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[20_TD$DIFF]A B S T R A C T

In the past decade, nanoscale metal-organic frameworks (nMOFs) have drawn a great attention due to
their high porosity, wide range of pore shapes, tunable frameworks and relatively low toxic. With the
development of nanotechnology, many researchers studied the synthesis, characterization, function-
alization and biotoxicity of nMOFs, and a more thorough understanding was developed about numerous
nMOFs as promising platforms for biomedical applications. This review highlights the up-to-date
progress of nMOFs related to their bio-applications such as drug delivery, bioimaging, biosensing and
biocatalysis, and the common surfacemodificationmethodswere classified into four categories: covalent
post-synthetically modification, coordinative post-synthetically modification, noncovalent post-
synthetically modification and modification on the external surface. At the same time, the challenges
and perspectives of nMOFs were discussed as well.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
1. Introduction

Metal-organic frameworks (MOFs), also known as coordination
polymers or porous coordination networks, were first reported in
1989 [1]. These hybrid inorganic-organic solids can be easily tuned
due to the extended network structures formed by the self-
assembly of metal-connecting nodes and multitopic organic
linkers [2]. The flexible combination of metal inorganic centers
and organic ligands enable diverse designs of MOFs with high
porosity structures, which makes them different from other
nanoparticles. As an emerging and promising class of porous
hybrid materials, these materials have drawn great attention for
various applications because of their unique features, including
high porosity, wide range of pore shapes, large surface area and
tunable frameworks. During the past two decades, a number of
potential applications related to MOFs have been reported such as
gas storage and separation [3–11], catalysis [12–19], sensing
[20,21], magnetism [22] and energy [23–25]. On the other hand,
MOFswere studied on potential biomedical applications, including
of Oral Diseases, National
na Hospital of Stomatology,

itute of Materia Medica, Chinese
biological sensing [26,27], optical molecular imaging [28–31] and
drug delivery [28–30,32–36].

Recently, with the development of nanotechnology, MOFs have
been reduced down to nanoscale particles metal-organic frame-
works (nMOFs). As expected, the nMOFs possess not only the
properties of porous materials but nanometer scale size as well,
thus their fascinating property leads to a great superiority in
biomedicine field [37]. Since Ferey and co-workers first published
the loading and release of the drugs encapsulated into MOFs in
2006 [38], numerous studies have been reported related to the
post-synthetic modification of nMOFs and the incorporation of
multiple functional groups, such as biological molecules and
small-molecule fluorescent materials. Compared to former nano-
carriers (inorganic zeolites, gold, silica nanoparticles and others),
nMOFs exhibit four major advantages for biomedical applications.
Firstly, nMOFs can be designed into desired structures, allowing
the load of various functional materials with different shapes and
sizes. Secondly, the high porosity and large surface area contribute
to their drug delivery properties such as high loading capacity and
efficient transport of biomolecules/drugs [39,40]. Thirdly, nMOFs
are biodegradable as a result of weak coordination bonds, which is
essential for controllable release of the drugs. Finally, multifunc-
tional nMOFs exhibit the ability of targeting cancer cell in a highly
selective manner. As a result, these excellent properties bring
nMOFs to a promising stage for biomedical applications.
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Although MOFs have earned more and more attention and
many works have been done in recent studies, the applications of
nMOFs in biomedical field are still at an outset stage [41–45]. In
this review, we will summarize various functionalization methods
of nMOFs and focus on the progress related to their bio-
applications so far. We will first review all the approaches
commonly used to modify nMOFs in biomedicine aspects and
highlight the developments of nMOFs in biomedical fields such as
drug delivery, controllable release carrier, biological sensing,
optical molecular imaging, cancer therapy and so on. Finally,
challenges of the nMOFs will be discussed, as well as the prospects
for the future biological applications. Unlike the former remark-
able reviews, this review not only discusses the all-around bio-
applications of nMOFs, but gives an eye to their toxicity evaluation
in vivo as well. This article is designed to provide newdirections for
nMOFs’ future research and give an outlook on the potential
clinical applications.

2. Surface modification of MOF nanoparticles

So far, a large number of nanomaterials have been applied to
biomedical fields, such as nanoemulsions [46], lipid/polymer-
based nanoformulae and nanoparticles [47–49]. In order to
facilitate the delivery of bioactive molecules and reduce the side
effects, strategies have been performed to modify nMOFs for
various biomedical applications. Surface modifications are
common approaches for functionalization of nMOFs, which
overcome several challenges related to the stability and/or the
targeting abilities [50]. The surface modifications are generally
divided into four categories. (i) Covalent post-synthetically
modification. In this type of modification, the drugs/biomolecules
are usually conjugated with MOF linker, such as click chemistry
and conjugation reactions. (ii) Coordination modulation
and coordinative post-synthetically modification. The drugs/
biomolecules are coordinated to the metal clusters of the MOFs
via coordination chemistry such as ligand exchange. (iii) Non-
covalent post-synthetically modification, including electrostatic
interactions, hydrogen bonding and dispersion forces.
(iv) Modifications on the external surfaces of MOFs, usually
performed conjugating the drugs/biomolecules to the silica
coating on the MOFs. In this section, we will summarize the
different modification methods and discuss the individual
advantage and deficiencies of these strategies.
[(Fig._1)TD$FIG]

Fig. 1. “Click modulation” surface functionalization protocol for UiO-66. (A) Schemat
incorporation of bothmodulators at defect and surface sites. (B) SEM images of UiO-66-F
polymer coating. Reproduced with permission [57]. Copyright 2018, American Chemic
2.1. Covalent post-synthetically modification

