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KEY WORDS Abstract Malignant tumor has become an urgent threat to global public healthcare. Because of the
heterogeneity of tumor, single therapy presents great limitations while synergistic therapy is arousing
much attention, which shows desperate need of intelligent carrier for co-delivery. A core—shell dual
metal—organic frameworks (MOFs) system was delicately designed in this study, which not only
possessed the unique properties of both materials, but also provided two individual specific functional

Metal—organic
frameworks;

Core—shell structure;

Synergistic therapy;

Photothermal therapy; zones for co-drug delivery. Photosensitizer indocyanine green (ICG) and chemotherapeutic agent doxo-
Photodynamic therapy; rubicin (DOX) were stepwisely encapsulated into the nanopores of MIL-88 core and ZIF-8 shell to
Fenton-like reaction construct a synergistic photothermal/photodynamic/chemotherapy nanoplatform. Except for efficient

drug delivery, the MIL-88 could be functioned as a nanomotor to convert the excessive hydrogen
peroxide at tumor microenvironment into adequate oxygen for photodynamic therapy. The DOX release
from MIL-88-ICG@ZIF-8-DOX nanoparticles was triggered at tumor acidic microenvironment and
further accelerated by near-infrared (NIR) light irradiation. The in vivo antitumor study showed superior
synergistic antitumor effect by concentrating the nanoparticles into dissolving microneedles as
compared to intravenous and intratumoral injection of nanoparticles, with a significantly higher inhibi-
tion rate. It is anticipated that the multi-model synergistic system based on dual-MOFs was promising
for further biomedical application.
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1. Introduction

Malignant tumor has been the leading cause to the global death
with an estimation of 18.1 million new cancer cases and 9.6
million cancer deaths in 2018'. It is urgent to develop effective
therapeutic strategies to inhibit the rapid growth of cancer mor-
tality. Conventional treatments including chemotherapy, radio-
therapy, and surgery have inevitable limitations, such as systemic
side effects, high recurrence rate, and low therapeutic efficacy””.
Recently, external micro-energy has emerged as potential tool
with improved tumoricidal effect' ’. Among them, phototherapy
including photothermal therapy (PTT) and photodynamic therapy
(PDT) has aroused increasing attention due to its unique prop-
erties including high selectivity, low systemic toxicity, and
limited therapeutic resistance, which utilizes photosensitizer
accumulated at the tumor tissue to kill cancer cells by effectively
converting the near-infrared (NIR) light energy into heat or
reactive oxygen species (ROS). On the consideration of the
specificity, diversity, and heterogeneity of tumor, single therapy
can hardly achieve ideal therapeutic outcome. By contrast,
combinational therapy based on different mechanisms usually
presents synergic antitumor effect, such as PTT/PDT, PDT/
chemotherapy, and PTT/chemotherapy® '’. Co-encapsulation of
different drugs in suitable drug delivery system is the prerequisite
for synergic therapy. However, carrier applied for effective and
intelligent co-delivery still remains a great challenge, which
severely limited the development of high-efficient combinational
system.

Previous researches about multi-antitumor drug delivery were
mainly classified into two strategies''. One is the self-assembly
strategy by directly conjugating therapeutic drugs with other
active molecules'>'?. Nevertheless, the active ingredients may be
interfered mutually during the storage or suffered from premature
release before reaching the target tissue. And the other one is
encapsulating all therapeutic agents into the matrix or surface of
nanocarriers'* ', However, the surface modification limitation
and uncontrollable encapsulation may limit the combinational
drug delivery. Therefore, an ideal co-delivery system should
provide the opportunity to simultaneously load different drugs at
individual compartments without mutual interference. Moreover,
the system can be further designed with functional modification. A
promising methodology to meet these requirements was hetero-
geneous hybridization, which can integrate the advantages of
different carriers and subsequently endow the hybrid carrier with
novel chemical and physical properties. Metal—organic frame-
works (MOFs) were an emerging class of hybrid porous materials
based on coordination bonds between metal ions (or clusters) and
organic ligands'"'®. With huge surface area and ordered porous
interior, the MOFs can be used as versatile host to encapsulate a
large amount of biological agents, and subsequently stabilize the
guest molecules by their spatial confinement. Through judicious
choice of organic and inorganic components, the crystalline
structure and chemical functionalities of MOFs can be deliber-
ately modulated'”.

Especially, MIL series and ZIF series are two representative
subclasses of MOFs. MIL-88, consisted of ferric ions and 2-
aminoterephthalic acid (BDC-NH,), shows excellent framework
flexibility since its unit cell can reversibly swell and shrink
without harming the framework topology, which is called
breathing behavior’”'. With this unique property, the carrier can
intelligently adapt its pore to the dimension of drugs and subse-
quently stabilize the sensitive drugs””. Besides, MIL-88 carrier
itself can also be functioned as a nanomotor to provide continuous
oxygen supply, which is the prerequisite for efficient PDT. It is
worth noting that the typical characteristics of the tumor micro-
environment are lack of oxygen, weak acidity (pH 4.5—7.0), and
excessive hydrogen peroxide™. The ferric ions in MIL-88 endow
the carrier enzyme-like activity, which can trigger Fenton-like
reaction with excessive hydrogen peroxide in tumor microenvi-
ronment to generate oxygen " >°. ZIF-8, composed of zinc ions
and 2-methyl imidazole (2-MeIM), shows great stability in
physiological environment but gradually degrades at acidic con-
dition. The intelligent pH-sensitive property can avoid premature
drug leakage and realize site-specific release in response to the
acidic tumor microenvironment. Therefore, we hypothesized that
the dual MOFs hybridized from MIL-88 and ZIF-8 could not only
possess the unique properties of both materials, but also provide
two special functional zones for combinational drug delivery.

