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Performing reactions under physiologically relevant conditions often challenges the catalysts' robustness,
reactivity and recyclability. Widely regarded as stable and versatile materials, metal-organic frameworks
(MOFs) are an emerging platform for the development of materials with enzyme-like characteristics (i.e.,
nanozymes), whose applications in bioanalytical devices, biomolecule study, and therapeutics is attracting
increasing attention. Despite these promising prospects, developing MOF-based nanozymes that operate
in aqueous medium over a broad pH range, and in the presence of a high concentration of salts is
frequently challenged by MOFs' low stability in water, unreliable reactivity, and favorable adsorption of
substrates. In this minireview, we share detailed molecular insights on the reactivity of MOFs as nanozymes
Received 11th October 2022, for hydrolysis reactions. Specifically, we discuss key aspects of MOF structure/activity relationship based on
Accepted 9th December 2022 our recent work developing Zr-based MOF nanozymes for the hydrolysis of peptides and proteins. Further,
DOI: 10.1039/d2me00213b an overview of recent works targeting the hydrolysis of other biomolecules highlighting current limitations,
and promising research directions for improving the applicability of MOFs in biochemical contexts

rsc.li/molecular-engineering complement this analysis.

Design, System, Application

The use of metal-organic frameworks (MOFs) in aqueous conditions for carrying out biologically relevant hydrolytic reactions is a promising avenue of
research for the development of robust bioassays with varied applications. However, intrinsic limitations of MOFs' properties, and reactivity under
physiologically relevant conditions largely hinder their technological development within this context. In this article, we present an overview of the
development of Zr-based MOFs as useful materials for the hydrolysis of peptides, and proteins. After introducing key initial findings, and reaction
mechanism, a critical discussion on the structure-activity relationship of the MOF materials used in these reactions is presented. Further on, the first
attempts to optimize MOF structures through modifications on the organic linker, metal node, and synthesis protocols is discussed, keeping it in
perspective with the development of MOF catalysts in other areas of science.

1. Introduction especially if they are not readily available.”® On the other
hand, nanosized materials such as MOFs have emerged as
promising pH, temperature and chemically resistant mimics
of natural enzymes, widening both the substrate scope and
the range of reaction environments in which they can be
used. These so-called nanozymes are usually prepared from
cheap and readily available materials, have a long ‘shelf-life’
and can often be reused several times.”” In this context, the
Lewis acidity, water stability and tunable hydrophobicity of
metal-organic  frameworks (MOFs) prompted their
development as heterogeneous nanozymes for a large range

Natural enzymes are widely used both in academic research
and industry for a variety of purposes. For example, the use
of trypsin for protein hydrolysis," horse-radish peroxidase for
chemiluminescent oxidation,” and deoxyribonuclease 1 for
DNA hydrolysis® are some of the most prominent examples.
However, natural enzymes are generally substrate specific,
highly sensitive to the reaction conditions, and easily become
denatured in response to high temperature or non-
physiological pH. Moreover, they can be quite expensive,

of biomolecules,® and their exploration for sensing,'®'!
o 12,13 s Jopi 14 :
Department of Chemistry, KU Leuven, Celestijnenlaan 200F, 3001 Leuven, Belgium. hy dl‘Oly SIS, . and Odez_itlon of biomolecules.
E-mail: francisco.deazambuja@kuleuven.be, tatjana.vogt@kuleuven.be The growing popularlty of MOFs as robust nanozymes for
+ Authors contributed equally to this work. varied applications also arises from their key advantages over

270 | Mol. Syst. Des. Eng., 2023, 8, 270-288 This journal is © The Royal Society of Chemistry and IChemE 2023


http://crossmark.crossref.org/dialog/?doi=10.1039/d2me00213b&domain=pdf&date_stamp=2023-03-02
http://orcid.org/0000-0002-9334-9476
http://orcid.org/0000-0003-2800-2836
http://orcid.org/0000-0002-7089-8173
http://orcid.org/0000-0002-5537-5411
http://orcid.org/0000-0002-6188-3957
https://doi.org/10.1039/d2me00213b
https://pubs.rsc.org/en/journals/journal/ME
https://pubs.rsc.org/en/journals/journal/ME?issueid=ME008003

Published on 20 december 2022. Downloaded on 4-12-2025 05:34:17.