The drugs and biomolecules can attach to the linkers and
frameworks in the MOFs through covalent coupling. Kiang and
coworkers first reported the successful covalent post-synthetic
modification in 1999 [51]. Since then numerous researchers have
studied the covalent post-synthetic modifications. Canivet [21_TD$DIFF]et al.
reported the peptides conjugation to free amine groups on the
linker of (In) MIL-68-NH2 MOFs, and the structures of the MOFs
remained steady during modification process [52]. As for
biomacromolecules such as nucleic acid and proteins, coordinative
post-syntheticallymodification is still a promisingmethod.Morris [22_TD$DIFF]
et al. first published the test of DNA conjugation to MOF structures
via click chemistry [53]. Kahn [21_TD$DIFF]et al. reported a new stimuli-
responsive DNA-MOF system via EDC/NHS amide coupling
reaction between amine-modified cytosine-rich DNA and carbox-
ylic acid-functionalized MOFs [54]. In addition, the proteins’
nucleophiles such as amines, hydroxyls and thiols enable these
proteins to conjugate to MOF linkers covalently by nucleophilic
substitutions. Lin [21_TD$DIFF]et al. reported the attachment of the amine
groups in trypsin to the unmodified carboxylate groups inMOFs via
nucleophilic substitution [55]. Jung [23_TD$DIFF]et al. established the conjuga-
tion of green fluorescent protein (EGFP) withMOFs through DCC or
EDC coupling [56]. However, the presence of electrophiles in MOFs
might be the key for covalent conjugation of proteins.

2.2. Coordination modification

Coordination modification is commonly used to modify MOFs
for biomedical applications, which can occur during the synthetic
process or post synthesis. Surfacemodification of MOFs performed
during the synthetic process is based on coordination modula-
tion, with carboxylate-containing molecule serving as a mod-
ulator. Abánades Lázaro [24_TD$DIFF]et al. recently introduced the biomolecules
biotin and folic acid on the surfaces of UiO-66 by coordination
modulation during the synthetic process [57]. In this case, the folic
acid molecules were utilized as the MOF linkers and surface
ligands (Fig. 1). Dong [25_TD$DIFF]et al. prepared TCCP@UiO-66 with
the porphyrin on the surface through a similar strategy, and the
obtainedMOFs exhibited a good porous property [59]. On the other
hand, nucleophilic functional groups including phosphates, thiols,
carboxylates, and imidazoles can be used to modify the surface of
MOFs post-synthetically via coordination of moieties to metal
ic synthesis of UiO-66 modulated by dichloroacetic acid and folic acid, showing
A. (C) SEM images of UiO-66-L2-PNIPAM, showing a roundedmorphology due to the
al Society.
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cluster nodes [58–63]. These biomolecules perhaps coordinate to
unsaturated metal cluster nodes or replace linkers on the surface,
which was also called surface ligand exchange. For example, Wang [21_TD$DIFF]

et al. reported the post-synthetic incorporation of carboxyl-
functionalized diiodo-substituted BODIPY onto the UiO-66 surfa-
ces [62]. Lin and coworkers attached the small interfering RNA
(siRNA) to the Zr4+ present on the surface of UiO-68-NH2 through
the phosphate groups of siRNA [63].

2.3. Noncovalent post-synthetically modification

Some biomacromolecule can be attached to the surface of
MOFs through controlled supramolecular interactions. Hong [26_TD$DIFF]et al.
synthesized a radiolabeled model of UiO-66 [64]. The MOFs
were functionalized with pyrene-derived PEG via p-p stacking
interactions, and then the terminal maleimide residue in pyrene-
derived PEG chains reactedwith the cysteine residues in nucleolin-
targeting peptide post-synthetically. Ma [27_TD$DIFF]et al. formed a novel
protein-coated MOF system to monitor real-time glucose change
[65]. Glucose dehydrogenase (GDH) and methylene green (MG)
were adsorbed onto the external surface of ZIFs through several
strong interactions between the biomacromolecules and ZIFs. This
type of modification gives a promising method for the function-
alization of bulky molecules.

2.4. External modification

Biomolecules can also be modified on the external surface of
MOF nanoparticles. In this type of modification, an outside silica
coating is required as a platform to attach extra drugs or
biomolecules to the surface of MOFs. Yang [28_TD$DIFF]et al. and Taylor et al.
successfully grafted the silyl derived cyclic oligopeptide c(RGDfK)
onto the surface of Fc-Gd and MIL-101 MOF nanoparticles with a
silica coating for tumor-targeting, respectively [29,66]. Zhang [29_TD$DIFF]et al.
also reported their studies on attaching SGDEVDK oligopeptide
onto the surface of nMOFs via a silica coating [67]. Huang [30_TD$DIFF]et al.
presented another example of the coupling between folic acid and
the silica coating on Fe(bbi) MOFs [68]. But the new toxicity caused
by exogenous silica is still a challenge for the application of this
silica-coating method.

As the rapid development of nanotechnology, there are great
deal of studies on decorating the MOF nanoparticles for biological
applications, both during the synthetic process and post synthesis.
Despite the particular innovation and advantage of these methods,
the restriction and applicability should be considered as well, such
as stability, efficiency, biocompatibility and synthetic inconven-
iences. And a comprehensive comparison of several modified
approaches is also needed in the future work.

