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Abstract

Nanotechnology has played an important role in drug delivery and biomedical imaging over the
past two decades. In particular, nanoscale metal-organic frameworks (nMOFs) are emerging as an
important class of biomedically relevant nanomaterials due to their high porosity,
multifunctionality, and biocompatibility. The high porosity of nMOFs allows for the encapsulation
of exceptionally high payloads of therapeutic and/or imaging cargoes while the building blocks—
both ligands and the secondary building units (SBUs)—can be utilized to load drugs and/or
imaging agents via covalent attachment. The ligands and SBUs of nMOFs can also be
functionalized for surface passivation or active targeting at overexpressed biomarkers. The metal
ions or metal clusters on nMOFs also render them viable candidates as contrast agents for
magnetic resonance imaging, computed tomography, or other imaging modalities. This review
article summarizes recent progress on nMOF designs and their exploration in biomedical areas.
First we discuss the therapeutic applications of nMOFs based on four distinct drug loading
strategies, followed by a summary of nMOF designs for imaging and biosensing. We conclude our
review by exploring the fundamental challenges facing nMOF-based therapeutic, imaging, and
biosensing agents. We hope that this review can stimulate interdisciplinary research at the
intersection of MOFs and biomedicine.
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Introduction

Metal-organic frameworks (MOFs), also called porous coordination polymers or porous
coordination networks, are a class of crystalline hybrid materials constructed from metal
ions or metal cluster nodes (also known as secondary building units, SBUs) and multitopic
organic linkers. The regularity of coordination bonds enables isoreticular design of limitless
MOF structures with high porosity and crystallinity. In the meanwhile, the relatively labile
bonds between the ligands and the metal centers allow MOFs to be synthesized under mild
conditions that are compatible with a number of organic functional groups. As a result,
MOFs are distinct from the traditional inorganic materials with their molecular nature,
versatile functionality, and structural and compositional tunability. Since early 1990s, MOFs
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have garnered much attention for their potential applications in gas storage and separation,
[1-6] nonlinear optics,[”- & ferroelectricity,[® 101 conductivity/semiconductivity,[11-16]
magnetism,[17] catalysis,[18-24] energy conversion,[2>-27] Juminescence and chemical
sensing,[28-34] and other areas.[35-38]

The merging of nanotechnology and MOFs, in particular, has given rise to a new and
promising material platform, nanoscale MOFs (nMOFs), with significant potential for
biomedical applications. Compared to other nanoformulations, nMOFs present unique
opportunities for biomedical applications due to three major structural attributes. First, the
high porosity and large channels/pores of nMOFs are conducive to high cargo loading
efficiency as well as facile transport of biomedical agents through nMOF channels. The
latter merit is well recognized in the field of MOF catalysis but has been largely unexplored
in biomedical areas up until recent years. Second, multiple functionalities can be readily and
directly incorporated into nMOFs via appropriate selection and functionalization of the
SBUs and organic linkers. This multifunctionality feature enables nMOFs to co-deliver and
release drugs and/or imaging agents in a temporally and spatially controlled fashion,
highlighting their potential roles as theranostic platforms and in synergistic combination
therapies. Third, the tunable framework stability of nMOFs in physiological environments
allows for the design of triggered or control release nanocarriers, which is difficult to
achieve with other nanoformulations.

While Férey and coworkers studied the encapsulation of model drugs into and their release
from bulk MOFs,[39] Lin and coworkers reported the first design of nMOFs as imaging
agents in 2006.[40] Although MOF as a field has grown exponentially in the past decade, the
use of nMOFs in biomedicine is mostly unexplored by the MOF community and largely
under-appreciated by nanomedicine researchers.[41] The lack of appreciation for the
potential of nMOFs in nanomedicine can be attributed to the unsatisfactory progress of
current MOF research from a biomedical standpoint. Limited understanding of biology and
medicine by most MOF researchers leads to a majority of research culminating in ‘proof-of-
concept’ studies that are not clinically relevant. On the other hand, most biomedical
researchers lack sufficient understanding of MOF chemistry to fully appreciate the potential
of nMOFs in biomedicine. In this article, we will review the progress on biomedical aspects
of nMOFs and highlight limitations of current works from clinical translation perspective.
We hope that this review can also increase understanding and appreciation of nMOFs in the
biomedical community and inspire interdisciplinary research activities at the intersection of
MOFs and biomedicine to move this field forward.

nMOFs for Therapeutic Applications

The major aim of using nanoparticle formulations for drug delivery is to improve
pharmacokinetics and alter the biodistribution of drugs, thus enhancing treatment efficacy
and reducing side effects by preferentially accumulating drugs in diseased tissues.
Specifically, nanoparticles can change the hydrophilicity of the drug, affect the pathway of
drug uptake and efflux in tissues, and prevent drug molecules from non-specifically binding
to bio-macromolecules. In oncological applications, nanoparticles of proper sizes and with
suitable surface passivation have the propensity to passively target tumors by taking
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advantage of the leaky vasculatures in tumors. In addition, tumors have defective lymphatic
drainage, allowing for preferential accumulation of nanoparticles at the tumor sites. This
combination of leaky vasculatures and defective lymphatic drainage in tumors is known as
the Enhanced Permeability and Retention (EPR) effect. Furthermore, the surfaces of
nanoparticles can be modified with biomolecule or small molecule ligands that selectively
and avidly bind to the biomarkers overexpressed on cancer cells to further increase drug
accumulation on tumors. It is expected that enhanced deposition of drugs on tumors will
reduce systemic toxicity to other organs. In the co-delivery of multiple drugs with
nanoformulations, the temporal release of these drugs can also be accurately controlled to
maximize their synergistic effects.

A number of review articles have summarized the progress on drug delivery using nMOFs
over the past few years.[37- 42] |nstead of categorizing the works by the target therapies or
drugs involved, we will focus on the strategies of incorporating therapeutics into nMOF
delivery systems (Scheme 1). We will elaborate on the chemistry of each loading strategy
and discuss the pros and cons for each of these approaches.

2.1 Encapsulation of Therapeutic Cargoes

Early research activities of the MOF community mostly focused on the storage and
separation of different gaseous molecules by taking advantage of the high porosity and
tunable pore and channels of MOFs. Naturally, non-covalent encapsulation became the most
studied method of loading drugs to nMOFs. It was hypothesized that the nMOF channels
will provide suitable accommodation for the typically hydrophobic therapeutic cargoes,
preventing otherwise rapid clearance from the circulation and consequently, increasing drug
accumulation in diseased tissues.

Horcajada et al. demonstrated the feasibility of noncovalent encapsulation of hydrophobic
therapeutics into nMOFs in their pioneering work in 2006.13%1 They tested the loading of
ibuprofen (1BU) into two nMOFs, MIL-100 built from Cr3* and trimesic acid with a BET
surface area of 3340 m%/g, and MIL-101 built from Cr3* and terephthalic acid with a BET
surface area of 5510 m2/g. These nMOFs displayed remarkable drug loading capacities:
0.347 g IBU/g for MIL-100 and 1.376 g IBU/g for MIL-101. Further studies on the release
kinetics of IBU suggested different types of interactions during drug encapsulation:
relatively strong electrostatic interaction between the framework and cargo molecules, m-m
interaction between hydrophobic drug and organic linkers, and weak hydrophobic
interaction between the entrapped drugs. Noncovalent encapsulation is the most widely
studied method for drug delivery due to its simplicity and use of operation.[37: 43.44] Two
stages of drug release —through free diffusion and upon nMOF decomposition— are
expected for the encapsulated drug.

In their follow-up work in 2010, Horcajada et a/. systematically studied drug delivery with a
series of biocompatible Fe-nMOFs.[45] Several anticancer and antiviral drugs, including
busulfan (BU), doxorubicin (DOX), azidothymidine triphosphate (AZT-TP), and cidofovir
(CDV), were loaded into MIL-53, MIL-88A, MIL-88Bt, MIL-89, MIL-100 and
MIL-101_NH, nMOFs with high encapsulation efficiencies and payloads. Drug release tests
on AZT-TP, CDV, and DOX loaded MIL-100 in physiological conditions showed no burst
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release, which is one major limitation of the non-covalent encapsulation strategy. The
authors also evaluated the /n7 vivo toxicity of nMOFs on rats. Observations for up to 3
months did not show significant differences between nMOFs and control groups on animal
behaviors, body and organ weights, and serum parameters. Increase in liver and spleen
weights was observed in the first week, but recovered to normal values at later times.

