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Abstract: Metal-organic frameworks (MOFs) have shown a great potential in biomedicine due to
their promising applications in different fields, including drug delivery, thermometry, theranostics
etc. In this context, the development of magnetic sub-micrometric or nanometric MOFs through
miniaturization approaches of magnetic MOFs up to the nanoscale still represents a crucial step to
fabricate biomedical probes, especially in the field of theranostic nanomedicine. Miniaturization
processes have to be properly designed to tailor the size and shape of particles and to retain
magnetic properties and high porosity in the same material, fundamental prerequisites to develop
smart nanocarriers integrating simultaneously therapeutic and contrast agents for targeted
chemotherapy or other specific clinical use. An overview of current trends on the design of magnetic
nanoMOFs in the field of biomedicine, with particular emphasis on theranostics and bioimaging, is
herein envisioned.

Keywords: metal-organic frameworks; magnetism; biomedical applications; theranostics;
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1. Introduction

Metal-organic frameworks (MOFs) are crystalline porous compounds formed by the self-
assembling of metal ions and organic linkers [1-3]. Due to the possibility to tailor their composition
by a proper choice of metal ions [4] and organic linkers, it can be possible to develop MOFs with
applications in many areas, such as catalysis, sensing, gas-separation/adsorption/detection,
information storage and telecommunications [5-15]. Furthermore, the possibility to miniaturize
MOFs up to the nanoscale level, nanoMOFs, makes them interesting candidates in biomedicine due
to their unique chemical and physical properties, i.e., high surface area, easy to functionalize and
large pore sizes [16]. Here, the term nanoMOFs is used both for nanoparticles (with size up to 100
nm) and sub-micrometric particles (commonly with size lower than 300-400 nm). NanoMOFs could
be a promising alternative to their inorganic (metals, silica [17], zeolites [18], ferrites [19-22]) and
organic (micelles, micro-emulsions, liposomes and polymers) counterparts, already proposed for
biomedical applications [23], and they are excellent candidates to be used in drug delivery,
nanothermometry, biosensing, bioimaging and as magnetic resonance imaging (MRI) contrast agents
[24-26]. An overview of their applications in nanomedicine is reported in Figure 1. Among these
applications, theranostics is widely explored due to its capability to combine specific targeted therapy
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and diagnostic imaging to treat and monitor simultaneously different kind of diseases with minimal
side effect [27]. In 2010, Lin and co-workers demonstrated the successful use of magnetic nanoMOFs
in the theranostics field [12], pointing out that magnetism is a fundamental pre-requirement of a
material to act as a suitable theranostic probe. Furthermore the construction of hybrid composite
systems by combining nanoMOFs with inorganic nanoparticles [28] is a valuable strategy for
developing biomedical probes, especially in theranostics [20]. Magnetic MOFs can be obtained by
self-assembling both paramagnetic metals and/or open-shell organic linkers etc. [29-32], giving rise
to a porous magnet. Recently, Coronado et al. [33] highlighted the crucial role of chemical design in
developing these materials, pointing out that exchange magnetic interactions require short distances
between metal centers (the spin carriers), while to achieve high porosity, long linkers are often
employed, although detrimental for magnetic ordering. An outlook on (i) design and synthetic
approaches for developing magnetic sub-micrometric or nanometric MOFs, through miniaturization
of the corresponding bulk MOFs, and (ii) their applications as valuable theranostic smart
nanocarriers, integrating simultaneously therapeutic and contrast agents for targeted chemotherapy,
is herein provided. Key systems are discussed as perspective, in order to highlight the paramount
importance of these multifunctional nanoplatforms in cancer and antibacterial therapy treatment and
monitoring, focusing on drug delivery and MRL

. Nano
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Bioimaging

Figure 1. Overview of biomedical Applications of nanometal-organic frameworks (nanoMOFs).
Bioimaging is licensed wunder the Creative Commons Attribution 3.0 License
(https://creativecommons.org/licenses/by/3.0/); biosensing is also licensed under the Creative
Commons Attribution-Share Alike 3.0 Unported license
(https://creativecommons.org/licenses/by-sa/3.0/deed.en); MRI, drug delivery and
nanothermometry are royalty-free.
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2. Biocompatible MOF Design