3. Biomedical applications of nMOFs

Because of the unique properties including large surface area,
high porosity, nanometer scale and biodegradability, more and
more reports believe that the nMOFs have the potential for
biomedical applications. For drug delivery, the appropriate design
or formulation of these nanocarriers can effectively change the
hydrophilicity of the drugs, achieve the controlled delivery,
prevent drugs nonspecifically binding to irrelevant molecules,
and influence the uptake and excretion of the drugs [69–72]. For
biological sensing, the large specific surface area andwide range of
pore shapes allow various conjugation methods for designing
biosensors, which enable the specific molecular recognition [73–
76]. For imaging, the nMOFs can bemodifiedwith imaging contrast
agents and develop promising targeted platforms for optical
molecular imaging, magnetic resonance imaging (MRI) and X-ray
computed tomography imaging (CT) [77,78]. However, as a type of
material used for biological applications especially for in vivo
clinical applications, many requirements related to their toxicity,
biodistribution and chemical stability should be considered
thoroughly. In recent studies, great progress has been made and
works on these strict demands have been progressively investi-
gated. The synthesis strategies and functionalization methods of
nMOFs have rapidly advanced and enabled various biomedical
applications. In the following section, we will present an overview
on the different biological applications of nMOFs and discuss their
relevant bio-safety in vitro and in vivo.

3.1. Drug delivery

3.1.1. Encapsulation of the drug molecules
Due to the high porosity and tunable structure of nMOFs,

noncovalent encapsulation has become the most common way to
incorporate drug molecules into nMOFs. The encapsulation routes
include two-step encapsulation and in-situ encapsulation routes.
The two-step encapsulation route is a method to load molecules
through immersing the nMOFs in the specific solution. The nMOF
pores allow suitable accommodation formolecules if their sizes are
smaller than those pores, and molecules are encapsulated
successfully by the noncovalent bonding between the molecules
and the nMOFs. For example, Horcajada [27_TD$DIFF]et al. formed a series
nMOFs with the encapsulation of hydrophobic molecules by
noncovalent interaction [30,38]. Besides the drug molecules, other
small biological molecules like oligopeptide and oligonucleotides
molecules can also be encapsulated into the pores of nMOF via
diffusion [79–84]. This kind of encapsulation does not involve any
additional reactions to incorporate the biological molecules, but
the sizes of these biological molecules must be small enough to
diffuse into the pores of nMOFs.

On the other hand, if the sizes of molecules are larger than the
pores in the nMOFs, in-situ encapsulation can be a good choice to
encapsulate these large molecules into nMOFs. For example,
proteins, the biological macromolecules, unlike those small size
molecules, the bulky structuresmake it difficult to be encapsulated
into MOFs directly. Proteins are dispersed in the solution where
MOFs are been synthesized and then the MOF particles are formed
around proteins. As a result, the proteins are encapsulated into
MOFs eventually [85–87]. In addition, more and more works have
been done on using MOFs for the de novo encapsulations of bulky
biological macromolecules [88–90]. The strong coordination
interactions, hydrophobic interactions and intermolecular hydro-
gen bonding between the proteins and metal cluster nodes are the
basis of successful encapsulation.

3.1.2. X-based nMOF nanocarriers (X = Cr, Fe, Cu, Gd, Zr)
Férey [22_TD$DIFF]et al. first suggested the potential of MOFs in the field

of drug delivery in 2006 [38]. They formed MIL-100(Cr) and
MIL-101(Cr) with remarkable IBU loading capacities and the
subsequent studies showed that the IBU was progressively
released in simulated body fluid. This report established a new
MOF-based drug delivery system, which exhibited both higher
drug-loading capacity and controlled-release property. But re-
garding the toxicity of Cr compounds, someMOFswith low toxicity
and biodegradability are considered more suitable for incorporat-
ing and delivering the drug molecules. For instance, Fe-based, Cu-
based and Gd-based MOFs exhibited a lower loading capacity and
longer time for the full release of the incorporated drug due to the
smaller pore size of this material [30,32,53,63,91–93]. Kundu [22_TD$DIFF]et al.
first reported the investigation concerning the biodistribution and
toxicology parameters of the drug-loaded nMOFs in vivo [91]. In
this work, they presented a Gd-based MOF (Gd-pDBI) with the
incorporation of doxorubicin (DOX) molecules. The DOX loaded
Gd-pDBI mainly accumulated in the liver and exhibited both the
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excellent biocompatibility and significant anticancer activity in
vivo.

3.1.3. Zr-based MOFs nanocarriers
Recently, drug delivery systems based on Zr-based MOFs have

aroused an increasing interest because of the excellent biocom-
patibility of zirconium [61–64,94,95]. Hong [27_TD$DIFF]et al. formed several
drug-loaded nMOFs and investigated their distribution and
clearance in nude mice [64]. No untoward effect or evident
toxicity was found in the experimental animals treated with
different doses of UiO-66-Py-PGA-PEG for 30 days. At 2 h post-
injection, a high accumulation appeared in the liver and spleen
while no radioactivity was found in the bone or kidney. Lin and
coworkers represented another new nanocarrier platform UiO
nMOF for the co-delivery of cisplatin prodrug and siRNAs [63]. This
unique nMOF platform exhibited an enhancement in chemothera-
peutic efficacy in vitro (Fig. 2), but the biosafety evaluationwas not
mentioned.

In addition, unlike the pH-responsive or temperature-respon-
sive controlled-release systems, Hill [31_TD$DIFF]et al. published a rather novel
light-triggered drug delivery system [94]. A thin UiO-66 MOF was
coated on the optical fiber, and then 5-FU was encapsulated into
the MOFs. The release of loaded drug was triggered by light at
1050 nm. This study showed a different strategy for light-triggered
drug release.