For charged frameworks, charge interaction can drive drug loading. Rosi and coworkers
prepared an anionic network bio-MOF-1 with a formula of
Zng(ad)4(BPDC)gO*2Me,NH,#8DMF+11H,0 (ad refers to adenine).l4€] The pillar-like
SBUs can be described as Zng(ad), octahedral cages bridged by Zn,O clusters. In each
Zng(ad), unit, two pairs of Zn2* from Zn40 clusters take axial positions and coordinate with
N3 and N9 positions of two adenines while the other four Zn2* ions in the equatorial plane
coordinate with N1 and N7 positions of the adenines. The zinc-adeninate columns are
crosslinked by biphenyldicarboxylate linkers to form the pcu topology network. The
framework has two negative charges per formula unit, balanced by ammonium counter ions.
The authors showed that ammonium counter ions can be exchanged with cationic
therapeutic agents such as procainamide, €] or by lanthanide fluorophores, for near-infrared
and visible light-emitting sensing.[47]

Several recent studies utilize “gatekeepers” to reduce the premature release of drugs to
achieve targeted/triggered drug delivery. Tan et al. reported a proof-of-concept design of
acid-responsive cap-protected nMOF drug delivery systems.[48] The authors attached
pyridinium (Py) stalks to a Zn-based UMCM-1-NH, nMOF via post-synthetic modification,
and loaded model drugs and carboxylatopillar[5]arene (CP5) caps. In neutral pH
environments, the negatively charged CP5 can strongly interacts with positively charged Py
moieties, functioning as a gatekeeper to prevent cargo release. In acidic environments,
however, the protonated CP5 detaches from Py stalks and unblocks the pores. Although the
acid-triggered switch properties were demonstrated, the system required low-pH conditions
(pH=4 or below) and the vehicle itself was toxic. As a result, the in vitroand in vivo utility
of this triggered nMOF delivery system was not adequately established. Nonetheless,
follow-up works from these authors showed that similar capping strategies also responded to
Zn%* and Ca?* concentrations in the cells, suggesting the generality of this design.[4% 501

Wang et a/. described a more complex modification strategy.[®1] A MIL-101-N3(Fe) nMOF
with azide functionalities was modified with a bicyclononyne functionalized p-cyclodextrin
derivative (B-CD-SS-BCN) through [3+2] azide-alkyne cycloaddition after doxorubicin
(DOX) loading. An a, B3 integrin targeting peptide functionalized polymer
Lys(adamantane)-Arg-Gly-Asp-Ser-bi-PEG19qg [K(ad)RGDS-PEG19qg, Where bi=benzoic
imine] was further attached to the particle surface through host-guest interaction between the
adamantyl group and B-CD (Figure 1a). The authors utilized two stimuli-responsive triggers
in this smart design. The first trigger is achieved via the benzoic-imine bond between PEG
and integrin targeting peptide that dissociates in acidic environment, leading to preferential
accumulation of particles in tumors. The second trigger features the use of reducing agents
such as glutathione in cancer cells to cleave the disulfide bond between p-CD and the nMOF
to unblock the nMOF channels. A series of /n vitro experiments indicated that cellular
uptake of the nMOF system was pH and a., B3 integrin expression-dependent whereas the
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drug release was dependent on reductant concentrations (Figure 1b—d). /nn vivo efficacy
studies by subcutaneous injection near the tumors (peritumoral injection) showed that DOX-
loaded nMOF inhibited tumor progression as effectively as free DOX, but with fewer side
effects (Figure 1e,f).

ZIF-8 built from zinc ions and 2-methylimidazolate provides an interesting nMOF for cargo
encapsulation due to its relatively large pore cavities (11.6 A in diameter) and narrow
opening windows (3.4 A in diameter).[2] As a consequence, while the pores are large
enough to accommodate large drugs and biomolecules (usually a few angstroms to a few
nanometers in size), the cargoes, once encapsulated inside the MOF during synthesis, cannot
freely diffuse out through the small windows and can only be released upon nMOF
decomposition.[52] Since ZIF-8 is stable in neutral aqueous environments and gradually
decomposes in mild acidic conditions (pH<6), it inherently functions as a pH-triggered
release system (Figure 2). In the past few years, ZIF-8 has been used to encapsulate
camptothecin (CPT),3] doxorubicin,[54 proteins,[55-611 and inorganic particles.[62-64] This
method is useful for delivery of large biomolecules and other cargoes that are larger than the
pore size of nMOF.

Development of ZIF-8 nanocrystal growth methods under mild conditions enabled one-pot
entrapment of cargoes into ZIF-8 during nMOF synthesis. Lai and coworkers reported a
mild synthesis protocol for ZIF-8 nanocrystals in 2011.6%] Uniform nanocrystals with ~70
nm sizes can be synthesized by simply stirring a mixture of aqueous solutions of zinc nitrate
and 2-methylimidazole at room temperature. Zhuang et a/. reported the one-pot synthesis of
cargo-loaded ZIF-8 nanoparticles using a similar method.[53]

Lyu et al. encapsulated the protein Cytochrome ¢ (Cyt c) into ZIF-8 by polymer-assisted
one-pot synthesis method.[>%] The loading of Cyt ¢ in the Cyt c/ZIF-8 composite was
determined to be 8 wt% by ICP-MS. The conformation of Cyt ¢ was retained after
entrapment in ZIF-8 as indicated by steady-state fluorescence spectroscopy. Interestingly,
the enzymatic activity of Cyt c¢/ZIF-8 was 10-fold higher than that of the free protein as
indicated by hydrogen peroxide assay. The authors also prepared horseradish peroxidase/
ZIF-8, lipase/ZIF-8 and Cyt ¢/ZIF-10 nanocomposites using the same method. This
entrapment method is distinct from other works that immobilized small proteins/enzymes
with MOFs.[66. 67]

Hill and coworkers demonstrated a rather different strategy for light-triggered drug delivery.
[68] A thin layer of UiO-66 MOF was coated on an optical fiber. 5-Fluorouracil (5-FU) was

then introduced into the MOF channels by sublimation. Drug release was triggered by 1050
nm light, the energy of which matches the binding energy of 5-FU to UiO-66 scaffold. This
work introduced a new method to achieve light-triggered drug release.

2.2 Conjugations of therapeutic agents to the linkers

Therapeutic agents can also be readily attached to the ligands via orthogonal conjugation.
Covalent attachment of the cargoes to the linkers can prevent premature release of cargoes
while some conjugation strategies can introduce controllable triggers that disconnect upon
certain chemical stimuli. A variety of chemical linkages, such as ester bonds,[6%] amide
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bonds,[7%: 71 amine bonds,[72 73] imine bonds,[74-771 urea formed from isocyanates,
[71, 78,791 thiourea formed from isothiocyanates,[79: 891 and click chemistry,[81: 82 have been
employed to attach functional moieties to MOF linkers.

The cargoes can be conjugated to the organic linkers prior to the MOF growth or post-
synthetically. Pre-functionalization of ligands ensures complete cargo loading and allows for
thorough characterization of the drug conjugates. However, drug conjugation to the linkers
lowers molecular symmetry and increases steric hindrance, thus impeding the growth and
crystallographic characterization of MOFs. This approach is more often utilized to
synthesize MOFs for other applications[®3-85] than drug delivery due to the high molecular
weights of most drug cargoes and stringent requirements of NMOF sizes and morphologies.
[86] post-synthetic modification, on the other hand, is widely used for drug conjugation due
to the ease of operation and retention of particle morphology. However, the rigid structure of
nMOFs limits or reduces accessible sites in the interior of the particles, rendering low
conjugation efficiency in many cases. Post-synthetic attachment strategy is thus most
suitable for surface modifications. Below we will showcase a few examples in which
protection moieties or targeting groups are covalently conjugated to the nMOF surfaces
whereas therapeutic agents are covalently attached to the linkers.

Lin and coworkers first demonstrated covalent conjugation of chemotherapeutic agents to
the linkers in 2009 (Figure 3).[73] They incorporated amino groups to the framework by
doping the terephthalic acid ligand with 2-aminoterephthalic acid during the growth of
Fe(l11)-MIL-101 nMOFs. A BODIPY dye (1,3,5,7-tetramethyl-4,4-difluoro-8-
bromomethyl-4-bora-3a,4a-diaza-s-indacene, Br-BODIPY) and a cisplatin prodrug
(ethoxysuccinato-cisplatin, ESCP) were conjugated to the ligands through amine and amide
bonds, respectively. The particles were further coated with silica to retard the decomposition
of the nMOF under biological conditions. The release half-lives of ESCP-conjugated nMOF
with or without silica coating were 14 h and 1.2 h respectively, confirming the effective
protection via surface modification. A silyl derived cyclic peptide targeting a3 integrin
was further attached to the particle surface and the nanocomposite showed comparable
cytotoxicity to that of cisplatin on HT29 cells. This work demonstrated for the first time the
possibility of covalently attaching cargoes to nMOFs for the delivery of both imaging and
therapeutic agents to cancer cells /n vitro.