The use of biocompatible MOFs, in nanomedicine, requires a proper chemical design, and the
choice of the metal ion is crucial for the specific application. Paramagnetic metals, in particular those
of first row transition series i.e., Cr'™, Mn", Fe'l/Fe™, Co", Ni" and Cu", are widely employed as suitable
nodes for obtaining magnetic MOFs, and the most appropriate metals are Mn"" and Fe'!, for d-
transition metal ions and Gd" for lanthanides. In Table 1, magnetic properties and biomedical
applications of the most used d-/f-transition metal ions for constructing magnetic MOFs are reported.

Table 1. Magnetic moments, ionic radii, LMedian Lethal Dose (Dso) and biomedical applications of
magnetic MOF nodes.

Metal Magnetic Moment Ionic Radius

Ton () (pm) LDso Biomedical Application References
Crlt 3 uB 69 - Drug delivery [34,35]
Contrast agent
it .
Mn 5 s 80 1.5 g/kg MRI [35-37]
Fell 4 us 83 30 g/kg CT imaging, optical imaging [35,36,38]
Drug delivery,
Ui
Fe 5 us 63 30 g/kg optical imaging [16,35,36,39]
Cort 3 7 . Biosensors, bactericidal [35,40]
agents
Nil! 2 uB 69 - Drug delivery [3541]
Cu" 1 s 72 25 pg/kg Drug delivery [35,36,42,43]
58.2 uM
111
Gd 8 us 94 (LC) Contrast agent MRIL [35,44-46]

Organic linkers are selected taking into account (i) their capability to favor both exchange
magnetic interactions between metal ions and large pores to enable drug encapsulation and (ii) their
biocompatibility [47,48]. There are a wide variety of organic linkers that may act as building blocks
for the design of biofriendly MOFs, such as amino acids, peptides, proteins, nucleobases, phosphonic
acids and carboxylic acids [36,49,50], reported in Scheme 1. The MIL (Materials of Institute Lavoisier)
and UIO (University of Oslo) classes (vide infra), based on polycarboxylates ligands, are the most
commonly used in biomedicine. Phosphonates, sulfonates, imidazolates, amines, pyridyl, phenolates
are also valuable linkers [51].
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Scheme 1. Biofriendly linkers used to prepare BioMOFs.
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3. Miniaturization

The applications of MOFs depend on their size: bulk MOFs with micrometer size are generally
employed for catalysis, gas storage and separation. Conversely, nanoMOFs are commonly used in
biomedicine, particularly in drug delivery and sensing, due to their tunable structures and high
porosity. Indeed, as for inorganic nanoparticles, size, shape, and surface functionalization of the
nanoMOFs are crucial properties to be controlled for biomedical applications. A controlled fine-
tuning of MOF size is an essential requirement for their biological activity since biodistribution,
cellular uptake and body excretion processes are strictly size dependent. Furthermore, the smaller
the MOF size, the more penetration ability into cellular membranes. In particular, crossing biological
barriers, clearance from circulation by the reticulo endothelial system (RES) and filtering processes
are size related, depending on the different classes of involved blood capillaries [52]. Cell uptake
occurs via endocytosis for species < 0.5 um or via phagocytosis for species > 0.5 pm. Moreover, in the
case of inorganic nanoparticles, systems with size lower than 50-100 nm are easily trapped in the
hepatic parenchyma or filtered by kidneys; if larger than 200 nm, they are filtered in the liver or in
the spleen; but for sizes larger than 4 um, they are blocked in the Iungs [48,52]. Further aspects need
to be taken into account when cancer cells are the target in drug delivery, i.e., the tissue oxygenation
and nutrition levels, pH and enhanced permeation and retention (EPR) effects [21,52]. Moreover, the
shape of nanoparticle as well as their size renders this scenario more complex. Finally, a proper
functionalization of nanoparticles surface might be responsible for effective circulation times,
targeting, avoiding opsonization, aggregation/agglomeration phenomena, and chemical/colloidal
stability [48,52].