MSDE

Charlotte Simms studied
Biochemistry  and  Biological
Chemistry at the University of
Nottingham, UK and  then
completed her MSc thesis in the
Laboratory ~ of  Bioinorganic
Chemistry, KU Leuven, focusing on
the structure and reactivity of
bimetallic metal-organic
frameworks under the supervision
of Prof Parac-Vogt. As an FWO
PhD  fellow, she is now
investigating  the  relationship
between synthesis, structure and
reactivity of bimetallic MOFs for use as artificial nanozyme catalysts.

Charlotte Simms

Angelo Mullaliu obtained his Ph.
D. at the University of Bologna,
Italy, working on  battery
materials and synchrotron-based
characterization methods.
Following his PhD, he joined the
Helmholtz Institute Ulm (HIU),
Germany, for a postdoc focused
on Li- and Na-ion batteries and
X-ray techniques. After obtaining
an FWO fellowship, he moved to
KU Leuven, Belgium, to study the
interaction of MOFs  with
biomolecules, particularly with
X-ray absorption fine structure (XAFS) spectroscopy.

A seiedd8

Angelo Mullaliu

Francisco de Azambuja is an
organic chemist educated in
Brazil (PhD 2015,  State
University of  Campinas),
Germany and USA. Broadly
interested in catalysis and
catalytic materials, he aims to
develop novel reactions and
earth-abundant metal catalysts
as alternatives to sensitive late
transition metal catalysts.

Francisco de Azambuja

This journal is © The Royal Society of Chemistry and IChemE 2023

View Article Online

Mini review

other types of porous materials. Formed of metallic nodes
(often referred to as secondary building units, SBU) joined by
organic linker groups, these hybrid inorganic-organic
materials have infinite and precise 2D or 3D structures
characterized by a high crystallinity and porosity, which
result in very large accessible surface areas.”™” Their
intrinsic modular nature provides a unique opportunity for
structure design, featuring atomic-level control through
linker-SBU combination. Together with straightforward
synthetic protocols (or post-synthetic modifications),*° this
simplicity prompted the development of thousands of unique
MOF structures, with vast potential as catalysts,> >
absorbents,* filters,*® structural hosts for biological
substances,>” energy storage materials>®® and sensors.>’ In
comparison, the structural diversity of fully inorganic
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aluminosilicate zeolites (M,/,0-Al,05-ySi0,-2H,0, x = valence,
Yy = 2-200, z = confined water), which share many structural
and chemical properties with MOFs,'>'73%*1 relies on a
template-dependent synthesis — be that solvent or surface - to
ensure structural uniformity, and to prevent fracturing of the
material during transfers. On the other hand, fully organic
covalent organic frameworks (COFs), which sustain the
beneficial structural parameters of MOFs such as surface area,
pore size, tunability, with robust covalent connectivity,** are
challenged by the compromise between crystallinity, stability
and complexity.>® As such, design and tunning of COFs and
zeolites' structure is not as straightforward as for the MOFs.
In this minireview, we share our perspective on the
challenges and pitfalls of designing MOF-based nanozymes
for the transformation of biologically relevant substrates in
reactions performed in physiologically-related aqueous
conditions. Although of high potential for many areas of
biosciences, this emerging field has received far less
attention than other MOF applications in catalysis. The
unique properties of these types of substrates present
challenges of a different nature to MOF catalysts (e.g:, strong
adsorption, reactions in aqueous systems of diverse acidity
and composition, etc.). Accordingly, this minireview discusses
key aspects of the structure-activity relationship of a set of
MOFs used for hydrolysis of biomolecules in order to put
findings in perspective with other areas of MOF catalysis,
and point out fertile research directions to further rationally
design these materials for applications in crucial areas such
as the biochemistry, biomedical, and sensing fields. To this
end, the discussion presented here is largely based on our
recent work developing Zr-based MOFs (Zr-MOFs) as protease
mimics for the (selective) hydrolysis of peptides, and
proteins.** We critically re-assess key recent findings (since
2018), highlight the main challenges faced so far, and
identify possible routes to overcome current shortcomings
towards improved MOF-based nanozymes. Specifically, we
discuss the relationship between different MOF structures
and resulting reactivity, highlight the proposed reaction
mechanisms, and how the MOF structure can be modified
through synthesis to tune reactivity and substrate
interactions. To put these findings in a broader perspective,
we then highlight recent advances encompassing other
biologically relevant substrates such as nucleic acids, sugars,
and lipids, and conclude by outlining key future research
directions to bring MOFs to the next level in this area.