Mirkin and coworkers reported the conjugation of DNA to UiO-66 nMOF surface via click
chemistry.[87] Azide-functionalized UiO-66-N3 nMOFs were synthesized from solvothermal
reactions between 2-azidoterephthalic acid and ZrOCl,. Dibenzylcyclooctyne (DBCO)-
functionalized DNA was then reacted with the azido-nMOFs via Cu-free strained-alkyne
click chemistry. The DNA conjugation decreased the particle C-potential and stabilized the
particles in saline solution. Fluorescence quantification by flow cytometry showed a 6-fold
increase of DNA uptake in HeLa cells after being conjugated to nMOFs.

Willner and coworkers recently extended this nucleic acid conjugation strategy to prepare
ATP-responsive aptamer-based nMOFs for the controlled release of chemotherapeutics. (88l
They loaded doxorubicin to the channels of Zr-amino-triphenyldicarboxylate nMOF that
was previously reported by Lin and coworkers,[80: 89 and then capped the loaded nMOF by
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hybridization with a complementary nucleic acid, the ATP-aptamer or the ATP-AS1411
hybrid aptamer, in caged configurations. The nMOFs are unlocked in the presence of ATP
via the formation of ATP-aptamer complexes to release the drug payloads. Preliminary
experiments with spheroid cell aggregates reveal the permeation of the ATP-AS1411-
functionalized doxorubicin-loaded nMOFs into MDA-MB-231 breast cancer cells to afford
high cytotoxicity. The in vivotargeting and efficacy of this aptamer-modified nMOF was
however not demonstrated.

Lei and coworkers recently reported the design for an nMOF system for cancer imaging and
chemo-photodynamic therapy.[%% They encapsulated camptothecin (CPT) into NHy-
MIL-101(Fe) nanocrystals and further modified the nMOF with Ce6-peptide and HOOC-
PEG-Folate via amide bonds for cathepsin B (CaB)-triggered photosensitizer release and
tumor-specific targeting, respectively. The final CPC@nMOF showed CaB-responsive
fluorescence and photodynamic therapy (PDT) effect, as well as folate receptor-dependent
cellular uptake. The authors then tracked /n vivo fluorescence signal following injection with
CPC@MOF, observing a gradually increase of tumor accumulation that peaked at 24 h.
Although the covalent Ce6-peptide and HOOC-PEG-Folate conjugation to the nMOF was
not fully elucidated, the /n vivo Ce6 distribution by time-dependent fluorescence images
supported this strategy of tumor-targeted drug delivery. In this regard, Lin and coworkers
have established straightforward protocols to directly quantify the attachment of imaging
and therapeutic agents to the linkers by NMR and mass spectrometry, which should provide
a blueprint for future studies of conjugation of therapeutic agents to nMOF linkers.[80. 91]

Diring et al. reported a smart design of light-triggerable carbon monoxide (CO)-carrying
nMOF.[92] Ui0-67-type nMOFs built from Zrg clusters and 5,5’-dicarboxylate-2,2’-
bipyridine ligands[93] were post-synthetically metalated with MnBr(CO)s via a controlled
two-step loading method. Pre-metalation failed to work due to the decomposition of the Mn
complex under nMOF growth conditions. The complex-loaded CORF-1 nMOFs responded
to 460 nm visible light to release CO based on the disappearance of CO stretching vibration
peak by IR spectroscopy, while a MnBr(dmbpy)(CO)3 molecular control failed to release
CO due to aggregation-induced quenching between photoactive centers. Release studies
indicated the complete (99%) release of CO in the CORF-1 sample with 79% Mn complex
loading, but lower release efficiency in the sample with 95% Mn loading. The authors
proposed that the CO release was limited by light-penetration. White light-triggered CO
release was also observed in Hela cells indicated by the lit-up fluorescence signal of a CO-
responsive probe. This work thus demonstrated the feasibility of cargo loading via post-
synthetic coordination of a metal complex.

Diring et al. also reported the use of pre-functionalized nMOFs for nitric oxide (NO)
delivery.[86] Two nitroimidazole ligands, 2-nitroimidazole and 5-methyl-4-nitroimidazole,
were employed to build zeolitic imidazolate frameworks of sodalite topology, namely
NOF-1 and NOF-2. Upon Xenon lamp irradiation, NOF-1 and NOF-2 released 3.4 and 2.9
pumol/mg of NO, corresponding to conversion yields of 50% and 46% respectively.
Interestingly, the light-induced NO generation of NOF-1 and NOF-2 was much greater than
those of nitroimidazole ligands. The authors confirmed the light-induced NO release with
two-photon confocal laser microscopy that has high spatial resolution. /n vitro studies on
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HEK293 cells genetically modified to express Transient Receptor Potential Channel 5
(TRPC5) protein showed that intracellular Ca2* concentration rapidly responded to two-
photon photoactivation of NOF-1. The pre-functionalization in this work nicely took
advantage of the small cargo dimension and unique NO generation chemistry, but the
amount of CO released from nMOFs was likely too small for therapeutic applications.
MOFs containing diazeniumdiolate and bis-N-nitrosoamine moieties were also explored for
NO release via post-synthetic nitrosation.[94 9]

2.3 Therapeutic agents as linkers

Some therapeutically relevant agents can serve as linkers to build coordination polymers or
MOFs. The direct incorporation of therapeutics as building blocks for MOF synthesis can
circumvent problems with crystal growth often encountered when using pre-functionalized
ligands. Such an approach also affords high atomic economy to lead to extremely high drug
payloads. In this regard, several metal-peptide frameworks were constructed using simple
oligopeptides such as Z-(L-Val),-L-Glu(OH)-OH as bridging ligands, but their potential
biomedical applications have not been explored.[96-99]

A majority of drugs or prodrugs do not possess coordination geometry or molecular rigidity
needed to construct crystalline MOFs, but they can be used to form amorphous nanoscale
coordination polymer (NCPs). Since their first report of a NCP formed from lanthanide
metal ions and a cisplatin prodrug in 2008,[190] Lin and coworkers have refined this strategy
to prepare a series of surface-modified NCPs for chemotherapy, gene silencing, PDT,
combined chemotherapy and PDT, and immunotherapy.[101-107] Significant progress has
also been made to translate NCPs into clinic, but such amorphous nanoparticles are beyond
the scope of this review.

If the therapeutic activity does not involve specific recognition or binding with biological
targets, synthetic analogues with high symmetry and/or particular functional groups can be
used as linkers for nMOF synthesis. Lin and coworkers were the first to successfully
demonstrate the synthesis of NMOFs with porphyrin derivative-based linkers for PDT.[108]
The DBP-Hf nMOF was constructed from 5,15-di(p-benzoato)porphyrin (H,DBP) linkers
and Hf15(u3-0)g(u3-OH)g(1o-OH)g SBUs and displayed a plate-like morphology (Figure 4).
[109, 110] The as-synthesized nMOFs were shown to be highly stable in physiological media
and efficiently generate singlet oxygen (O,) upon red light irradiation while retaining their
crystallinity. The authors also conducted /n7 vitro cytotoxicity and /in vivo efficacy studies on
human head and neck cancer models to confirm the anticancer efficacy of nMOF-mediated
PDT. In nMOF-treated group with 180 J/cm? light dose, two out of four mice had their
tumors eradicated while the other two achieved 98% tumor regression. In comparison, the
ligand control failed to inhibit the tumor growth at the same dose.

In addition to demonstrating the high efficacy of nMOF-based PDT, this work showed for
the first time that structurally intact nMOFs could function at a molecular level /n vivo by
taking advantage of porous nMOF structures and small dimension of nMOF particles to
afford a unique class of ideal nanophotosensitizers (nPSs).[111-116] |n this nPS design,
reactive oxygen species (ROS) including 10, generated from nMOF-mediated PDT can
readily diffuse out of the nMOF interior to exert cytotoxicity in cell milieu. Therapeutic
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building blocks do not need to be released from nMOFs to fulfill their biological functions,
which is a radical departure from traditional molecular nanocarriers whose primary purpose
is cargo-trafficking and release following their disintegration upon delivery to target tissues.

Lin and coworkers further optimized the nMOF design by reducing the porphyrin ligand to
its chlorin counterpart, 5,15-di(p-benzoato)chlorin (H,DBC), and synthesized the first
chlorin-based nMOF, DBC-Hf.[117] The DBC-Hf nMOF is isostructural to DBP-Hf,
exhibiting a thin nanoplate morphology with thicknesses of 3.3-7.5 nm (Figure 4g). The
lowest energy absorption of DBC-Hf red-shifted by 13 nm compared to DBP-Hf, providing
improved light penetration through tissues. Furthermore, the extinction coefficient of DBC-
Hf at the lowest energy Q-band increased by an order of magnitude when compared to that
of DBP-Hf, improving its performance over DBP-Hf as an nPS for PDT. The authors
demonstrated the superior PDT performance of DBC-Hf in /n vitroand in vivo studies on
two colon cancer models. DBC-Hf effectively regressed CT26 and MC38 tumors at low
light and nMOF doses; in contrast, both H,DBC ligand and DBP-Hf controls failed to
inhibit tumor growth under identical conditions. By measuring calreticulin (CRT) expression
on the surfaces of CT26 cells, nMOF-mediated PDT was also shown to induce immunogenic
cell death (ICD), suggesting its possible role in priming the host immune system to enhance
cancer immunotherapy.