3.1.4. ZIF-8 nanocarriers
Other porous nMOFs like Zinc-based nMOFs have attracted a

raising attention in the drug delivery aspect due to the hypotoxicity
of Zn2+ and relatively large pore cavities. Among this kind of
materials, zeolitic imidazole framework (ZIF-8), consisted of zinc
ions and 2-methylimidazolate, provides a new method to deliver
the drug molecules. Yaghi and co-workers first formed ZIF-8 in
2006 and the excellent performance prompted the applications
related to drug delivery [96]. Sun [22_TD$DIFF]et al. first reported the
incorporation of drug molecules with ZIF-8 [97]. They loaded
5-Fu into ZIF-8 and then observed the release process of the drug.
During the early stage, [32_TD$DIFF]50% of the drugwas released fromZIF-8 and
the stable release continued 7 days in PBS. Meanwhile, the 5-Fu
exhibited a more rapid releasing in acetate buffer because of the
[(Fig._2)TD$FIG]

Fig. 2. Synthesis of siRNA/UiO-Cis and drug delivery. (A) Schematic presentation of siRN
siRNA (TAMRA-labeled, red) internalization in SKOV-3 cells after incubation with Ui
internalization in SKOV-3 cells after incubationwith siRNA/UiO. (D) CLSM images showin
incubation with siRNA/UiO-cis. Scale bar represents 10 nm. Reproduced with permissio
decomposition of ZIF-8, which enabled the establishment of a
pH-responsive controlled-release system. Since then, a number of
researches have been carried out to study ZIF-8 for drug delivery
in vitro and in vivo (Fig. 3) [98–101]. For instance,Wang [33_TD$DIFF]et al. loaded
the anticancer drug DOX into ZIF-8 nanoparticles and studied its
toxicity and antitumor efficacy via tumor-bearingmicemodel [98].
In vitro and in vivo experiments demonstrated that the DOX-loaded
ZIF-8 was biocompatible and obviously antineoplastic, which
making it a potential nanocarrier for cancer theranostics.

Most recently, a novel dimethyloxalylglycine(DMOG) loaded-
ZIF-8-coated implant was reported by Wang and coworkers [102].
They successfully introduced theDMOG into ZIF-8-coated titanium
implant without influencing the morphology and degradation of
ZIF-8 coating. In vitro tests showed that the formed complex
exhibited a significant enhancement of osteogenic and angiogenic
activity as well as excellent biocompatibility, which allow it to be a
promising strategy for implant modification.

Despite the hypotoxicity of ZIF-8, the toxicity caused by the
synergistic effect of drugs and ZIF-8 nanoparticles should also
be taken into consideration. Chen and co-workers reported the
incorporation of 3-methyladenine (3-MA) into ZIF-8 by one-pot
synthesis [100]. The loading of 3-MA was calculated as 19.8wt%
and the release of 3-MA from ZIF-8 nanoparticles exhibited to be
pH-responsive controlled. In vitro tests revealed that a significant
toxic effect occurred to the HeLa cells, and biodistribution study
showed that zincmainly accumulated in liver, spleen and lung. The
experiments in vivo indicated that 3-MA@ZIF-8 had low hepatox-
icity and nephrotoxicity, but an obvious antitumor efficacy was
also observed.

3.1.5. Bio-MOFs nanocarriers
In recent years, another hopeful nMOF has become more and

more popular in drug delivery. Rosi [31_TD$DIFF]et al. published metal-
nucleobase syntheses and the obtained products were called “bio-
MOFs” [103,104]. The nucleobases were used as organic linkers to
coordinate to metal ion clusters through carboxylate chelation
and could interact with framework materials. Because of the
existence of nucleobases, bio-MOFs exhibit an anionic zeta-
potential, which contribute to the succeeding drug loading. An [22_TD$DIFF]

et al. first encapsulated the cationic drug procainamide into anionic
A/UiO-cis synthesis and drug-loading. (B) CLSM images showing cell apoptosis and
O-Cis. (C) CLSM images showing cell apoptosis and siRNA (TAMRA-labeled, red)
g cell apoptosis and siRNA (TAMRA-labeled, red) internalization in SKOV-3 cells after
n [63]. Copyright 2014, American Chemical Society.
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Fig. 3. BSA@ZIF-8NPs for protein co-delivery in living cells. (A) Illustration of BSA@ZIF-8 NPs for protein delivery in living cells. (B) Fluorescent images of HeLa cells incubated
with ZIF-8 NPs encapsulating fluorescein (FITC)-labeled BSA, red fluorescence protein (RFP), and NIR-641-labeled β-[17_TD$DIFF]Gal. Scale bar: 10mm. (C) Fluorescence intensity profile of
regions of interest (white line). (D) TEM image of PVP-coated BSA@ZIF-8. Scale bar: 200 nm. (E) Protection of ZIF-8-encapsulated proteins. EGFP (1), EGFP + proteases (2),
EGFP@ZIF-8+proteases (3), EGFP released from EGFP@ZIF-8 (4), FDG (5), FDG+β-Gal (6), FDG+β-Gal treated by proteases (7), FDG+β-Gal released from β-Gal@ZIF-8 treated by
proteases (8). (F) EGFP release from PVP-coated EGFP@ZIF-8. (G) Longterm activity of β-Gal and β-Gal in β-Gal@ZIF-8. Reproduced with permission [101]. Copyright 2018,
American Chemical Society.
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bio-MOF-1 successfully [96]. The loading of procainamide was
18wt% and only [34_TD$DIFF]20% of the loaded drug was released from bio-
MOF-1 after 3 days in neutral PBS. In the subsequent study, An [35_TD$DIFF]et al.
investigated the drug loading and releasing property of four bio-
MOFs (bio-MOF-1, bio-MOF-4, bio-MOF-100, and bio-MOF-102)
[105]. The results showed an initial burst release in all the bio-MOF
groups, followed by progressive release for a long period ranging
from 49 to 80 days. In addition, numbers of researchers have
studied bio-MOFs to explore their potential in drug delivery [106–
111]. Sun [21_TD$DIFF]et al. reported the incorporation of the antineoplastic
drug dinuclear gold(I) pyrrolidinedithiocarbamato into bio-MOF
ZnBTCA [106]. Because of the biodegradability of bio-MOFs, the
loaded drug exhibited a sustained releasing mode. The in vitro
anticancer activities showed that the formed complex had potent
anticancer effect, but still cytotoxic to the normal MDCK cells at
relatively high concentrations. Recently, Abazari [26_TD$DIFF]et al. synthesized
a pH-responsive and tumor-selective system for delivering the
DOX through a bio-MOF with a chitosan coating [109]. However,
few literatures have been reported on the toxicity, pharmacoki-
netics and biodistribution of bio-MOFs in vivo, further efforts are
required in the future research for evaluating and understanding
the bio-safety of these emerging materials.

