shown in Figs. 3f and S7b, both MAF-4 nanocarrier and
naked PSeD produced less amount of ROS, but PSeD@MAF-4(R) pro-
duced much higher ROS fluorescence. As we known, ROS are strong
oxidants. It will oxidize reducing agent such as glutathione (GSH), so
we further do quantitative analysis on the effects of GSH. As shown in
Fig. S8a, when GSH was added to the PSeD@MAF-4(R) system, the
fluorescence caused by the generated ROS was significantly decreased
from 149% to 110%. As excessive ROS can cause apoptotic cell death,
we further determined the effects of GSH on PSeD@MAF-4(R)-induced
cytotoxicity. As shown in Fig. S8b, addition of GSH effectively increased
the cell viability from 19.1% to 73.5%. All these results suggested that
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Fig. 3. a) Selective induction of cancer cells apoptosis by PSeD@MAF-4(R). b) ICs, of PSeD and PSeD@MAF-4(R) on various human cancer and normal cells. c)
Selective uptake of PSeD@MAF-4(R) (40 uM) by MCF-7 and L02. d) Flow cytometric analysis of MCF-7 cell apoptosis. €) ROS generation induced by MAF-4 (5.0 uM),
PSeD (5.0 uM), PSeD@MAF-4(R) (25, 50 uM) in MCF-7 cells. f) Fluorescent ROS in MCF-7 after incubated with MAF-4 (50 uM), PSeD (50 uM), PSeD@MAF-4(R)
(50 uM) different periods of time. scale bar = 100 um. Each value represents means = SD (n = 3).
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Scheme 1. The demonstration of PSeD@NMAF-4(R) nanosystem bioresponsive release drug PSeD to precise treatment of breast cancer.
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PSeD@MAF-4(R) caused overproduction of ROS to induce cancer cell
apoptosis.

Encouraged by the remarkable efficacy of PSeD@MAF-4(R) in vitro
and to ascertain the biocompatibility of PSeD@MAF-4(R), we in-
vestigated the therapeutic effect of this systems in nude mice with MCF-
7 xenograft (Figs. S9-S11). The detailed results were discussed in
Supporting information and the whole results indicate the potent an-
titumor potential of PSeD@MAF-4(R) without obvious side effects.

In summary (Scheme 1), herein we reported a novel strategy of a
cancer-targeted MAF nanosystem, PSeD@MAF-4(R), which displayed
pH-dependent decomposition behavior and high drug loading cap-
ability. Anticancer drugs could be encapsulated into this nanosystem
with a high loading rate at 16.1%, and grafted with PEI-PEG-derived
cRGD peptide to enhance biocompatibility [32] and cancer selectivity.
Furthermore, MAF-4 nanosystem possessed pH-responsive property,
leading to drug release in cancer microenvironment. The PSeD@MAF-
4(R) specifically accumulates in tumors in vivo, and thus demonstrates
high antitumor efficacy, but non-toxic to normal tissues, possibly due to
the non-toxic composition of the ligand and zinc that constitute MAF-4.
Taken together, this study provided an innovative strategy for precise
cancer therapy using nanoscale MAF materials and inspired further
researchers in this fast-developing field.
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