Capitalizing on this finding, Lin and coworkers explored the combination of nMOF-enabled
PDT with immunotherapy.[118] They synthesized another chlorin-based nMOF, TBC-Hf,
comprising Hfg(13-0)4(3-OH)4(OH)4(H20)4(carboxylate)g SBUs and 5,10,15,20-tetra(p-
benzoato)chlorin (H4TBC) ligands (Figure 5). TBC-Hf nMOFs exhibited a nanorod
morphology of 50-100 nm in length and 30-60 nm in width, possessing an identical
structure to the previously reported MOF-545 which features large one-dimensional
hexagonal channels. A small-molecule immunotherapy agent that inhibits indoleamine 2,3-
dioxygenase (IDO) was non-covalently encapsulated into the channels of TBC-Hf with the
hope that the IDO inhibitor (IDOi) could alter the immunosuppressive tumor
microenvironment upon release from the nMOF and synergize with nMOF-mediated PDT to
illicit systemic antitumor immunity. This hypothesis was confirmed by the abscopal effect
observed on two bilateral syngeneic mouse tumor models of colorectal cancers. Both
primary and secondary tumors regressed after IDOI@TBC-Hf injection and light irradiation
to the primary tumor, indicating a systemic antitumor response induced by the combination
therapy. This work thus established the potential of using nMOF treatment to enhance cancer
immunotherapy for the first time. Future efforts are needed to elucidate the immunological
mechanisms behind the interactions of nMOFs with the tumor microenvironment and
immune cells in order to fully take advantage of nMOFs for cancer immunotherapy.[119]

Several other groups have followed up with more porphyrin-based nMOFs for PDT.[120] Ljy
and coworkers used a Hf-TCPP nMOF for combined PDT and radiotherapy.[121] Similar to
the Zr-TCPP analogue previously reported by Zhou and coworkers,[122] the Hf-TCPP nMOF
adopted PCN-224 structure with a diameter of 80-150 nm. PEG-grafted
poly(maleicanhydride-alt-1-octadecene) (C18PMH-PEG) was used to coated the particle
surface via hydrophobic interaction. The authors reported a single-compartment
pharmacokinetics of the coated nMOFs by intravenous injection, with a blood circulation
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half-life of 3.27 h. At 12 h post injection, ~7% injected dose of nMOF per gram of tumor
was detected. Taking advantage of the high-Z metal Hf in the SBUs, the author suggested to
combine radiotherapy and PDT to enhance the therapeutic effect. Since radiotherapy also
consumes tissue oxygen which is required for PDT, the authors carried out PDT 8 h post
radiotherapy. /n vivo efficacy studies showed that combined radiotherapy and PDT more
efficiently inhibited tumor growth than monotherapies.

Zhang and coworkers recently prepared a cancer cell membrane-camouflaged MOF
nanocomposite that combines cell starvation therapy with nMOF-mediated PDT.[123]
Glucose oxidase (GOXx) and catalase were loaded on the surface of PCN-224. After loading,
the particle size increased from 118.5 nm to 152.8 nm and the C-potential reversed from
+24.5 mV to -10.3 mV. The particles were further coated by murine mammary carcinoma
(4T1) cancer cell membrane fragments via extrusion method. The final nanocomposite
mCGP had a hydrodynamic size of 227.5 nm and a C-potential of —20.9 mV. /n vivo imaging
study shows an efficient tumor accumulation of mMCGP at 12 h post intravenous injection.
Low fluorescence signals in livers and spleens suggested successful evasion of the particles
from the mononuclear phagocytic system (MPS) although significant accumulation was
detected in the lungs. /n7 vivo anticancer efficacy study showed that mCGP more effectively
suppressed the tumor growth than the dark control and single-enzyme (mCP and mGP with
light) controls. While this work presents an intriguing approach toward nMOF surface
modification, the uptake and interaction of these camouflaged nMOFs with the cells and any
elicited immune responses need to be more closely examined.

2.4 Attachment of therapeutic agents to the SBUs

The metal-containing SBU is a unique feature of NMOFs compared to other
nanoformulations. Although SBU coordination chemistry has been extensively studied in
gas storage/separation and catalysis,[18 124-126] SBU functionalization has only been
explored for biomedicine in recent years. Some metal centers can directly function as
therapeutic agents. For instance, Ag*, Cu*, Co2* and Zn2* ions are known for their potent
antibacterial properties.[127]1 Hong and coworkers recently developed radioactive 89Zr-based

nMOFs for positron emission tomography (PET) and Cerenkov luminescence-excitable
pDT.[128, 129]

Morris and coworkers explored nitric oxide storage and delivery with zeolites and MOFs
using the metal-coordination strategy.[130. 1311 NO coordinates to the metal centers in the
Co-exchanged Zeolite-A or Cu centers in HKUST-1, affording high loading capacities of 1
mmol/g zeolite or 3 mmol/g MOF (room temperature, 1 bar), respectively. Rosseinsky and
coworkers also used the SBUs to deliver NO.[132] Amine groups were incorporated via post-
synthetic coordination of 4-(methylamino)pyridine (4-map) to the axial coordination sites on
Cu centers in HKUST-1 nMOF with a 60% occupancy. The amino-functionalized nMOF
was then exposed to 2 bar of NO to form N-diazeniumdiolate, resulting in the final
composite with an empirical formula of Cug(btc),(4-map)1 g(NO)g 7. The N-
diazeniumdiolate formation was confirmed by the characteristic IR absorption bands. Proton
transfer from the N-diazeniumdiolates to proximal amines was confirmed by ammonium
cation N-H stretches in IR spectra.
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Ma et al. coordinated carbon monoxide to the vacant metal sites in nMOFs for CO delivery.
[133] MIL-88-Fe and NH,-MIL-88B-Fe were activated in ultrahigh vacuum by removing
terminal water before CO loading. The CO coordination mode was studied by FT-IR and
Massbauer spectroscopies. The release of CO in pH=7.4 phosphate buffer at 37 °C was
monitored by a myoglobin assay. The release half-life was determined to be 38 min for
MIL-88-Fe-CO and 76 min for NH,-MIL-88B-Fe-CO, which are in good agreement with
the degradation Kinetics of these two nMOFs under the same condition.

Lin and coworkers delivered small interfering RNA (siRNA) using nMOFs by coordinating
phosphate residues of nucleic acids to the SBU sites (Figure 6).[8% Plate-like nMOFs with a
diameter of ~100 nm and thickness of ~30 nm were synthesized from ZrCl, and amino-
triphenyldicarboxylic acid (amino-TPDC). A Pt(IV) prodrug and pooled MDR gene
silencing siRNAs were sequentially loaded to the nMOFs via non-covalent encapsulation in
the channels and phosphate coordination to the surface metal sites, respectively. The binding
of siRNA to the nMOF surface effectively retarded the degradation of nucleic acid by
RNase. The authors performed /n vitro gene silencing and anticancer efficacy assays on a
cisplatin-resistant ovarian cancer model to confirm efficient siRNA transfection and
subsequent resensitization toward cisplatin drug treatment by the sSiRNA/nMOF
nanocomposite. This work not only demonstrated siRNA delivery with nMOFs for the first
time, but also shows that small molecular drugs and biologics can be co-delivered using
multifunctional NMOFs to overcome drug resistance by cancer cells. Liu and coworkers used
a similar strategy to prepare Se/Ru@MIL-101-siRNA nanocomposites for sSiRNA delivery.