3.2. Biological imaging

The biomedical imaging technologies have been developed
rapidly, which facilitated the earlier diseases diagnosis and
enabled noninvasive monitoring of the therapeutic processes. In
recent years, nMOFs are proved to be emerging imaging agents for
producing signals or enhancing signal contrast at targeted sites
due to their diverse structures, sizes and metal connecting nodes.
These nanoparticles preferred to accumulate in tumor sites
because of the EPR effect or tumor-targeting molecules combined
to the particles. As a result, nMOFs can be used to diagnose diseases
such as various cancers through optical imaging (OI), X-ray
computed tomography (CT), magnetic resonance imaging (MRI),
and positron emission tomography (PET). The nMOFs can also
incorporate different fluorophores to perform intracellular
imaging.

3.2.1. Optical imaging
Optical imaging (OI), an imaging modality that uses light

illumination to obtain real-time visualization noninvasively, has
become a common means to improve surgical outcomes and
perform minimally invasive operations. Despite the benefits of OI
for the patients, limitations are still obvious such as the shallow
penetration of light. Therefore, many fluorescent materials were
employed to modify the agents for deep tissues imaging and
intracellular imaging [112–116]. For example, Li [23_TD$DIFF]et al. established a
new luminescent/magnetic dual-mode imaging method via core-
shell nanocomposites [114]. The prepared nanomaterials can be
selectively uptake by the KB cell lines in vitro and the in vivo optical
imaging and MRI studies exhibited an obvious contrast in KB
tumor at 24 h post-injection. In another research, Cai [36_TD$DIFF]et al.
incorporated indocyanine green (ICG), a near-infrared (NIR) dye,
intoMIL-100(Fe) nMOFswith a high loading capacity of 40wt% and
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Fig. 4. Intracellular fluorescent imaging of adenosines based on MOF-La nanosheet. Reproduced with permission [117]. Copyright 2017, Nature Publishing Group.
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a layer of hyaluronic acid (HA) was coated for tumor-targeting
[115]. The prepared particles exhibited a strong NIR absorbance,
photostability and high cellular uptake in CD44+ MCF-7 cells both
in vitro and in vivo [[37_TD$DIFF]114–116].

Recently, several nMOFs have been reported as intracellular
bioimaging platforms via fluorescent dye-labeled oligonucleotides.
For instance, Xia and co-workers formed an ultrathin La-MOF
nanosheet for DNA sensing and imaging, and in the subsequent
studies, they synthesized a Dye-P2 + MOF-La complex to monitor
adenosine in single cells [117]. Fig. 4 showed that the different cells
exhibited various fluorescence colors changing from green to red,
so that the ATP activity can be observed clearly in different cells. On
the other hand, some nMOFs were used for intracellular pH
imaging [118–123]. Lin [26_TD$DIFF]et al. synthesized a UiO nMOF through
hydrothermal method, and then the pH-dependent ratiometric
sensor, fluorescein isothiocyanate (FITC), was conjugated to the
formed nMOFs covalently [123]. In vitro tests suggested that the F-
UiO nMOFs showed an efficient, rapid endocytosis and distributed
in the endosomes with integrated structure. As shown in Fig. 5, the
fluorescence colors were changed under different pH levels.
[(Fig._5)TD$FIG]

Fig. 5. F-UiO NMOFs for real-time intracellular pH sensing. (A) Schematic presentation of
intracellular distribution of F-UiO in H460 cells. (D) The pH imaging in living cells. Rep
3.2.2. X-ray computed tomography
CT is a noninvasive imaging technique for 3D visualization of

internal structures based on the attenuation of X-rays and a series
of tomographic images are obtained at different orientations. For
clinical applications, traditional small molecular contrast agents
may cause adverse effects in some patients due to the high doses.
Therefore, several functional nMOFs with specific distribution and
relatively slow clearance rate have become the potential CT
contrast agents [36,124–126]. For example, Zhang [38_TD$DIFF]et al. developed
photoactive iodine-boron-dipyrromethene-MOF nanocrystals
(UiO-PDT) and demonstrated the potential of these materials to
be CT contrast agents [125]. In vitro tests suggested the nano-
crystals have excellent cytocompatibility and in vivo toxicity
assessment showed negligible toxicity even at a high dose of
100mg/kg. At 24 h post-injection, the materials mainly accumu-
lated in tumor sites and the shape of the tumor was clearly
distinguished from adjacent tissues. Recently, Han and coworkers
explored novel lactobionic acid (LA) modified-MOF Janus nano-
particles (LA-AuNR/ZIF-8 JNP) with DOX loaded for CT image-
guided liver cancer therapy [36]. The formed nanocompounds
F-UiO synthesis; (B) TEM image of themorphology of F-UiO. (C) Cellular uptake and
roduced with permission [123]. Copyright 2014, American Chemical Society.
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could be used as CT imaging contrast agents due to the strong X-ray
attenuation of AuNRs. In vitro and in vivo studies showed that the
LA-AuNR/ZIF-8 JNPs possessed the tumor-targeting property as
well as the anti-cancer effect with fewer side effects.