2. Zr-MOFs for the hydrolysis of
peptides and proteins: structure vs.
reactivity

Due to the inertness of the peptide bond*® and the need to
overcome the drawbacks of proteolytic enzymes such as high
cost, sensitivity to the reaction conditions, and self-digestion,

MOFs have drawn increasing attention as more robust and
inexpensive alternatives for peptide bond cleavage.’**® The
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high Lewis acidity of MOFs formed from group (IV) metal
cations, especially zirconium, has paved the path for their use
as efficient heterogeneous catalysts for the hydrolysis of
several peptides,”” ™' and the selective cleavage of proteins,
e.g., horse heart myoglobin (Mb)** and hen egg white lysozyme
(HEWL).?”**** The fragmentation of HEWL by Zr-based MOF-
808, for instance, can be detected within 1 hour of incubation,
while 55% of the protein is hydrolyzed after 25 hours.””
Interestingly, the cleavage of proteins generates only a few
medium-sized protein fragments (3-15 kDa), suggesting the
hydrolysis proceeds in a selective manner. The cleavage sites
could be extrapolated by estimating the molecular weights of
the protein fragments observed after the reaction, and the
results suggest Asp-X/X-Asp are preferably cleaved.** However,
unambiguous detection of cleavage sites is still missing.**

At the molecular level, the hydrolysis of peptide bonds by
Zr-MOFs likely happens at the ZrsOg cluster node of the MOF
structures. Early theoretical modelling of peptide bond
hydrolysis using MOF-808 and glycylglycine (Gly-Gly) as a
model system was carried out to understand the mechanism
of peptide bond hydrolysis.*” The reaction was predicted to
proceed in a linker-free face of the ZrsOg cluster involving a
pair of Zr centers counterbalanced by labile water/hydroxyl
groups as ligands. Glycylglycine promptly replaces the water/
hydroxyl pair, and binds by bridging the Zr pair with its
carboxylate group. This most stable binding mode, however,
is not the one leading to the lowest energy reaction pathway.
A bidentate NH,/C(O)NH coordination leaving the terminal
COO™ group free to deprotonate the attacking water molecule
has been identified as the most probable reactive
intermediate (Scheme 1). Nucleophilic attack by an external
molecule of water is most likely the rate-limiting step in this
mechanism, and the assistance of carboxylate group is key to
decrease the energy barrier of this step. Importantly, the
preliminary understanding of this mechanism also inspired
the development of other important reactions. One clear
example was the formation of amide bonds, which explored
the same binding equilibrium to push the reaction in the
opposite direction to hydrolysis.***’

In proteins, hydrolysis happens at internal peptide bonds,
and the reaction mechanism likely involves basic functional
groups of the amino acids’ side chains.***® No studies on the
mechanism of protein hydrolysis by Zr-MOFs have been
reported yet. However, it is plausible that Zr-MOFs cleave the
peptide bonds in proteins through a similar mechanism as
predicted for Zr-POMs,*® since both types of catalysts
hydrolyze peptides by a very similar mechanism.*® In general,
hydrolysis of internal peptide bonds requires the assistance
of a side-chain group to deprotonate the water nucleophile,
as the terminal COO™ group that assists the reaction in
dipeptides is not available. Notably, the aspartate's side-chain
COO™ group has been found particularly suitable to
accelerate the hydrolysis of internal peptide bonds.*****® In
accordance with this hypothesis, the similar molecular
weight of fragments generated by Zr-MOFs and Zr-
polyoxometalates (Zr-POMs) during the hydrolysis of hen egg
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Scheme 1 General mechanism of peptide bond hydrolysis at the
ZrgOg cluster nodes of Zr-MOFs.

white lysozyme (HEWL) and myoglobin (Mb) strongly
suggests that similar principles are governing the hydrolysis
of proteins by both materials. However, more studies are
definitely needed to understand the mechanistic details,
especially on how MOF-protein interactions influence the
cleavage selectivity.

In addition to these observations related to the
mechanism at the molecular level, other results strongly
suggest that peptide bond hydrolysis by Zr-MOFs is largely
influenced by mass transport phenomena. Mechanistically,
the substrates need to be adsorbed by the MOF's external
and/or internal surface before undergoing the actual cleavage
reaction. Likewise, the products need to be efficiently
released after hydrolysis has happened. In the case of Zr-
MOFs, the affinity of substrates and products can vary
significantly depending on the conditions, MOF structure,
and substrate nature. In the case of peptides, one of the few
systematic studies addressing their adsorption by Zr-MOFs
identified many different driving forces for the adsorption to
occur.”® More specifically, the ZrsOg cluster node has been
found to exert a double role by strongly coordinating the
carboxylate groups, but also repelling positively charged
protonated N-terminal groups. These effects are so important