[134] Mirkin and coworkers attached DNAs to nMOF surfaces via phosphate coordination.
[135]

Xie and coworkers loaded a boron-dipyrromethene (BODIPY) dye to the SBUs of nMOFs
via carboxylate coordination.[238] Octahedral UiO-66 nanocrystals with a mean diameter of
70 nm were prepared by a solvothermal method, and carboxylate functionalized diiodo-
BODIPY (l,-BDP) was attached to the Zrg nodes via solvent-assisted ligand exchange. ICP-
MS and UV-vis measurements gave an l,-BDP loading of ~30wt%, whereas BET surface
area and pore-size distribution analyses suggested that 1,-BDP was not encapsulated but
bound to SBUs via ligand exchange. While the nMOF gave an increased cellular uptake of
1,-BDP, the /n vitroPDT efficacies of free I,-BDP and |,-BDP-loaded nMOF were
comparable, suggesting inhibited ROS generation and/or diffusion in the nMOF. Forgan and
coworkers studied surface functionalization of UiO-66 nMOFs and /in vitro drug delivery
using PEGylated UiO-66.[137]

In some cases, biomolecules can be incorporated into the SBUs to build the frameworks.
Tezcan and coworkers reported a series MOFs with SBUs based on ferritin, which is a
globular protein complex consisting of 24 protein subunits.[138: 1391 The authors mutated the
amino acid position 122 of ferritin (originally threonine) to histidine, thereby creating a
tripodal coordination motif near the Czsymmetry pores for metal ion coordination. Through
coordination with Zn(I1), Ni(ll) or Co (lI), 8-connecting SBUs with cubic geometry were
created and a library of ferritin-MOFs were constructed with precisely designed structures.
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3. nMOFs for Imaging and Biosensing

3.1 MRI

The development of biomedical imaging technologies greatly facilitates the diagnosis of
various diseases. Imaging agents can either produce signals or enhance signal contrast at
targeted tissues. Nanoparticle imaging agents for cancer diagnosis preferentially accumulate
in tumors via the EPR effect to achieve passive targeting or via tumor-specific receptor
binding to achieve active targeting. In the past decade or so, NMOFs have been shown to be
promising contrast agents for MRI, X-ray computed tomography (CT), and positron
emission tomography (PET) by taking advantage of their metal connecting points or nodes.
The incorporation of fluorophores to NMOFs has also enabled optical sensing and imaging
of physiologically significant species. We will highlight the applications of nMOFs in
bioimaging and biosensing applications in this section.

MRI is a medical imaging technique used to acquire high spatial resolution images of
anatomy and physiological processes of the body. In its simplest form, MRI utilizes an
external magnetic field, radio-waves and a gradient field to detect radio-frequency signals
generated from protons, typically of hydrogen atoms in water from fat and tissues; the
signals can then be used to contrast different tissues, distinguish lesions from healthy tissues
and construct a map of anatomical structures in the body.[140] MRI contrast agents can alter
longitudinal (T1) and transverse (T2) relaxation rates of water protons at the target tissue to
generate image contrasts for diagnosis. Currently, the most commonly used Tq contrast
agents are gadolinium-based small molecules that have rather low sensitivity and
occasionally cause nephrogenic systemic fibrosis on patients with severe renal impairment.
[141] As linking multiple gadolinium complexes together has been shown to significantly
increase ry relaxivity,[142] Gd-based nMOFs appear to be logical candidates as MRI contrast
agents. On the other hand, the ability to encapsulate superparamagnetic nanoparticles in
nMOFs allows for the design nanocomposites as T, contrast agents.[143]

Lin and co-workers first designed Gd3*-containing nMOFs as MRI contrast agents in 2006.
[144] Gd-BDC nanorods of ~100 nm in length and ~40 nm in diameter exhibited an rq
relaxivity of 35.8 s™1 per mM Gd3* or ~1.6 x10” mM~1s71 on a per nMOF basis. This level
of rq relaxivity is about an order of magnitude higher than that of Omniscan that is clinically
used for MRI imaging of cancer and cardiovascular diseases. Interestingly, the nMOFs also
exhibited a high r, relaxivity of 55.6 s~ per mM Gd3* or ~2.5x107 s~1 on a per mM of
nMOF basis in an aqueous xanthan gum suspension. Two other novel Gd3*-containing
nMOFs with luminescent components were also reported by Lin’s group as multimodal
imaging probes for MRI and optical imaging.[245] However, potential leaching of toxic Gd3*
ions from nMOFs prevents further development of Gd3*-containing nMOFs as MRI contrast
agents.

To address the toxicity issue of Gd-based nMOFs, Lin and coworkers synthesized Mn-BDC
and Mn-BTC nMOFs (BDC and BTC are to terephthalic acid and trimesic acid,
respectively) as alternative MRI contrast agents because Mn2* ions are known to be less
toxic than Gd3* and exhibit high ry relaxivities when bound to intracellular proteins i vivo.
[146, 147] Mn-BDC nMOF exhibited ry and r relaxivities of 5.5 and 80.0 mM~1s~1 on a per
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Mn basis, respectively. The nMOF particles were further coated with a silica shell and
tumor-targeting c(RGDfK) peptide to enhance uptake in HT-29 cells via receptor-mediated
endocytosis. This work thus suggests the potential of constructing target-specific Mn-nMOF
MRI contrast agents with low toxicity. Yang et a/. synthesized Mn?*-based nMOFs with
near-infrared (NIR) dye (IR825) as organic linkers, which were shown to act as an MRI
contrast agent and a photothermal therapeutic agent.[148]

Fe-based nMOFs have also been explored as potential MRI contrast agents. Horcajada et al.
synthesized Fe-nMOFs for both MRI imaging and drug delivery.[5] Chowdhuri et /.
synthesized nMOFs with Fe30,4 nanoparticles incorporated into their pores. These particles
were further conjugated with chemotherapy drug paclitaxel and tumor-specific ligand folic
acid, displaying strong To-weighted MRI contrast enhancement and a high drug loading
capacity.[149] Other Fe-based nMOFs carrying chemotherapy drugst*5% or
immunostimulatory oligonucleotides!!>] have also been tested as MRI contrast agents.

3.2 X-ray Computed Tomography Imaging (CT)

CT imaging provides a powerful diagnostic tool for three-dimensional visualization of
internal structures of a scanned object based on X-ray attenuation. In CT, X-ray is directed at
an object at different orientations and a series of tomographic or cross-sectional images of
the object are obtained at different beam paths, which are then used to reconstruct the
volumetric presentation of the object.[152] Contrast agents with high X-ray attenuation such
as iodinated aromatic molecules and barium sulfate are routinely used to provide contrast
between targeted and adjacent tissues. However, due to nonspecific distribution, rapid
clearance and extravasation from blood and lymphatic vessels, small molecular contrast
agents currently used in the clinic are required at high doses, which induce adverse effects in
some patients.[153] nMOFs have the potential to become CT contrast agents because high-Z
elements can be easily incorporated into nMOF structures with extraordinarily high
payloads.

Lin and co-workers developed UiO-66 nMOFs with high loadings of Zr (37 wt%) and Hf
(57 wt%) and demonstrated their potential applications as CT contrast agents. Hf-nMOFs
were coated with silica and poly(ethylene glycol) (PEG) to endow biocompatibility, and
used for /n7 vivo CT imaging of liver and spleen in mouse model.[154] Zhang et a/. developed
highly crystalline, monodisperse UiO-PDT nanocrystals via ligand exchange of photoactive
iodine-BODIPY dyes in the UiO-type MOF framework. The nanocrystals were shown to not
only have good biocompatibility and low toxicity, but also exhibit selective accumulation in
tumor sites over adjacent tissues and organs in hepatoma-bearing rat models. Even at high
injected doses at 100 mg kg~2, there was no obvious severe acute or sub-acute toxicity.[155]

Gold nanoparticles have also been studied as contrast agents for CT imaging owing to the
large X-ray absorption coefficient of gold. Shang et a/. reported a gold nanorod-incorporated
nMOF, Au@MIL-88(A), as a multimodal diagnostic agent to give high quality images in
both MRI and CT imaging.[X5¢] The gold nanorods were modified with 11-
mercaptoundecanoic acid on the surface before being encapsulated into MIL-88(A) nMOFs.
The nanocomposites display uniform star-like morphology with an average diameters of
89+3 nm, and have high contrast efficiency in CT imaging, T,-weighted MRI, and
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photoacoustic imaging.[*°6] The surface of NAMOFs was modified with poly(ethylene
glycol)-carboxyl acid (PEG-COOH) in order to protect MOFs from aggregation during the
course of /n vivo experiments. Both CT and MRI images acquired by using these particles as
contrast agents show clear tumor boundaries with high penetration depth, spatial resolution,
and contrast in subcutaneous and orthotopic human glioma models.

imaging

Optical imaging (Ol) utilizes light illumination to obtain images of organs, tissues and cells
based on the detection of ballistic or diffusive photons. It is minimally invasive to the
patients and is highly sensitive but the shallow penetration of light limits its use in the clinic.
Near-infrared dyes offer a greater penetration depth, but near-infrared Ol is still limited to
shallow depth of < 1 cm. Foucault-Collet ef a/. synthesized near-infrared—emitting nMOFs,
incorporating a high density of Yb3* lanthanide cations and phenylene-derived
photosensitizers.[157] Yb3*-based nMOFs were endocytosed by cells and retained in cytosol,
emitting a sufficiently high number of photons per unit volume to enable live imaging of
HeLa and NIH 3T3 cells despite the relatively low photoluminescence quantum yield.

