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Introduction

Metal-organic frameworks (MOFs) are micro-porous materials synthesized by self-
assembly of organic linkers with metal or metal-oxo nodes (Lian et al. 2017; Bai et al.
2016; Simon-Yarza et al. 2018; Kalaj et al. 2020; Giliopoulos et al. 2020; Meng et al. 2020;
Yang et al. 2020; Zhang et al. 2020). When scaled down to the nano-scale, MOFs can
serve as efficient nanocarriers for drug delivery, thanks to their unique characteristics,
such as high surface area, suitable size, well-defined channels and tailorable chemistry
(Wankar et al. 2020; Wang et al. 2019; Sun et al. 2020; Gao et al. 2021; Zhong et al. 2020).
Researchers have either taken advantage of the porous structure of MOFs to load them
with drugs, or developed new modification/encapsulation technologies for the effective
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drug loading in MOFs. Despite exhaustive efforts, drug resistance induced by prolonged
monotherapy still remains a formidable challenge.

To overcome this, much effort has been devoted to develop MOF-based co-delivery
nanosystems. Different anti-tumor agents can be co-loaded in a single MOF to over-
come drug resistance and improve the therapeutic efficiency. Lin and coworkers (He
et al. 2014) reported the first example of MOFs for the co-delivery of cisplatin and
pooled small interfering RNAs, leading to an order of magnitude enhancement in chem-
otherapeutic efficacy. After that, mangy co-delivery strategies based on MOFs have been
published (Ringaci et al. 2021; Rabiee et al. 2021; Jia et al. 2019; Kang et al. 2020; Liu
et al. 2019). Our research group also reported a nanoscale MOF that can simultaneously
encapsulate nucleic acid therapeutics and chemotherapeutic drugs through a biomimetic
mineralization strategy (Liu et al. 2019). Although effective, the reported MOF-based
co-delivery nanosystems can be efficiently taken up by the reticuloendothelial system,
resulting in long-term retention and potential amplification of toxicity. The development
of MOF-based nanosystem for controlled co-loading of different therapeutics with high
body-clearance efficacy and tumor specificity is, therefore, highly desirable.

Here, we report a new kind of MOF-based nanotherapeutics that allows tumor-tar-
geted co-delivery of a small-molecule drug and a photothermal agent to enhance thera-
peutic efficacy. The strategy involves the one-pot coordination-driven self-assembly of
2-methylimidazole, zinc ions and doxorubicin (DOX) to synthesize DOX-encapsulated
MOF, followed by surface decoration with indocyanine green (ICG). Folic acid-conju-
gated polyethylene glycol (FA-PEG) antennas were then attached to the surface of the
nanoparticles through coordination interactions, endowing the hybrid nanoparticles
with an enhanced active targeting effect toward cancer cells (Yang et al. 2020; Shi et al.
2018; Hai et al. 2017). Notably, upon the active accumulation of nanoparticles into tumor
cells through FA-receptor-mediated endocytosis, the MOFs dissociated. Consequently,
the size of the hybrid nanoparticles decreased from the initial large size of 94 nm to an
ultrasmall size of 10 nm, which is highly desirable due to their low cytotoxicity and fast
systemic clearance. Furthermore, the cytotoxic effect of the hybrid nanoparticles with
integrated therapeutic modalities of chemotherapy and thermoablation was investigated
in detail. Overall, this study offers a new strategy to combine robust, smart MOFs with
integrated flexibility and multifunctionality for enhanced tumor-specific therapy, thus
highlighting new opportunities to develop next-generation smart nanomedicines for
cancer therapy.