3.2.3. Magnetic resonance imaging
Magnetic resonance imaging (MRI), a promising non-invasive

diagnostic technique based on nuclear magnetic resonance of
atoms in the body and the absorption and transmission of high-
frequency radio waves are analyzed to produce computerized
images. MRI provides a powerful method to diagnose various
diseases such as cancer via reducing longitudinal (T1) and
transverse (T2) relaxation time of water protons in the target soft
tissue. The ideal contrast agents are preferred to be chemically
stable, release almost none of the metal ion in the body and easy
to be modified with super-paramagnetic nanoparticles and
targeting molecules. Therefore, Mn-based MOFs, Fe-based MOFs
and Gd-based MOFs are able to provide potential candidates for
MRI applications [127–135]. For example, Lin [22_TD$DIFF]et al. first reported
Gd3+-containing nMOFs as T1-weighted contrast agents with an r1
relaxivity of 35.8 L mmol�1 s�1 per Gd3+ and �1.6�107

L mmol�1 s�1 on a per nMOF basis [135]. Recently, some studies
focused on the syntheses of nanoparticles for dual-modality
imaging. Kundu [39_TD$DIFF]et al. designed two Gd3+-based fluorescent porous
MOFs for fluorescence imaging and MRI without the incorporation
of fluorescent linker molecules [132]. The two formed MOFs were
both proved to be potential T1-weighted MRI contrast agents with
good longitudinal relaxivity.

Taking account of the toxicity of Gd3+, the Mn-based MOFs and
Fe-based MOFs are considered to be better contrast agents for MRI
because of their lower toxicity and the efficient T1-weighted
contrast enhancement when binding to intracellular proteins. For
instance, Yang [38_TD$DIFF]et al. developed Mn2+-based nMOFs with IR825, a
NIR dye, to obtain the photothermal therapeutic effect [136].
In vitro and in vivo tests showed that the IR825@Mn2+-based
nMOFs possessed MRI ability as well as effective photothermal
ablation of tumor.

In addition, the nMOFs-based MRI contrast agents can in-
corporate variety drugs for therapeutics, which is superior to the
[(Fig._6)TD$FIG]

Fig. 6. Drug delivery and PET images of 89Zr-UiO-66 nMOFs in vitro and in vivo. (A) Immu
66/Py�PGA-PEG-F3 and DOX@UiO-66/Py�PGA-PEG. Nucleolin (red) expression profil
conjugates. Scale bar: 100mm. (B) Ex vivo fluorescence images of DOX in the major org
DOX@UiO-66/Py-PGA-PEG. (C) Representative coronal PET images of MDA-MB-231 tumo
F3, 89Zr-UiO-66/Py-PGA-PEG, and 89Zr-UiO-66/Py-PGA-PEG-F3 with excessive amount
Reproduced with permission [64]. Copyright 2017, American Chemical Society.
conventional agents. Fu [26_TD$DIFF]et al. synthesized a novel Fe3O4@UiO-66
core-shell compositewith high drug loading capacity (63wt%) and
high transverse relaxivity (255.87 L mmol�1 s�1) for cancer
diagnosis and therapy [129]. In vivo biodistribution study showed
that the major accumulation was in the spleen and liver, which
was in accord with the T2-weighted MR images. And a long-term
toxicity assessment indicated that no obvious disorder was
observed in major organs after injection for 30 days. These results
suggested that the nMOFs are promising candidates for the future
MRI application and clinical translation.

3.2.4. Positron emission tomography
Positron emission tomography (PET) is an imaging technique in

nuclear medicine that provides high-resolution 3D images of
metabolic processes in the body via recording the emission of
positrons from radioactive substances accumulating at the target
organs or tissues. In comparison to other bioimaging techniques,
PET possesses deeper signal penetration, higher detection sensi-
tivity and superior quantitation ability. As shown in Fig. 6, [39_TD$DIFF]Hong
et al. designed an 89Zr-containing nMOF for PET imaging [65].
In vitro tests suggested that the prepared nanomaterials have good
radiochemical stability and material integrity. The distribution of
UiO-66/Py-PGA-PEG-F3 was traced through PET scans and an
obvious signal was captured in tumor site at 2 h after injection. The
nanoparticles also accumulated in the liver and spleen, but no
obvious uptake was noticed in the kidney or bone. The toxicity
evaluation of 89Zr-UiO-66 conjugates in vivo showed that no
significant toxicity was caused in the experimental groups even at
a high dose of 50mg/kg for 30 days. These results indicated that the
89Zr-based nMOFs are potential materials for long-term PET
imaging and combinational radiation/chemotherapy.

