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Metal-organic frameworks (MOFs) are extremely versatile materials, which serve to create platforms with
exceptional porosity and specific reactivities. The production of MOFs at the nanoscale (NMOFs) offers
the possibility of creating innovative materials for bioapplications as long as they maintain the properties
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of their larger counterparts. Due to their inherent chemical versatility, synthetic methods to produce
them at the nanoscale can be combined with inorganic nanoparticles (NPs) to create nanocomposites
(NCs) with one-of-a-kind features. These systems can be remotely controlled and can catalyze abiotic
reactions in living cells, which have the potential to stimulate further research on these nanocomposites
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Introduction

The huge potential of nanomaterials in biomedicine for diag-
nosing and treating many human diseases is well-documented."
During recent decades, the applications of nanotechnology in
numerous biology-related areas such as diagnosis, drug delivery,
and molecular imaging have gained interest and have been
increasingly investigated showing remarkable results.” In this
context, nanoparticle drug delivery systems (DDSs) are exten-
sively used in pharmaceutical research and in clinical settings to
improve the efficacy of diagnostic agents and drugs, such as
anticancer, antimicrobial, and antiviral drugs.> The term DDS
is employed to describe a carrier that can deliver an active
pharmaceutical ingredient (API) to a specific site in the body.*
These systems can overcome some of the main challenges
associated with molecular drugs, such as poor stability and
solubility, short circulation time in the blood, and low specifi-
city, which can lead to multidrug resistance after long-term
exposure.” Furthermore, the development of new DDSs has led
to the possibility of targeting bioactive molecules in specific
tissues in the body, avoiding the side effects related to conven-
tional treatments and improving their efficacy. During their
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synthesis, the selected materials can be tuned to fulfil specific
biological needs such as entry routes and loading mechanisms.

To overcome DDSs’ limitations such as retention and/or
inefficient drug release, DDSs can be further designed to
respond to specific stimuli triggering the release of the loaded
cargo.” These stimuli can be divided into two categories,
endogenous and external. The endogenous stimuli are referred
to as internal conditions of the environment around the
nanoparticles (NPs), such as the acidic/hypoxic environment
of a tumor and high enzyme levels of matrix metalloproteinases
(MMPs),® among others. On the other hand, external stimuli
refer to selected and controlled stimuli outside the body,
such as ultrasound, light, magnetic fields, and temperature.’
However, this cargo delivery must occur at the target site to
avoid side effects and increase the efficacy of the treatment.
NPs can be provided with recognition abilities by modifying
them with peptides, nucleic acids, etc., which will optimize the
delivery and overcome physiological physical barriers. Despite
all these possibilities, there are still some drawbacks associated
with these systems that impede their approval for clinical use
and that need to be confronted, such as limited targeting
abilities and reduced cellular uptake.

Given these challenges, metal-organic frameworks (MOFs)
have raised considerable interest as alternative materials in
the biomedical field, owing to their unique physicochemical
properties. These crystalline and highly porous materials contain
ordered pores whose size and chemical features are determined
by design.” As a result, MOFs’ applicability has been exploited for
catalysis, gas storage, and sensing, among others.” Characteris-
tics such as their large pore volumes, high surface areas (up to
8000 m”> g~ "), well-defined tunable structures, and permanent
porosity make them excellent candidates as DDSs. Moreover, the

Chem. Commun., 2023, 59, 2869-2887 | 2869


https://orcid.org/0000-0003-0437-3851
https://orcid.org/0000-0002-5759-2911
https://orcid.org/0000-0001-8870-5280
https://orcid.org/0000-0003-1318-6839
https://orcid.org/0000-0002-4626-4576
http://crossmark.crossref.org/dialog/?doi=10.1039/d2cc05851k&domain=pdf&date_stamp=2022-12-28
https://rsc.li/chemcomm
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cc05851k
https://pubs.rsc.org/en/journals/journal/CC
https://pubs.rsc.org/en/journals/journal/CC?issueid=CC059020

Open Access Article. Published on 09 Februar 2023. Downloaded on 30.01.26 23:34:42.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Feature Article

highly tunable surface functionalities, their ability to host a wide
variety of APIs (drugs, enzymes, nucleic acids, etc.) with the
corresponding release in a controlled way, and a general trend of
a high biocompatible profile allow these materials to overcome
some of the main drawbacks mentioned before.®

1. Metal-organic frameworks

MOFs can be defined as extended structures formed by the
coordination of metal ions or inorganic polynuclear clusters, also
referred to as SBUs (secondary building units), to organic linkers.
The SBUs form the structural nodes of MOFs and consist of metal
ions (such as Cu(1), Zn(n) or Zr(iv)) and non-metals (such as oxygen
or nitrogen). These SBUs are connected through organic linkers,
generally in bi-, tri- or tetratopic forms, commonly containing
Lewis bases such as carboxylate, phosphonate, pyridyl, imidazo-
late or other azolate-functional groups (see Fig. 1).° SBUs deter-
mine the large structural diversity of MOFs and serve to classify
MOF structures based on their net topology. Remarkably, experi-
mentally described SBUs include most transition metals, several
main-group metals, alkali metals, alkaline earth metals, lantha-
nides, and actinides, and the number of metal atoms in these
units can vary from one to eight or even more. For a given SBU,
the connectivity and geometry of the ligand will influence the final
structure of the MOF and will provide the nanomaterial with
features such as permanent porosity, or thermal and chemical
stability, relevant for their use as DDSs.” Furthermore, the bonds
between the SBUs and the linkers constitute the most reactive
part of the MOF; therefore post-synthesis modifications will be
typically happening on these points.

1.1. Classification of MOFs: reticular chemistry, SBUs.
SBUs are on many occasions the starting point in the discovery
of new porous materials. In contrast with nodes formed by
single-metal atoms, it is well known that the nature of the
polynuclear SBUs with different chemical compositions, archi-
tectures, and spatial disposition of the atoms gives to the MOFs
structural stiffness and directionality to build highly crystalline
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Fig. 1 Schematic representation of MOFs, showing some representative
SBUs and linkers.
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MOF-5
Fig. 2 Crystal structures of (a) ZIF-8, (b) MOF-5 and (c) HKUST-1.

HKUST-1

materials with determined properties such as ultra-high porosity
and structural complexity.’

Coordination networks have been known since 1959, using
Cu(1) ions as nodes with adiponitrile [NC(CH,),CN] molecules
as linkers.'® Twenty years later, metal ions and neutral donor
linkers such as 4,4"-bipyridine'" were employed to develop new
coordination networks.

The structures of materials with a single metal are limited by
the coordination number and geometries allowed by these
nodes. A very common example of MOFs with single-metal
nodes is the zeolitic imidazolate framework (ZIF) which has
given rise to the synthesis of a huge number of ZIF materials."?
They are a sub-group of MOFs constituted by transition divalent
metal ions (M**) tetracoordinated with imidazolate units or
their derivatives. ZIF-8 (Fig. 2a) is one of the most popular
materials in the MOF community and is highly employed in
different applications due to its versatility and facile and green
synthesis,"? in addition to the ability to form composites with a
large number of materials."*™®

On the other hand, MOFs in which the nodes are constituted
by clusters of atoms as SBUs have been very attractive since the
discovery of MOF-5"7 and HKUST-1'® (Fig. 2b and c) (HKUST
stands for Hong Kong University of Science and Technology).
These MOFs have greatly contributed to understand the role
of the spatial disposition of organic ligands and inorganic
moieties in determining the MOF’s structure."®

These clusters of atoms can be organized in different
geometries such as tetrahedra, trigonal bipyramids, and octa-
hedra, among others, sharing some atoms (generally oxygen) in
the vertices of the polyhedra (Fig. 3). The SBU of MIL-88(Fe)
(MIL stands for Matériaux de I'Institut Lavoisier) is formed by a

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 SBUs with different dispositions and geometries.

trimer of octahedra sharing an oxygen atom per each trimer
and an iron atom in the centre of each octahedron.?® In the
case of MOF-5, one of the most popular MOFs, its SUB is made
by a tetramer of tetrahedra sharing an oxygen atom from a
vertex.”! Another example of SBUs is the Zrg cluster in the UiO
MOF family (UiO stands for Universitetet i Oslo), where each Zr
is connected to four Zr atoms through a Zr-O-Zr bond, and
each Zr atom can be bonded to two bidentate ligands, creating
a Zr¢04(OH), cluster surrounded by, in theory, twelve linkers.?>
One of the most complicated SBUs is that of MOF-520, in which
eight aluminum atoms in an octahedral disposition form a ring
by sharing an oxygen atom with other aluminum, this spatial
organization generates a chiral SBU.*

All these parameters provide us with an idea about the
endless possibilities of creating structures that MOFs provide.

1.2. Synthesis of nanometric-size MOFs (NMOFs). MOF
particles of reduced size are desired for their use as DDSs.
The synthesis of nanosized MOFs (nanoMOFs, NMOFs) is
currently being widely studied. Several methodologies have
been developed to control the size, shape, and surface area
among other physical and chemical properties.