Ol is compatible with and complementary to other imaging and therapeutic modalities. Li et
al. developed core-shell nanocomposites for luminescent/magnetic dual-mode imaging.[158]
Yb- and Er-doped NaYF4 upconversion nanoparticles (UCNPs) were surface-modified with
polyvinylpyrrolidone (PVP) before in situ growth of Fe-MIL-101-NH, shell on the particle
surface. The UCNP@MOF nanocomposites with average diameters of ~120 nm were further
modified with PEG and PEG-folic acid (FA) to increase biocompatibility and incorporate
targeting functionalities. /n vitro studies confirmed that FA-targeted nanocomposites can be
selectively uptaken by the folate receptor overexpressed KB cells. /n vivo optical imaging
and T,-weighted MRI studies also showed significant KB tumor contrast at 24 h post
intravenous injection (Figure 7). Cai et al. developed MIL-100 (Fe) nMOFs with hyaluronic
acid (HA) surface coating for targeting. They also loaded the nMOFs with a NIR dye,
indocyanine green (ICG), for image-guided photothermal cancer therapy.[*59] This particle
showed a high loading content of ICG (40 wt%), strong NIR absorbance, and photostability.
The in vitroand in vivo imaging studies demonstrated that MOF@HA@ICG NPs showed
high cellular uptake in CD44-positive MCF-7 cells and enhanced accumulation in xenograft
tumors due to their targeting capability.[158-160]

3.4 Positron Emission Tomography

PET is a nuclear functional imaging technique that enables visualization of metabolic
processes in the body. In PET, positron-emitting radionuclides accumulating at the target
organs generate pairs of gamma ray photons that can be captured by sensitive detector
panels. A dedicated software is used to triangulate the source of emissions, creating 3D
computed tomography images of radionuclide concentrations within the body. Compared
with other imaging techniques, PET imaging has superior detection sensitivity, deeper signal
penetration, and better quantitation capability.

Hong and coworkers reported a proof-of-concept design of 89Zr-containing nMOF for PET
imaging (Figure 8).[128] The radionuclide 89Zr was incorporated into the SBUs of UiO-66
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nMOFs, and the nanoparticles were further functionalized with pyrene-derived PEG and
conjugated with a tumor-targeting peptide ligand
(KDEPQRRSARLSAKPAPPKPEPKPKKAPAKK, F3). The /n vivo organ distribution of
897r-Ui0-66/Py-PGA-PEG-F3 nanoparticles was traced by PET scans and an 8.2+0.3%
total injected dose/gram of tumor was detected at 2 h post intravenous injection. On the
other hand, it was shown that the non-targeted particles and F3-blocked groups gave 3—4
folds lower tumor accumulation doses at the same time point. However, significant particle
accumulations were also seen in the livers and spleens, suggesting non-specific uptake by
the MPS. Nonetheless, 89Zr-based nMOFs provide as a potential option for PET imaging.
Given that the half-life of 83Zr (78h) is much longer than that of traditionally used 18F (~2
h), Zr-MOF PET agents can potentially be designed for relatively long-term imaging.

3.5 Biosensing

The development of molecular sensors to probe physiological processes is a burgeoning
research area. Disruptions or pathological changes in physiological environments can result
in changes in the concentrations and types of metabolites in cells. The ability to detect and
monitor these changes with specific and sensitive sensors will help diagnose diseases and
reveal the underlying biology. nMOF-based sensors overcome the self-quenching and
leaching problems of many small-molecular biosensors to achieve high sensitivity,
resolution, and precision in subcellular biosensing. The ability to attach multiple
functionalities to nMOFs allows for the design of multi-target, ratiometric, or Forster
resonance energy transfer (FRET) sensors. Several studies have appeared in the literature
with different nMOF-based sensors tested in cellular and subcellular sensing.

Intracellular pH plays an important role in physiological environments, regulating cellular
functions and physiological activities. The pH dysregulation in intracellular fluids is related
to tumorigenesis and drug-resistance.[161] Real-time sensing and monitoring of pH changes
inside live cells are therefore important for probing disease mechanisms and designing pH-
responsive intracellular drug delivery systems. Lin and coworkers reported the first nMOFs
for real-time intracellular pH sensing.[8%] Fluorescein moieties were attached to the Zr-based
UiO nMOFs through thiourea bonds. The relative fluorescence intensity associated to two
excitation wavelengths (435 nm vs 488 nm) changes with pH, which allows for ratiometric
determination of environmental pH. Taking advantage of the preferential endocytic uptake of
the nanoparticles, live cell confocal microscopy imaging was performed to illustrate the
acidification process during endosome maturation with high spatial resolution and fast
temporal response. This study also offered new insights into the processes of endocytosis
and intracellular trafficking of NMOFs.

Various diseases such as cancer or vascular diseases can induce hypoxia, a reduction of
oxygen level in the tissue. Common cancer treatment modalities such as radiation therapy,
chemotherapy, and PDT are all highly oxygen-dependent and therefore, intracellular oxygen
sensing is important for cancer diagnosis and therapy. Lin and coworkers designed the first
phosphorescence/fluorescence dual-emissive nMOF for ratiometric intracellular oxygen
quantification (Figure 9).[911 The mix-ligand M-nMOF containing an oxygen-responsive
phosphorescent ligand, Pt-5,15-di(p-benzoato)porphyrin, and an amino-functionalized
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ligand, amino-quaterphenyldicarboxylate, was first synthesized. Rhodamine B was then
covalently attached to the amino groups via thiourea bonds as an oxygen-independent
reference to afford R-nMOF. The two chromophores shared the same excitation energy
while the phosphorescence/fluorescence emissions did not interfere each other. The
ratiometric photoluminescence method for oxygen quantification was then established,
allowing for the determination of oxygen levels in hypoxia, normoxia or aerated cells by
live-cell confocal microscopic imaging with the R-nMOF.

Many gaseous molecules, such as nitric oxide and hydrogen sulfide (H,S), constitute an
important class of biological molecules involved in cellular metabolism. Wu et a/. developed
Cu?*-based nMOF with triphenylamine emitters which are highly sensitive to NO
concentrations in living cells.l162] The reduction of Cu(ll) in the SBUs to Cu(l) by NO can
prevent ligand luminescence quenching by paramagnetic Cu(ll) centers to turn on the
fluorescence signal. This nMOF sensor displayed moderate sensitivity but excellent
selectivity to NO. Tang and coworkers designed a PAC nMOF for H,S sensing.[163] The Cu-
porphyrin containing nMOFs lose the Cu(ll) coordination upon H,S exposure, which turns
on the porphyrin fluorescence. This H,S probe selectively respond to H,S and can detect as
low as a few tens of micromolar H,S in live cells. Several nMOF sensors base on metal-

sulfide formation or reduction of organic functional groups have also been reported in recent
years.[164-166]

Metal ions are another important class of physiologically important species. Several metal
ions play key roles in cellular activities but their presence in high concentrations can be toxic
and lethal. It is thus important to selectively detect metal ions in cells for diagnosis purposes.
To this end, MOFs provide a platform for designing fluorescence turn-off sensors since
energy/charge transfer between the ligands and the metal ions can lead to fluorescence
quenching. Lu et al. developed nMOF-253 with 2,2’-bipyridine-5,5’-dicarboxylic acid
(bpydc) ligands for Fe2* detection.[167] The ligand fluorescence was selectively quenched by
Fe2* likely due to photo-induced electron transfer, allowing for the nNMOF to be used for
intracellular Fe2* sensing in HeLa cells. nMOF-based systems to detect metal ions such
Cu?* and Fe3* have been developed based on luminescence quenching of the Th3* or Eu3*
ions.[168. 1691 Water stable MIL-53(Al) and Zr(1V) based BUT MOFs have also been
reported as Fe3* sensors, based on SBU ion exchange and Lewis base-induced ion inclusion
in the channels, respectively.[170. 171]

Nucleic acid is at the center of physiological regulation. Detection of DNAs and RNAs is
important for diagnosis of many diseases and biological processes, including cancer or other
cell dysfunctions, drug resistance, and immune responses.[172] Several nMOF-based nucleic
acid sensors have emerged in recent years, most of them using fluorescence quenching by
binding NMOFs to DNA detectors as signal readout.[173-177] For example, Chen and
coworkers absorbed a triplex-forming oligonucleotide on a H,dtoaCu nMOF to recognize
double-strand DNA, reaching a detection limit of 1.3 nmol/L towards HIVV DNA with good
selectivity. Huskens and coworkers recently reported another strategy by covalently and non-
covalently modifying the MIL-88A nMOF via “click” chemistry.[178] Biotin moiety was first
covalently conjugated to the MOF surface, then peptide nucleic acid (PNA)-conjugated
biotin was attached by non-covalent interaction between biotin and Alexa-Fluor488-labeled
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streptavidin. The PNA-functionalized nMOFs selectively bound to DNA to differentiate
among fully complementary, single-base mismatched, and randomized DNA targets in cells
by flow cytometry and confocal microscopy.