Experimental

Materials

Zn(NO,),-6H,0 and 2-methylimidazole were purchased from Sigma-Aldrich. ICG and
methanol (99.5%) were purchased from Aladdin. DOX was bought from TCI. PEG-FA
(molecular weight =2000 Da) was provided by Shanghai Ponsure Biotech. Cell culture
medium was bought from Wisent. Hoechst 33,258 and cell counting kit-8 (CCK-8) were
purchased from Solarbio. Fetal bovine serum was bought from Wisent. Phosphate buffer
solution (PBS) and Calcein AM/PI doublestain kit were bought from Yeasen. All chemi-
cals were used as received without any further purification.
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Synthesis of DOX/Z-ICG-FA

DOX-loaded ZIF-8 nanoparticles were synthesized as following: 2 mL of 2-methyl-
imidazole (284 mg/mL) and 0.2 mL of Zn(NO,),-6H,0 (148 mg/mL) were mixed with
1 mL of DOX (1 mg/mL). After stirring for 30 min at room temperature, the DOX-
loaded ZIF-8 (labeled as DOX/Z) were collected by centrifugation (18,000 r/min,
10 min), washed with methanol, and redispersed in 5 mL of methanol. Then 1 mL
of ICG solution (1 mg/mL) was added into DOX/Z solution. After stirring for 12 h,
DOX/Z-ICG were collected by centrifugation.

The DOX/Z-ICG-FA were synthesized by the surface modification of PEG-FA on
DOX/Z-ICG through the coordination interaction between FA and Zn>*. Briefly,
DOX/Z-ICG and PEG-FA were mixed in dimethyl sulfoxide (2 mL) and stirred for
48 h. After centrifugation and washed with dimethyl sulfoxide and deionized water,
the as-synthesized DOX/Z-ICG-FA were redispersed in 5 mL of deionized water for
future use.

DOX release from DOX/Z-ICG-FA

DOX/Z-ICG-FA were dispersed in 2 mL of pH=7.4 or 5.5 PBS under magnetic stir-
ring. At the given time periods (e.g., 1 h, 2 h, 3 h, 5 h, 8 h, 12 h), the release media
were collected by centrifugation. The precipitate was then redispersed in 2 mL of
fresh media. The release amount of DOX was determined by a UV-Vis spectropho-
tometer (UV-3600, Shimadzu, Japan).

Photothermal conversion of DOX/Z-ICG-FA

Aqueous suspensions of DOX/Z-ICG-FA with different concentrations (0, 5, 10 and
20 pg/mL) were prepared and irradiated with an 808 nm near-infrared light (NIR)
laser (1.0 W cm™2). The temperature of DOX/Z-ICG-FA solution was recorded using
a thermal imaging camera (TiS65, Fluke, USA). The temperature of deionized water
was used as control. The photothermal conversion efficiency of DOX/Z-ICG-FA was
measured as following: DOX/Z-ICG-FA aqueous solution was irradiated with 808 nm
light for 6 min. Then the laser was shut off. The solution temperature was recorded
carefully. The time constant for heat transfer was determined by applying linear time
data versus In 6 from the cooling stage.

Cell culture and cellular uptakes

Human breast cancer cells (MCF-7) were cultured in essential media (DMEM, pH
7.0-7.4) supplemented with 10% fetal bovine serum, 100 units/ml aqueous penicillin
G and 100 pg/mL streptomycin. The cells were seeded into a glass bottom dish and
cultured at 37 °C in a humidified atmosphere containing 21% O, and 5% CO, for 24 h.
Then the cells were treated with a final concentration of 10 pg/mL DOX/Z-ICG-FA
for 2 h or 4 h incubation. After that, the cells were washed with PBS thrice to remove
the excess nanoparticles. Finally, the cells were stained with Hoechst 33342, and
imaged by Olympus FluoView FV1000 confocal microscope (Olympus, Japan). Note
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that the pinhole and gain setting of the confocal laser scanning microscopy (CLSM)
were kept constant during imaging.

Cellular temperature monitoring

MCE-7 cells were seeded in 24-well microplates and cultured overnight. Fresh medium
containing DOX/Z-ICG-FA was added and incubated for 4 h. Then the cells were
washed with PBS. Fresh culture medium was added, followed by 808 nm NIR light irra-
diation (1.0 W/cm?) for 6 min. The cell temperature was carefully recorded by a ther-
mometer (TiS65, Fluke, USA).