As mentioned above, ZIF-8 is one of the most studied MOFs
and presents the advantage that its precursors are water-soluble
allowing their synthesis under soft synthesis conditions such as
room temperature, low reagent concentrations, and short reaction
times.>* However, to modify the physical and chemical properties
of the material, many other methods such as solvothermal (in
dimethylformamide (DMF) or methanol (MeOH)), microwave-
assisted, sonochemical, or mechanochemical among others have
been employed.”® The synthesis of ZIF-8 is also influenced by the
presence of surfactants like hexadecyltrimethylammonium salts
(CTA") and their co-ions (CI~ or Br~).>® However, its synthesis is
highly influenced by factors that might have been overlooked
such as the gravitational forces.>”

In the case of MOFs with SBUs like Zrs, a wide variety of
methods can be employed. In general, these methods allow the
formation of metal-ligand bonds and also permit the breakage
of these bonds and their reorganization to allow for structure
propagation. Solvothermal synthesis is one of the most straight-
forward methods, in which the metal salt(s) and ligand(s)
are dissolved in a high boiling point solvent such as DMF,

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Halide effect in the generation of UiO-66-NH, and UiO-66 nano-
crystals (NMOFs). Representative micrographs of UiO-66-NH, produced
using (a) ZrOCl, as a precursor without extra halides added, (b) ZO(NO3),
as a precursor without extra halides added and (c) ZO(NO3), as a precursor
with extra halides added. Scale bars correspond to 500 um. Adapted with
permission from ref. 33.

diethylformamide (DEF) or dimethylsulfoxide (DMSO) in a vial
or closed vessel, allowing for heating during long periods (i.e.,
12 h or longer).?® Usually, organic acids (i.e., acetic acid, formic
acid, trifluoroacetic acid, benzoic acid, etc.) are used as mod-
ulators to control the particle size.>**" This is possible as these
acids compete with organic linkers for the available Zr sites,
preventing the particle growth. Also, inorganic acids such as HCI
are employed as modulators protonating the organic linkers and
decreasing their reactivity.**

Recently our group has investigated the role of halide ions
(Cl7, Br™ and I') as co-modulators in improving not just the
shape and size of the UiO-66 NPs, but also the reaction yield.
We corroborate the presence of halide ions in the NMOF’s
structure and the missing-linker defects that the halides
generate (Fig. 4).>* Our findings confirmed that by using
halides, especially chloride, as co-modulators the production
of Ui0-66-NH, and UiO-66 with defined geometries and nano-
size is possible.

1.3. Synthesis of nanocomposites of inorganic nano-
particles and nano-metal-organic frameworks. The synthetic
methodologies for inorganic NPs (iNPs) allow their preparation with
fine-tuning in order to control the size, shape and other properties
such as purity, crystallinity, stability and monodispersity.** As
discussed above, the control of NMOF size is being studied to
reduce the particle size.>> For generating nanomaterials with
improved and novel physicochemical properties and abilities, the
synthesis of composites based on the combination of iNPs and
NMOFs (iNPs@NMOFs) is of interest for many research groups.

There are many different approaches for the synthesis of
iNPS@NMOFs, but the most common ones are (i) post-
impregnation of the NMOF with metallic salt solutions, fol-
lowed by the reduction of the metallic ions and (ii) the core-
shell approach wherein the mixture of the reaction contains the
metal node or cluster, organic linker, and functionalized NPs

(Fig. 5).
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Fig. 5 Schematic representation of different approaches to produce
iNPs@NMOFs nanocomposites.

The impregnation of NMOFs with metallic salts to reduce
them to form small clusters of atoms has been achieved for
Cu,’® Ag,*® Ni,*® Au,*” Pt,*® and alloys,>® among others. In most
cases, the impregnation step involves the physisorption of
metallic species within the MOF matrix, but in some cases,
the processes involved the formation of coordinated bonds
between an electron donor group from the organic linker and
the metal ion. That is the case of UiO-67-bipyridine, where the
linker 2,2’-bipyridine-5,5’-dicarboxylic acid has in its structure
two nitrogen atoms capable of coordinating redox metals, like
Au for the generation of reactive oxygen species (ROS) or Pd*® as
a catalyst for Suzuki reactions.** Also with this methodology, it
is possible to use the NMOF’s channels as a template to create
metallic nanowires. This concept was demonstrated by Duan et. al.
by modulating the diffusion rate of the metallic species by the
solvent and increasing the redox potential by varying the pH.*>
controlling these parameters and using ultrasonic stirring, they
were capable of obtaining well-aligned Au and Pt nanowires inside
the NMOF porosity in MOF-545 (Fig. 6a).

The core-shell approach has not only the limitation that the
previously synthesized iNPs must have an affinity not just with
the metallic node or cluster and the organic linker, but also

a)

HAUCI, or H,PtCl,
——————————————

reducing agent

- | CTAB concentration +

Fig. 6 (a) Synthesis of metallic nanowires using the MOF porosity and
channels as a template®? and (b) mechanism and effect of CTAB concen-
tration for metal@ZIF-8 nanocomposites.*®
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must be compatible with the reaction conditions. This last
condition is rather critical as many MOF’s syntheses are
performed at high temperatures and in the presence of organic
solvents which are not compatible with the iNPs’ integrity,
leading to undesired reshaping or degradation processes.
To increase the compatibility with the media, amphipathic
polymers like polyethylene glycol (PEG) are used to functiona-
lize iNPs.** These coatings help to transfer the iNP from
aqueous media to organic media.*> PEGylated gold nanorods
have been used as seeds to grow core-shell systems for Zr-based
NMOFs (NU-901).***” In these cases, PEG chains from the
nanorods have been proposed to interact with MOF precursors
due to their hard oxygen and soft ethylene moieties. Also, PEG
chains have been used to functionalize gold nanobipyramids in
order to grow ZIF-8 selectively in the middle of the NPs avoiding
their tip coverage.*®

The use of surfactants such as CTAB has been identified to
aid in the production of an adequate surface on colloids, i.e.,
gold or palladium NPs to grow shells of NMOFs (Fig. 6b).** This
approach has been explored by us to create ZIF-8 shells onto
individual NPs to create core@shell composites with controlled
size. This approach is suitable to work on different NPs’ sizes
and morphologies including anisotropic materials."**® Zheng
et al. reported the use of different capping agents (i.e., CTAB
and tris/hydroxymethyl)Jaminomethane) to have control over
the shape of the ZIF-8’s shell to create composites with irre-
gular controlled shapes such as hexapods and burr puzzles.*®

1.4. Cargo loading inside MOF’s pores. One of the main
advantages of MOFs is the high and permanent porosity that
can be used to load cargoes of different nature, i.e., cargoes of
varying size, charge, or polarity. Therefore, NMOFs can host a
wide variety of guests or reagents, such as proteins, carbohy-
drates, drugs, or nucleic acids.’®>" The incorporation of APIs
inside NMOFs’ pores offers a solution to some of the main
problems related to the systemic administration of free drugs
or biomolecules, like fast biodegradation, side effects or the
difficulties of some agents in crossing the cellular membrane.’”
The incorporation of biomacromolecules or other pharmaceu-
tical agents in the MOFs can be achieved by three approaches:
encapsulation, post-synthesis strategies and direct assembly.>
The last method refers to the use of the selected cargo or a

a)

Post-synthesis
encapsulation

In situ

Fig. 7 Schematic representation of the cargo encapsulation methods: (a)
post-synthesis encapsulation and (b) in situ encapsulation.

This journal is © The Royal Society of Chemistry 2023
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prodrug as a ligand in the synthesis of NMOFs, via coordination
bonds between the cargo and the SBU. However, in this article,
we will focus mainly on the first two strategies (Fig. 7).>*

Post-synthesis encapsulation. This approach involves the load-
ing of the selected cargoes via noncovalent or covalent interac-
tions, and lately has been successfully performed for the
encapsulation of chemotherapeutic drugs, DNA, or enzymes
(Fig. 7a).> The pore and the cargo size play a key role in this
approach, as it is necessary to fit these agents inside the MOF’s
structure. MOFs’ pore sizes can be tailored from micropore
(<2 nm) to mesopore (2-50 nm).>* This way, larger pores would
allow the encapsulation of larger cargoes and a higher loading
capability.>® However, it is critical to ensure the stability of the
loading inside the structure to avoid uncontrolled cargo
release. To achieve this stable loading, there are some strategies
such as the MOF’s amorphization via heating or ball-milling
treatments, or the further functionalization of the particles
with different functionalities to block the pores of the
MOFs.'*%°

The most used post-synthesis encapsulation approach is
based on the infiltration of the selected agents. Here, the
loading is achieved by free diffusion of the functional guest
molecules through the pore aperture of the pre-synthetized
MOFs. This way, the agents will be filling the pores typically
with high loading efficiency. One of the main advantages of this
method is that the loading can be carried out in mild condi-
tions. Therefore, it enables the incorporation of sensitive
cargoes such as enzymes, that may be degraded under synthetic
conditions.” Furthermore, when entrapped inside the MOFs,
enzymes can maintain their activity in harsh conditions such as
high temperatures or organic solvents.>® For example, Wang
et al. recently reported new Zr-based NMOFs (NU-1000 and
PCN-222) for the delivery of insulin as a model protein.>®
Insulin was loaded via infiltration by mixing the particles with
an insulin (0.4 mg mL ") solution in bis-tris-propane buffer
(BTP, pH = 7). The results showed high loading capabilities of
the NMOFs with values of 34 and 63 wt% of insulin for NU-1000
and PCN-222 NMOFs, respectively. As another example,
Orellana-Tavra et al. reported the loading of a bismuth-based
MOF, CAU-740, with two cancer drugs (sodium dichloroacetate
(DCA) and o-cyano-4-hydroxycinnamic acid (a-CHC)).>” The
results showed maximum loadings of 33.7 wt% (9.8 mol of
DCA/mol of CAU-7) and 9.3 wt% (33.2 mol of o-CHC/mol of
CAU-7). These differences can be related to the bigger size of
o-CHC, which faces more problems in diffusing through the
pores of the structure.

This strategy can be applied also for the loading of other
relevant active molecules such as photosensitizers (PS). For
example, Lou et al. showed the encapsulation of zinc-
phthalocyanine (ZnP) PSs inside a Hafnium-Iridium NMOF
for highly efficient photodynamic therapy (PDT).>® The loading
was achieved by simply mixing the NMOF with ZnP in DMF at
70 °C for 24 h, resulting in loadings of 13.6 wt% of ZnP. The
encapsulated cargo presented high light absorption with
reduced aggregation-induced quenching and an improvement

This journal is © The Royal Society of Chemistry 2023
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of '0, generation. Moreover, the samples were tested in mouse
models and they showed great efficiency in reducing and
eradicating colorectal cancer.>®

In some other cases, the post-synthesis encapsulation has
been employed for the loading of fluorescent probes. As a proof
of concept, we loaded a fluorophore inside the pores of ZIF-8-
gold nanostar (AuNS) nanocomposites (NCs) to study the con-
trolled cargo release.'* As the cargo we chose Hoechst H 33258
(HOE), a blue fluorescent dye typically used for DNA staining in
molecular biology. The loading was performed by immersion of
the NCs in a HOE solution in methanol, achieving an average
loading of 2.9 x 10°> HOE/NC.