With this view, downsizing MOFs to the nanoscale is also a pre-requirement to exploit
applications in biomedicine [53]. Therefore, for nanoparticles [54-56], the synthetic strategy plays a
key role in size and shape tailoring. Although for inorganic nanoparticles promising results in terms
of size and shape homogeneities can be obtained via surfactant-assisted thermal decomposition of
organic complexes and solvothermal methods [55,57,58], efficient MOF miniaturization methods are
still in their infancy. Detailed characterization studies on the mechanism of nanoMOF formation
processes evidenced that nucleation and growth processes, commonly, follow the LaMer and Dinegar
model [58,59] for inorganic nanoparticles [60]. According to this mechanism, a rapid nucleation
should be followed by a separate growth in order to obtain low-dispersity and size-selected products.
Very recently, Wang et al. [61] developed a method aimed to achieve size-control, from the nano- to
the sub-micrometric range size, in the synthesis of nine nanoMOFs (HKUST-1 (Hong Kong
University of Science and Technology-1); MIL (Materials of Institute Lavoisier) -101(Fe), MIL-101-
NHz(Fe), MIL-100(Fe), ZIF (Zeolitic Imidazolate Framework); UiO (University of Oslo)-8, MOF-801,
ZIF-90, ZIF-67, and UIO-66(Zr)), by controlling the supersaturation degree of reactions. The selected
nanoMOFs, i.e., MIL-101(Fe), b) MIL-100(Fe), ZIF-8, MOF-801, ZIF-67, UIO-66-(Zr), representative of
different sizes and shapes, are reported in Figure 2.
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Figure 2. (i): (a) MIL-101(Fe); (b) MIL-100(Fe); (c) ZIE-8. (d) MOF-801; (e) ZIF-67. (f) UIO-66-(Zr). (ii)-
(iv) images of representative nanoMOFs of different sizes. Scale bar: 1 um. (v) Simulated and

experimental PXRD (Powder X-Ray Diffraction) patterns of different sized nanoMOFs. Reprinted

with permission from [61], Copyright 2020 from John Wiley & Sons, Inc. (Hoboken, NJ, USA).

In particular, they separately delivered metal and ligand stock solutions at a controlled feed rate.
NanoMOFs are usually prepared by hydro/solvothermal methods, reverse microemulsion,
microwave-assisted, sonochemical methods, and ball milling and reviews on these methods are
reported in the literature [48,53,58]. The methods have been led back to three general strategies: (i)
rapid nucleation, (ii) confinement within a nanoreactor, and/or (iii) coordination regulation by proper
metal-ligand interactions [57]. Interestingly, a targeting strategy based on the pH-induced
aggregation of the MIL-100(Fe) nanoMOF was proposed by Simon-Yarza et al. for lung tissues [62],
which demonstrates the key role of aggregation/agglomeration phenomena in biomedical
applications also for magnetic nanoMOFs as for magnetic nanoparticles. Besides size-related
research, studies on nanoMOF morphology and surface functionalization [63-68] are also reported

in the literature.
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4. Magnetic MOF Applications

Figure 3 summarizes the specific theranostic abilities, i.e., multimodal imaging capability and
combined chemo-photothermal therapy, required to develop a promising next-generation class of
theranostic nanoagents for FOI (Fluorescence Optical Imaging) and MRI along with synchronous,
efficient and safe (low-toxicity) cancer therapy. Key examples of nanosystems showing these features
are discussed below.
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Figure 3. Picture of multifunctional nanoMOFs targeting tumors for combined therapy. (a) Loading
and delivery process through the enhanced permeation and retention (EPR) effect. (b) pH-responsive
degradation of outer magnetic nanoMOFs for drug release and dual-modal FOI- and MRI-guided
cancer therapy in vitro and in vivo. Reprinted with permission from [69], copyright 2020 from Elsevier
(Amsterdam, The Netherlands).