CCK-8 assay

MCE-7 cells were seeded in 96-well microplates (8 x 10° cells/well) and cultured at 37 °C
in a humidified atmosphere containing 21% O, and 5% CO, for 24 h. Then fresh medium
containing ZIF-ICG-FA, DOX/Z-ICG or DOX/Z-ICG-FA was added and incubated for
4 h. The cells were washed with PBS for three times before the irradiation with 808 nm
NIR light (1.0 W/cm? 6 min). After that, the cells were further incubated for another
24 h. 100 uL of CCK-8 (10% in cell culture medium) was added to each well and incu-
bated at 37 °C for 1 h. The cytotoxicity of the nanomaterials was analyzed using a micro-
plate reader (Multiskan GO, Thermo Scientific, USA).

Cell apoptosis assessment

To investigate the apoptosis of MCF-7 cells, cells were first seeded in 35 mm confo-
cal dishes (NEST Biotechnology) at a density of 3 x 10° cells per well for 24 h. Then
the cells were treated with nanoparticles for 4 h. After that, the cells were washed with
PBS three times, cultured with fresh medium, and irradiated with 808 nm NIR light for
6 min (1.0 W/cm?). After another 24 h incubation, cells were stained with calcein AM/
PI doublestain kit according to the manufacturer’s instructions. Finally, the cells were
imaged by Olympus FluoView FV1000 confocal microscope. During imaging process,
the pinhole and gain setting of the CLSM were kept constant.

Results and discussion

The detailed therapeutic strategy using DOX/Z-ICG-FA is presented in Scheme 1. ZIF-
8, a readily synthesized zeolitic imidazolate framework material, was chosen as drug
delivery nanosystem due to its good biocompatibility, excellent structural porosity and
high physical/chemical stability (Chen et al. 2014; Deng et al. 2019; Wang et al. 2019).
The dynamic coordination interaction between Zn>" and 2-methylimidazolate allows
an effective encapsulation of nanoparticles or drug molecules, whereas their permanent
structural porosity and high specific surface area offer opportunities for high loading of
additional therapeutics, leading to a great potential for co-delivery capacity. Transmis-
sion electron microscopy (TEM) images showed that nanoscale ZIF-8 were successfully
synthesized through a bottom-up approach (Fig. 1a), proving the synthesis feasibility
of rhombic dodecahedral ZIF-8. A chemotherapeutic drug of DOX and photothermal
agent of ICG were then loaded in ZIF-8 via encapsulation and surface coordination,
respectively. To prolong the blood circulation time and enhance the active tumor-
targeting effect of nanoparticles, FA-PEG was further functionalized on the surface of
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Scheme 1 Schematic illustration of a the synthesis process of DOX/Z-ICG-FA and b the bioapplication for
cancer treatment

nanoparticles, resulting in the formation of DOX/Z-ICG-FA. TEM images in Fig. 1b—d
showed that the DOX/ICG loading or FA-PEG modification did not change the rhombic
dodecahedral morphology of ZIF-8. The powder X-ray diffraction pattern of DOX/Z-
ICG-FA was the same as that of ZIF-8 (Fig. le), while the peak intensity decreased
because of the partial loss of crystallinity arising from the DOX encapsulation and the
surface modification of ICG or PEG-FA (Chen et al. 2018).