However, this method presents some drawbacks as there is a
size limitation (cut-off) for the selected loadings that need to
diffuse through the pore aperture of the MOFs. This can also
lead to some problems such as the leaking of the guest
molecules that are smaller than the pore size. As a solution to
this problem, Morabito et al. reported a new approach for the
encapsulation of large guests inside MOFs by taking advantage
of ligand exchange reactions that lead to the ‘“opening” of
external framework domains of the pre-synthesized MOF
(Fig. 8).>° This ligand exchange is based on the fact that
coordinative-saturated metallic centers make the dissociation
easier providing the MOFs with temporary vacancies. These
vacancies would temporarily expand the pore aperture allowing
larger molecules to diffuse inside the NMOFs without interfer-
ing with the crystalline structure and morphology. Then, the
dissociated linkers can be restored so that the cargo is trapped
inside the pores. In 2018, the application of this method was
reported for the encapsulation of catalysts inside the structure
of robust MOFs such as UiO-66.*° The encapsulation of two
molecules was considered, i.e., a fluorescent molecule, Rhoda-
mine 6G (R6G), and a ruthenium complex as a catalyst. The
encapsulation process was analyzed under different conditions

Ligand Guest
dissociation encapsulation
Linker C_ |
Node A L%
Original aperture \J
“Opened” aperture ™

Guest molecule

Host-guest
composite

Ligand
association

(4 \
V]

Fig. 8 Schematic representation of the post-synthesis encapsulation of a
guest molecule taking advantage of the ligand exchange reactions.
Adopted with permission from ref. 59.
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and proved that the R6G loading was highest at elevated
temperatures in polar protic solvents (e.g., methanol), whereas
the dye leaking was reduced in aprotic solvents compared to
protic solvents. The experiments were repeated in similar
conditions for the encapsulation of the ruthenium complex
showing coherent results and proving the potential of the
method for the encapsulation of transition metal complexes
within MOFs based on solvent-dependent, aperture-opening
events occurring from dissociative linker exchange reactions
in MOFs.

Adapting this method, we studied the loading capabilities of
R6G in a series of UiO-66 MOFs with different synthetic para-
meters. For the loading, the NMOFs were mixed with a solution
of R6G in a ratio of 1:2 Zr:R6G (w:w). The resulting loading
ratios were ca. 17-20% w/w for all the synthesized NPs.** These
values show the efficiency of this method to encapsulate the
cargo in a post-synthetic method.

In situ encapsulation. This method, also called the de novo
approach, involves the encapsulation of guest molecules inside
the pores during the MOF growth process (Fig. 7b). The main
advantage of this method is the high loading efficiency inde-
pendent of the pore size.>* Some recent works have studied the
encapsulation of enzymes using this approach and proved the
reduction of structural changes that usually lead to protein
unfolding.®"** Furthermore, this method can also be applied for
the encapsulation of a wide variety of metalorganic compounds
and organometallic complexes.®> As an example, Liao et al.
employed this method to prove the maintenance of the biologi-
cal function of enzymes under a wide variety of conditions.®’
They reported the encapsulation of catalase inside ZIF-90 and
ZIF-8 MOFs. The loading was performed via a water-based
mild de novo approach where a zinc nitrate solution was mixed
with an aqueous solution containing appropriate amounts of
imidazolate-2-carboxaldehyde (ICA), catalase, and a capping
agent. The results showed loadings up to 6.0 wt% and the
encapsulated catalase showed higher stability and retained its
enzymatic activity even under harsh conditions such as urea
treatment. Alsaiari et al. reported the first successful encapsula-
tion of CRISPR/Cas9 inside ZIF-8 NMOFs (CC-ZIFs) for its
intracellular delivery.®* The co-encapsulation of the Cas9 protein
and sgRNA was performed via de novo approach, by mixing Cas9
and sgRNA in a phosphate buffer saline (PBS) solution with the
ZIF-8 precursors in water. The NMOFs’ size was characterized
by electron microscopy and dynamic light scattering (DLS),
presenting sizes of ca. 100 nm. The loading capability was
estimated to be 1.2 wt% of Cas9/sgRNA with an efficiency of
17%. Furthermore, the particles showed improved endosomal
escape abilities, with a decrease of up to 37% of the gene
expression over 4 days. This way, they proved the potential of
these ZIF-8 NMOFs as an efficient delivery method of efficient
and transient gene editing technology.

However, this encapsulation strategy presents some draw-
backs as it requires the stability of the selected guest molecules
in the synthetic conditions, which in some cases involve organic
solvents or high temperatures. Recently, Cases Diaz et al. have
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extended the MOF biomineralization in MIL-100 (Fe) using
several proteins and enzymes such as bovine serum albumin
(BSA), myoglobin, subtilisin Carlsberg, and bovine cytochrome
C. This rational synthetic method which also considers the
isoelectric point of the protein leads to efficient MOF’s protein-
loadings (i.e., from 4 to 30 w/w%) while maintaining the enzy-
me’s functionality.®”

Overall, guest immobilization techniques still need to be
improved to achieve higher loading rates and increased stabi-
lity of the cargo and loaded MOFs for their application in
biomedicine. Some of the main problems to be addressed are
related to (i) the microporosity of the structures which avoids
the incorporation of macromolecules such as enzymes, (ii) the
synthetic conditions that are not biocompatible with the integ-
rity of some cargo (i.e., chemical stability, or maintenance of
structure and function of proteins) and (iii) the stability of the
cargo once it is encapsulated.>® Therefore, it is necessary to
develop new strategies so that these systems can be used in
clinics.

1.5. Surface modification. Besides their chemical stability
and their ability to encapsulate different cargoes, another
relevant characteristic of NMOFs for their application in bio-
medicine is the possibility of external surface functionalization.
These post-synthetic modifications allow the improvement of
their colloidal stability, cellular uptake, controlled drug release,
or circulation time.®® Moreover, the NMOFs can gain recognition
abilities by their modification through specific interactions with
molecules such as peptides, antibodies, or saccharides, capable
of interacting with cells via specific ligand-receptor recognition.

There are two main strategies for the surface functionalization
of NMOFs. The first one is based on the modification during the
NMOF’s self-assembly where, as an example, the organic linker
can be modified to introduce functional groups to change the
final NMOF surface. This method presents an important limita-
tion as the potential of organic molecules that can be introduced
as linkers is limited.®*®” The other one is the so-called post-
synthetic modification (PSM) that allows the surface functionali-
zation of already synthesized particles. In this case, it is critical to
use specific reaction conditions to avoid NMOFs’ degradation and
loss of crystallinity and porosity.*® Within this second method, we
can find four main approaches (Fig. 9): (i) the attachment of new
molecules via coordination to free metal sites (coordinative PSM),
(ii) the formation of covalent interactions at reactive sites (covalent
PSM), (iii) the “core-shell” strategy based on NMOF coating with
polymers or silica and (iv) cell membrane coating.®”

Coordinative PSM. This type of PSM takes advantage of the
free metal sites present on the superficial SUBs of NMOFs due
to structural defects to add new functionalities via coordination
chemistry. The most used molecules are chelating molecules
such as carboxylates or phosphates. This way, the surface of the
NMOFs can be selectively modified while maintaining the
porosity and crystallinity of the MOF.”® Using this method,
NMOFs can be easily functionalized with biomacromolecules
modified with coordinative groups. In the context of biomedical
systems, one of the main challenges is the intracellular delivery
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Fig. 9 Schematic representation of different PSM approaches to achieve
surface modification in MOFs.

of biomacromolecules such as proteins or peptides.”* Wang
et al. reported the functionalization of the Zr-based NMOF
NU-1000 via coordinative PSM with nucleic acids.”? For that,
they employed terminal phosphate-modified oligonucleotides
achieving a homogeneous and effective coating that increased
the NMOF’s stability and cellular uptake. Similarly, Chen et al.
used the free positions in the Zr present in PCN-222 NMOFs to
functionalize their surface with a phosphate-functionalized
PEG (5 kDa mPEG-PO3;) to increase the stability and delay the
release of the encapsulated drug.”

Covalent PSM. The post-synthetic covalent modification of
NMOFs’ surface includes two main strategies: (i) the addition of
functionalities that do not fit inside the pores of the structure
and (ii) the use of reactive moieties in the outer part of the
particles to add new functionalities.”” To work, this strategy
requires that the selected ligands have specific chemical func-
tionalities that do not interfere with the MOF’s structure and
allow the modification of the outer and internal surfaces of the
MOF.”"”* This MOF functionalization approach can improve the
colloidal, chemical and thermal stability of the particles.®** Some
modifications include N-alkylation, click chemistry or protonation.”
Besides the improvement of the colloidal stability, one of the main
purposes of the surface modification of NMOFs in the context of
bioapplications is the increment of the blood circulation time of the
NPs (stealthiness). Usually, different polymers can be employed for
this purpose, such as PEG, which is one of the most typical and
common coatings used for nanomaterials.”" As a representative
example, Zimpel et al. reported the functionalization of the MOF
MIL-100 (Fe) with amino-PEG by the conjugation of the amino
group with the NMOF surface groups, achieving increased stability
of the NMOFs.”®