This journal is © The Royal Society of Chemistry and IChemE 2023
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that the distance between C-, and N-terminal ends in a
dipeptide was found to affect the extent of adsorption. In
addition, the hydrophobic interactions between linkers and
substrates are also highly relevant - direct relationships
between linker hydrophobicity and adsorption were clear for
extreme cases like NU-1000 and MOF-808 materials. In the
case of proteins, their adsorption by porous materials is a
matter of great interest for the development of robust
biocatalysts (enzyme immobilization), and selective
biosensors. Thus, many more studies are available.>!
However, similar studies prompting an understanding of Zr-
MOF/protein interaction, especially under hydrolytically
relevant conditions, are still lacking.

Considering the great influence of MOF structure on the
reactivity observed, and its direct relationship with key
mechanistic aspects of the reaction, gaining insight into the
structure/activity relationship is key to advancing the field of
nanozymatic catalysis. For this reason, the following sections
revisit MOFs' structural features in detail and attempts to
associate it with some aspects of their catalytic activity. In
this case, while all Zr-based MOFs studied so far (MOF-808,
MIP-201, UiO-66, and NU-1000) possess {ZrsOg} clusters as
metallic nodes, they have different organic linkers.
Furthermore, formal linker connectivity varies considerably
depending on the MOF, and interesting reactivity trends
indicate that both catalytic cores and linkers can be used to
tune the material's physicochemical properties and modulate
catalytic performance.

2.1. Inorganic catalytic cluster

A three-dimensional network of inorganic catalytic nodes
linked together via organic molecules forms the complex
MOFs' hybrid structure. Network nodes (SBUs) are metallic
ions or metal oxo clusters, most commonly lanthanide ions
or early transition metals due to their high coordination
numbers and Lewis acidity, although di- and trivalent metals
are also used.'””> These nodes are directly connected
through n organic linkers, where n designates the node
connectivity. In the case of Zr-MOFs, such node is a
zirconium oxo cluster, whose skeleton consists of six Zr
atoms placed at the vertices of an octahedron with eight
triangular faces (Fig. 1a). In a model structure, a p;-oxygen
atom or ps-hydroxyl ligand lies on the top of each face of the
Zr octahedron, bridging the Zr vertices of that face (cf
Fig. 1b and c). Thus, each vertex is indirectly connected to
four adjacent Zr atoms through bridging ps-ligands, and ps-
oxygens fill half of Zr's coordination sites. In the pristine
state, the presence of four pz;-O and four p;-OH for the
building block of UiO-66, results in a [Zrg(p3-OH),(p3-0)4]
core. After heat exposure (250-300 °C), dehydroxylation
occurs, and two hydroxyl ligands leave the cluster together
with the hydrogen atoms of the remaining two p;-OH, giving
rise to a fully dehydrated {Zr¢Og} inorganic core.”® The
structural rearrangement frees one coordination site per Zr
(coordination number (CN) = 8 — 7) enhancing the Lewis

Mol. Syst. Des. Eng., 2023, 8, 270-288 | 273


https://doi.org/10.1039/d2me00213b

Published on 20 december 2022. Downloaded on 4-12-2025 05:34:17.

Mini review

:.‘,

View Article Online

MSDE
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Fig. 1 Structure of the Zr¢Og cluster node: (a) inorganic catalytic clusters are made of six Zr atoms (cyan and blue spheres) placed at the vertices
of an octahedron. (b) Each Zr atom, for instance, the blue-colored one, is surrounded by four uz-O/OH (red spheres). Each nz-O/OH is shared with
other two Zr atoms placed on the same triangular face (detail); panel (c) shows the complete {ZrsOg} catalytic cluster, with the Zr coordination
sites half-filled. (d) The Zr coordination environment is completed by other four oxygen atoms (violet) deriving from the linker, modulator, or
water, forming with the previous oxygens a square antiprismatic structure. In panel (e), all Zr atoms have a full coordination sphere of oxygens.

acidity of the {ZrsOg} node. Thus, interactions with
substrates, and subsequently the polarization of the C=0O
bond, is enhanced. This facilitates water nucleophilic
addition to the carbonyl group, resulting in an overall
increase in the catalytic activity (Scheme 1).