4.1. Gd"-Based MOFs

The majority of paramagnetic gadolinium-based complexes are used as therapeutic agents
and/or contrast agents in theranostics due to (i) a large shortening of the longitudinal relaxation time
(T1), which, being dominant in tissues respect to the transverse one, enhances the contrast by
maximizing signal intensity, and (ii) high longitudinal relaxivity (R1), a quantitative change in
relaxation rate of the water protons after addition of the contrast agents [70]. Nanoscaled gadolinium
MOFs are even more versatile agents for clinical use due to the combination of gadolinium magnetic
properties to drug uptake, due to high porosity, providing valuable nanoplatforms with multiple
functionalities i.e., therapeutic, contrast and biomolecular specific-targeting abilities.

Recently, Boyes’s et al. fabricated a nanoscaled Gd™ MOF theranostics system, formed by
nanoparticles with a 20-25 nm average width and a 100-150 nm length, functionalized via a reversible
addition—fragmentation chain transfer (RAFT,) with poly(N-isopropylacrylamide)-co-poly(N-
acryloxysuccinimide)-co-poly(fluorescein-O-methacrylate) (PNIPAM-co-PNAOS-co-PFMA), which
is used as scaffold for the attachment of methotraxate, as a chemotherapeutic agent, and H-glycine-
arginine-glycine-aspartate-serine-NH-: peptide as a targeting ligand for biomolecular recognition. A
Gd™ MOF nanoparticle, functionalized with PNIPAM-co-PNAQOS-co-PFMA biocompatible polymer,
showing a functional group for attachment (RAFT), a reactive side chain, a fluorescent tag, a
therapeutic agent and a targeting ligand for biomolecular recognition, is reported in Figure 4. This
multifunctional magnetic nanocarrier is biocompatible and shows, in vitro cancer cell targeting,
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bimodal imaging and disease treatment capabilities, preserving a good performance of each
individual unit [71].
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Figure 4. Image of a polymer-functionalized Gd™ MOF nanoparticle (shown in the middle) as a
biomolecular nanocarrier for targeted imaging and cancer treatment. (Redrawn from [66], copyright
2020 from American Chemical Society, Washington, DC, USA).

Very recently, Yin et al. proposed a challenging strategy to fabricate a smart biocompatible
nanoplatform for in vivo MRI-guided, pH-responsive precision chemotherapy. Nanoscaled Gd™
MOFs, with a spherical shape and a 182 nm hydrodynamic size, were obtained by self-assembling
Gd™ chloride and 5-boronobenzene-1,3-dicarboxylic acid (BBDC) in a dimethylsulfoxide/water
solution. After doxorubicin (DOX) loading and surface functionalization with glucose via a diol-
borate reversible reaction, a versatile DOX@Gd-MOF-Glu composite was obtained, acting as
multifunctional theranostic nanocarrier. The wise choice of BBDC as a functional ligand allowing for
glucose coating increases simultaneously biocompatibility, specific tumor-targeting and DOX
delivery capabilities [72], as well as high values of T1 relaxivity. A novel type of nanoscaled Gd-
porphyrin MOF with folic acid (FA) was obtained, showing nanoparticles of spherical shape with an
average diameter of 200 nm. This system can be used for image-guided treatment of hepatocellular
carcinoma (HCC). In fact, FA is able to target the active tumor and select the entry in tumor cells
while porphyrin, showing impressive emission properties, acting as a theranostics platform for both
fluorescence-guided imaging and PDT (Photodynamic Therapy) [73]. These Gd™ MOFs show
relaxivities considerably higher than traditional Gd"-based complexes and, due to their higher
molecular weights, show an increase in the enhanced permeability and retention effect. These results
together make this multimodal imaging approach suitable to guide cancer therapy in clinical exams.

