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Abstract

Metal-organic framework (MOF) nanoparticles have shown great potential as carrier platforms in
theranostic applications. However, their poor physiological stability in phosphate-based media has
limited their biological applications. Here, we studied the dissociation of MOF nanoparticles
under physiological conditions, both /n7 vitroand /n vivo, and developed an /n situ polymerization
strategy on MOF nanoparticles for enhanced stability under physiological conditions and stimulus-
responsive intracellular drug release. With polymer wrapped on the surface serving as a shield, the
nanoscale MOFs were protected from decomposition by phosphate ions or acid and prevented the
loaded cargos from leaking. An /7 vivo positron emission tomography (PET) study of 54Cu-
labeled porphyrinic MOF indicated prolonged circulation time of the /n situ polymerized MOF
nanoparticles and greater tumor accumulation than unmodified MOF nanoparticles. With
enhanced stability, cargos loaded into MOF nanoparticles or prodrugs conjugated on the surface
can be efficiently delivered and released upon stimulus-responsive cleavage.
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1. Introduction

Metal-organic frameworks (MOFs) have attracted great attention in catalysis [1-6], energy
[7-10], and biomedical [11-16] applications owing to their unique physicochemical
properties. Their porous structure enables MOF to be an ideal candidate for cargo storage
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and transport [17, 18]. Various nanoscale MOFs have been prepared for bioimaging [19-23],
drug delivery [24-27], and immunotherapy [28]. MOFs typically offer controlled structure,
tunable porosity, and chemical functionalization, making them good examples as
multifunctional nanocarriers [29-32]. However, the poor physiological stability of MOFs has
significantly limited their biochemical applications. For example, zinc-based MOFs typically
have poor stability in water, especially in acidic aqueous buffers [33-35]. Zirconium-based
MOFs are very sensitive to phosphate-containing buffers, such as phosphate buffered saline
(PBS) [36] and RPMI-1640, both of which have relatively high concentrations of phosphate
ion. This sensitivity is due to a stronger binding affinity between Zr and the guest phosphate
ion [37, 38]. Thus, a high concentration of phosphate ion /n vivois fatal for ZrMOF.

So far, tumor therapy with ZrMOF nanoparticles through tail vein injection has rarely been
applied due to their poor stability [39, 40]. Metal-free covalent organic frameworks have
good stability, but the poor biocompatibility has limited their biochemical applications
[41-45]. To facilitate the bioapplications of MOFs, the external surface functionalization of
MOF nanoparticles have been realized through coordinative binding on unsaturated metal
sites, covalent binding to prefunctionalized linkers, and ligand exchange [46-50]. Despite the
success of external surface functionalization [51-54], only very few facile and generalizable
stimulus-responsive intracellular drug release systems have been achieved [55-59]. Although
phosphate ion can trigger the decomposition of many Zr-based MOFs, phosphate responsive
drug delivery using uniform porous MOF nanoparticles as the carrier has not been reported
yet, because the decomposition of MOFs by physiological phosphate ion is not controllable,
especially in an /n vivo environment. The /n vivo concentrations of phosphate ion (1 mM
extracellular) and phosphocreatine, which is typically present intracellularly at 20 times the
apparent free intracellular phosphate concentration of 0.5-5 mM, are sufficient to
decompose ZrMOF quickly upon intravenous injection [60]. So, it is highly desirable to
design a ZrMOF nanoparticle with high physiological stability and phosphate stimuli-
responsive function to facilitate the biomedical applications of MOF nanoparticles.

Experimental section

Materials

All reagents used were purchased from Sigma-Aldrich, unless otherwise stated. N,N’-
bis(acryloyl)cystamine and GSH were purchased from Fisher Scientific. Poly(ethylene
glycol) diacrylate and fluorescein dimethacrylate were purchased from Polyscience, Inc.
Singlet oxygen sensor green (SOSG) and fetal bovine serum were purchased from
Invitrogen. Meso-tetra(4-carboxyphenyl) porphine (TCPP) was purchased from Frontier
Scientific. The water used was purified on a Milli-Q Biocell System. All above chemicals
were used as received without further processing. The A431 cell line and U87MG human
glioblastoma cell line were obtained from the American Type Culture Collection and
cultured with RPMI 1640 (RPMI) in a cell culture flask. Athymic nude mice were purchased
from Envigo laboratories. The tumor model was established by subcutaneously injection of
around 5 x 108 A431 cells into the mice left hind limb. All the experimental procedures had
been conducted following a protocol approved by the animal care and use committee
(ACUC) of the National Institutes of Health Clinical Center (NIHCC).
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2.2. Characterization