Besides pj-oxygens, Zr's coordination sphere, typically
having a coordination number of 8 and arranged in a square
antiprismatic geometry, is filled with four other oxygen atoms
(w-O) belonging to the linker, modulator, or water (cf
Fig. 1d and e). Interatomic distances between Zr and p-O
ligands (~2.2 A) are slightly longer than Zr-p;-O (~2.1 A),
while each Zr is placed ~3.5 A away from the four adjacent
Zr atoms, and ~5.0 A distant from the opposite Zr vertex.”*>°
While p3-O can be affected by heat treatment in the case of
dehydroxylation, as mentioned above, they are generally not
altered during the catalytic reaction. p-O are more labile and
can be exchanged with substrates or other ligands. For
example, facile post-synthetic ligand exchange has been
reported in many instances,’®® together with the removal of
coordinating modulator ligands to free Zr(iv) coordination
sites and enhance MOF's catalytic activity.””

Furthermore, by replacing Zr with another metal M,
interatomic M-O and M-M distances and related bond
strength can be modulated, and these changes have been
reported to directly influence MOFs' properties, including the
catalytic activity. Essentially, three main situations can be
considered in this case: i) M < Zr; ii) M ~ Zr; iii) M > Zr. By
post-synthetic exchange of Zr by Ti, which is smaller than Zr
(M < Zr), changes of M-M/Zr interatomic distances and
overall structure result in smaller pores' sizes, which
enhances the adsorption of CO,.*° Considering the case
when M ~ Zr, the metal substitution does not affect
structural distances significantly, but the properties of the
new metal can still affect reactivity. For example, Hf*" ion is
known as the “elemental twin” of Zr*". Despite the
substantial difference in atomic number, they have very
similar ionic radii (Zr*" = 0.84 A and Hf*" = 0.83 A for CN = 8)
because of the lanthanide contraction.®>®* Thus, {ZrsOg} and

274 | Mol. Syst. Des. Eng., 2023, 8, 270-288

{HfsOg} clusters are highly similar in terms of geometrical
distances.”® However, their M-O bond strengths are slightly
different (dissociation enthalpies for Zr-O and Hf-O bonds
are 776 and 802 k] mol™", respectively),®* most likely due to
the presence of 4f orbitals in Hf, which could hybridize with
the oxygen 2p states. This small difference renders the
{HfsOg} clusters more reactive, and Hf-NU-1000 provides
higher yields in the formation of cyclic carbonates from CO,
and epoxides.®»®® Finally, an example of M > Zr is the
replacement of Zr with Ce(wv). Ce*" is minimally affected by
the lanthanide contraction, being at the beginning of the
series; therefore, its ionic radius is larger (1.00 A (ref. 66))
than Zr(wv), resulting in longer M-O (and M-M/Zr)
interatomic distances in a {CesOg} cluster.®*®” This certainly
affects the lability of M-p-O bonds, and consequently may
affect reaction outcome (e.g., by influencing the adsorption/
desorption of substrates and products). Moreover, Ce(wv) is
able to expand its coordination sphere thanks to its 4f
orbitals mixing with the orbitals of the incoming substrate.®®
This has been suggested as the underlying reason for the
greater hydrolysis rate of phosphate substrate by Ce-UiO-66
in comparison with Zr-UiO-66.%° These changes imparted by
the presence of Ce are also consistent with the effect of a
partial Zr replacement by Ce in a series of mixed Zr/Ce UiO-
66 MOFs, which showed superior catalytic activity compared
to a pure Zr-UiO-66 MOF."!

In light of these results, the extrapolation of interatomic
distances, bond angles, and coordination environment could
be pivotal in correlating structure and catalytic activity. The
interatomic M-O, M-M' (M’ = M or M’ # M), or M-C
(deriving from the linker or modulator) distances can be
obtained by using X-ray absorption spectroscopy (XAS) at the
metal M K-edge. As an element-selective technique, XAS
probes the transitions from inner core electrons (1s shell in
the case of K-edge spectroscopy) to unoccupied energy states
and has been used to study the structural coordination
environment of several metal-oxo compounds, including
discrete clusters®’® and MOFs.”*®” Indeed, an accurate

This journal is © The Royal Society of Chemistry and IChemE 2023
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description of the local structure around the photo absorber
can be achieved by interpreting the modulation of the XAS
signal in the extended region of the spectrum (EXAFS) arising
from the interaction of the ejected core electron (photo
electron) with the potential described by the neighboring
atoms. However, more studies will be required to evaluate
how the cluster's structure affects binding to the substrate
and vice versa. Moreover, other techniques need to be
employed to investigate the clusters’ connectivity and derived
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properties, which significantly impact catalytic performance,
as will be discussed below.