“Core-shell” strategies. The creation of core-shell structures
is an approach widely used for stabilizing colloidal inorganic
NPs. Now, this methodology is also being used to stabilize
NMOFs, increasing their biocompatibility.”””" This method is
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based on coating of the NMOF core with a dense shell. Silica
coatings are typical examples of these core-shell strategies,
which provide protection to the NMOF against decomposition
and can act as a support for further functionalization. The use
of organic shells is a very extended strategy to create core-shell
systems. Polymers such as poly(vinylpyrrolidone) (PVP) and
PEG are widely used to fabricate core-shell nanosystems.
To create shells using polymers, amphiphilic polymers such
as poly-[isobutylene-alt-maleic anhydride]-graft-dodecyl (PMA)
can also be selected. This polymer has been used to stabilize
NPs of different materials, shapes and sizes.>*** Recently, this
amphiphilic polymer has been used to coat the surface of ZIF-8
(Fig. 10)."* This way, the MOF was provided with increased
water stability while blocking the pores of the structure
avoiding the leaking of the cargo. Besides this, the polymer
can be modified with functional groups to act as an anchoring
point for the further addition of new functionalities. Other
examples of this coating strategy include the lipid bi-layer
coating and the cell membrane coating, which are usually
employed to improve the stability of the particles in
biological media and achieve immune evading capacities,
leading to an increase in the blood circulation time.”®””

Cell membrane coating. The use of cellular membranes to
coat colloidal nanomaterials can endow these systems with new
properties. Coating of nanomaterials has been carried out
using different cell lines including platelets, mesenchymal
stem cells, red blood cells, immune cells or cancer cells.®
The final properties of the nanomaterials will be highly

Fig. 10 Scanning electron micrographs obtained by using different
detectors to study the stability of AuNS@ZIF-8 NCs in different media:
(a) after their synthesis in methanol (first row), (b) after their dispersion in
water (middle row) and, (c) in water after their coating with PMA to
enhance their water-stability (lower row). Scale bars correspond to
200 nm. Adapted with permission from ref. 14.
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influenced by the cellular coating providing them with lympho-
cyte and dendritic cell activation, tumor targeting, immune
escape abilities, endothelial adhesion, or homotypic targeting,
respectively.”®®' One of the most commonly used approaches
is the use of membranes derived from cancer cells; this coating
provides NMOFs with homotypic targeting ability. This term
refers to the ability of self-recognition of cancer cells for its cell
lineage or the evasion of the immune system.®*** Therefore,
this strategy offers great advantages for its use in areas such as
cancer therapy or vaccination.

Whereas NMOFs had been coated before with liposomes or
exosomes, this strategy is relatively new, with a few examples
available.’*% Recently, Alyami et al. have developed biomi-
metic cancer cell-coated zeolitic imidazolate frameworks (ZIFs)
for cell targeting and specific delivery of CRISPR/Cas9, follow-
ing the results previously discussed in Section 1.4.%° They
coated the CRISPR/Cas9-loaded ZIF-8 NMOFs (CC-ZIF-8) with
human breast adenocarcinoma cell (MCF-7) membranes to
improve cell-targeting by the inherent homotypic targeting of
tumoral cells. The coating was prepared by extracting the
membrane of cancer cells and by mixing them with CC-ZIF-8
under stirring. Finally, the sample was collected by coextrusion
with a 200 nm porous polycarbonate membrane, rendering a
final uniform population of coated NMOFs of 120 nm. The
uptake of CC-ZIF-8 was studied in different cancer cell lines
and healthy cells, showing higher uptake for MCF-7 cells
and negligible uptake for the healthy ones. This proved the
efficiency of this biomimetic approach increasing NMOFs’
selectivity and overcoming one of the main problems in DDSs.

1.6. Stability. MOFs’ stability should be carefully assessed
for their application, especially in biomedicine, where the
degradation of the particles can cause the loss of their func-
tionalities and may lead to different toxicity results.®”

The surface of the nanocrystals constitutes the most reactive
domain of the structure and is where the interaction with the
components of the surrounding media occurs. As previously
mentioned, engineering the surface of NMOFs is critical to
determine aspects such as the colloidal stability of the NMOFs
in biological media, the formation of the protein corona or the
targeting abilities.*® For this reason, it is important to study all
the possible interactions on the bio-interface (aggregation,
biodistribution, or elimination) to develop stable systems.®’

The stability of NMOFs can be divided into colloidal and
chemical stability.

1.6.1. Colloidal stability. Colloidal stability refers to the
capacity of the particles to remain suspended at equilibrium
in a solution. Therefore, the lack of colloidal stability would
lead to limitations in the possible administration routes and/or
issues related to uncontrolled early drug delivery.”® For this
reason, it is critical to consider colloidal stability under
long-term storage and further resuspension in solution before
their administration.’® Moreover, it is important to analyze
the behavior of the particles in physiological environments.
This behavior is partially governed by electrostatic interactions.
So, when the surface charge of NMOFs is close to neutrality, the
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repulsion between the particles will be reduced and they will
tend to aggregate. Likewise, if the surface charge increases, the
colloidal stability will be improved. However, this feature
depends on the medium where the particles are placed and
the interaction with the components of this medium; for
example, proteins tend to adsorb non-specifically forming the
so-called protein corona or biocorona which can lead to uncon-
trolled aggregation processes.”

1.6.2. Chemical stability. The chemical stability of MOFs has
received considerable attention during the past few years.
Several studies have been performed to understand the decom-
position pathways and the stability of the particles in different
media.?” Ideally, the chemical stability of NMOFs should
synchronize in vivo degradation with the expected functional
therapy for a given biomedical application.®® Generally, the
chemical stability of MOFs is referred to their ability to retain
their structural features after being exposed to chemicals, high
temperatures, and mechanical forces.®> This stability depends
on several factors such as thermodynamic stability, kinetic
stability, or the presence of other elements present in the
environment surrounding the particles, all influencing the
design of stable framework structures.’>**

Thermodynamic stability. The stability of the MOFs is
related to their resistance to chemical treatments (such as
water, acid, or salt solutions) to maintain the structure and
porosity.”” This stability is mainly related to the strength of
the metal-ligand (M-L) coordination bond, which may be
predicted by Pearson’s (HSAB, hard soft acid-base) theory. This
theory considers ligands with relatively high pKa (e.g., azoles
like imidazolates or pyrazolates) as soft bases producing robust
frameworks with low-valent metal ions (Zn**, Cu®*, Ni** and
Mn**) which can be considered as borderline soft acids. The
most typical example of this is ZIF-8 built by the coordination
of Zn®*" metal ions and imidazolates. On the other hand,
ligands with relatively low pKa (e.g., carboxylic acids) are
considered as hard bases and form highly stable MOFs by
preferentially binding to high-valent metal ions (Ti*", Zr*",
APP*, Fe**, and Cr*") which are hard acids.”*® The Zr** MOFs
such as UiO-66 ([ZrsO,(OH), ((OOCCH,COO0,,]) show high
stability features. Zr*" has a high charge density, which creates
a strong affinity when the Zr*" ions interact with carboxylate
groups, generating strong Zr-O bonds. The combination of
[Zr604(0OH)4] or [M;0X(CO,)s] (M = AI**, Cr*", or Fe**; X = OH ",
F~, or Cl7) clusters with carboxylate linkers with different
topologies gives rise to a wide diversity of MOFs with great
stability, such as UiO-66, PCN-222, MIL101(Cr), and MOF-808.%°

Kinetic stability. The kinetic factors constitute other key
points affecting the stability of the MOFs and depend mainly on
the rigidity of the linker. The elongation of the ligand has the
advantage of the enlargement of the pores, but at the same
time, it weakens the framework structure.®® The reason is that
the length of the ligand is related to the activation energy of the
MOF dissociation process and therefore it affects its
degradation.’® As an illustrative example, the UiO isoreticular
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family of MOFs (UiO-66, UiO-67, and UiO-68) have the same
cluster but they differ in the linker length. The coordination
bond strength should be equal in the three cases based on the
previously explained HSAB theory and the chemical stability
should be the same. However, it has been proven that there is a
decrease in the stability with increasing linker length directly
correlated to its rigidity.®” Dense and rigid frameworks formed
by rigid and highly connected building blocks (metal ions/
clusters and ligands) generally show higher stability against
partial lattice collapse. Another kinetic factor affecting struc-
tural stability is the linker hydrophobicity. When the surface of
the particle is mainly hydrophobic, the structure tends to be
more stable in aqueous media as it avoids the adsorption of
water in the pores or its condensation around metal clusters.”?
The incorporation of functional groups within the MOF struc-
ture will be likely to reduce the pore size and cause the
condensation of water vapor at decreased pressures.’” For
example, in ZIF-8 the methyl groups on the imidazolates can
serve as blocking agents preventing water molecules from
approaching the ZnN, node leading to increased stability.”*

Additionally, by selectively designing hydrophobic surfaces
or interfaces, water and other guest molecules can be excluded
from approaching metal ions.*” The addition of functional
groups capable of repelling water from the metal clusters’
surroundings can act as a defense against the weak coordination
bonds improving the water stability.”> Furthermore, the structural
stability of the particles can be improved by using post-synthetic
strategies including post-synthesis exchange, post-synthesis mod-
ification or hydrophobic surface treatments.”> Some examples of
typical coatings to improve the colloidal and chemical stability of
the particles in biological media are polymers, polysaccharides,
and phospholipids, where the hydrophobic part can coat homo-
geneously the outer surface of the NMOFs that would impede the
permeation of ions and protect the weak coordination bonds
against phosphates present in the medium.*°

Despite the efforts, the assessment of the chemical stability
in biological media is still not completely addressed. This is a
consequence of the high number of variables that should be
considered, such as the type of components of the media, their
concentration, or the temperature of the solution, among
others.”> Generally, different combined techniques such as
powder X-ray diffraction (PXRD) and porosity analysis with
inert gas are employed to evaluate the stability of the particles.
However, although great progress has been made in this
matter, some challenges remain unsolved. Therefore, it is
important to develop new methods to evaluate and enhance
the chemical stability to promote the advancement of NMOFs
for bioapplications.