In this study, a core—shell dual MOFs was constructed using
MIL-88 as internal core and ZIF-8 as external shell, which was
expected to be employed as a versatile nanoplatform for syner-
gistic  photothermal/photodynamic/chemotherapy of  tumor
(Scheme 1). Indocyanine green (ICG), a photosensitizer approved
by U.S. Food and Drug Administration (FDA), was encapsulated
into internal MIL-88 by impregnation method. Compared with the
previous ICG delivery system based on MOFs, the MIL-88 was
expected to further improve ICG stability, avoiding from rapid
aggregation and photo-degradation due to the breathing
behavior’”*®. And the chemotherapeutic agent doxorubicin
(DOX) was loaded into the ZIF-8 shell. After irradiation, the ICG
could convert the light energy into heat or ROS to kill tumor cells.
The site- and time-specific controlled drug release profile could be
realized since the degradation of ZIF-8 could be triggered by
acidic tumor microenvironment and the high temperature induced
by PTT. Additionally, the MIL-88 was functioned as an intrinsic
oxygen producer via Fenton-like reaction, generating continuous
oxygen to strengthen the PDT efficacy. In comparison with
traditional co-delivery system, this multifunctional core—shell dual
MOFs based on MIL-88 and ZIF-8 served as not only drug
loading platform with two separate delivery zones, but also a
releasing switch and self-stimulated oxygen producer.

The successful synthesis of MIL-88-ICG@ZIF-8-DOX was
confirmed by scanning electron microscope (SEM), energy-
dispersive X-ray spectroscopy (EDX), and powder X-ray diffrac-
tion (PXRD). The in vitro drug release study confirmed that DOX
release could be triggered by low pH value and NIR irradiation.
Microneedles are emerging as a novel transdermal administration
strategy, which can directly deliver drugs to the target tissue
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without systematic circulation. Therefore, the nanoparticles were
loaded into dissolving microneedles for subcutaneous tumor
model therapy to further evaluate the in vivo tumoricidal activity.
It is anticipated that the multi-model synergistic system based on
core—shell dual-MOFs is promising for further biomedical
application.

2. Materials and methods
2.1. Materials

Ferric chloride hexahydrate (FeCl;-6H,0, 98%), BDC—NH,, 2-
MelM, DOX, ICG, and N,N-dimethylformamide (DMF) were
obtained from Aladdin Bio-Chem Technology Co., Ltd.
(Shanghai, China). Zinc nitrate hexahydrate [Zn(NO;),-6H,0]
was provided by Meryer Chemical Technology Co., Ltd.
(Shanghai, China). Methanol (Analytical reagent, >99.7%) was
purchased from Tianjin Kemiou Chemical Reagent Co., Ltd.
(Tianjin, China). CCK-8 was acquired from Dojindo Laboratories
(Kumamoto, Japan). Annexin V-FITC/PI was obtained from
Shanghai Yishan Biotechnology Co., Ltd. (Shanghai, China). 4’,6-
Diamidino-2-phenylindole (DAPI) was purchased from Beijing
Solarbio Science & Technology Co., Ltd. (Beijing, China).

2.2.  Synthesis of MIL-88 nanoparticles

MIL-88 nanoparticles were synthesized according to the previous
reports®’. Briefly, 0.126 g of BDC-NH, and 0.187 g of
FeCl;-6H,0 were dissolved in 15 mL of DMF, followed by
adding 3.45 mmol of acetic acid. The resulting mixture was placed
in an oil bath at 120 °C for 4 h. Afterwards, the brown product was
cooled to room temperature, collected by centrifugation, and
further washed several times with methanol to remove excess
reactants.

2.3.  Preparation of MIL-88-1CG

The ICG loading was performed by impregnation method. Briefly,
the mixture suspension containing ICG and MIL-88 nanoparticles
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was stirred at 300 rpm on the magnetic stirrer (WH-610D, Wig-
gens, Berlin, Germany) overnight to reach absorption equilibrium.
Then, the MIL-88-ICG nanoparticles were collected and washed
three times with methanol to remove the ICG molecules attached
on the surface of nanoparticles.

2.4.  Synthesis of MIL-88-ICG@ZIF-8

Ten milligram of MIL-88-ICG nanoparticles were mixed with
640 mg of Zn(NOj3),-6H,0 and 640 mg of 2-MeIM by stirring at
500 rpm on the magnetic stirrer (WH-610D, Wiggens) for 1 h.
Then, the obtained composites were collected and washed three
times with methanol.

2.5.  Preparation of MIL-88-ICG@ZIF-8-DOX

The DOX was also loaded into the pores of ZIF-8 shell by
impregnation method. After continuously stirring overnight, the
excess DOX in the supernatant was collected. The encapsulation
efficiency (EE) and drug loading (DL) of ICG and DOX was
calculated using the following Egs. (1) and (2):

EE(%) = (M, — M) | M; x 100 (1)

DL(%) = (M; — M,) / M; x 100 (2)

where M, M,, and M5 represented the total amount of ICG or
DOX initially fed for loading, the amount of ICG or DOX
remaining in the supernatant, and the total amount of nano-
particles MIL-88-ICG@ZIF-8-DOX, respectively.