2.2. From clusters to MOFs: tuning reactivity via linkers

The organic linkers connecting the inorganic catalytic cores
have a large influence on MOF structure, properties, and
reactivity. Linkers range from a simple benzene-dicarboxylic
acid to complex polyaromatic systems containing several

Table 1 Relevant structural properties for UiO-66, MOF-808, NU-1000, and MIP-201, including carboxylate precursors used as the linkers, space group,
theoretical connectivity, and pore size. The structural projections in the (ab) plane are also presented: NU-1000 is the only MOF presented here with a
hexagonal crystalline structure, while the other MOFs feature a cubic space group

MOF Linker Space group Connectivity”  Pore size MOF's graphical representation
Ui0-66 COOH Fm3m (225) 12 11.7 A
a=20.7A
COOH
bdc
MOF-808 COOH Fd3m (227) 6 7-10 A (tetrahedral pore)
a=351A 18.4 A (octahedral pore)
HOOC COOH
btc
NU-1000 P6/mmm (191) 8 12 A (triangular pore)

HOOC COOH
O O a=393A
‘ c=16.6 A

HOOC I I COOH

H,TBAPy
MIP-201 Hooc COOCH Im3 (204) 6
a=24.6A
COOH COOH
H,mdip

31 A (hexagonal pore) Q &

46%; i ﬁﬁ"f"r(%:ﬁ) et @M
N N o

7 A,10.5 A

% Formal connectivity. The actual structure may contain missing linker defects depending on the synthesis conditions (see DeStefano et al. for

a discussion”?).
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binding groups, allowing for control over the size of pores
and surface area of the MOF through linker choice. Rigid
linkers are preferred to preserve crystalline porous
structures, but they are not crucial."®”" Linkers can also be
functionalized with groups such as -NH,, -NO,, or -SO, to
modify the surface without disrupting the original
framework.”> Furthermore, the linkers have a direct
relationship with the cluster connectivity, and their
properties highly impact selectivity and hydrolytic activity.
Thus, by carefully selecting the ligand at the synthesis
stage, the MOF can have several aspects of their reactivity
designed ahead of their use.

The nature of the linker directly correlates with the
interactions and reactivity observed with peptides. The four
basic Zr-MOF structures used for peptide hydrolysis so far,
i.e., UiO-66, MOF-808, NU-1000, and MIP-201 are synthesized
by adopting different carboxylates as the linkers (see
Table 1). More precisely, UiO-66 is built using the anionic
form of 1,4-benzendicarboxylic acid (bdc), while MOF-808,
NU-1000, and MIP-201 use the deprotonated forms of 1,3,5-
benzenetricarboxylic acid (btc), 1,3,6,8-tetrakis(p-benzoic
acid)pyrene (H,TBAPy), and 3,3,5,5-
tetracarboxydiphenylmethane (H,mdip), respectively. As
shown in Table 1, the linkers differ in the number of
coordination sites: bdc is a ditopic linker, meaning that it
can coordinate at two coordination sites, bte is tritopic (three
coordination sites), while H,TBAPy and H,mdip are tetratopic
(four coordination sites). The different number of sites
contributes to determining the Zrys cluster connectivity and
MOF's pore size and shape (¢f Table 1), while the nature of
the linker affects other properties, such as hydrophobicity
and affinity to certain substrates. For the MOF-808, UiO-66,
and NU-1000 triad, it has been observed that lower
connectivity, thus a higher number of available Zr(wv) sites,
correlates with enhanced glycylglycine (Gly-Gly) adsorption.”®
When considering a wide selection of dipeptides, increased
hydrophilicity of the peptide's side chain further boosts
adsorption in the case of MOF-808. On the other side, the
hydrophobicity of H,;TBAPy, used as the linker for NU-1000,
negatively affects the adsorption of Gly-Gly although NU-1000
features very large pores (¢f Table 1). However, the same
MOF promotes hydrophobic interactions, cation-m, or n-7
interactions with hydrophobic and/or aromatic functional
groups in other dipeptides.

Besides affecting adsorption, linker connectivity also
inversely correlates with hydrolytic reactivity, and MOFs with
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a higher connectivity promoted a slower reaction, as
encountered in the literature for other reactions.”*”> As seen
in Table 2, the rate of Gly-Gly hydrolysis at 60 °C and pD =
7.4 strongly correlated with the MOF's connectivity, with
6-connected MOF-808 and MIP-201 displaying the highest
hydrolysis rates (k = 2.69 x 10* s and 1.85 x 107 s,
respectively), followed by the 8-connected NU-1000 (k = 1.61 x
107® s™") and the formally 12-connected UiO-66 (k =7.9 x 1077
s™'). The substantial dissimilarity in the MOFs' hydrolytic
performance is even more clear from the corresponding half-
lives of 0.72 hours, 10.4 hours, five days, and ten days,
respectively.