3.3. Biosensing

Another up-to-date application of nMOFs is to probe physio-
logical processes as biosensors because of their wide applicability
in different biological systems. The types and concentrations of
metabolites in cells are changing with the physiological environ-
ments, thus the sensitive biosensors are helpful for diseases
nohistological staining of MDA-MB-231 tumors frommice injected with DOX@UiO-
e was compared with DOX (green) distribution pattern from both of the UiO-66
ans/tissues at 2 h after intravenous injection of DOX@UiO-66/Py-PGA-PEG-F3 and
r bearing mice at different time point’s post-injection of 89Zr-UiO-66/Py-PGA-PEG-
of F3 peptide blocking. The location of tumors was identified by dashed circles.
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diagnosis. Compared to conventional small molecular biosensors,
nMOF-based biosensors overcome many disadvantages, such as
the leaching and self-quenching, to obtain high resolution, high
sensitivity and high accuracy properties for subcellular sensing.
Some current studies have reported the cellular and subcellular
sensing of several nMOF-based biosensors, including DNA and RNA
sensing, intracellular molecules sensing, intracellular pH sensing
and intracellular temperature sensing.

3.3.1. Nucleic acid sensing
DNAs and RNAs play an important role in physiological

regulation, so the levels of nucleic acid can help diagnose diseases
and monitor biological processes. Chen and co-workers first
reported the incorporation of triplex-forming oligonucleotidewith
H2dtoaCu nMOFs for the detection of HIV DNA sequences [74]. In
the following studies, they designed various nMOFs to sense virus
DNA or RNA [84,137–142]. For instance, they modified carboxy-
fluorescein (FAM)-labeled probe ss-DNA on the nMOFs to detect
HIV ds-DNA and SUDV RNA. The fluorescence of FAM can be
recovered when the formed biosensor reacted with the target DNA
or RNA, thus it can be served as an effective, fluorescent-sensing
platform. Besides, Huskens [25_TD$DIFF]et al. prepared a peptide nucleic acid
(PNA)-functionalized MIL-88A nMOFs through covalent and non-
covalent method for distinguishing single-base mismatched or
random sequences from the complementary DNA via flow
[(Fig._7)TD$FIG]

Fig. 7. Monitoring glucose and lactate in living brains and evaluating the therapeutic e
enzymatic cascade reactions. (B) Schematic illustration of global cerebral ischemia/rep
following ischemia and reperfusionwith andwithout ATX pretreatment. The glucose and
[145]. Copyright 2017, American Chemical Society.
cytometry using immunofluorescence technique [143]. The
formed biosensing systemwas proved to bindwith DNA selectively
and the DNA-PNA duplex could enhance the difference between
the targeted DNA.

3.3.2. Intracellular molecules sensing
Small-biomolecules such as gas molecules, glucose and metal

ions in the tissuecanreflectmanydiseasesduetotheir indispensable
role in physiological activities. Lin [22_TD$DIFF] et al. first reported the R-UiO
based bio-MOF as a phosphorescence/fluorescence dual-emissive
platform to quantify the intracellular oxygen ratio [144]. The Pt(II)-
porphyrin ligand (Pt-5,15-di(p-benzoato)porphyrin (DBP-Pt)) was
served as an oxygen-responsive probe, and the rhodamine B
isothiocyanate ligand was taken as an oxygen-independent
reference probe. In vitro tests suggested that the R-UiO based
bio-MOFs can be used as oxygen biosensors in live-cells.

Wei [26_TD$DIFF]et al. synthesized a nanocomposite via conjugating gold
nanoparticles (GNPs) and glucose oxidase (GOx) with MIL-101
nMOFs to measure glucose and lactate in living-tissues [145]. The
glucose and lactate can be quantified via surface enhanced Raman
scattering and this study showed that the formed nanomaterial can
be used as a novel diagnostic platform for ischemic stroke (Fig. 7).

In addition, several investigations related to metal ions
detection have been reported [146–149]. Lu [39_TD$DIFF]et al. designed three
different nMOF-253s for Fe2+ sensing due to their excellent
fficacy of ATX. (A) Schematic illustration of AuNPs@MIL-101@oxidases for efficient
erfusion and the treatment with ATX. (C) Dynamic changes of glucose and lactate
lactate levels before ischemiawere normalized as 100. Reproducedwith permission
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fluorescent quenching specificity for ferric ion [146]. Among the
three nMOF-253s, nMOF-253(g) are able to be transferred into
HeLa cells so that it can be a potential biosensor for intracellular
Fe2+ detection.

3.3.3. Intracellular pH sensing
Intracellular pH can reflect the changes of physiological

environments and the anomalous changes of intracellular pH
are generally concerned in drug-resistance or tumorigenesis. Lin [22_TD$DIFF]

et al. first developed F-UiO nMOFs for real-time intracellular pH
sensing by conjugating fluorescein isothiocyanate with the
Zr-based nMOFs [124]. The formed nanoparticles exhibited well
fluorescence and pH-sensing property. After uptake by the live
cells, the nanoparticles remained structural integrity in the
endosomes and the acidification of endosomes was reflected via
confocal microscopy imaging. This study provided a new nano-
sensor for intracellular pH sensing and offered new insights into
the nMOF-cell interactions.

3.3.4. Intracellular temperature sensing
Interestingly, Zhao and coworkers reported a new thermosen-

sitive near-infrared LnMOF in 2016 [150]. The formed LnMOFs
showed outstanding temperature dependence photoluminescence
properties within the physiological range of 303� 333 K and the
temperature resolution is 0.0096 K, which enable the detection of
temperature difference between normal cells and major patholog-
ical cells.