1.7. NMOFs in biological media. During the past few
years, several studies have proven MOFs to be promising
materials for their biomedical applications as DDSs, contrast
agents or photothermal therapy (PTT).*® However, there are
still some important issues concerning these materials that
need to be assessed for their clinical applications, such as their
toxicity and immunological impact,”® which remain relatively
unknown.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Feature Article

The toxicity of NMOFs, as in the case of other NPs, depends
on different parameters that can affect their interaction with
living organisms, including chemical composition, structure, size,
morphology, and surface properties.®® These materials can be
easily internalized into cells and subcellular compartments.”®

NPs’ routes of entry inside the cells are determined by their
interaction with elements in the extracellular matrix and the
outer plasma membrane. Generally, the entry process occurs
via endocytosis, where the particles are internalized in the cells
via engulfment processes followed by the generation of endo-
cytic vesicles and transported to the particular intracellular
compartment.”” Very generally, one can distinguish five types
of endocytosis: phagocytosis, clathrin-mediated endocytosis,
caveolin-mediated endocytosis, clathrin/caveolae-independent
endocytosis, and micropinocytosis.”® Clathrin- and caveolin-
mediated endocytosis constitute two main mechanisms of NP
uptake.”®'°° These interactions are highly affected by the phy-
sicochemical properties of NPs, such as the size, shape, surface
charge, surface chemistry, and chemical stability (Fig. 11).”%'"!

Size and agglomeration. The size of the NPs plays a key role in
the cellular uptake and toxicity of the NPs.”®'°" NPs can induce
toxicity as their size becomes comparable to the size of the
molecular components; their ability to penetrate physiological
barriers increases, inducing the interruption of physiological
functions and sometimes causing cell death. Furthermore, as
mentioned above, when reducing the size of a material to the
nanoscale, there is a high increase in the surface area and also
in its reactivity. As a result, this increment in the surface area
leads to higher exposure to the surrounding media which in
case of any possible degradation process can induce the divi-
sion of the particle into smaller fragments. Like the dimension
effects, the agglomeration state of the NPs in biological fluids
also affects toxicity. In most cases, the interaction of NMOFs
with biological media components leads to an uncontrolled
aggregation that produces the formation of bigger agglomer-
ates which changes their biological behavior.

Surface chemistry. As previously mentioned, the surface of
NMOFs is their most reactive part. The correct surface
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Fig. 11 Schematic representation of factors that determine the toxicity of
NMOFs.
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engineering can contribute to the stability of the NPs in
biological media and to minimize undesired interactions with
the surrounding biological environment.*® One important fac-
tor is the surface charge of NMOFs. For example, charge affects
the electrostatic interaction between the NMOFs and cellular
membranes, having a great impact on cellular uptake. Some
studies have shown that charged particles, either negative or
positive, showed higher uptake than neutral counterparts, due
to the attractive/repulsive forces among the cationic/anionic
NPs and the negatively charged cell membrane.'*

The hydrophobicity will affect the interactions with proteins
and the protein corona formation and therefore the way they
interact with cells.”* As previously discussed, NMOFs can be
functionalized to target specific receptors or molecules by the
addition of peptides, antibodies, or proteins.’>*® At the same
time, several strategies have been developed to increase the
chemical stability and minimize the adsorption of bio-
molecules such as proteins or lipids, as well as to target the
NPs, ie., PEGylation. Nevertheless, it is worth noticing that
despite the surface functionalization of NMOFs, their proper-
ties will experience changes when placed in biological media
that can be difficult to predict, and these interactions in the
bio-interface will define the fate of the NMOFs, and hence, their
toxicity.”®

Biological chemical stability. The stability under relevant
biological conditions is also an important feature to consider
before evaluating the final toxicity. MOFs can undergo different
degradation processes in biological media. Depending on the
nature of MOF components (ie., metal cations, SBUs or
linkers), they will be processed by the organism in a different
way and may generate higher toxicity rates. For that, it is
important to evaluate both the stability of the structure, choos-
ing MOFs with strong coordination bonds between the metal
and the ligand, and the toxicity of the individual components
i.e., the toxicity of the free metal, metal clusters, or linkers.
Following the concepts discussed in the previous section, for a
more acidic environment, it would be convenient to use NMOFs
with ‘hard’ constituents to avoid the competition between metal
ions and protons from the media. However, in more basic
surroundings these MOFs will likely degrade due to the exchange
of organic ligands by OH™ groups present in the media.”®
Depending on the components, the toxicity of the NMOFs would
be classified as less toxic for those containing Ca**, Bi** or Eu*",
followed by those with Ti**, Fe**, Fe**, Co®", AI’", and Cr**, and
followed by Zr**, Mg>", Gd**, Ni**, and Zn**, whereas those with
Cu?" and Mn>" can be considered the most toxic. Moreover, the
hydrophobicity of the linker also plays an important role in the
final toxicity of the particles. As an example, hydrophobic ligands
interact easily with lipid droplets in the lysosomes, so it takes
more time to remove them from the organism, whereas hydro-
philic linkers are cleared faster.”” Therefore, the engineering of
the particle surface constitutes a key factor for the improvement
of the stability, as it would avoid the degradation of the particle
and the biodistribution would be mainly influenced by the
properties of the MOF (size, surface chemistry, etc.) and not its
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constituents. The higher the degradation of the MOF, the higher
the release of potentially toxic substances.

To assess the biocompatibility of NMOFs, their behavior
must be studied carefully. The first step will cover testing their
stability and degradation in different biological media, such as
phosphate buffer solution (PBS) or cell culture media, at their
corresponding pH. These studies will facilitate the prediction of
the in vitro behavior of the NPs before performing further
toxicity tests. AUNS@ZIF-8 composites were employed for this
purpose with and without a PSM based on the use of polymer
coating (i.e., PMA)."* The results confirmed that the NMOF-
composites were stable in both aqueous and complete cell
media upon PSM (Fig. 12a). Recently, we studied the stability
and toxicity of NMOFs from the UiO family (UiO-66 and UiO-66-
NH,) using different synthetic parameters confirming their
high stability, biocompatibility, and reduced toxicity.>* Before
the in vitro toxicity assays, the stability of the particles was
evaluated in four different media: milli Q water, lysosomal
medium (phagolysosomal simulated fluid (PSF), 0.02 M and
pH 5), complete cell media (Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% foetal bovine serum (FBS)) and
phosphate-buffered saline (PBS, 0.1 M, pH 7.4), showing good
stability for all cases except for some aggregation of the particles
in PBS, resulting in an increment in the effective diameter after
1 h. Fig. 12b shows the stability of these NMOF in aqueous
solution and in lysosomal medium.

After confirming the stability along time in complex biolo-
gical media, in vitro studies should be carried out. However,
cytotoxicity studies in vitro are generally conducted in cancer
lines to prove their potential as cancer treatments, whereas
studies in healthy cells are less frequent.” In these studies, the
particles are normally incubated for 24 h to 72 h at different
dose rates, and cell viability is measured. The typical parameter
evaluated is referred to as IC50 (i.e., half maximal inhibitory
concentration), which corresponds to the concentration (in mM
or mg mL ') of the particles that cause 50% inhibition of cell
growth.’® For example, we evaluated the in vitro toxicity of the
UiO-66-NH, samples using the resazurin test in A549 adeno-
carcinoma cells.*® With concentrations of up to 100 pg Zr mL ™,
the results showed no significant toxicity for any sample after
24 h. In addition, we studied the cellular uptake by flow
cytometry using two different concentration metrics, one based
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Fig. 12 Mean hydrodynamic diameter (dy) for (a) NMOF composites
during one week (red) and NMOF composites-PMA (blue) systems in water
and cell medium and (b) UiO-66-NH, NPs during 32 h in different media.
Adapted with permission from ref. 14 and 33.
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on the particles’ molarity (25 pM) and using equal Zr amount
(2.5 pug Zr mL ™). For the samples at 25 pM, the results showed
variations in the cell uptake for different sizes of the particles,
proving the effect of the size on the fate of the nanocarriers.
However, when the samples were evaluated at a concentration
of 2.5 ug Zr mL™" (or 8 pg mL™" of MOF), the uptake was very
similar in all cases independent of the size. These uptake rates
were expected based on the physicochemical parameters
studied during the characterization of the NMOFs, i.e., size or
charge.

2. NanoMOFs for bioapplications

As discussed before, NMOF’s unique properties such as the wide
variety, their reusability, controllable degradation, the high sur-
face areas, tunable loading capabilities of biological cargoes, or
the good biocompatibility of the structures are being appreciated
for their application in biomedicine.'® Therefore, they are being
used as nanocarriers for the delivery of drugs, imaging agents,
biomolecules, etc.; contrast agents for imaging; or for different
therapies such as chemotherapy, PTT, or PDT.'® Furthermore,
NMOFs constitute a promising material for catalysis in bio-
medicine, as they can act as heterogeneous catalysts due to the
activity of their metallic centres or by synergistically combining
with catalytic NPs (Au, Pt, Pd, etc.) forming composites."**

The formation of active composites using NMOFs as host
carriers allows the incorporation of other functional materials,
such as NPs or polymers, creating nanocomposites with
improved features with respect to the pristine NMOFs."%> Some
typical NPs encapsulated inside NMOF structures are catalytic
NPs (Au, Pt, Pd, Cu), magnetic NPs (Fe;0,), or quantum dots.
These composites combine both the crystalline and highly
porous structures of the NMOFs with the unique properties of
the NPs, composing new promising materials for biocatalytic
applications, drug delivery, or bio-imaging.'%®

2.1. Drug delivery: stimuli-responsive NMOF-based DDS.
NP drug delivery systems (NDDSs) can be defined as nanosys-
tems capable of carrying and delivering an API to a specific
target in the body.® These systems should be designed to
overcome the main problems associated with conventional
treatments, such as the poor stability of the drugs or their
low specificity. Therefore, the development of DDSs with target-
ing capabilities and controlled release features would address
the problem of side effects and improve the effectiveness of the
treatments.'°® However, whereas the targeting functionalities
are widely considered and explored, the controlled release in
DDSs is still in its infancy. To date, some systems have shown
efficient and controlled drug release features in response to
external stimuli.