A striking difference in the transition state energies,
particularly in the entropy of activation AS*, experimentally
determined according to the Eyring equation, strongly
suggests the MOF topology resulting from the choice of
linkers also directly impacts the observed reactivity,
presumably by influencing the overall mass transport
across the material (Table 2). Despite some variations in
the enthalpy of activation AH*, the AS* term associated
with the transition state for NU-1000 is significantly
different. While both MOF-808 (space group (s.g.) Fd3m,
no. 227) and UiO-66 (s.g. Fm3m, no. 225) feature a cubic
structure, NU-1000 crystallizes in the hexagonal P6/mmm
lattice (s.g. no. 191) and can be pictured as a Kagome
lattice,”® ie., a two-dimensional pattern with large
hexagonal mesoporous channels (31 A in diameter).
Presumably, a lower degree of freedom in the transport
for NU-1000 compared to a cubic MOF with 3D channels,
results in the more negative entropic parameter for NU-
1000 and negatively affects the reaction rate."> However,
in a similar structure with 2D mesoporous channels
interconnected via 3D cavities, ie., a nanoporous carbon
employed as a supercapacitor and adsorbent, an increase
in mass transport was observed in the material's bulk.”
Thus, a 3D-interconnected Kagome lattice might
experience an increase in the transport of substrates to
the catalytic sites in the material's bulk and, consequently,
improve catalytic activity. Overall, this experimental
evidence suggests that more effort has to be directed to
researching the structure/activity interrelation to design
more performant hybrid materials by fine-tuning structural
features. Although the {Zr¢Og} inorganic cores catalyze the
hydrolysis, it is evident that linkers and, more in general,
MOF's architecture play a crucial role in influencing
catalytic performance.

Table 2 Hydrolysis rate constants of Gly-Gly at 60 °C and pD = 7.4 for a selection of {ZrsOg}-based MOFs with different connecting linkers. All
hydrolysis reactions were fitted with pseudo-first-order reaction kinetics. Values of enthalpy (AH?), entropy (AS¥), and Gibbs energy (AG?) of activation at

310 K are reported for each compound

MOF Kobs (57 Half-life (h) AH* (k] mol™) AS* (J mol™ K™ AG* at 310 K (kJ mol ™) Ref.
MOF-808 2.69 x 10~ 0.72 66 -116 105 37
MIP-201 1.85x 107 10.4 N/A N/A N/A 42
NU-1000 1.61%x10°° 120 49 221 118 39
UiO-66 7.9%x107 240 N/A N/A N/A 38
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3. Modifications to the MOF structure,
and its impact on the reactivity

Due to the general ease of MOF synthesis and immense
variability achieved through use of different organic linkers
and metal cluster configurations, there is much evidence
showing how the structure of the MOF influences its
reactivity. It is possible to take this further, by changing or
fine-tuning structural features within a chosen MOF to
enhance reactivity. One of the most explored areas of
structural modulation is referred to as ‘Defect-Engineering’,
i.e., creating more ‘open-metal sites’ (OMS) on the clusters to
increase the possibility of substrate-active site interactions,
and diffusion in the pores, resulting in increased catalytic
activity.”>”®7% Other strategies include controlling the size of
the particle to increase the accessible surface area,*
increasing the pore area or adding functional groups to
linkers to change the character of the pore (pore
engineering), or modifying the surface to enhance substrate-
MOF interactions.'®®" Finally, as referred to in section 2.1, it
is also possible to insert a second metal to alter the reactivity
of the MOF, whilst preserving the global structure of the
starting MOF.**®? In this context, initial systematic studies
attempting to apply some of these strategies to the hydrolysis
of peptides and proteins have been reported. In essence,
three main strategies (creating more defects in the structure,
tuning the pore environment, and modifying the synthesis
procedure to control the particle size, and other MOF
features) have been applied using UiO-66 and MOF-808 Zr-
MOFs. The main findings arising from this work are
discussed in the following paragraphs.