Transmission electron microscopy (TEM) images were acquired on a Tecnai TF30
transmission electron microscope (TEM) (FEI, Hillsboro, OR). UV-Vis absorption was
measured by a Genesys 10S UV-vis spectrophotometer. NMR: ZrMOF, ZrMOF-PAA,
ZrMOF-PAC, and ZrMOF-PEG were dissolved thoroughly by concentrated PBS (10X). A
dialysis was conducted to each sample after decomposing. The released polymers were then
dried for NMR measurement. The X-ray diffraction measurements were performed on a
Bruker D8 ADVANCE diffractometer, employing the standard setup in reflection geometry.
The concentrations of platinum were collected by inductively coupled plasma optical
emission spectroscopy (ICP-OES, Agilent 720-ES). Microscopy imaging of poly-FITC-
wrapped UiO-66 nanoparticles was obtained from an Advanced Imaging and Microscopy
Resource at the National Institutes of Health. The imaging experiments were conducted on a
custom-built Olympus IX 71 microscope coupled with a 150X oil-immersion objective lens
(Olympus, N.A. = 1.45), a multi-band dichroic (405/488/561/633 BrightLine quad-band
bandpass filter, Semrock, USA) and a piezo z-stage (Madcity Lab, USA). The laser (488 nm,
Spectra-Physics) was focused into the back-pupil plane of the objective to generate wide-
field illumination. An xy translation stage with a mirror was placed in the conjugated back
pupil plane to steer the laser beam for generating TIRF or HILO illumination. The emission
was collected by the same objective passing through a quad-band bandpass filter
(FF01-446/523/600/677-25, Semrock, USA) in front of the electron-multiplying charge-
coupled device (EMCCD) (iXon DU-888, Andor Technologies). The microscope, AOTF,
lasers and the camera were controlled through p-manager.

2.3. Synthesis of MOF nanoparticles

Synthesis of zirconum-based porphyrinic MOF (ZrMOF) nanoparticles [61]: In a typical
synthesis, ZrOCI2 (30 mg), meso-tetra(4-carboxyphenyl)porphyrin (TCPP) (10 mg) and
benzoic acid (280 mg) were dissolved in 10 mL of DMF in a 20 mL vial. The solution was
sonicated and incubated in an oil bath at 90 °C for 5 h. The resulting product was collected
by centrifugation, and washed with DMF and resuspended in DMF for further use.

Synthesis of MIL-101 (Fe) [62]: Typically, iron (111) chloride hexahydrate and 1,4-
benzenedicarboxylic acid were dissolved in DMF and then incubated in an oil bath for 15
minutes at 150 °C. After cooling, MIL-101 (Fe) nanoparticles were washed with DMF and
redispersed in DMF for future use.

Synthesis of ZIF-8 [34]: In a typical synthesis of 50 nm ZIF-8 nanoparticles, Zn(NO3)2 (150
mg) was dissolved in 7 mL of methanol. Then, 2-methylimidazole (330 mg) was dissolved
in 7 mL of methanol, and injected into the Zn solution with vigorous stirring. After 5
minutes, the mixture turned cloudy. The reaction was stopped and the ZIF-8 nanoparticles
were washed with methanol and resuspended in DMF for further use.

Synthesis of UiO-66 nanoparticles [63]: To synthesize UiO-66 nanoparticles, 1,4-
benzenedicarboxylic acid (100 mg) was dissolved in 1 mL of DMF, and zirconyl chloride
octahydrate (21 mg) was dissolved in 3 mL of DMF. The two solutions were then mixed
together, followed by adding 2 mL of glacial acetic acid. The resulting solution was

Biomaterials. Author manuscript; available in PMC 2020 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

2.4,

Page 4

incubated in an oil bath for 12 h at 120 °C. UiO-66 nanoparticles were washed with DMF
before further use.