Zhao et al. developed a near-infrared luminescent nMOF as a highly sensitive self-calibrated
thermometer in the physiological range.[17%] This LnMOF composed of 1,3,5-
benzenetrisbenzoic acid displayed excellent temperature-dependent photoluminescence
properties within the physiological window from 303 to 333 K, and showed a maximum
relative sensitivity of 4.8% K~1. With the temperature resolution at 0.01 K, these nMOF
sensors can detect temperature differences between pathological cells and normal cells.

4. Fundamental Challenges and Outlook

We have discussed the design of nMOFs for potential applications in therapy, biomedical
imaging, and biosensing in previous sections. Here we focus on the fundamental challenges
facing nMOF-based therapeutic, imaging, and biosensing agents. We will divide discussion
into three areas: controlled synthesis, biodistribution, and biocompatibility/toxicity.

4.1 Preparation: size control and surface modification

Although tens of thousands of MOFs have been synthesized in the past twenty years, few of
them were specifically designed for intended applications.[36: 37. 1801 Many methods have
been utilized to synthesize MOFs, including solvothermal/hydrothermal, electrochemical,
mechanochemical, sonochemical, and continuous flow methods. Solvothermal synthesis is
by far the most commonly used method for nMOF growth owing to its versatility and
applicability toward a wide variety of MOFs. A number of alternative strategies have also
been adopted to prepare nMOFs of diverse compositions.

Lin and coworkers developed surfactant-assisted microemulsion method for nMOF
synthesis.[40] Through a precise control of water-to-surfactant ratio (//4value) as well as the
pH of the reaction and substrate concentrations, the particle sizes can be closely controlled.
Maspoch and coworkers used a spray-drying method to prepare various types of nMOFs.
[181] Kundu et al. downsized a Gd(I11)-based MOF to the nanoscale via a mechanical
grinding method, but the generality of this approach was not demonstrated.[182] However,
reaction parameters have not been systematically optimized for the synthesis of most
nMOFs and there is no clear rule for predicting or controlling the sizes and morphologies of
nMOFs. A number of conditions have to be screened on a trial and error basis. The
reproducibility of nMOF synthesis is another issue due to the complexity of the parameter
space.

Particle size is another important parameter that dictates biological fates and functions of
nMOFs as particle size strongly affects the biodistribution of systemically administered
nMOF particles.[183] It is now established that particles smaller than 6 nm are rapidly
eliminated via renal filtration while those larger than 200 nm accumulate in liver and spleen
via rapid MPS clearance.[184 185] The size and shape of particles can also influence the
cellular uptake as reported in several studies.[122. 186, 187] Hydrodynamic sizes of NMOFs
should thus be carefully controlled to optimize their in vivo performances.
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Surface modification controls particle stability, cellular uptake, and particle opsonization
through protein adsorption. Silica coating on nMOFs is particularly useful for stabilizing
physiologically unstable nMOFs, increasing biocompatibility, and allowing further
functionalization with silyl-derived molecules. Lin and coworkers have developed a series of
nMOF formulations with silica coating via polymer-assisted tetraethylorthosilicate treatment
or direct sodium silicate treatment.[73. 146. 188]

Polymers are also widely used for nMOF surface modification. PEG and its derivatives are
most commonly used to prevent MPS clearance. Typically, PEG moieties are incorporated
onto MOF surfaces via non-covalent interaction,[*21] or conjugated to the organic
linkers[158] or the SBUs.[137] Other non-PEG-based polymers such as cyclodextrin,

[51, 189, 1901 heparin,[191] hyaluronic acid,!*5% and other biocompatible polymer[192 193] are
also used to modify nMOF surfaces.

Over the past few years, nMOFs have also been coated with nucleic acids via both covalent
attachment and non-covalent interactions.[87. 89. 134, 135] 7hang and coworkers recently
reported cancer cell membrane-camouflaged nMOF nanocomposites to evade the MPS, but
this coating increased particle size, thereby causing lung accumulation.[23] |n addition,
nMOFs have also been modified with various targeting moieties such as folates, [158]
integrin-targeting peptides,[5% 73] and aptamers, [88: 194] to increase their uptake in cancer
cells. Despite significance progress in surface modifications and active targeting of nMOFs,
accurate characterization of coating/targeting efficiency and stability is still an unsolved
challenge. Rigorous /n vitro and in vivo studies are needed to realize the full potential of
nMOF-based imaging and therapeutic agents.

4.2 Biodistribution of nMOFs

The main goal of nanoparticle delivery is to improve the pharmacokinetics (PK) of
therapeutic and/or imaging agents. The particle size, shape, surface chemistry, and colloidal
stability greatly affect the trafficking, clearance, and tumor uptake of nanoparticles.[19] For
nMOFs, their intrinsic crystallinity and rigidity often lead to very well-defined shapes
(cubes, rods, discs, etc.) for which the sizes are more difficult to be controlled than for
conventional nanocarriers that tend to be spherical. Surface passivation methods are also less
developed for nMOFs than for conventional nanocarriers that have been refined over the past
four decades. Consequently, few nMOF formulations display biodistribution profiles that are
comparable to those of well-characterized nanocarriers such as liposomes.

Early studies of nMOF drug delivery did not routinely report their biodistributions. Many
recent nMOF delivery studies have examined the pharmacokinetics and biodistribution of
therapeutic cargoes /n vivo. Li et al. reported the biodistribution of nMOFs in tumor bearing
mice 24 h post injection using ICP-MS.[258] Lju and coworkers monitored the blood
concentrations of nMOFs via ligand fluorescence and reported mono-component PK of
nMOFs in their recent work.[121] Zhang et a/. and Cai et al used ex vivo fluorescence
imaging method to track the biodistribution of their nMOF formulations.[123. 159] This
method can be influenced by the differences in organ sizes, limited penetration depth of
light, scattering of photons, and non-uniform fluorophore localization in each organ, and
thus cannot be considered a quantitative method. Hong and coworkers reported the PK of
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their nMOF particles and showed that suboptimal particle sizes caused rapid MPS clearance
and undesirable biodistribution.[128]

As PK and biodistribution play an important role on the performance of any nanocarrier, we
expect that more effort will be devoted to elucidating the fate of NMOFs after systemic
administration. For systemically administered nMOFs, only after achieving favorable PK
and biodistribution can we expect their successful translation to the clinic. On the other
hand, as demonstrated by Lin and coworkers,[118] intratumoral nMOF administration plus
light irradiation can be used in combination with checkpoint blockade immunotherapy to
achieve systemic tumor regression via abscopal effects, indicating that rationally designed
nMOFs can have clinical value even if they require local injection.

4.3 Biocompatibility/Toxicity

The toxicity and long-term effects of nMOFs have not been thoroughly characterized in
most published studies. The accumulation of biocompatibility/toxicity data on nMOFs will
be a key factor for facilitating the translation of nMOFs into clinical practices. Limited
published data on nMOF toxicity already provided some guidance on designing nMOFs for
clinical translation. Horcajada and coworkers analyzed the toxicity of three Fe-based nMOFs
in vivo and observed that the particles were quickly uptaken by the major RES organs
following intravenous injection, as is typical for large and surface un-passivated
nanoparticles.[19] After gradual degradation of nMOFs, the polycarboxylate linkers were
detected in the urine and feces samples; however, they noted that the temporary iron
overload caused reversible oxidative stress in livers and spleens that recovered only after the
removal of excess iron by excretion.