2.6.  Characterization of MIL-88-1CG@ZIF-8-DOX

The morphology of MIL-88-ICG@ZIF-8-DOX was observed by
SEM (JSM-6330F, Japanese Electronics Co., Ltd., Akashima,
Japan). The samples were placed on a brass stub and then sputter-
coated with gold for two cycles before examination. The nitrogen
absorption—desorption isotherm of the samples, as well as pore
size distribution were measured using automatic volumetric
sorption analyzer (ASAP2460, Micromeritics Instrument Corp.,
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Atlant, USA). The crystalline structure was evaluated by PXRD
(D8 Advance, Bruker, Karlsruhe, Germany) using Cu K« radiation
with 26 in the range of 3°—40° at a scanning rate of 5°/min. The
molecular interaction was investigated by Fourier transform
infrared spectroscopy (FT-IR, STA449F3/Nicolet 6700, Thermo
Electron Corporation, Waltham, USA).

2.7. Photothermal effect of MIL-88-ICG@ZIF-8-DOX

MIL-88-ICG@ZIF-8-DOX aqueous suspensions (0.5, 1.0, and
2.0 mg/mL) were irradiated under 808 nm laser light. The tem-
perature was recorded for 5 min with 30 s intervals using an
infrared thermal sensing and imaging equipment (TiS75, Fluke,
Everett, USA). To investigate the photostability of ICG, the MIL-
88-ICG@ZIF-8-DOX aqueous suspension and pure ICG solution
were exposed to NIR light for four cycles. Each cycle consisted of
5 min irradiation followed by nearly 15 min for cooling down.

2.8.  Oxygen generation of MIL-88-ICG@ZIF-8-DOX

MIL-88-ICG@ZIF-8-DOX nanoparticles were dispersed in
hydrogen peroxide (20 mmol/L) solution. The real-time produc-
tion of oxygen was measured via an oxygen dissolving meter
(JPSJ-605F, Shanghai INESA Scientific Instrument Co., Ltd.,
Shanghai, China).

2.9.  Stability investigation of MIL-88-ICG@ZIF-8-DOX

MIL-88-ICG@ZIF-8-DOX, free ICG, and free DOX were
dispersed into 2 mL of aqueous solution, respectively. The initial
fluorescent intensity of all the samples were recorded and then
kept at 4, 25, and 37 °C to investigate the influence of temperature
on the stability of fluorescent cargos. The corresponding fluores-
cent intensity was recorded at Days 1, 3, 5, and 7, respectively.

2.10. Release profile of DOX

To investigate the DOX release profile, the MIL-88-ICG@ZIF-8-
DOX was immersed in 6 mL of PBS solution with various pH
values (pH 5.0, 6.0 and 7.4) at 37 °C with or without 808 nm laser
irradiation. At different time points, 1.0 mL of supernatant was
withdrawn and an equal volume of fresh medium was added. The
DOX amount was determined by fluorescent spectroscopy. Each
test was performed in triplicate.

2.11.  Cellular uptake

The 4T1 cells were seeded in an NUNC™ imaging 24-well plate
and pre-cultured for 24 h at 37 °C. The medium was replaced by
fresh medium containing nanoparticles. After 1, 2, or 4 h of in-
cubation, the cells were washed three times with cold PBS solu-
tion and fixed with 4% paraformaldehyde at 4 °C for 15 min.
Subsequently, the cells were washed with PBS solution and
stained by DAPI. Finally, the stained samples were observed by
FV3000 Olympus confocal microscope.

Besides, the quantitative cellular uptake study was carried out
by flow cytometry (Guava easyCyte, Merck KGaA, Darmstadt,
German). Similarly, the 4T1 cells were treated as described above.

After incubation with samples for different time, the cells were
washed three times with cold PBS solution, harvested by trypsi-
nization, and then collected by centrifugation. The cells were re-
suspended by fresh medium and analyzed by flow cytometry.

2.12.  Detection of intracellular ROS

2/ 7 -Dichlorofluorescin diacetate (DCFH-DA) was selected as the
probe for detecting the intracellular ROS generation. In brief, 4T1
cells were seeded in an NUNC™ imaging 24-well plate and pre-
cultured for 24 h at 37 °C. Then nanoparticles were added into the
wells for 4 h of incubation at 37 °C. As for the NIR-treated group,
the cells were exposed to 808 nm laser (1 W/em?) for 5 min. After
removing the culture medium, the cells were washed by PBS
solution for three times and further incubated in the dark with
DCFH-DA (5§ mmol/L) for 15 min at 37 °C. Finally, the cells were
washed with PBS solution to remove excess probe for confocal
microscope observation.

2.13.  In vitro cytotoxicity assay

The 4T1 cells were seeded into the 96-well plates and incubated at
37 °C for 24 h. The original medium was replaced by fresh me-
dium containing different concentrations of samples. For NIR-
treated groups (MIL-88-ICG@ZIF-8 + NIR and MIL-88-
ICG@ZIF-8-DOX + NIR), the cells were exposed to NIR light
4 h post treatment (808 nm, 1 W/cm? 5 min). Cytotoxicity was
assessed at 48 h post treatment with a standard CCK-8 method,
and the optical density (OD) value of each well was measured at
450 nm by a microplate reader. The relative viability was calcu-
lated by the following Eq. (3):

Cell viability(%) = ODsampte /ODcontrol X 100 (3)

2.14.  Live/dead cell staining assay

The 4T1 cells were seeded in 6-well plates and further treated
with pre-determined groups. For NIR-treated groups (MIL-88-
ICG@ZIF-8 + NIR and MIL-88-ICG@ZIF-8-DOX + NIR), the
cells were exposed to NIR light 4 h post treatment (808 nm,
1 W/cmz, 5 min). After incubation for 48 h, the cells were
washed three times with PBS solution, stained with calcein-AM/
propidium iodide (PI) kit and further incubated for another
30 min before analyzed by the cell imager.