As DDSs, NMOFs provide intrinsic features such as high
loading capabilities or the easily tunable external surface of the
particles. They can also be designed as stimuli-responsive
systems for the triggered intracellular release of their
cargo.'” During the past few years, different cargoes were
studied for drug delivery applications of NMOFs. Especially,
they have been studied as anticancer treatments based on the
delivery of chemotherapeutic drugs (i.e., doxorubicin, cisplatin,

This journal is © The Royal Society of Chemistry 2023

View Article Online

Feature Article

or topotecan), siRNA, PS, or light-absorbing dyes.'®® On the
other hand, NMOFs have been recently explored for the delivery
of biomolecules with important roles in biological processes,
such as nucleic acids, proteins, lipids, or carbohydrates.'®®

While there are many possible therapeutic agents that can
be efficiently loaded into the pores of NMOFs,'*® the high
loading capabilities are not enough to create a functional
system. For that, it is necessary to control the cargo release to
prevent off-target effects and increased cytotoxicity. Stimuli-
responsive NMOFs could be a solution to address these pro-
blems, especially those responding to given stimuli such as pH,
light, magnetic fields, redox, ions, ultrasound, etc. These sys-
tems can undergo conformational changes under a determined
stimulus that will lead to the release of the cargo.®®

pH-responsive  NMOFs are the most studied stimuli-
responsive systems considering the acidic microenvironment
of tumor cells, lysosomes, or endosomes (pH varying from 4.5
to 7.8). Acidic environments can lead to the degradation of
some MOFs with an acidic response such as Zn-MOF, Fe-MOF
or pH-sensitive bonds as amine or imide, leading to the release
of the cargo.”''* Among them, ZIF-8 and MIL-10x MOFs are
widely employed for this purpose due to their pH sensitivity
(pH 5.0-6.0)."" Cabrera-Garcia et al. recently reported the
design of novel pH-responsive DDSs based on amine-
functionalized MIL-100(Fe) and MIL-101(Fe) NMOFs loaded
with the cytotoxic molecule 20-(S)-camptothecin (CPT)."'" The
system showed high stability under physiological pH condi-
tions with no release, whereas when the particles are inter-
nalized by the lysosomes, the acidic pH (pH 5) boosted the drug
release. This way, they achieved the delivery of the cytotoxic
CPT while minimizing the side effects.

Magnetic responsive NMOFs are capable of interacting with
an external magnetic field showing a synergistic effect both
triggering a controlled drug release and allowing the accumulation
of the particles in a target location. This approach is also referred to
as magnetophoretic therapy. Furthermore, these systems may be
used for MRI, which can lead to enhanced contrast in T2*-weighted
images.*"® Some systems might combine magnetic stimuli-
response with other stimuli-responsive features, as in the work
reported by Chen et al. where they designed magnetic nanocom-
posites combining magnetic hyperthermia and chemotherapy
treatments (Fig. 13).""*> They designed a system composed of a
Fe;0,@PDA (polydopamine) core and a ZIF-90 NMOF shell
(Fe;0,@PDA@ZIF-90) with an average overall size of 200 nm.
The Fe;0, NPs served as magnetic heating platforms under excita-
tion with an alternating magnetic field, whereas the ZIF-90 shell
acted as a protective layer and as a drug container for doxorubicin
(DOX) whose release was triggered in a pH-responsive way. After
cell uptake, the DOX-loaded Fe;O,@PDA@ZIF-90 NCs showed
excellent efficacy in killing tumor cells due to the synergistic effect
of magnetic hyperthermia and pH-triggered drug release.

Light-mediated therapy, or phototherapy, also represents a
promising strategy for therapeutics and diagnosis as it is non-
invasive and involves high spatial precision.'”® Light-responsive
NMOFs as DDSs aim to control the cargo release via induced
conformational changes, chemical bond cleavage, or photothermal
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Fig. 13 Adapted with permission from ref. 112.

conversion of the molecules/materials under illumination.’
Phototherapy aims for cell-killing treatment by employing
therapeutic systems capable of reacting under light irradiation.
This approach can be divided very generally into two strategies:
one based on the in situ generation of reactive oxygen species
(ROS), called PDT; and another based on heat generation
and temperature increase, called PTT. In both cases, one can
differentiate between intrinsic photoresponsive MOFs and
MOF composites among the phototherapeutic agents (PTAs)
used. PDT constitutes a non-invasive approach for cancer
treatment due to the oxidation capabilities of ROS to nucleic
acids, enzymes, proteins, and cellular membranes in cancer
cells."™ In particular, NMOFs can be used for this type of
therapy as a result of the easy diffusion of singlet oxygen and
preventable self-quenching.’** Among the different intrinsic
photodynamic MOFs used for PDT, porphyrin-based MOFs
constitute the most explored structures. In this case, the
photo-response of the NMOFs can be tuned by using different
porphyrin linkers. Recently, Kan et al. reported a UiO-66 NMOF-
based PS (UiO-66-TPP-SH) for PDT.'"> NMOFs are based on
an S-ethylthiol ester monosubstituted metal-free porphyrin
(TPP-SH) incorporated via post-synthetic modifications. The
particles, with sizes around 150 nm, were further functiona-
lized with porphyrinic PS that besides maintaining the MOF
crystallinity, allowed effective singlet oxygen generation. This way,
they produced efficient nanosystems for PDT tumor treatment.

As discussed briefly in Section 1.4, recently, Luo et al. have
demonstrated that the encapsulation of PS (i.e., ZnP) in an
isolated form inside NMOFs (ZnP@Hf-QC) prevents the PS
aggregation and overcomes some solubility limitations while
preserving enhanced PDT abilities to treat effectively colorectal
cancers in vivo.>®

On the other hand, PTT is based on the conversion of near
infra-red (NIR) light to heat, known as the photothermal effect,
with high precision and efficacy. PTT has the advantage
of being non-invasive and easily implemented besides other
treatments."™* PTT can further cause the anti-tumor immune
response, provoking irreversible cellular damage and subse-
quent tumor death.''® The main advantage of NIR light-
responsive systems versus visible light-responsive ones under-
lies the biological window range. The biological window(s)
corresponds to the light range(s) where light penetration into
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biological tissues reaches a maximum, Ze., expected penetration
depth of 1000-1100 nm. The first biological window comprises
wavelengths from 700 nm to 950 nm.""” For this reason, devel-
oping systems with strong absorption in the NIR and with high
photothermal conversion efficiency is a great strategy to produce
PTT platforms. Photothermal MOFs can be fabricated by
the encapsulation of PTAs inside the structures.'*® Noble metal
NPs are excellent materials that fulfill the required features for
PTAs and have been widely studied for this application. These
materials include Au, Ag, Pt, and Pd and can be excited with light
to efficiently produce heat through non-radiative decay pro-
cesses. However, among these, Au-based NPs (AuNPs) are the
most used agents for PTT. Spherical Au NPs have their localized
surface plasmon resonance (LSPR) centered around 520 nm, but
LSPR can be red-shifted to the NIR by changing the shape and
size of the particles, i.e. by producing nanorods, nanostars,
nanoplates, nanobipyramids, etc."'® Nanocomposites based on
MOFs and AuNPs have a promising future for drug delivery as
they combine the advantages of both systems. On the one hand,
they have the great features of AuNPs such as excellent tunable
photothermal properties and good stability in biological envir-
onments. On the other hand, they have the advantages of MOFs
such as high porosity, highly tunable surface functionalities, and
the ability to host a wide variety of APIs. These composites have
been employed for optical sensing, therapeutics, theragnosis,
and heterogeneous catalysis with encouraging results.'*'%?
However, due to the aqueous instability of most of these systems,
their application as DDSs should still be optimized.

Recently, Zhou et al. reported the design of a MOF compo-
site that combines the synergistic effect of both PDT and
PTT.'** To achieve this, they synthesized a porphyrinic NMOF
(PCN-222) shell with a core of plasmonic AuNRs. The singlet
oxygen ('0,) generation by the PCN-222 shell was analysed after
the exposure of the particles to LED light (640 nm, 20 mW cm ™),
by using a fluorescent 'O, indicator. The results showed an
increase in the fluorescence correlated with longer irradiation
times. Then, the photothermal activity of the NRs of the compo-
site was evaluated by irradiation with a NIR 808 nm laser at
different power values. This led to an increment of the tempera-
ture during the first 3 minutes, followed by a plateau after
5 minutes. The plateau temperatures varying from 35 to 60 °C
depended on the laser power, confirming the efficient thermal
conversion of light (ca. 22.2% conversion efficiency). Finally, the
composites were incubated with breast cancer cells and in 4T1
breast tumor-bearing mice proving the potential for enhanced
tumor treatment based on the combination of PDT and PTT.
Furthermore, these systems can be loaded with functional
molecules for application in drug delivery or catalysis.

In 2019, we reported a colloidally stable thermoresponsive
carrier composed of a core of AuNSs coated with a nanoMOF
ZIF-8 shell, having LSPR centered around 800 nm."* Transmission
electron microscopy (TEM) showed a well-defined core-shell
nanocomposite with a single AuNS core and a MOF shell of an
average size of 218 nm. X-ray diffraction and thermogravimetric
analysis further confirmed the growth of the MOF around the
AuNSs. To address the problem of the aqueous instability of the
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ZIF-8, the authors functionalized the NMOFs with PMA providing
the system with stability up to 7 days in aqueous and biological
media (Fig. 10 and 12a). To perform in vitro studies and analyse
the potential of the systems as drug carriers, the bioactive cargo
Hoechst (HOE), a blue-fluorescent dye typically used for DNA
staining, was employed. The high loading capabilities were
verified by N,-sorption isotherms. Interestingly, the final nano-
composites showed an excellent response to NIR laser illumina-
tion inside living cells and high chemical stability with no cargo
leakage after the PMA coating. Furthermore, after comparison
between the response of the system with and without irradiation
under the NIR laser, the authors were able to prove the efficient
triggered release of the loading (Fig. 14). These results show the
potential of these nanocomposites for their application as intra-
cellular vehicles for drug vectorization.