In a large scale study, Masposh and coworkers systematically characterized the culture
medium stability and toxicity of a library of nMOFs including MIL-100, MIL-101,
HKUST-1, NOTT-100, ZIF-7, ZIF-8, MOF-74 family, UiO-66, UiO-66-NH,, UiO-67, and
MOF-5.[297] The decomposition of uncoated nMOFs upon cell culture medium incubation at
37 °C was analyzed by powder X-ray diffraction and ICP-OES quantification of metals in
the solutions. UiO-66, UiO-67, MIL-100, MIL-101, and ZIF-7 were mostly stable after 24-h
incubation; ZIF-8 and a few MOF-74 nMOFs slightly degraded but retained their
crystallinity; MOF-5, HKUST-1, NOTT-100 and most of MOF-74 nMOFs lost their
crystallinity upon incubation (Table 1). The toxicity of the nMOFs were tested by /n vitro
XTT assay and /n vivo zebrafish embryo assay (Table 1). The authors found that nMOF
toxicity is strongly correlated to the metal toxicity. Other factors such as new species
formation and size/shape of particles also influence the toxicity. Wuttke et a/. further studied
the safety of MIL-100 (Fe), MIL-101 (Cr), and Zr-fumarate nMOFs.[198] Bare or lipid-
coated MIL-100 (Fe) and MIL-101 (Cr) were tested on human endothelial cells and lung
cells. The nMOFs showed negligible toxicity, except that Fe-containing nMOFs induced
cellular stress response on alveolar macrophages. Dental implantation safety of all three
nMOFs was also tested. All nMOFs are non-toxic to primary human gingival fibroblasts,
whereas only Zr-fumarate nMOF appears to be suitable for coating nerve guidance tubes
based on the tests on human primary adult Schwann cells and rat neonatal organotypic DRG
cultures.
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5. Conclusion

Significant progress has been made in the design of nMOFs for drug delivery, biomedical
imaging, and biosensing in the past decade. nMOFs hold distinct advantages over other
nanoformulations in biomedical applications due to their intrinsic characteristics that include
high porosity, structural tunability/multifunctionality, and biocompatibility. Despite the
growing interest and impressive progress in this field, further studies are needed to address
several key aspects of nMOFs—controlled synthesis, surface properties, pharmacokinetics
and biodistribution, biocompatibility, toxicity, and imaging/therapeutic efficacy— before the
biomedical applications of nMOFs can be fully validated to reach the clinical translation
stage. We hope that our up-to-date summary and critical assessment of biomedical
applications of nMOFs in this review can inspire rigorous interdisciplinary research at the
intersection of MOFs and biomedicine to realize the full potential of NMOFs in therapy,
biomedical imaging, and biosensing. As the very first nMOF recently entered clinical trial as
a radioenhancer for cancer radiotherapy (NCT 03444714), we anticipate a proliferation of
nMOFs in clinical testing in the next decade due to the ability to precisely tune nMOF
structures and compositions to afford unique functions.
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Figurel.
(a) Schematic illustration of the MIL-101(Fe) nMOF design, its targeted delivery, and

anticancer process. (b) Confocal images showing tumor-specific cellular uptake of
DOX@TTMOF at different pH. Dot plots (c) and mean fluorescence intensity (d) of
quantitative flow cytometry analysis. Tumor volume (e) and body weight (f) changes in
H-22 tumor-bearing mice after treatment. Reproduced with permission.[®11 Copyright 2015
The Royal Society of Chemistry.
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Figure2.
(a) Scheme showing the encapsulation of small molecules into ZIF-8 during nMOF growth.

(b) Fluorescein release profiles in PBS (black squares) and pH 6.0 buffer solution (red
circles). (c) TEM image of fluorescein-encapsulated nanospheres dispersed in PBS for one
day. (d) Cell viability when incubated with micron-sized ZIF-8 (dark gray), 70 nm ZIF-8
(light gray), and CPT encapsulated ZIF-8 (white). (€) Cell viability when incubated with free
CPT (dark gray), and CPT-encapsulated ZIF-8 (light gray) for 24 h. (f) Fluorescence
microscopy images of cells incubated with 70 nm fluorescein-encapsulated ZIF-8. ()
Fe304@ZIF-8 nanospheres migrated to sides of a vial upon application of an external
magnetic field; inset: TEM image of single Fe30,@ZIF-8 nanosphere. Reproduced with
permission.[>3] Copyright 2014, American Chemical Society.
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(a) Schematic description of the synthesis of DBP-Hf or DBC-Hf and the singlet oxygen
generation process. The structure of Hf1, SBU (b) and the idealized crystal structure of
DBP-Hf viewed along the caxis (c) and the aaxis (d). TEM (e) and high-resolution TEM (f)
images of DBP-Hf showing nanoplate morphology. (g) TEM image of DBC-Hf. /nn vivo
tumor regression after PDT treatment of DBP-Hf (h) and DBC-Hf (i) on different tumor-
bearing mice models, along with the control groups. Black and red arrows refer to the time
of injection and irradiation, respectively. Reproduced with permission.[108. 1171 Copyright

2014 and 2015, American Chemical Society.
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(a) Schematic presentation of combined PDT and immunotherapy by IDOi@TBC-Hf.

PXRD (b) and TEM image (c) of the nMOFs. /nn vivo anticancer efficacy of PDT treated (d)
and untreated (e) tumors showing that IDOi@TBC-Hf enabled PDT induced abscopal
effects. Reproduced with permission.[118] Copyright 2016, American Chemical Society.
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Figure 6.
(a) Schematic presentation of sSiRNA/nMOF-Cis synthesis and drug loading. (b) TEM image

of sSiRNA/nMOF-Cis nanoparticles. (c) Confocal microscopy image showing siRNA
endosomal escape. (d) Gene silencing efficiency of sSiRNA/NMOF-Cis expressed as
percentage of protein expression. () In vitro anticancer efficacy on SKOV-3 cells showing
re-sensitization effect with siRNA/nMOF-Cis. Reproduced with permission.[89] Copyright
2014, American Chemical Society.
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Figure 7.
(a) Scheme showing the synthesis and functionalization of UCNP@Fe-MIL-101_NH,

nanostructures. (b) TEM image of UMPs nanoparticles with core-shell structure. (c)
Upconversion emission spectra of UMP nanostructures. Inset is the photo of UMPs
nanostructures dispersed in water under 980 nm diode excitation. (d) Relaxation rate R,
(1/T,) versus molar concentrations of UMPs nanostructures at room temperature using a 3T
MRI scanner (Inset: To-weighted MR images of UMPs with varied concentrations).
Representative upconversion luminescence (e,f) and T,-MRI images (g,h) of subcutaneous
KB tumor-bearing mice (tumor diameter: 8—10 mm) and dissected organs of the mice
sacrificed 24 h after intravenous injection of UMP-FAs (targeted, e,g) and UMPs (non-
targeted, f,h). 1, heart; 2, kidney; 3, lung; 4, liver; 5, spleen; 6, KB tumor. (i) Biodistribution
of nanostructures in organs of the tumor-bearing mice 24h after intravenous injection of
particles. (j) Biodistribution of intravenously injected UMPs nanostructures in different
organs of mice at 0.5 h, 12 h, 24 h, 7 d, and 30 d. Reproduced with permission.[158]
Copyright 2015, Wiley-VCH.
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Schematic illustration of the 89Zr-Ui0-66 nMOF formulation and its use in PET imaging
and drug delivery. Reproduced with permission.[128] Copyright 2017, American Chemical
Society.
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Figure9.
(a) Scheme showing the nMOF synthesis and fluorophore attachment of R-nMOF. (b) TEM

image of R-nMOF. (c) Emission spectra of R-nMOF in HBSS buffer under various oxygen
partial pressures with excitation wavelength at 514 nm. (d) Calibration curve of the
phosphorescence/fluorescence intensity of R-nMOF on CLSM under different oxygen
partial pressures. Ratiometric luminescence imaging (Aex=514 nm) of CT26 cells after
incubation with R-nMOF under hypoxia (e), normoxia (f), and aerated (g) conditions. Scale
bar: 10 um. Reproduced with permission.[92] Copyright 2016, American Chemical Society.
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Scheme 1.
Four common strategies for loading drugs into nMOFs (shown clockwise from top left):

noncovalent encapsulation, conjugation to the linkers, use of therapeutics as linkers, and
attachment to the SBUs.
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Table 1.

Stability after culture medium incubation and toxicity of nMOFs.

MOF type Degimin 0pl& PXRD Invitrotoxicity  In vivo toxicity
UiO-66 1.8+0.2 stable + 1
Ui0-66-NH, 2.6+0.3 stable ++ ND
UiO-67 0.3+0.0 amorphous + 1
Fe-MIL-100 1.1+0.2 stable ++ 2
Fe-MIL-101 1.1+0.3 amorphous ++ 3
ZIF-7 4.5+0.2 stable ++ 2
ZIF-8 19.1+0.8 stable +++ 3
MOF-5 7.8£1.6 new crystalline species +++ ND
HKUST-1 30.3+0.5 loss of crystallinity ++++ 4
NOTT-100 39.4+0.8 loss of crystallinity +++ ND
Co-MOF-74 16.2+0.3 loss of crystallinity + 1
Ni-MOF-74 35.1+0.9 stable + ND
Mg-MOF-74 62.9+1.4 loss of crystallinity + 0
Mn-MOF-74 13.3+0.4 loss of crystallinity ++++ ND
Zn-MOF-74 27.2+0.5 stable +++ ND
Cu-MOF-74 479434 loss of crystallinity ++++ ND

fal;

amount in the initial MOFs.
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he minimum percentage of degradation (Degmin %) was calculated from the metal content in the culture medium solution versus the total
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