2.15.  Cell apoptosis measurement

The cell apoptosis measurement against 4T1 cells was investi-
gated using flow cytometry after Annexin V-FITC and PI co-
staining. Briefly, 4T1 cells were seeded in a 6-well pate and pre-
cultured for 24 h at 37 °C. The medium was disposed and the cells
were incubated with various samples. The NIR-treated groups
were exposed to laser 4 h post administration. After further culture
for 4 h, the cells were harvested, further disposed with the oper-
ation instructions of kits, and analyzed via flow cytometry.
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2.16.  Fabrication and characterization of nanoparticles
encapsulated microneedles

The microneedles (MNs) were fabricated according to the tradi-
tional micro-molding strategy’™*'. Briefly, the needle matrix so-
lution was prepared by mixing hyaluronic acid (HA) solution and
nanoparticle suspension at a fixed ratio of 1:2 (v/v). The obtained
mixture was poured over the female mold and centrifuged at
4000 rpm (DL-400B, Shanghai Anting Scientific Instrument
Factory, Shanghai, China) for 5 min to fill the needle cavities.
After removing the excess needle solution, the base solution (10 g
of PVP K90 was dissolved in 3.2 mL of ethyl alcohol) was added
to the female mold, followed by centrifugation at 3500 rpm (DL-
400B, Shanghai Anting Scientific Instrument Factory) for another
3 min. Then, the MNs with 800 pm in height were dried at room
temperature for 12 h before peeled out of the female mold.

The morphology of MNs was observed via digital camera and
SEM. Besides, the nanoparticle distribution in the MNs patch was
analyzed via confocal laser scanning microscope (CLSM).

2.17.  Skin insertion study of MNs

A piece of MIL-88-ICG@ZIF-8-DOX-loaded MNs patch was
pressed onto the surface of rat skin for 1 min. After removing the
patch, the pierced skin was stained by trypan blue solution (0.4%,
w/v) for 5 min to observe the pores retained on the skin surface. In
addition, hematoxylin and eosin (H&E) staining, optical coher-
ence tomography (OCT), and CLSM were also used to observe the
penetration ability of MNs.

2.18.  Invivo antitumor study

All animal experiments in this research were approved and su-
pervised by the Animal Ethics Committee of Sun Yat-sen Uni-
versity, China. The female BALB/c animals (5—8 weeks) were
obtained from Sun Yat-sen University Laboratory Animal Center
(Guangzhou, China) and supplied with sufficient food and water.
The tumor bearing mice were obtained by subcutaneous injection
4T1 cells (1 x 107 cells) into the pre-shaved back. When the
tumor volume reached approximately 100 mm?>, the mice were
randomly divided into 8 groups (6 mice per group) and subjected
to the following treatments: (1) control group (Control), (2)
intravenous injection of MIL-88-ICG@ZIF-8-DOX + NIR
(i.v.+NIR), (3) intratumoral injection of MIL-88-ICG@ZIF-8-
DOX 4 NIR (.t.+NIR), (4) MIL-88@ZIF-8-DOX@MNs

(D@MNs), (5) MIL-88-ICG@ZIF-8@MNs  +  NIR
(I@MNs + NIR), (6) MIL-88-ICG@ZIF-8-DOX@MNs
(ID@MNs), (7) MIL-88-ICG@ZIF-8-DOX@MNs + NIR

(ID@MNs + NIR), (8) two patches of MIL-88-ICG@ZIF-8-
DOX@MNs + NIR (Two-ID@MNs + NIR). The tumor size
was recorded every 2 days by a caliper and the volume was
calculated according to Eq. (4):

V=w1L/2 (4)

in which W and L were the shortest and longest diameter,
respectively. After observation for 20 days, all the mice were
sacrificed and the blood was gathered for blood routine exami-
nation. Besides, the major organs and tumors were collected for
further analysis.

2.19.  Pathological investigation

The collected tissues of treated mice were fixed in 4% para-
formaldehyde and then imbedded in paraffin block. Subsequently,
the samples were sectioned for different tests. (1) The major or-
gans and tumors were stained with H&E. (2) As for Ki-67 stain-
ing, tumor sections were incubated with anti-Ki-67 antibody
overnight at 4 °C. (3) For apoptosis analysis, TUNEL kit was used
to stain tumor sections.

2.20. Statistical analysis

Statistical analysis was performed using a one-way ANOVA
(SPSS 13.0) (International Business Machines Corporation,
Armonk, NY, USA). The post hoc comparisons of the means of
individual groups were performed using least significant differ-
ence test. Differences were considered significant if P < 0.05.

3. Results and discussion

3.1.  Synthesis and characterization of MIL-88-ICG@ZIF-§-
DOX

The fabrication process of core—shell dual MOFs co-delivery
system was illustrated in Fig. 1A, and both ICG and DOX were
encapsulated into the pores of MIL-88 and ZIF-8 by impregnation
method, respectively. Firstly, MIL-88 core was prepared according
to the previous literature without further modification®. ICG was
encapsulated into the pores of MIL-88 (MIL-88-ICG) via elec-
trostatic interaction, 7—m conjugative effect, and hydrogen—bond
interaction. Then, MIL-88-ICG was acted as the crystal nucleus to
attract the lattice unit of ZIF-8 accumulated over MIL-88-ICG and
subsequently formed the external ZIF-8 shell. The covalent
interaction between amidogen of MIL-88 or sulfonic acid group of
ICG and zinc metal cluster might contribute to the initial accu-
mulation of ZIF-8'*?. Finally, DOX was loaded to the pores of
ZIF-8 by impregnation method (MIL-88-ICG@ZIF-8-DOX). The
encapsulation efficiency of ICG and DOX in the nanoparticles was
confirmed by fluorescent spectrum as 88.96% and 87.84%,
respectively. Additionally, the corresponding drug loading ca-
pacity was 3.58% and 21.69%.