To verify the successful synthesis of DOX/Z-ICG-FA, a series of experiments
were separately carried out. First, we evaluated the aqueous dispersity of the result-
ant nanoparticles by dynamic light scattering (DLS). As characterized in Fig. 1f, the
hydrodynamic diameters of ZIF, DOX/Z, DOX/Z-ICG and DOX/Z-ICG-FA were
155 nm, 159 nm, 164 nm and 188 nm, respectively. The increase in the DLS diam-
eters for DOX/Z-ICG and DOX/Z-ICG-FA is consistent with the presence of ICG and
FA-PEG on the surface of ZIF-8. Note that the hydrodynamic diameters were larger
than the size data from TEM due to the solvent effect in the hydrated state. Then,
the UV-Vis—NIR absorption spectra of free DOX, free ICG, free FA, DOX/Z-ICG
and DOX/Z-ICG-FA were analyzed. As shown in Fig. 1g, the absorption spectrum of
DOX/Z-ICG exhibits the characteristic peaks of both DOX (450-600 nm) and ICG
(600—-850 nm), confirming the successful loading of DOX and ICG in DOX/Z-ICG
nanoparticles. After the surface modification with FA-PEG, the absorption curve
of DOX/Z-ICG-FA showed the characteristic peak of FA at~300 nm, verifying the
successful functionalization of FA on the surface of DOX/Z-ICG (Fig. 1h). The color
change of DOX/Z-ICG dispersion can also verify the successful loading of DOX and
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Fig. 1 TEM images of a ZIF, b DOX/Z, ¢ DOX/Z-ICG and d DOX/Z-ICG-FA. e PXRD of ZIF and DOX/Z-ICG-FA. f
DLS of ZIF, DOX/Z, DOX/Z-ICG and DOX/Z-ICG-FA. g Absorption spectra of free DOX, free ICG and DOX/Z-ICG.
h Absorption spectra of free FA, DOX/Z-ICG and DOX/Z-ICG-FA. i The photographs of 1: ZIF, 2: DOX/Z, 3: Z-ICG
and 4: DOX/Z-ICG. j Zeta potentials of ZIF, DOX/Z, DOX/Z-ICG and DOX/Z-ICG-FA

ICG in nanoparticles (Fig. 1i). In addition, the surface zeta potential values changed
from+55 mV to+45 mV after DOX encapsulation, yet turned to+33 mV after
immobilization of ICG. After the attachment of FA-PEG, zeta potential decreased to
— 8.6 mV due to the carboxylic ions of PEG-FA (Fig. 1j).

The UV-Vis—NIR spectrum of DOX/Z-ICG possesses the characteristic peaks of
ICG (Liu et al. 2016; Wan et al. 2019), thus exhibiting a strong absorption at 808 nm.
With the increasing concentration of DOX/Z-ICG-FA, the absorption intensity at
808 nm increased obviously (Fig. 2a). These results motivated us to study the 808 nm-
driven photothermal property of DOX/Z-ICG-FA. As depicted in Fig. 2b, the tem-
perature elevation of DOX/Z-ICG-FA aqueous solution (20 pg/mL) increase to 71 °C
under 808 nm laser irradiation (1.0 W/cm?), while water only increase to 25.2 °C,
indicating that DOX/Z-ICG-FA nanoparticles can effectively convert the 808 nm NIR
light to heat generation. The photothermal conversion efficiency (n) of DOX/Z-ICG-
FA was calculated as 23.5% (Fig. 2c). In addition, temperature increment of DOX/Z-
ICG-FA remains high after 4 cycles of 808 nm laser irradiation, verifying the durable
photothermal stability of DOX/Z-ICG-FA (Fig. 2d).

To test the thermal homogeneity of DOX/Z-ICG-FA solution (10 pg/mL), we used a
thermal imaging camera to test the temperature below the laser irradiation position.
As shown in Fig. 3, 1#, 2# and 3# represent the temperatures at different distances
from the laser irradiation (1#: 0 mm, 2#: 10 mm, 3#: 20 mm). The results showed
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Fig. 2 a Absorption spectra and b irradiation time-dependent temperature changes of different
concentrations of DOX/Z-ICG-FA. ¢ Plot of cooling time versus negative natural logarithm of the temperature
driving force, obtained from the cooling curve of DOX/Z-ICG-FA. d Temperature changes of DOX/Z-ICG-FA
over four ON/OFF irradiation cycles

similar temperature variation curves of 1#, 2# and 3#, suggesting the homogeneous
temperature of DOX/Z-ICG-FA solution under the laser irradiation.