4.2. Fe-Based MOFs

Nanoscaled Gd™ MOFs based on carboxylate linkers can go through a degradation of
carboxylates in vivo, with the consequent leaking of Gd™ in the human body, which may cause
nephrogenic systemic fibrosis (NSF) in patients. To overcome Gd™ leaking, the MIL systems, i.e.,
carboxylate-Fe!ll-based MOFs, can be used due to their lower toxicity of Fell vs. Gd metal ions, high
porosity, water stability, biodegradability and biocompatibility. Furthermore, their in vivo MRI
capabilities along with their efficiency in loading various antitumoral drugs make them promising
candidates for clinical use in theranostics [74]. Commonly, high drug doses are essential in
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chemotherapy to compensate the low biodistribution, but due to the higher side effects, drug delivery
systems (DDSs) are a valid approach to overcome this issue. In this regard, MIL-101(Fe) surface
functionalization with a modified (-cyclodextrin, via the one-pot post-synthetic “green” method,
yields multifunctional nanoscaled MIL-101 -Ns(Fe), showing a 100-200 nm diameter range, capable
of simultaneously targeting and releasing the DOX therapeutic agent at the local level. Notably, MIL-
101 -Ns(Fe) nanoparticles with this size can be internalized by cells through both mechanisms of
receptor-mediated endocytosis and the enhanced permeability and retention (EPR) effect, while the
latter is generally preferred for a diameter up to 400 nm. The benzoic imine and disulfide bonds,
formed on functionalized nanoparticle surfaces, provoke a pH and redox response, respectively,
showing an enhancement of tumor cell uptake due to the acidic environment and tumor-triggered
drug release, both in vitro and in vivo [75]. A novel nanocarrier for image-guided antibacterial
therapy was developed based on MIL-100 (Fe) nanoparticles (average diameter ~ 120 nm) loaded
with 3-azido-D-alanine (D-AzAla) [76]. The high production of H20: in the inflammatory
environment led to nanoMOF degradation and effective release of D-AzAla into bacteria-infected
tissues over time. The delivery performance of D-AzAla@MIL-100 (Fe) NPs was monitored via
fluorescence imaging by lightening them up with dibenzocyclooctyne (DBCO-Cys) modified through
click chemistry. The present nanoMOF-assisted strategy revealed to be successful for precise and
more effective bacteria detecting, with several applications in clinical diagnosis and treatments.

Notably, the hydrodynamic diameter of nanoparticles plays a crucial role in facilitating the renal
clearance from the body at a suitable timescale. Liu et al. [77] reported on a peculiar nanoscale
coordination polymer formed by Fe, gallic acid (trihydroxy benzoic acid) and
poly(vinylpyrrolidone), showing a small hydrodynamic diameter of 5.3 nm. The obtained
nanoparticles integrate diagnostic and therapeutic abilities for pH-sensitive MRI-guided
photothermal therapy to inhibit cancer cells growth.

The development of hybrid organic/inorganic multifunctional nanoplatforms, where high
porosity and magnetic properties coexist synergistically, is of paramount importance for drug
delivery and diagnostic information. When MIL-100 (Fe) is deposited via a layer-by-layer strategy to
coat Fes04@C nanoparticles, a multimodal imaging and magnetic targeting nanoplatform showing a
monodisperse spherical shape and uniform size at 190nm is obtained [78]. The obtained nanoparticles
are loaded with a semisynthetic product derived from artemisinin, a traditional Chinese anticancer
drug, dihydroartemisinin (DHA), which has an anticancer activity as well. When nanoparticles reach
the cancer cells, the acidic conditions ensure the nanoMOF degradation and the consequent
synchronous release of DHA and Fe'' ions. Fe!' is converted in Fe' by a ferric reductase, which reacts
with released DHA, producing reactive oxygen species that destroy proteins and nucleic acid,
inducing cancer cell death. Notably, this pH-responsive nanoplatform, due to the presence of iron
cations, can be manipulated through an external magnetic field, like a contrast agent for a specific
target. By using Prussian blue (PB) nanocubes instead of magnetite as the inner core, it is possible to
fabricate a versatile nanoplatform showing cubic shape and average size of =200 nm where
artemisinin is loaded. This dual MOF’s nanostructure is able to act as a T1-T2 dual-modal MRI
contrast agent due to the PB inner core and the outer MIL-100 (Fe) MOF and as a fluorescent optical
imaging (FOI) agent due to the presence of PB itself. Remarkably, the strategy to take advantage of
unique features of individual MOFs, such as (i) the capability of MIL-100(Fe) to load a high content
of artemisinin due to its high surface area, (ii) its pH-responsive release and (iii) inner PB
photothermal features, paves the way to develop novel multifunctional nanoplatforms with
enhanced efficacy in cancer treatments by combining PTT (Photothermal Therapy) with
chemotherapy [69].