The as-synthesized MIL-88 appeared as octahedron shape with
narrow particle size distribution of approximately 100 nm
(Supporting Information Fig. S1). The nitrogen
adsorption—desorption isotherm of MIL-88 exhibited type IV with
an apparent hysteresis hoop (Fig. 1B). The corresponding pore
size was measured as 1.3 nm (Fig. 1C). After ZIF-8 coating, MIL-
88@ZIF-8 presented type I isotherm pattern with pore size of
1.0 nm due to the relatively small pore size of ZIF-8. In contrast,
there is an increase both in BET surface area (from 242.02 to
865.12 m2/g) and pore volume (from 0.45 to 0.58 cm3/g) after
ZIF-8 coating, indicating that the core—shell dual MOFs could be
served as versatile reservoir for sufficient drug loading.

PXRD was used to characterize the drug loaded samples by
examining the change of crystal structure and crystallinity. As
shown in Fig. 1D, MIL-88 presented characteristic peaks at 26 of
9.2, 10.5, 13.5, 17.4, 18.2, and 20.28 even after ICG encapsula-
tion”’. The PXRD results of MIL-88-ICG@ZIF-8 matched the
crystalline patterns of ZIF-8***°  indicating the successful for-
mation of ZIF-8 shell. No obvious diffraction peaks of both ICG
and DOX were observed in MIL-88-ICG@ZIF-8-DOX, reflecting
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Figure 2 (A) Schematic illustration of the in vitro photothermal study (B) The thermographic images of MIL-88-ICG@ZIF-8-DOX aqueous
suspension under NIR irradiation for different time (C) Local temperature change curve of MIL-88-ICG@ZIF-8-DOX aqueous suspension at
different time points (mean &+ SD, n = 3) (D) Photothermal conversion curves of free ICG and MIL-88-ICG@ZIF-8-DOX for four cycles (E)
Oxygen generation of MIL-88-ICG@ZIF-8-DOX in hydrogen peroxide solution (mean £ SD, n = 3) (F) Schematic illustration of oxygen
generation and ROS production (G) Fluorescent stability of free cargo and MIL-88-ICG@ZIF-8-DOX in aqueous suspension at different tem-
peratures for a week.
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that drugs in the pores of carriers were in an amorphous or mo-
lecular dispersion state. Furthermore, the molecular structure and
interaction were determined by FT-IR in Fig. 1E. Typical ab-
sorption bands of ZIF-8 at 1580, 1150, and 422 cm~! were
observed in the sample of MIL-88-ICG@ZIF-8, reflecting the
existence of ZIF-8 on the surface of MIL-88-ICG. The successful
synthesis of MIL-88-ICG@ZIF-8-DOX was further confirmed by
SEM and EDX in Fig. 1F. Evidently, the element Zn was homo-
genously distributed throughout the whole nanostructure, while
the element Fe was embedded into the inner core of nanoparticles,
which confirmed that ZIF-8 has been successfully covered around
the MIL-88 core.

3.2.  The in vitro photothermal effect and oxygen generation

profile of MIL-88-ICG@ZIF-8-DOX

To evaluate the photothermal efficacy of MIL-88-ICG@ZIF-8-
DOX, the nanoparticle suspension at various concentrations was
exposed to NIR laser for 5 min (Fig. 2A) and the corresponding
temperature was recorded by an infrared thermal sensing and
imaging equipment. As exhibited in Fig. 2B and C, the tempera-
ture of MIL-88-ICG@ZIF-8-DOX suspension (0.5 mg/mL)
quickly increased to 51.3 °C, whereas the blank medium just kept
constant. Moreover, the concentration-dependent photothermal
effect was observed when the concentration of nanoparticles
increased from 0.5 to 2.0 mg/mL. Furthermore, the photothermal
stability of MIL-88-ICG@ZIF-8-DOX was investigated in com-
parison with pure ICG solution. Both nanoparticle suspension and
pure ICG solution were irradiated by NIR laser and cooled to
room temperature for several cycles. As displayed in Fig. 2D, the
photothermal conversion ability of MIL-88-ICG@ZIF-8-DOX
presented negligible change after four cycles. By contrast, a
continuous decline of the highest temperature was observed in the
group of ICG, which probably related to the serious photo-
bleaching of ICG after laser irradiation™.

In order to investigate the oxygen generation ability of MIL-
88-ICG@ZIF-8-DOX, nanoparticles were suspended in hydrogen
peroxide solution and the real-time oxygen concentration was
recorded by oxygen dissolving meter (Fig. 2E and F). Contrast to
constant oxygen level in control group (hydrogen peroxide solu-
tion), a strong increasing oxygen signal was detected in nano-
particle suspension. This revealed that the Fenton-like reaction
between MIL-88-ICG@ZIF-8-DOX and hydrogen peroxide trig-
gered the production of oxygen.