2.2. NMOF platforms as nanoreactors in living cells. In
biomedicine and biotechnology, enzymes pay an important role
in the basic reactions required for cell functions and cell
survival.>! The replacement of natural enzymes by synthetic
catalysts to perform unnatural reactions in a living organism
could imply the evolution of medicinal chemistry in several
ways. Some of the possible candidates for this purpose are
homogeneous transition metal catalysts. However, these cata-
lysts suffer from some limitations for their direct application in
biomedicine. The required characteristics of a catalyst to be
active in biological media are (i) high activity even at low
concentrations, (ii) good solubility, (iii) high stability in bio-
logical media and at physiological pH, and (iv) little or virtually
no toxicity."****' The interest in the possibility of performing
controlled reactions inside living cells has increased during the
past few years. One reason is the potential of producing
bioactive molecules as anticancer drugs at specific intracellular
locations, minimizing the secondary effects associated with
conventional treatments. Moreover, the development of sys-
tems capable of transporting the precursors directly inside the

a) b)

NC-HOE NC-HOE-PMA
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cells may overcome the drawbacks related to the low uptake of
large molecules."°

However, some of these transformations can be accom-
plished by performing abiotic catalysis within living cells using
homogeneous transition metal catalysts. These catalysts
promote controlled biorthogonal reactions. Biorthogonal reac-
tions can be defined as reactions that take place in aqueous or
biologically complex media, usually occurring with high
chemo-selectivity and biocompatibility, with minimized off-
target reactions.'*"'*?

Transition metal-catalysed reactions have been widely per-
formed inside living cells over the past decade. Before their
application, several studies were carried out to solve some of
the main problems associated with these materials, such as the
poor biocompatibility, the low cellular uptake, or the deactivation
of the catalyst in biological media. The main solution to these
issues is the use of heterogeneous catalysts such as NPs, i.e., Pd
NPs.'?* However, some transition-metal NPs’ functionalization
and stabilization are difficult and when placed in biological
media the NPs tend to aggregate. Also, the high concentration
of biomolecules containing thiols or amines can strongly
impair the catalytic activity of the particles.'” Beside, if NPs
are stabilized with organic coatings the catalytic activity is
highly reduced and the particles lose their functionality.'**
Another main problem concerning these materials is their
synthesis, which is generally performed in organic solvents,
and their active surface usually gets deactivated after time.
Therefore, there is a necessity to design new systems that can
overcome these limitations.

Due to the metal centres, high porosity, and very high
surface areas, the NMOFs constitute great candidates for their
application as catalyst carriers. They can act as catalysts them-
selves by using the free metal sites in their surfaces or in
synergy with catalytic NPs encapsulated inside the structure
as metal and semiconductor oxide NPs."**

Fig. 14 Confocal microscopy image of Hela cells incubated with NC-HOE (a), NC-HOE-PMA (b), and NC-HOE-PMA after NIR treatment (c). Blue and
orange colors represent HOE and cell membrane staining (CellMaskT" Deep Red), respectively. Scale bars correspond to 40 pm. Adapted with

permission from ref. 14.
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However, NMOFs have been mainly studied for biocatalysis
due to their ability to load biomolecules, mainly enzymes,
where the MOF structure provides protection avoiding the
biological degradation of the biomolecule in harsh conditions,
such as high temperatures or extreme pH. The combination of
activity of loaded catalytic biomolecules with the free metal
sites of the NMOFs allows for the improvement of biological
activities."> Furthermore, the easy external modification,
stimuli-responsiveness, and some enzyme-mimicking features
of MOFs allow their application with enzymes for smart cata-
lysis, as well as their use as versatile nanoplatforms for enzyme
delivery and catalytic nanomedicine. Li et al. reported the
efficient immobilization of the enzyme lactate dehydrogenase
(LDH) in different selected NU-100x MOF structures for their
use as a cell-free biosynthetic catalytic system.®® With this work
they demonstrated the potential of MOFs as enzyme carriers, as
the prepared systems were water stable and showed high
enzyme loadings and coenzyme accessibility, making these
materials suitable for industrial applications.

Nevertheless, the development of non-natural catalytic reac-
tors that can perform reactions inside living organisms could
constitute a new important achievement in the biomedical
field. Among different materials, catalytical metal NPs are great
candidates, ie., Au, Pd or Pt NPs. However, as mentioned
above, NPs with high surface energy have higher instability
and tend to aggregate in biological media losing their catalytic
activity.” In this scenario, NMOFs would act as protective
structures to immobilize NPs preventing their aggregation for
their use in catalytic processes.'”® This is combined with the
high external surface areas and porosity of the structure of
the NMOF that allows the diffusion of substrates and products
minimizing the mass-transfer limit.'®* Therefore, the for-
mation of new nanocomposites built from a metal NP encap-
sulated inside a NMOF structure would produce platforms with
improved features for catalysis.'>**2®

Recently, several NP@MOF composites have been studied for
their application in catalysis. One possibility includes the impreg-
nation of NPs through the pores of the structure of the NMOFs.
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However, due to the small size of the pores, the diffusion of the
particles can be difficult. Another effective procedure is called
“bottle around the ship” where the MOF is synthesized around
the NP, which acts as a nucleation site for the building of the
structure, forming the NP@MOF composite. This approach would
limit the adsorption of undesired species of the biological milieu
to the NP surface, allowing the selective adsorption of
substrates.””">* However, this method has been achieved only
with a few MOFs such as ZIF-8 or some Zr MOFs."**

Recently, we reported an innovative water-compatible sys-
tem based on the core-shell PA@ZIF-8 nanocomposites that
can act as long-lasting bio-orthogonal nanoreactors (NR)."> The
nanocomposite is formed by a Pd-nanocube (PANC) that acts as
a catalyst, surrounded by a ZIF-8 shell that protects the PANC to
avoid aggregation or deactivation, and serves as a platform for
the diffusion of the reactants. Simultaneously, the ZIF shell acts
as a filter for the adsorption of larger biomolecules that would
inactivate the Pd. TEM showed a well-defined core-shell nano-
composite with a Pd-core of 24 nm and a shell of 250 nm.
The nanocomposite was then coated with the amphiphilic
polymer PMA to provide the NMOFs with high stability in
aqueous media for up to 7 days. We studied different reacting
probes that generate fluorescent products after the removal of
the propargylic groups, a reaction that is catalyzed by Pd
(Fig. 15). Interestingly, the results showed the efficacy of the
NRs to perform catalytic reactions inside living cells, in both 2D
monolayers and 3D tumor spheroids, and their reusability by
the simple addition of new reactants due to their storage in
cytosolic vesicles. These results show the potential of intracel-
lular recurrent NRs and the possible applicability as ‘“catalytic
cellular or tissular nanoimplants.”

This strategy still has some potential limitations due to the
intrinsic reactivity of the reactants or the toxicity problems
associated with some metal-based reagents. To avoid this,
thermal-driven reactions can serve as alternative processes.
Thermal-driven reactions can be triggered by temperature
stimuli. However, there are some restrictions when applying
this in living organisms, as cells cannot be heated over.

substrate ,

<ca

cell membrane

Fig. 15

product

(@) Pd-NCs coated by porous ZIF-8/PMA shell NRs. The NRs tend to accumulate in cytosolic compartments (endosomes/lysosomes) and

function as heterogeneous palladium-based NRs capable of processing substrates. (b and c) Confocal microscopy images (60 x) after incubation of NR-
preloaded cells with different concentrations of substrate 5 (top: 2.5 mM; bottom: 10 mM; the fluorescence corresponds to the intracellular production
of cresyl violet). Scale bars correspond to 40 um. Adapted with permission from ref. 15.

2882 | Chem. Commun., 2023, 59, 2869-2887

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cc05851k

Open Access Article. Published on 09 Februar 2023. Downloaded on 30.01.26 23:34:42.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

ChemComm

We reported a NR based on ZIF-8 NMOFs with a core of AuNSs
that could overcome these challenges, AUNS@ZIF-8 (Fig. 16).'°
TEM showed a well-defined core-shell nanocomposite with a
AuNS of 70 nm and a shell of 215 nm. The plasmonic AuNSs
would act as NIR-responsive thermal transducers, achieving
localized heating around the AuNSs and addressing the pro-
blem of cell overheating. Simultaneously, the ZIF-8 shell would
act as a protective barrier avoiding the adsorption of undesired
biomolecules such as proteins on the surface of the AuNSs. In
this work, they presented a thermal-promoted intramolecular
chemical reaction (thermocyclization) performed inside living
cells. The ZIF-8 shell of the nanocomposite allows the diffusion
of the reactants through the pores of the crystal, close to the
AuNS heating source under NIR irradiation. Furthermore,
the thermal conductivity of ZIF-8 is rather low, so it avoids
the temperature increase in the surrounding media of the
NMOFs. The selection of the substrate/nanocomposite pairs
was based on the purposes of demonstrating that it is possible
to carry out abiotic nucleophilic substitutions in biological
media and inside living cells; that the reaction needs heating
to be performed; and that a cyclic fluorogenic product can be
formed using these NRs. The nanocomposites were tested in
mammalian cells with different substrates with two different
set-ups a collimated laser or a laser pointer, and in both cases a
good level of transformation in living cells was shown. This
improvement in the performance of the NSs when the ZIF-8
shell is present is because it facilitates the access of the
substrates to the AuNS core while providing protection and
control in the flow of reactants and products. This example
opens a new avenue of light-promoted intracellular reactions
that have many potential applications.