The controllable biodegradability and the long-term toxicity of nanoparticles have
attached a lot of attention to their clinical applications. Therefore, it is highly desir-
able to exploit novel nanoagents that possess an appropriate dimension for effective
cancer cell incubation, and satisfactory biodegradable property ensuring their harm-
less excretion from the body after the cancer therapy. As known, ZIF-8 can degrade
in acidic environment of tumor cells (pH ~ 5.5), while stay stable under normal physi-
ological conditions (pH ~7.4). Based on this line, we next studied the pH-responsive
degradation of DOX/Z-ICG-FA by incubating DOX/Z-ICG-FA in PBS solutions with
different pH values (pH 7.4 and 5.5). The results showed the as-synthesized DOX/Z-
ICG-FA keep stable under neutral physiological condition, but decompose into small
nanoparticles of ~10 nm when exposed to acidic solution (Fig. 4a, b). The DOX
release from DOX/Z-ICG-FA was also pH-dependent (Fig. 4c): the release amount
of DOX reached 51.6% in pH 5.5 PBS at 12 h, much higher than that in pH 7.4 PBS
(26.8%). Notably, 808 nm laser irradiation can effectively enhance the release amount
of DOX owing to the increased temperature generated by ICG, which can accelerate
the dissociation of DOX/Z-ICG-FA for DOX release.

The good performance of DOX/Z-ICG-FA in photothermal and drug release behav-
ior motivated us to investigate their antitumor activity. First, the cellular uptake of
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DOX/Z-ICG-FA was investigated by CLSM images. DOX/Z-ICG-FA were incubated
with MCEF-7 cells at 37 °C for 2 h and 4 h. The results in Fig. 5a showed bright fluores-
cence of DOX in cells, indicating the efficient internalization of DOX/Z-ICG-FA. More-
over, the fluorescence intensity of DOX increased with the treatment time, suggesting
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an endocytosis-mediated uptake of DOX/Z-ICG-FA. The intracellular uptake efficiency
of DOX/Z-ICG and DOX/Z-ICG-FA was also demonstrated. Figure 5b, ¢ demonstrates
that the cells treated with DOX/Z-ICG-FA showed more red-fluorescence signal of
DOX than those treated with DOX/Z-ICG, indicating the enhanced cellular uptake of
DOX/Z-ICG-FA via FA-receptor-mediated endocytosis.

To monitor the NIR-induced heating effect on tumor cells, the temperature of the
cells was measured upon irradiation with 808 nm laser. As shown in Fig. 6, the cell tem-
perature increased from 25 °C to 50.3 °C upon the 808 nm laser irradiation for 6 min,
confirming the photothermal effect of DOX/Z-ICG-FA as anti-tumor agents. Then the
cell cytotoxicity of DOX/Z-ICG-FA against MCE-7 cell line was evaluated. As shown in
Fig. 7a, the cell viability did not decrease significantly when treated with NIR light irra-
diation, ZIF-ICG or ZIF-ICG-FA, indicating the negligible toxicity of these treatments
to cells. Upon 808 nm NIR light irradiation, the excellent photothermal conversion abil-
ity of nanohybrids significantly improve the therapeutic efficacy against MCF-7. Nota-
bly, the cells treated with DOX/Z-ICG-FA following NIR irradiation led to the highest
cell cytotoxicity (71.8%), achieving an enhanced potency through the combination
of FA receptor-mediated targeting, chemotherapy and NIR-induced photothermal
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therapy. The CCK-8 results were further supported by the AM/PI detection assay. As
shown in Fig. 7b, MCF-7 cells in DOX/Z-ICG-FA + NIR group showed an apparent
fluorescence change from green to red color, implying the efficient cell killing effect of
DOX/Z-ICG-FA.

Conclusions

To avoid nanotoxicity, we developed a novel degradable functional nanoparticle of
DOX/Z-ICG-FA for synergistic combination of chemotherapy and photothermal ther-
apy. The studies showed that the nanoparticles possess uniform size, high tumor-tar-
geting specificity and pH-response degradability. The antitumor activity was evaluated
on MCF-7 cells under different treatment conditions. The results indicated the DOX/Z-
ICG-FA nanoparticles can enhance the targeting specificity to cancer cells, and have a
high therapeutic effect (71.8%) in vitro. Therefore, the as-synthesized DOX/Z-ICG-FA
nanoparticles is of great value for chemical and photothermal combined therapy in
tumor treatment.
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FA-PEG Folic acid-conjugated polyethylene glycol
CLSM Confocal laser scanning microscopy
CCK-8 Cell counting kit-8

PBS Phosphate buffer solution

NIR Near-infrared light

CLSM Confocal laser scanning microscopy
TEM Transmission electron microscopy

DLS Dynamic light scattering
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