Except for the remarkable ability to produce heat and oxygen,
the protective ability for cargos was also verified in various tem-
peratures. As shown in Fig. 2G, obvious fluorescence decline was
determined in the group of free ICG and the tendency sped up as
the temperature increased. By contrast, ICG loaded in the nano-
particles presented remarkable fluorescent stability with negligible
fluorescence quenching. The detectable fluorescence intensity of
DOX in the system increased as the experimental temperature and
incubation time increased. It has been found that the DOX could
chelate with MOFs, which lead to the decreased fluorescence””.
High temperature might be beneficial for the break of coordination
bond between DOX and zinc ions to recover the fluorescence of
DOX.

3.3. Drug release properties of MIL-88-ICG@ZIF-8-DOX

Inspired by the pH-sensitive property of ZIF-8 material’®~*°, the
release profiles of DOX at different pH values (pH = 5.0, 6.0 and

7.4) were tested. As exhibited in Fig. 3A, the cumulative release
amount of DOX increased with the reduction of pH value. In
particular, approximately 60% and 25% DOX released in pH 5.0
and 7.4 after 12 h, respectively, which could be ascribed to the
framework decomposition under acidic condition. Moreover, the
break of the coordinate bonds between DOX and zinc ions at
lower pH might also contributes to the fast release. Fig. 3B pre-
sented the release profile triggered by repeated NIR irradiation,
where laser-on step induced a steep increase in DOX release in
comparison with that without NIR irradiation in the identical pH
(Fig. 3A). The accelerated DOX release was probably associated
with the dissociation of carriers induced by the thermal expansion.
The speculation about the mechanism of drug release from MIL-
88-ICG@ZIF-8-DOX was presented in Fig. 3C. The framework
corrosion under acidic condition was the main cause for DOX
release without NIR irradiation, while framework dissociation
under NIR irradiation could accelerate the collapse process, which
increased the contact surface between DOX-loaded fractions and
medium. Because of the weak acidic tumor microenvironment, the
results above indicated that the nanoparticles could realize time
and site-specific control drug release.

The cellular uptake and intracellular release behaviors of MIL-
88-ICG@ZIF-8-DOX were investigated by culturing 4T1 cells
with nanoparticles and observed through CLSM at different time
points. As expected in Fig. 3D and E and Supporting Information
Fig. S2, the intensity of intracellular DOX signal became stronger
and gradually distributed into the nucleus as the incubation time
increased, implying that the MIL-88-ICG@ZIF-8-DOX was
internalized continuously. Comparatively, the fluorescence of ICG
was accumulated in the cytoplasm. The fluorescence separation
between ICG and DOX might be ascribed to the disintegration of
MIL-88-ICG@ZIF-8-DOX in the acidic cellular environment,
such as lysosome, where the external shell (ZIF-8-DOX) could
disintegrate slowly, further inducing the core structure collapse
and release free cargo stepwisely.

3.4.  Invitro cytotoxicity of MIL-88-1CG@ZIF-8-DOX against
4TI cells

It has been found that the tumor microenvironment is lack of
oxygen, which hindered efficient PDT treatment. In this study,
MIL-88 has been confirmed as a nanomotor for continuous oxy-
gen supply. To detect the intracellular ROS generation, DCFH-DA
was utilized as sensor due to the sensitive oxidation capacity to
emit green fluorescence. As shown in Fig. 4A, compared with the
control group, strong green fluorescence was observed in 4T1 cells
treated by MIL-88-ICG@ZIF-8-DOX under irradiation for 5 min,
suggesting the generation of ROS. In addition, less green fluo-
rescence was also exhibited in MIL-88-ICG@ZIF-8-DOX group
without NIR irradiation, which might be related to the ROS
induced by zinc ions released from the frameworks via Fenton-
like reaction®*!.

To verify the synergistic therapeutic effect of the photothermal/
photodynamic/chemotherapy, 4T1 cells were incubated with
different samples with or without NIR irradiation (Fig. 4B). Cells
exposed to NIR irradiation were not inhibited. Besides, the
treatment with MIL-88 @ZIF-8 and MIL-88-ICG@ZIF-8 did not
affect the growth of 4T1 cells. These results indicated that both the
NIR irradiation and the carriers were in good biocompatibility.
After incubated with MIL-88@ZIF-8-DOX and MIL-88-
ICG@ZIF-8-DOX, the cell viabilities decreased as the concen-
tration of DOX increased. Comparatively, the cell viability steeply
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reduced to 6.9% when the cells were treated with MIL-88-
ICG@ZIF-8-DOX under NIR irradiation even the concentration
of DOX and ICG were 0.31 and 0.06 pg/mL, respectively. The
remarkable synergistic cytotoxicity could be explained that the
heat energy generated by ICG under NIR irradiation might in-
crease the cell membrane permeability and subsequently enhance
the cell sensitivity to DOX. In addition, ROS produced in the cell
environment also contributed to the death of cells. Calcein-AM
(green fluorescence)/PI (red fluorescence) were used to stain live
and dead cells, respectively. As shown in Fig. 4C, strong red
fluorescence appeared in cells that cultured with MIL-88-
ICG@ZIF-8-DOX + NIR, which was consistent with the results
of cell viability.

For quantitatively distinguishing viable cells from apoptotic or
dead cells via flow cytometry, the Annexin V-FITC/PI apoptosis
detection kit was utilized. Q1, Q2, Q3, and Q4 represent dead
cells, late apoptosis or necrosis cells, early apoptosis cells, and
vital cells, respective1y42. As shown in Supporting Information
Fig. S3 and Fig. 4D, after treated with MIL-88-ICG@ZIF-8-
DOX under irradiation for 5 min, the percentage of apoptosis or
dead cells were 24.4% and 40.9% with the increasing dosage (25
and 50 pg/mL), respectively, which were much higher than the
cells treated without NIR irradiation. Relatively, negligible

apoptosis or dead cells were found in the control group. The
percentage of the cells at different stages after various treatments
was shown in Supporting Information Fig. S4. These results
confirmed the remarkable multi-model therapeutic efficacy.