In situ polymerization on MOF nanoparticles

The ligand bis[2-(methacryloyloxy)ethyl] phosphate (BMAP) was first anchored on the
surface of MOF nanoparticles. Typically, BMAP (2.5 mM, 300 pL) was added to MOF
nanoparticles (ZrMOF, MIL-101 (Fe), UiO-66, and ZIF-8) in DMF and incubated for 5 h at
room temperature. Free BMAP was removed by washing with DMF and the MOF NPs were
redispersed in DMF. Then, azobisisobutyronitrile (AIBN) and monomers (such as N, N’-
bis(acryloyl) cystamine, acrylic acid, poly(ethylene glycol) diacrylate, fluorescein
dimethacrylate, and poly(ethylene glycol) methyacrylate) were added to the BMAP-
modified MOF nanoparticle solution and incubated for 10 h at 65 °C. The polymer-wrapped
MOF nanoparticles were then washed with DMF and water and finally redispersed in PBS
buffer for further study.

2.5. Stability study

MOF nanoparticles (ZrMOF, MIL-101 (Fe), ZIF-8) and polymer-wrapped MOF
nanoparticles were dispersed in PBS, RPMI-1640, or sodium acetate buffer. In the time-
dependent study, MOF nanoparticles were characterized by TEM and UV-vis at different
periods of time. In the concentration-dependent study, MOF nanoparticles were dispersed in
different concentrations of PBS buffer and finally characterized by TEM.

2.6. Cisplatin loading

To load the cisplatin into the ZrMOF nanoparticles, 0.5 mL (10 mg/mL) of cisplatin in DMF
was added to the ZrMOF nanoparticles solution and incubated overnight at 50 °C on a
shaking table. Cisplatin-loaded ZrMOF nanoparticles were then washed with DMF and
redispersed in DMF for further polymerization.

2.7. Synthesis of ligands

Synthesis of methacrylate-disulfide-camptothecin (CPT) [64]: Part 1. Synthesis of 2-((2-
hydroxyethyl)disulfanyl)ethyl methacrylate. Dry tetrahydrofuran (THF) (100 mL), 2,2*-
dithiodiethanol (20 mmol), and triethylamine (60 mmol) were mixed in a 250 mL round-
bottom flask in an ice bath. Methacryloyl chloride (20 mmol) in dry THF (100 mL) was
added to the above solution dropwise with vigorous stirring and allowed to react for 12 h at
room temperature. After evaporating the solvent, the residue was dissolved in ethyl acetate
and then washed twice with water and brine. The organic layer was dried over anhydrous
MgSO, and concentrated. Finally, silica gel column chromatography was used to purify the
product using ethyl acetate/petroleum ether (1/3) as the eluent. Part 2. Synthesis of
methacrylate-disulfide-CPT. Two gram of CPT and 2.11 g of DMAP were dispersed in 50
mL of dry dichloromethane under an argon atmosphere. Triphosgene (0.567 g) was added to
the above solution and stirred for 30 minutes at room temperature. Dry THF with 1.4 g of 2-
((2-hydroxyethyl)disulfanyl)ethyl methacrylate was added dropwise and reacted for 12 h
with stirring. The solvent was evaporated and ethyl acetate was added to the residue, which
was washed with water, 0.1 M HCI, and, finally, brine. The organic layer was collected and
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dried with anhydrous MgSQOy. Finally, the crude product was purified by column
chromatography using ethyl acetate as the eluent (Fig. S9).

Synthesis of methacrylamide butyl carbozate hydrazine [65]: Tert-butyl carbazate (30 mmol)
and triethylamine (36 mmol) were mixed in anhydrous dichloromethane (75 mL) in an ice-
water bath. Methacryloyl chloride (30 mmol) in dichloromethane (30 mL) was added to the
above solution dropwise and reacted overnight at room temperature. The resulting solution
was filtered, and the crude product was purified with silica column chromatography. 1H
NMR (CDCls): 8.25, 6.91 (s, 2H, -NH), 5.40, 6.02(s, 2H, CH»=), 1.91 (g, 3H, - CH3),
1.42-1.51 (g, 9H, -(CH3)3).

2.8. Predrug conjugation

2.9.

2.10.

CPT-wrapped MOF nanoparticles: The surface of UiO-66 nanoparticles was first anchored
with BMAP through chelation of the Zr ion and phosphate ion. To improve the solubility of
CPT-wrapped UiO-66 nanoparticles in aqueous solution, acrylic acid and methacrylate-
disulfide-CPT were mixed together with AIBN and reacted for 10 h at 65 °C on a shaking
table. The CPT-wrapped-UiO-66 nanoparticles were then washed with DMF and water and
finally resuspended in PBS buffer for further study.