4.3. Mn"-Based MOFs

Recently, Mn" MOFs have also been investigated for theranostics since Mn!! has five unpaired
3d electrons, which make it a good T1 contrast agent in MRI. Lin et al. reported on a nitrogen-
containing bisphosphonate Mn" MOFs in the form of pegylated nanoparticles coated with 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC) and cholesterol, showing a diameter of around 80 nm.
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This nanoMOF shows a high capacity to load zoledronate, an antitumor therapeutic agent, showing
also antiangiogenic effects, demonstrated both in vivo and in vitro, acting as multifunctional
nanoplatform capable of delivering the drug to cancer cells and to work as an MRI contrast agent
[79]. Taking into account the toxic adverse effects of chemotherapy, a very interesting alternative is
proposed by Yin et al.; they developed a theranostics probe in vivo based on Mn!-porphyrin ZrV
carboxylate nanoMOFs for NO free-radical delivery as a therapeutic agent, showing a high molar
extinction coefficient, effective photothermal stability, a spindle shape with a ~224 nm diameter and
a surface area of ~1900 m?/g with a pore volume of ~0.67 cm?3/g. This nanoplatform, integrating MRI-
guided, spatiotemporally controllable NO delivery and synergistic PTT, represents a novelty in
cancer therapy. The action of paramagnetic Mn! inserted in porphyrin ring provides the
nanocomposite a strong T1-weighted MRI contrast ability and high photothermal conversion for
efficient PTT. Furthermore, NIR (near-infrared, A = 808 nm) irradiation of this nanosystem ensures a
NO-controlled release and synergic PTT for achieving a one-step more efficient cancer therapy [80].

By combining Mn! ions with a zwitterionic carboxylate ligand (N-(4-carboxybenzyl)-(3,5-
dicarboxyl) pyridinium bromide), a novel three-dimensional nanoMOF, with a ~50nm diameter size
(too large to be absorbed by the kidneys), was obtained. The choice of the ligand is strictly related to
increasing the nanoMOF solubility and stability in aqueous environments, while the choice of the
MOF network is made with the aim of lowering the Mn" toxicity by encapsulating the metal in the
nanoparticles. Due to the presence of Mn', the MOF shows good R1 relaxivities and T1-weighted
images, making this nanoMOF particularly useful as an MRI contrast agent for revealing kidney-
related pathologies [81].

5. Conclusions

Current trends of magnetic nanoMOFs towards biomedical applications, mainly theranostics,
are discussed herein, from the fundamental features of their design, to the synthetic strategy to
control the size in the nanoscale and to their applications. A crucial requirement for their use in
nanomedicine is biocompatibility, which can be achieved by a careful choice of both metal ions (Mn",
Fell, Fell and Gd™) and organic linkers, mainly carboxylate derivatives, and by a proper nanoparticle
surface functionalization via biofriendly molecules. Remarkably, the latter represents a challenge
since it endows to improve circulation times and targeting to avoid opsonization and
aggregation/agglomeration phenomena and to increase chemical/colloidal stability [52]. Furthermore
a nanoparticle diameter smaller than 200 nm, with a narrow size-distribution, is preferable since
biodistribution, penetration ability into cellular membranes, cellular uptake and body excretion
processes require a fine control of MOF nanoparticles size. Considering that the major challenge is to
obtain porosity and magnetism in the same nanosystem, a promising strategy is the fabrication of
hybrid organic/inorganic nanoplatforms by combing materials with magnetic properties, i.e.,
magnetic inorganic nanoparticles (magnetite, maghemite, etc.), with highly porous nanoMOFs.
However, the development of biofriendly multifunctional stimuli-responsive nanoplatforms that are
simultaneously biodegradable and stable in body fluids still remains a challenge in nanomedicine. In
conclusion, these nanosystems can be envisaged as potential candidates for magnetic particle
imaging (MPI), a comparatively young tomographic technique, complementing magnetic fluid
hyperthermia for post-treatment tumor monitoring [78].
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