3.5.  Preparation and characterization of MIL-88-1CG@ZIF-§8-
DOX-loaded MNs

Recently, MNs patch have been emerged as an alternative strategy
for efficient transdermal drug delivery. It shows great potential in
intralesional delivery of antitumor nanosystem into the superficial
tumors. Therefore, the MIL-88-ICG@ZIF-8-DOX nanoparticles
were loaded in the MNs (MIL-88-ICG@ZIF-8-DOX@MNs) to
realize high delivery efficiency, minimal invasiveness, and con-
venience for administration.

The fabrication process of MIL-88-ICG@ZIF-8-DOX@MNs
was shown in Fig. 5A. Briefly, the nanoparticle suspension was
mixed with HA to form the needle matrix solution. Additionally,
the base solution was prepared by dissolving a defined amount of
PVP K90 in ethanol. The obtained MNs patch (12 mm x 12 mm)
consisted of 144 conical needles with 800 pum in height and
300 pm in diameter. In addition, the total cavity volume of each
MNs patch was 3.5 pL. The results of SEM (Supporting
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(A) CLSM images of intracellular ROS generation in 4T1 cells (scale bar: 50 um) (B) Cell viability of 4T1 cells after 48 h of

incubation with various treatments (mean £ SD, n = 6) (C) Fluorescence images of 4T1 cells incubated with various treatments and followed by
co-staining with calcein-AM/PI (scale bar: 100 um) (D) Flow cytometric analysis of 4T1 cells incubated with nanoparticles (50 pg/mL).

Information Fig. S5) and optical microscope (Supporting
Information Fig. S6) showed the morphology of MNs.
Compared with the HA microneedles (without nanoparticle
loading, Supporting Information Fig. S7), no deficiency and
cracks were presented in the MIL-88-ICG@ZIF-8-DOX@MNs.
Besides, the color of needle tips transformed to red after nano-
particle loading, implying the successful accumulation of nano-
particles into the needle cavity. To further confirm the distribution
of MIL-88-ICG@ZIF-8-DOX in the MNs, the MNs were imaged
by CLSM in both vertical- and base-sectional view. As shown in
Fig. 5B, the nanoparticles were mainly encapsulated in the needles
with a homogenous distribution and no extra nanoparticles

appeared in the base. Furthermore, the distribution of red fluo-
rescence (DOX) was identified with the green fluorescence (ICG),
indicating that nanocarrier breakdown or premature drug release
did not occur during the fabrication process of MNs. Three-
dimensional modelling was introduced to match the overall dis-
tribution in Fig. 5C. The cross-sectional view of MNs in various
height was displayed in Supporting Information Fig. S8, further
confirming the homogenous fluorescent distribution. These results
demonstrated that the MIL-88-ICG@ZIF-8-DOX nanoparticles
were successfully concentrated in the needle tips of MNs and the
process of MNs fabrication had negligible influence on the fluo-
rescent stability of nanoparticles.
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500 pm) (G) CLSM images of skin tissue after administration (scale bar: 2 mm) and (H) the relevant three-dimensional modelling image.

Successful skin insertion of MNs is the key factor for the
transdermal drug delivery. Fig. 5D was the photograph of pierced
skin stained by trypan blue solution. The obvious blue spots were
in corresponding to the puncture site of MNs tips. The skin
penetration capability was further evidenced by H&E and OCT,
which revealed the obvious destruction of corneum barrier
(Fig. 5E and F). The results of H&E also reflected that no visible
inflammation such as neutrophil infiltration was induced by MNs.
Compared with the corresponding skin insertion results of HA
microneedles (Supporting Information Fig. S9—S11), the intro-
duction of nanoparticles in the needles showed negligible effect on
mechanical strength of MNs. Fig. 5G was the skin tissue observed
by CLSM from the cross-sectional view and Fig. 5SH was skin
overall modeling by the three dimension imaging technology. The
residual fluorescence in the skin tissue illustrated that the nano-
particles can be delivered and retained to the skin even after the
base patch was removed, which is the premise for combinational
treatment. The transient microchannels in the skin quickly
recovered 3 h post MNs administration (Supporting Information
Fig. S12).

Additionally, the in vitro photothermal ability of MIL-88-
ICG@ZIF-8-DOX@MNs was studied to determine whether the
fabrication process of MNs had influence on the photothermal
ability of MIL-88-ICG@ZIF-8-DOX. The results in Supporting
Information Figs. S13 and S14 both confirmed that the nano-
particles presented remarkable photothermal ability even after
fabricated into MNss.

3.6.  In vivo antitumor activity

To further verify the antitumor therapeutic efficacy, tumor model
was established by implanting 1 x 107 4T1 cells at the back of
mice and kept feeding until the tumor volume reached approxi-
mately 100 mm?. The tumor-bearing mice were randomly divided
into eight groups with the following treatments: (1) control group
(Control), (2) intravenous injection of MIL-88-ICG@ZIF-8-
DOX + NIR (i.v.+NIR), (3) intratumoral injection of MIL-88-
ICG@ZIF-8-DOX + NIR (i.t.+NIR), (4) MIL-88@ZIF-8-
DOX@MNs (D@MNs), (5) MIL-88-ICG@ZIF-8@MNs + NIR
(I@MNs + NIR), (6) MIL-88-ICG@ZIF-8-DOX@MNs
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Figure 6 (A) Schematic illustration of in vivo antitumor experimental outline (B) The thermographic images of mice and (C) the corresponding
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(ID@MNs), (7) MIL-88-ICG@ZIF-8-DOX@MNs + NIR
(ID@MNs + NIR), (8) two patches of MIL-88-ICG@ZIF-8-
DOX@MNs + NIR (Two-ID@MNs + NIR). The administra-
tion schedule of in vivo antitumor study was presented in Fig. 6A.