DOX-conjugated MOF nanoparticles: The surfaces of UiO-66 nanoparticles were first
anchored with BMAP through chelation of the Zr ion and phosphate ion. Methacrylamide
butyl carbazate hydrazine was deprotected by trifluoroacetic acid in DMF and then added to
BMAP-modified UiO-66 nanoparticles with AIBN and methacrylate PEG-500. The
resulting solution was reacted for 10 h at 65 °C on a shaking table. The hydrazine modified
Ui0-66 nanoparticles were washed with DMF and redispersed in DMF. To conjugate the
Dox on the surface of UiO-66 nanoparticles, Dox and triethylamine were added to the
hydrazine-modified UiO-66 nanoparticle solution and reacted for overnight at room
temperature on a shaking table. Dox-conjugated UiO-66 nanoparticles were washed with
water and redispersed in PBS for further study.

In vivo PET imaging

To the as-prepared ZrMOF-PEG nanoparticle solution, 84Cu(Ac)2 (0.7 mCi) was added and
incubated at 50 °C for 2 h. The labeling efficiency was monitored by TLC. After labeling,
64Cu-ZrMOF was washed with water and resuspended in PBS buffer at a final concentration
of 1 uCi / pL. 84Cu-ZrMOF nanoparticles (100 pCi) were intravenously injected into the
A431 tumor-bearing mice. Whole-body PET scans at different periods of time were
collected from an Inveon Micro PET scanner (Siemens Medical Solutions). The data were
analyzed by 3-dimensional regions of interest using (insert software used). Data were
reported as %ID/g.

In vitro cytotoxicity study

MTT assay was conducted to investigate the drug delivery and cytotoxicity. Typically,
U87MG cells were seeded in a 96-well plate at a concentration of 5,000 cells per well and
cultured at 37 °C, 5% CO, for 24 h. The cells were washed with fresh medium, MOF
nanoparticles were added, and mixture incubated at 37 °C, 5% CO,, for 48 h. Then 10 uL of
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MTT (5 mg/mL in PBS) was added to the cells and incubated for 4 h. Finally, the medium
was replaced with 100 pL of DMSO. The absorbance of each well was measured at 490 nm
with plate reader.

2.11. Confocal microscopy

The U87MG cells were first seeded in an 8-well Lab-Tek cover-glass slide with a
concentration of 25,000 cells per well. Dox conjugated UiO-66 nanoparticles or Poly-FITC-
wrapped UiO-66 nanoparticles were added and incubated with cells for 2 hours at 37 °C, 5%
CO2. After washing with PBS for three times, Z-Fix solution was added to fix the cells at

37 °C, 5% CO2 for 20 min. Mounting medium with DAPI was then added to stain for 30
min. Confocal images were obtained from a fluorescence microscope (Zeiss LSM 780).

2.12. Stability of 64Cu labeling

The stability of 64Cu-labeled ZrMOF was studied using cell culture medium DMEM with
10% FBS and mouse serum. To monitor the stability of $4Cu-ZrMOF, ITLC was conducted
at 1, 24, and 48 h. As shown in Fig. S17 and Fig. S18, the labeling is stable in cell culture
medium DMEM and mouse serum, with negligible amount of free $4Cu observed after 48 h.

3. Results and discussion

We opined that coating of MOF nanoparticles with a functionalized polymer would provide
inherent physiological stability to the encased MOF and provide a mechanism for stimuli-
responsive decomposition of the particle. We developed a novel /n situ polymerization on the
surface of MOF nanoparticles. The polymer wrapped surface, as depicted in scheme 1, of
nanoscale MOF protects the particles from decomposition by acid or phosphate ions is
expected to increase their circulation time and allow the particles to successfully transport
their cargo to the target. We studied several monomers for the /n situ polymerization
including methacrylic acid, poly(ethylene glycol) methyl ether acrylate, fluorescein
dimethylacrylate and bis(acryloyl) cystamine. Bis(acryloyl) cystamine provides a
crosslinked polymer whose decomposition can be stimulated by glutathione in a
concentration dependent manner, resulting in exposure of the particle to phosphate and
release of encapsulated cargo.