2.3. Metal organic frameworks for biomedical imaging.
Biomedical imaging is a key to the improvement in the diagnosis
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and treatment of different diseases. NMOFs represent a new
promising category of NPs for biomedical imaging, as their
unique chemical features and versatility enable their use in
various imaging modalities such as MR (magnetic resonance),
CT (computed tomography) and PET (positron emission tomo-
graphy), among others,'*%?77129

MR imaging is one of the main techniques used for diagnosis,
as it can provide morphological and functional information
besides being a non-invasive technique.'”” However, it requires
the use of contrast agents due to the low contrast-to-noise ratio,
which implies a considerable reduction in the resolution. More-
over, the conventional contrast agents (i.e., Gd**-based complexes)
used in the clinic suffer from a lack of sensitivity, toxicity, and
undesired side effects."*® Some Gd-based NMOFs have been
developed to overcome these limitations. In 2006, Lin et al. were
the first to report Gd**-containing NMOFs with improved relaxa-
tion times compared to clinical molecules."*' However, the toxi-
city related to free Gd*" ions that leach from the structure makes
these systems not suitable for clinical use. To solve this, non-Gd**-
based NMOFs have been developed.™*°

Lin et al. reported a system based on Fe;O, NPs assembled
into responsive ZIF-8 NMOFs, generating T;-T, changing con-
trast agents.'*” They synthesized 6 nm Fe;O, NPs that exhibit a
T, contrast enhancement, whereas while embedded in ZIF-8
(forming an assembly), they show a T, contrast effect (Fig. 17).
When the Fe;O,@ZIF-8 nanosystems reach the tumor environ-
ment (acidic conditions), the pH and glutathione (GSH) trigger
the Fe;O, NP disassembly recovering the individual NP behavior
as T, contrast agents. In vivo T; weighted images (mouse liver)
showed darkening contrast improvement, while they showed
brightening contrast in the tumor sites. This proved the effi-
ciency of these synergic systems to easily distinguish between
normal and tumor tissues.

b) . NR-cell + substrate 1 BN

NR-cell +substrate 15

Fig. 16 Core—shell MOF-based plasmonic NR for intracellular photothermal reactions. (a) NRs featuring a AuNS coated with a porous polymer-modified
ZIF-8 cloak function as heterogeneous photo-gated NRs capable of transforming thermolabile substrates inside living cells (thermocyclization). (b)
Confocal microscopy image of NR-preloaded cells incubated with substrate 1 without NIR treatment and (c) after NIR irradiation using the collimated
beam system ((10 W cm™2, 1 min). Scale bars correspond to 100 pm. Adapted with permission from ref. 16.
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Fig. 17 T,-T, responsive FesO,4@ZIF-8 nanosystem assembly and disas-
sembly triggered by pH and glutathione (GSH). Adapted from ref. 132.

CT imaging is a non-invasive 3D technique used in diag-
nosis based on X-ray attenuation by contrast agents. It provides
high-resolution images of 3D biological tissues depending on
their X-ray absorption abilities. This is applied to visualize mainly
bone structures as this technique requires materials with high
atomic numbers."”” Lately, Zhang et al. reported the design of
UiO-PDT NMOFs as contrast agents for CT imaging."** They first
synthesized UiO-66 NMOFs and then they exchanged the organic
ligand with diiodide-substituted monocarboxyl-functionalized
BODIPYs (I,-BDP) to obtain UiO-PDT. The resulting NPs, around
70 nm in size, were tested as CT contrast agents using a Micro CT
at 80KVp, presenting an excellent X-ray attenuation performance.
Moreover, both in vitro and in vivo biocompatibility of these
NMOFs was studied, showing no cytotoxicity at high concentra-
tions and a clear accumulation in the tumor site, proving the
potential of these systems as CT contrast agents for solid tumors.

PET constitutes another important imaging technique,
based on the emission of positrons by radionuclides accumu-
lating in the target organs. When a positron and an electron
encounter, annihilation occurs, generating gamma rays that are
captured by detector panels, reconstructing the origin source,
and forming 3D images.">”"*° Chen et al. reported the design of
an intrinsic radioactive UiO-66 NMOF with the incorporation
of positron-emitting isotope zirconium-89 (*°Zr) for in vivo
positron emission tomography (PET)."*® In this work, they
incorporated the PET isotope zirconium-89 (*°Zr, ¢/, = 78.4 h)
during the synthesis of UiO-66, achieving NMOFs of 90 nm.
Then, the particles were functionalized with PEG and a peptide
to increase their stability and provide them with tumor-
targeting capabilities, respectively. Moreover, the NMOFs were
loaded with DOX, and used as a model anticancer drug and a
fluorophore to track these nanosystems. In vivo results showed
the potential of these systems as image-guidable, tumor-
selective cargo delivery nanoplatforms. However, in spite of
these promising results, NMOFs for biomedical imaging are
still in their infancy and further studies need to be performed
to address several aspects of NMOFs in this field.

2.4. Metal-organic frameworks as efficient oral detoxifying
agents. Poisoning and intoxication via ingestion are considered
a major public health problem.”**'*> The lack of effective
treatments for poisoning remedy implies serious harsh effects
and limits their use as efficient agents. Some typical detoxification
methods are activated charcoal, gastric lavage, or antidotes, but all
of them involve low efficacy rates, low affinity for toxins, and severe
side effects.”*> The first method is employed for the removal
of non-adsorbed drugs from the gastrointestinal system, so it
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presents some drawbacks as it should be administrated before
the drug is absorbed by the body. Gastric lavage also may be
responsible for hypoxia results or gastrointestinal perforations."*®
In the case of antidotes, despite the higher efficacy with respect to
the other two, their use is restricted to a small number of toxins.
For this reason, it is necessary to develop new systems capable of
capturing drugs or toxins."**

Recently, a few types of NPs, such as liposomes or micro-
emulsions, have been employed for this purpose due to their
versatility and a wide variety of possible functionalizations."**3¢
Although few studies have been made, NMOFs represent a
promising alternative for detoxifying materials due to some of
its features as their high porosity, which make them suitable for
selective adsorption and elimination of toxic agents with low
in vivo toxicity."**'%”

Lately, Rojas et al. reported the pioneering design of a new
detoxifying agent based on a single biocompatible MOF for its
application for decontamination of drugs, generally related to
voluntary poisoning.’** The studied MOF was the MIL-127
structure, based on octahedral iron (m) trimers and 3,3’,5,5’-
azobenzenetetracarboxylate anions (TazBz, ). The results of
this work showed good biocompatibility, high porosity
(1400 m> g~ ) with high adsorption capacities and high chemical
stability at different pH values. However, to prevent the intestinal
crossing and potential toxicity, the systems were prepared in the
micrometre scale (~20 pum). As a model of overdose pain
medication, they used the salicylate derivative aspirin (acetylsa-
licylic acid, ASA), which is classified among the nine pediatric
poisons that can cause death in infants at small doses, and that
has no specific antidote. They studied the chemical stability and
the adsorption capabilities of the systems both in vitro and
in vivo. In vitro results showed high stability and high adsorption
capabilities of the MOF, which could reach a maximum ASA
loading of 0.14 g g ' (gram of ASA per gram of MIL-127).
Furthermore, after the encapsulation there was no release of
the drug, demonstrating the great affinity of the aspirin for the
MOF. In vivo results revealed the decrease of the silicates
intestinal absorption by over 40-fold. Therefore, this report
showed the first experiments concerning the in vivo toxicity
and biodistribution of a MOF via oral administration, specifi-
cally upon salicylate overdose, with a high reduction of salicylate
gastrointestinal absorption and toxicity with outstanding gastro-
intestinal stability (Fig. 18)."® However, the development of a

MIL-127(Fe)

In vivo experiments
Fig. 18 Adapted with permission from ref. 134.

This journal is © The Royal Society of Chemistry 2023
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MOF in the nanoscale was not reported until next year, in 2019,
in the work by Rojas et al,'®® where they presented a Ti-based
NMOF (MIL-125-NH,) as a drug overload detoxifying agent. The
selected NMOF was the tetragonal titanium (iv) aminoterephtha-
late MIL-125-NH, (TigOg(OH),(0,C-C¢H;NH,—-CO,),). The NMOF
presented properties that made them suitable as oral detoxifying
agents: the system is based on titanium, which is regarded
as one of the most biocompatible metals; it showed very low
absorption when orally administered; and it presented high
porosity that made the structure an ideal candidate for the
encapsulation of drugs. Furthermore, it could be synthesized
at the nanoscale, which also opens the window for its further
application as a drug delivery agent. The studied drug was again
the widely used anti-inflammatory and analgesic ASA. For the
experiments, they employed the same quantity (mass) of adsor-
bent and the same ASA initial concentration under simulated GI
conditions. Despite the efficiency of ASA removal of the NMOF,
the results are relatively low with respect to the commercial
treatment (2-13% using stable MOFs vs 97% using Norit@acti-
vated carbon). However, MIL-125-NH, presented the important
advantage of low release after drug adsorption, which is one of
the main problems associated with conventional treatments.
To confirm the results, MIL-125-NH, was compared to other
common ones (MIL-53(Fe), MIL-53(Fe)-(OH),, MIL-100-(Fe),
UiO-66(Zr), UiO-66(Zr)-NH,, and ZIF-8(Zn)). In vitro results
showed the high ASA adsorption capacity of the NMOF (2.59
and 1.64 mol mol !, ASA/adsorbent ratio = 1:0.5 and 1:2,
respectively) after 24 h. After in vitro and in vivo studies, MIL-
125-NH, was demonstrated to be the only MOF capable of
resisting intestinal conditions, being an efficient detoxifying
agent with the ability to twofold reduce the salicylate concen-
tration peak in blood, while keeping intact its structure and
proving good biocompatibility.

Conclusions

The synthesis of MOFs at the nanoscale has raised considerable
interest for their versatility and added value for bioapplications.
These systems offer a great chemical variety of MOFs and
their unique properties as porous materials. Many of them
are of great interest due to their good biocompatibility and
their easy functionalization. However, there is still some work
to be undertaken to optimize the synthetic methods to yield
NMOFs with homogeneous size and morphology. Moreover, the
produced NMOF should retain their porosity and surface-
chemical reactivity while maintaining their chemical stability
in biological media.

Another interesting approach is the production of hybrid
composites comprising inorganic NPs and MOFs, which may
serve as advanced nanomedicines in the near future. These
composites combine the properties of their individual compo-
nents, ie., NPs and NMOF shells. Here, it is important to
highlight the need to create nanocomposites with extremely
well-defined structures in order to finely control their physico-
chemical properties.

This journal is © The Royal Society of Chemistry 2023
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These composites can act as remotely activated drug carriers
releasing the drug by an external trigger, or act as catalysts to
perform non-natural chemical reactions in living cells, producing
relevant molecules in situ. We envision that in the following years
this field will offer original and robust alternatives to solve the
current limitations of therapies based on nanomaterials.
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