Local hyperthermia, the key factor for PTT, can not only
accelerate the drug release but also be beneficial for the Fenton
reaction and the production of ROS?. Therefore, the in vivo
photothermal effect of NIR-treated groups (i.v.+NIR, i.t.+NIR,
I@MNs + NIR, ID@MNs + NIR, and Two-ID@MNs + NIR)
were assessed by infrared thermal imaging (Fig. 6B) and the
corresponding temperature change curve was presented in

Fig. 6C. Under 808 nm laser irradiation, the local temperature
increased steadily to approximately 50 °C as the irradiation time
prolonged. Moreover, the local high temperature was concen-
trated precisely to the tumor region. Although the mice in the
i.v.+NIR group received 5-fold higher dosage, the local tem-
perature was the lowest, which indicated that a small number of
nanoparticles reached the tumor site due to the systemic cir-
culation. Besides, intratumoral injection did not present equal
photothermal conversion effect compared with microneedle
groups, which might be ascribed to the limited distribution of
single injection (Fig. 6D).
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The antitumor therapeutic effect was evaluated by measuring the
relative tumor volume every two days. As shown in Fig. 6E, the
tumor volume of control group increased rapidly and approximately
799% of the initial volume at Day 20. By contrast, the treated groups
all exhibited tumor inhibition to some extent. For different admin-
istration routes, MNs patch (ID@MNs + NIR) showed significantly
higher inhibition rate (82.1%) than intravenous injection (20.4%)
and intratumoral injection (41.2%). Unlike the systemic circulation
obstruction of intravenous injection, MNs can realize directly
intratumoral administration with extremely effective accumulation.
As compared with intratumoral injection, MNs provide multipoint-
like injection due to the well-designed structure with several micro-
scale drug-loaded tips, resulting in spatially uniform drug distri-
bution and higher photothermal conversion. Therefore, compared
with intravenous injection and intratumoral injection, MNs
administration presented remarkable tumoricidal ability. As for
various therapeutic systems, the results in Fig. 6F reflected the fact
that the combination of photothermal/photodynamic/chemotherapy
(ID@MNs + NIR) exhibited superior tumor suppression effect in
comparison with the single chemotherapy group 7.6% and the PTT
group 39.0%. In addition, improving the initial administrated
dosage was also benefit for inhibiting cancer cells (Fig. 6G).

To further evaluate the antitumor efficiency, all the mice were
sacrificed on Day 20 with the tumor tissues collected and
weighted (Fig. 6H and I). The histogram of tumor weight was
consistent with the curve of tumor size, indicating the remarkable
tumor suppression ability of ID@MNs + NIR. The H&E staining
section of tumor tissues showed that different apoptotic and
necrotic levels were observed in treated groups (Fig. 6K), which
indicated the content of dead cells*’. The most obvious atypia of
cancer cells were presented in the group of Two-ID@MNs + NIR
with aggravated cell necrosis, detectable atypia of nucleus, and
inferior dyeing of chromatin. Ki-67 was an indicator related to the
proliferation capacity of cells. The control group presented the
rapid cell proliferation while efficient proliferation inhibition was
found in Two-ID@MNs + NIR group. Furthermore, the apoptotic
cells were detected by TUNEL staining, further verifying the
combinational therapeutic efficacy.

The body weight of mice during the whole treatment was moni-
tored to evaluate the biocompatibility of the drug delivery system. As
shown in Fig. 6], no significant change was exhibited in all groups,
demonstrating the negligible toxicity of MIL-88-ICG@ZIF-8-DOX.
In addition, all the major organs and blood were collected for safety
assessment. As shown in Fig. 7A, no noticeable weight change was
discerned in the major organs (heart, liver, lung, and kidney) except for
the spleen as compared with the healthy mice. This is because that the
tumor-bearing mice all catch splenomegaly (Fig. 7B), which was
consistent with the previous research®. H&E staining for major or-
gans were exhibited in Fig. 7C. Compared with healthy mice, no
obvious abnormities, such as fibrosis, infiltration, and inflammation
were observed in the treated mice. The related blood routine exami-
nation of all groups was displayed in Fig. 7D. The hematology
markers in the synergistic groups showed no physiologically signifi-
cant differences in comparison with the healthy mice, suggesting no
hemolytic anemia, acute infection or bone marrow dysfunction
occurred in the synergistic groups.

4. Conclusion

In this study, a synergistic photothermal/photodynamic/chemo-
therapy multimodal antitumor system was successfully

constructed based on core—shell dual metal—organic frameworks.
The unique structure of the nanocarrier not only endowed it two
individual functional zones for various drug co-delivery, but also
generated adequate oxygen for PDT treatment via Fenton-like
reaction. This novel self-propulsion system possessed remark-
able ability to deliver and protect cargos and realize site- and time-
specific controlled release. Moreover, the in vivo study further
confirmed an effective, safe, and precise antitumor behavior. With
further optimization and in-depth study, we believe such a pho-
tothermal/photodynamic/chemotherapy synergistic system will be
a powerful weapon for antitumor treatment with superior efficacy.
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