To investigate the stability of polymer-wrapped MOF nanoparticles, various nanoscale
MOFs were synthesized, including PCN-224 (ZrMOF), MIL-101 (Fe), ZIF-8, and UiO-66.
These MOF nanoparticles were characterized by TEM and XRD, as shown in Fig. 1 and Fig.
S12-S15. In a typical preparation of polymer-wrapped MOF nanoparticles, the surfaces of
the as-prepared MOF nanoparticles were first anchored with bis[2-(methacryloyloxy)ethyl]
phosphate (BMAP), due to the strong binding affinity between Zr and phosphate, as shown
in scheme 1. Because excess amount of BMAP can decompose MOF nanoparticles, an
optimization experiment was conducted to determine the concentration of BMAP.
Thereafter, 2.5 mM (300 pL) of BMAP was used for ligand anchoring to 500 puL of MOF
nanoparticles (1 mg/mL).

To wrap functional polymer on the surfaces of MOF nanoparticles, different monomers,
bis(acryloyl)cystamine, poly(ethylene glycol) diacrylate, fluorescein dimethacrylate, and
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acrylic acid were incubated, respectively, with different BMAP-MOF nanoparticles. The
radical initiator, AIBN, was introduced to start the polymerization onto the BMAP, which
built up the surface coating. Upon obtaining poly(N,N’-bis(acryloyl)cystamine)-wrapped
ZrMOF (ZrMOF-PAC), poly(acrylic acid)-wrapped MIL-101 (MIL-PAA), and
poly(ethylene glycol)-wrapped ZIF-8 (ZIF-PEG) nanoparticles, the NPs were treated with
different buffers to test their respective stabilities. As shown in Fig. 1, without polymer
coating ZrMOF and MIL-101 (Fe) were decomposed quickly in PBS buffer, while ZrMOF-
PAC and MIL-PAA were still very stable in PBS even after 15 h. ZIF-8 nanoparticles were
decomposed immediately and completely upon adding sodium acetate/acetic acid buffer
(pH=5.5) (Fig. S1), while ZIF-PEG NPs were still stable after 3 h (Fig. 1). These results
show that the polymer shield on the surface did, in fact, protect the MOF nanoparticles from
decomposing directly by phosphate ions or acidic conditions.

With this /n situ polymerization approach, ZrMOF-PAA, ZrMOF-PAC, and ZrMOF-PEG
nanoparticles were prepared for zeta-potential and dynamic light scattering (DLS) study. As
shown in Fig. S2, ZrMOF nanoparticles exhibited slightly positive surface charge. ZrMOF-
PAC and ZrMOF-PEG nanoparticles showed neutral surface charge, while ZrMOF-PAA
nanoparticles exhibited negative surface charge. DLS indicated that ZrMOF showed a good
colloidal stability before and after polymerization. A slight increment in size was observed
after /n situ polymerization (Fig. S16). The infrared spectra of ZrMOF and polymer-wrapped
ZrMOF nanoparticles were analyzed (Fig. 3A). The characteristic amide group peak (around
3300 cm-1) and the C-H stretch peak from bis(acrylol) cystamine were observed in the
spectrum of ZrMOF-PAC. In addition, the characteristic peaks of acrylic acid and ethylene
glycol (CH2 around 2900 cm-1) were also observed after polymerization on the surface of
ZrMOF nanoparticles. Similiar characteristic peaks were observed in the case of UiO-66 and
polymer-wrapped UiO-66 nanoparticles as well, as shown in Fig. 3B. To characterize the
polymer on the surface of ZrMOF with NMR, ZrMOF nanoparticles were decomposed by
concentrated PBS first. The polymers released from ZrMOF were then collected and dried
for NMR after dialysis. As shown in Fig. 3C, PAA, PAC, and PEG were confirmed by their
characteristic peaks in 1H NMR spectra after releasing from the MOF nanoparticles. We
selected ZrMOF-PEG as an example to estimate the associated PEG amount. As shown in
Fig. S21, the PEG coating accounts for 14% of ZrMOF-PEG nanoparticles. Furthermore,
FITC-wrapped UiO-66 nanoparticles were analyzed by fluorescence spectrometer (Fig. S3)
and a custom-built Olympus 1X 71 microscope and the image of fluorescent UiO-66
nanoparticles was obtained (Fig. S4). Confocal imaging in Fig. S5 also confirmed that a
fluorescent FITC-wrapped UiO-66 nanoparticle exhibited good cellular uptake.