3.4. Biocatalysis

Another notable application of nMOFs is biomimetic catalysis.
Because of their nanoscale structure, some specific nMOFs possess
both highly efficient catalysis and relatively low toxicity properties.
In comparison to the natural enzymes, these enzymatic mimic
nMOFs are easier and cheaper to synthesize and have better
chemical stability. Therefore, these nMOFs can be served as
potential candidates for medical diagnose and immunoassay [151–
155]. For example, Zhang [21_TD$DIFF]et al. reported a nanometric MIL-100,
which performed the intrinsic peroxidase-like catalytic activity, for
ascorbic acid colorimetric sensing [151]. The prepared nMOFs
catalyzed the oxidation of different peroxidase substrates by H2O2

and caused the obvious color change of the solution. The catalysis
of this nMOFs strongly depended on H2O2 concentration,
temperature and pH level. Recently, Wu and coworkers synthe-
sized a metalloporphyrin-bioMOF as tri-component biomimetic
catalyst platform consisting of sandwich-type polyoxometallate
and N-hydroxyphthalimide [152–154]. The studies on aerobic
oxidation of ethylbenzene showed that the formed nanoparticles
could immensely enhance the oxidation reaction under mild
conditions and had sustainability and notable selectivity for the
efficient biomimetic activation.

The MOFs can be utilized to immobilize enzymes and perform
biocatalytic functions. Ma [22_TD$DIFF]et al. first reported the successful
immobilization of microperoxidase-11 (MP-11) into the mesopo-
rous MOFs and the MP-11@Tb-mesoMOFs showed a better
catalytic capacity compared with the previous MP-11 [156]. In
the following studies, they encapsulated the heme protein Cyt c
into the channels of Tb-TATB MOFs despite the relatively bulky
volume of Cyt c molecules [157]. Wu and coworkers synthesized a
catalytic ZIF-8 with two enzymes immobilized, including FITC-
labelled glucose oxidase (GOx) and horseradish peroxidase (HRP),
for detecting glucose in cells [158]. The GOx&HRP/ZIF-8 nano-
composite displayed high catalytic efficiency, excellent selectivity
and thermal stability.

Besides the above-mentioned bio-applications of nMOFs, some
novel researches are also been reported recently. For example,
some researchers have studied the osteogenesis promotion ability
of several nMOFs [109,159,160]. Pei [40_TD$DIFF]et al. successfully fabricated a
ZIF-8 coating on the surface of heat-treated titanium (AHT)
implants [159]. The results of in vitro tests showed that the
ZIF-8@AHTs not only improved extracellularmatrixmineralization
and collagen secretion, but up-regulated the expression of
osteogenic genes as well. Meanwhile, the ZIF-8@AHTs implants
showed a better osseointegration than the Ti and AHT implants in
vivo. Moreover, Abazari and co-workers synthesized a magnetic
bio-metal-organic framework and studied its anti-leishmanial
effect in vitro and in vivo [161]. They straightforwardly synthesized
magnetic Fe3O4@bio-MOFs using adenine as organic linkers and
zinc asmetal ion and the results of various experiments in vitro and
in vivo showed that their anti-leishmanial behavior are positively
related to the exposure time and dose concentration.

4. Conclusions and prospects

Significant progress has been made for nMOFs in many fields in
the past decades, and various functionalization methods were
performed to enhance the applicability and multiply the function-
ality of nMOFs. Because of their high porosity, wide range of pore
shapes, large surface area, nanoscale size and tunable structures,
the nMOFs have become potential materials for numerous
biological applications such as drug delivery, bioimaging, biosens-
ing and biocatalysis. In this review, we summarized the up-to-date
progresses of nMOFs, including the common surface modification
methods and the developments in bioapplication fields.

As described here, plenty of notable nMOF-based platforms
have been designed ranging from individual nanoparticles to
functional composite systems. However, muchmore efforts should
be made in the future research related to the stimuli-responsive
release mechanisms, imaging/sensing/catalytic efficacy, pharma-
cokinetics and biodistribution, biocompatibility and toxicology of
nMOFs. Firstly, as for the synthesis of nMOFs, muchmore attention
should be paid to the nontoxic or low-toxicity raw materials and
mild reaction conditions. Bioactive substance as the ingredients
and modifications are considered to be essential to achieve these
requirements. For example, constitutive part of body components
and endogenous building blocks can be served as organic linkers
due to their lower toxicity compared to the traditional chemical
materials, and probably reduce the side effects of nMOFs.
Introducing biological molecules into the frameworks and surface
of nMOFs are potentialmethods to facilitate the clinical application
of these materials. Secondly, further studies on the biological
applications are needed. Stability, degradability, blood circulation
half-life and selectivity are essential intrinsic properties of the
nMOFs to function in the body and the final controlled-releasing/
imaging/sensing/catalytic efficacy varies with these different
properties. So far, no systematic comparison has been reported
on the efficiency of these functional nMOFs, which limits the
comprehensive understanding of their properties for biological
applications. Thirdly, much effort should be devoted to the
biocompatibility and toxicology of nMOFs. Studies on the in vivo
toxicity, pharmacokinetics and biodistribution of many new
nMOFs are currently inadequate, which are basics of preclinical
biocompatible assessments of these emerging materials. In
addition, the administration routes (oral administration, intrave-
nous administration or intraabdominal administration), the age
of experimental animals (embryos, neonatal animals or adult
animals) and the physiological status of experimental animals
(pregnant or not) are also need to be investigated in the future.
Finally, a comprehensive understanding of the reaction and
metabolism mechanism is required to improve the performance
of nMOFs before clinical application. The nanoscale MOFs will
certainly become one of the most promising materials in the
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biomedical field in the next decade, and we hope this review can
provide new approach to move this field forward.
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