Time-dependent stability studies of ZrMOF, ZrMOF-PAA, and ZrMOF-PAC in 1X PBS
were then conducted. As shown in Fig. 2, after 24 h, 29.1%, 25.5%, and 21.1% of TCPP
dissociated from ZrMOF, ZrMOF-PAA, and ZrMOF-PAC, respectively, according to the
UV-vis absorbance of TCPP in the supernatant. However, 17.8% of TCPP dissociated from
ZrMOF, while 4.5% of TCPP dissociated from ZrMOF-PAA, and negligible TCPP
dissociated from ZrMOF-PAC after suspending in 1X PBS for 1 h. To monitor the effect of
PBS on the crystal structure, ZrMOF and ZrMOF-PAC were selected to conduct a time-
dependent XRD comparison. From the XRD-based stability results (Fig. 3D and 3E) , we
can see that ZrMOF-PAC is more stable than ZrMOF in PBS. Although both ZrMOF and
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ZrMOF-PAC went to amorphous totally after 24 hours, ZrMOF turned to amorphous in 1
hour while ZrMOF-PAC only turned to semi-amorphous in 1 hour. The enhanced stability of
ZrMOF-PAC is attributed to the cross-linked polymer PAC which serves as a shield to
protect ZrMOF. Time-dependent stability study of ZrMOF-PAA (and ZrMOF PAC) by TEM
confirmed confirmed thate collapsing collapse of ZrMOF with time (Fig. S6 and S7). The
comparison of Fig. S6 and S7 showed that ZrMOF-PAA is less stable than ZrMOF-PAC at
under the same condition. A concentration-dependent stability study of ZrMOF-PAA by
TEM indicated that ZrMOF-PAA nanoparticle is very sensitive to high concentration of
phosphate ion (Fig. S8).

The stability of ZrMOF in cell culture media is also significant and must be considered
when cell viability studies are conducted. Thus, we further tested the stability of nude
ZrMOF, ZrMOF-PAA, and ZrMOF-PAC in RPMI-1640, a very commonly used cell culture
medium. As seen in Fig. 4, in RPMI medium, nude ZrMOF decomposed quickly in 5 h and
ZrMOF-PAA decomposed slowly, while ZrMOF-PAC was most stable among these three
types of polymer-wrapped ZrMOFs . The higher stability of ZrMOF-PAC compared to
ZrMOF-PAA in PBS may be attributed to the possibility of cross-linked polymerization on
ZrMOF-PAC nanoparticles, due to the existence of two polymerization sites on
bis(acryloyl)cystamine, while primarily linear polymerization occurs on PAA-ZrMOF
nanoparticles.

Having demonstrated an enhanced physiological stability in different media, we then studied
the /in vivo circulation of the polymer-wrapped ZrMOF nanoparticles and their tumor
accumulation with PET imaging. The coordination of porphyrin and metal allows the
porphyrinic MOF nanoparticle to be labelled with $4Cu, a positron-emitter (Fig. 5A). As
shown in theby instant thin layer chromatography (iTLC) graphs (Fig. 5B), 84Cu was
stabilized in ZrMOF nanoparticles after two hours incubation at 50 °C. 64Cu-labeled
ZrMOF-PEG nanoparticles and ZrMOFs without polymer protection were intravenously
injected into A431 tumor-bearing mice. PET images of the mice were collected from a
micro-PET scanner at 1, 4, 24, and 48 h after intravenous injection. From Fig. 5C (bottom),
ZrMOF without polymerization showed very rapid clearance from the blood. The ZrMOF
nanoparticles were collapsed quickly by phosphate ions after injection and formed serious
aggregates , which lodged mostly in the lungs and liver. Negligible accumulation in the
tumor was observed. However, ZrMOF-PEG nanoparticles showed significant accumulation
in the tumor region due to the enhanced permeability and retention effect, as shown in Fig.
5D (top), reaching 4.02 + 0.38, 4.41 £ 0.24, 5.58 +£ 0.41, and 5.09 £ 0.31 %ID/qg after 1, 4,
24, and 48 h (Fig. 5d). Further ex vivo biodistribution study based on y-counting of excised
organs confirmed this efficient tumor accumulation (Fig. 5E), indicating that a prolonged
circulation time was achieved from the /n situ polymerized ZrMOF-PEG nanoparticles.

Polymerization on the surface of MOF nanoparticles not only increases their stability in
buffers and media but it also offers functions such as stimulus-responsive drug delivery.
Cisplatin, a chemotherapy drug, can be loaded into the porous ZrMOF and then wrapped
with cross-linked PAC polymer. To test this hypothesis, cisplatin-loaded ZrMOF-PAC was
used to conduct an intracellular drug delivery study. As illustrated by Fig. 6A and 6B, upon
adding GSH, a trigger that initiates the decomposition of PAC, 50% of cisplatin was released
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from ZrMOF-PAC nanoparticles according to the ICP analysis. An additional 20% of
cisplatin was released gradually due to phosphate ion etching and decomposition of ZrMOF
nanoparticles. Without GSH, cisplatin was released gradually with time, and almost 30% of
cisplatin was trapped inside the ZrMOF-PAC nanoparticles compared to ZrMOF-PAC with
GSH trigger (Fig. 6B). An MTT assay study was further conducted with cisplatin-loaded
ZrMOF and cisplatin-loaded ZrMOF-PAC. Without PAC wrapping, the loaded cisplatin
leaked seriously when washed with buffer, and relatively poor cancer therapy effect was
achieved. Polymer-wrapped ZrMOF-PAC protected the cisplatin from leaking from the
ZrMOF nanoparticles and guaranteed effective drug delivery. After cellular uptake, the high
level of GSH inside the cancer cells decomposed the cross-linked PAC polymer on the
surface of ZrMOF. Upon opening the “doors*, the drug cisplatin was released from the
MOF. Phosphate ions inside the cells then etched ZrMOF and accelerated the drug release,
thus showing a much better cancer cell therapy effect, as shown in Fig. 6C .

Furthermore, we explored the generalization of this stimuli-responsive drug delivery system
using /n situ polymerization on MOF nanoparticles. A monomer with a CPT as the prodrug
and a disulfide bond (Fig. S9) as the stimulus-responsive group was directly polymerized on
the surfaces of UiO-66 nanoparticles. To improve the solubility in aqueous solution,
polyethylene glycol was mixed with the monomer and co-polymerized (Fig. S10) on the
surface of UiO-66 nanoparticles (Fig. 7A). With intracellular GSH stimulus, prodrug CPT
was cleaved from the UiO-66 nanoparticles and then killed the cancer cells (Fig. 7C).
Another monomer, hydrazine , with polyethylene glycol was also co-polymerized (Fig. S11)
on the surface of UiO-66 nanoparticles using the /n situ polymerization strategy (Fig. 7B).
With functional group poly-hydrazine on the surface of UiO-66, Dox was then conjugated
on the surface of UiO-66 via Wolff-Kishner reduction. Based on the standard curve of Dox
(Fig. S19), the conjugated Dox amount was calculated to be 25.1 pmol per gram of ZrMOF.
Upon intracellular uptake of Dox-conjugated UiO-66 nanoparticles, the acidic environment
in cancer cells initiated a hydrazone hydrolysis and cleaved the Dox from UiO-66
nanoparticles, and the Dox subsequently killed the cancer cells, as shown in Fig. 7C. Both
prodrug CPT and Dox-wrapped MOF nanoparticles showed good cancer cell killing
efficiency. Furthermore, confocal imaging study confirmed the Dox delivery to cancer cells
(Fig. 7D and Fig. S20). Therefore, the /n situ polymerized prodrug on the surfaces of MOF
nanoparticles can not only increase their physiological stability but also enable stimulus-
responsive drug release.

4. Conclusion

In conclusion, we studied the stability of different nanoscale MOFs under physiological
conditions, both /n vitroand in vivo, and developed an /n situ polymerization strategy on
MOF nanoparticles for enhanced physiological stability, especially in phosphate-based
media. A prolonged /n vivo circulation and greater tumor accumulation with polymer-
wrapped ZrMOF nanoparticles was achieved, as shown by PET imaging. With enhanced
stability, stimulus-responsive drug delivery was then achieved using porous ZrMOF
nanoparticles. Moreover, the /n situ polymerization enables the prodrug to both increase the
stability of MOF nanoparticles and responsively release the drug intracellularly. The
polymer-wrapped MOF nanoparticles provide a robust, efficient and safe drug delivery
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platform for theranostics. Based on these superior features, future tumor therapy with
intravenous injection should be conducted to encourage further clinical study.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Stability of MOF nanoparticlesin different buffers.
(A), (D), and (G) are TEM images of ZrMOF, MIL-101 (Fe), and ZIF-8 nanoparticles in

DMF. (B) TEM image of ZrMOF in 1X PBS for 1 hour. (C) TEM of ZrMOF-PAC in 1X
PBS for 20 h. (E) TEM image of MIL-101 (Fe) in 1X PBS for 15 h. (F) TEM image of
MIL-101 (Fe) in 1X PBS for 15 h. (H) TEM image of ZIF-8-PEG in sodium acetate buffer
(pH =5.5) for 1 h. (I) TEM image of ZIF-8-PEG in sodium acetate buffer (pH = 5.5) for 3 h.
(Z1F-8 nanoparticles without polymer protection were dissolved completely and
immediately when added to sodium acetate buffer (pH = 5.5)). Inset picture in (B) is the
centrifugation result of ZrMOF in 1X PBS for 1 h. Inset picture in (C) is the centrifugation
result of ZrMOF-PAC in 1x PBS for 1 h.
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Fig. 2. Time-dependent stability study of ZrMOF, ZrMOF-PAA, and ZrM OF-PAC in phosphate

buffer saline.

(A), (C), and (E) are digital camera pictures of the supernatant of ZrMOF, ZrMOF-PAA, and
ZrMOF-PAC at different time points after being suspended in 1X PBS. (B), (D), and (F) are
corresponding UV-vis spectrum of the dissociated TCPP in the supernatant after suspending
ZrMOF, ZrMOF-PAA, and ZrMOF-PAC in 1X PBS for different periods of time (0.1, 0.5, 1,
5, 10, and 24 h). (G) Standard curve of TCPP in 1X PBS for TCPP quantification. (H)
Dissociation comparison of ZrMOF, ZrMOF-PAA, and ZrMOF-PAC in 1X PBS.
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Fig. 3. Characterization of polymer-wrapped M OF nanoparticles.

Infrared spectra of ZrMOF (A) and UiO-66 (B) before and after polymerization with
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different ligands. (C)1H NMR spectra of the collected /n situ polymer after decomposing the
ZrMOF nanoparticles with PBS and dialysis. (D) Time-dependent stability of ZrMOF in
PBS monitored by XRD. (E) Time-dependent stability of ZrMOF-PAC in PBS monitored by

XRD.
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Fig. 4. Time-dependent stability of nanoscale MOFsin cell culture medium RPM1-1640.
(A), (D), and (G) are TEM pictures of ZrMOF after 5, 20, and 40 h in RPMI-1640. (B), (E),

and (H) are TEM pictures of ZrMOF-PAC after 5, 20, and 40 h in RPMI-1640. (C), (F), and
() are TEM pictures of ZrMOF-PAA after 5, 20, and 40 h in RPMI-1640. Scale bar: 100
nm.
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Fig. 5. In vivo PET imaging of A431 tumor-bearing mice at different time points after
intravenousinjection of 64Cu-ZrMOF-PEG nanoparticles.

(A) llustration of $4Cu labeling in ZrMOF nanoparticles. (B) ITLC of free 4Cu and %4Cu-
labeled ZrMOF-PEG nanoparticles. (C) Representative whole-body PET imaging at 1, 4, 24,
and 48 h post-injection. (D) Quantitation of $4Cu-ZrMOF-PEG nanoparticle accumulation in
tumor based on decay-corrected PET images. (E) biodistribution of tumor and primary
organs based on -y-counting.
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Fig. 6. GSH-responsive drug delivery from ZrM OF-PAC nanoparticles.

(A) illustration of cisplatin-loaded ZrMOF-PAC nanoparticles with GSH-responsive
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intracellular release. (B) /n vitro cisplatin release from ZrMOF-PAC with and without GSH
stimulus. (C) Cytotoxicity of GSH responsive cisplatin release from ZrMOF-PAC

nanoparticles.
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Fig. 7. Stimuli-responsive drug delivery system.
(A) GSH-responsive intracellular drug delivery model from UiO-66-poly-CPT. (B) Acidic

pH-responsive intracellular drug delivery model from UiO-66-poly-Dox nanoparticles. (C)
Cytotoxicity of pH-responsive UiO-66-poly-Dox and GSH-responsive UiO-66-poly-CPT
nanoparticles. (D) Confocal imaging of UiO-66-poly-Dox uptake by U87MG cells.
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Scheme 1. Illustration of in situ polymerization on MOF nanoparticles.
Bis[2-(methacryloyloxy)ethyl] phosphate (BMAP) ligands were anchored on the surface of

MOF nanoparticles first at room temperature, then different monomers were polymerized on

the surface of MOF nanoparticles respectively initiated by AIBN at 65 °C in DMF.
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