3.1. Structural modifications

As noted in section 2.2, the connectivity of the cluster also
has a strong role in determining the reactivity of the MOF
through the presence of OMS, with the 6 connected MOF-808
being substantially more active towards peptide bond
hydrolysis than the 12 connected Ui0O-66.>"7° Further
evidence of the relationship between cluster connectivity, and
reaction rates was observed by inducing defects in the MOF
structure. Specifically, hydrolysis rates of UiO-66 could be
boosted in a straightforward manner by increasing the
amount of missing linkers defects, which enables additional
open-metal sites formally decreasing the cluster connectivity
while maintaining the general architecture of Ui0-66.* In
this case, the synthesis of UiO-66 in the presence of
trifluoroacetic acid (TFA) promoted the formation of a more
defective structure (UiO-66-TFA), increasing the availability of
free catalytic sites and improving the hydrolysis rate constant
(k = 7.97 x 107° 57", half life = 24.2 h) in comparison to the
pristine Ui0-66 (k = 7.9 x 10”7 s, halflife = 240 h). The
greater accessibility of catalytic sites was further confirmed
by the higher surface area of UiO-66-TFA (985 m> g™') in
comparison with the ‘pristine’ UiO-66 (861 m* g™!) used in
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this work, giving the similar particle size observed for both
MOFs.*®

A distinct approach to enhance the number of accessible
catalytic sites by enlarging the external surface area was
demonstrated using MOF-808, indicating that the majority of
hydrolytic activity occurs on the external surface of the MOF
rather than within the pores.”® Although well known for
having large BET surface areas, often in the range of 1000-
2000 m> g', the external surface area of MOF-808 particles
could be improved by tuning the synthesis conditions.
Specifically, MOF-808 was prepared using a two step
approach, in which ZrsOg clusters were preformed in
isopropanol and acetic acid before reacting with the benzene-
tricarboxylic acid linker in a water/formic acid mixture at
room temperature. This much greener and safer synthesis
than previous standard solvothermal reactions in DMF/
formic acid at elevated temperatures also allowed for much
greater control over key structural features. By changing the
BTC linker concentration used in this two step synthesis of
MOF-808, the particle size could be carefully controlled,
resulting in control over the internal and external surface
areas of the MOF. The other structural features such as the
total BET surface area and number of defects of the MOF
were largely unchanged, but as the particle size was reduced
from 850 nm to 35 nm, the external surface area increased
16-fold. When wused for peptide bond hydrolysis, the
hydrolysis rate was 223% higher for the 35 nm MOF
compared to the largest particle size of 850 nm. Therefore,
the external accessible metal sites on MOF-808 surface are
major contributors for the hydrolytic activity, while the
porous structure seems to be much less relevant in this case.

Additionally, when incubated with the small (14.4 kDa)
monomeric protein hen egg white lysozyme (HEWL), MOF-
808 with different particle sizes also hydrolysed the protein
into several smaller fragments.*”** In this case, while the
molecular weight of the fragments observed was similar to
the original MOF-808 report, the concentration of fragments
released in solution was heavily influenced by the particle
size, with small MOF particles allowing for the detection of
more fragments. This was probably because the greater
external surface area provided more external sites for
protein-MOF interaction and subsequent hydrolysis. In
addition, with a reduced internal surface area, protein
fragments are less likely to become trapped within the pores
of the MOF, resulting in greater substrate recovery in the
conditions used for hydrolysis (60 °C, pH 7, water).

Interestingly, a comparison of the hydrolytic activity
discussed above with the original report on MOF-808
nanozymatic activity, hints that the synthesis method has a
great effect on the reactivity of the MOF. This topic remains
rarely addressed despite the many publications probing the
effects of synthesis on the structure. In the first report, MOF-
808 was synthesized from H3;BTC and ZrOCl,-8H,0O in a 1:1
mixture of DMF and formic acid at 130 °C for 48 h, and this
material hydrolysed the dipeptide Gly-Gly with a rate of 2.69
x 107" s7' (halflife = 0.72 h), giving almost complete
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conversion to glycine in 5 h.*” On the other hand, the two-
step synthesis of MOF-808 discussed above hydrolysed Gly-
Gly with a maximum rate of 3.87 x 107 57" (half-life = 4.98 h)
for the smallest particle.”® Although a clear understanding
about this discrepancy is still elusive, an intriguing initial
study addressing this gap probed the effect of using different
Zr precursors for the material synthesis in the reactivity of
MOF-808.%

Analysis of the reactivity towards Gly-Gly hydrolysis
observed for MOF-808 materials prepared from different Zr
precursors suggests the precursor has a lasting effect on the
reactivity, at times surpassing those arising from reaction
time or synthesis temperature (Table 3). This is demonstrated
by the 130-20 series (synthesized at 130 °C for 20 minutes in
a mixture of HCOOH and DMF in a 2.5:1 ratio), with
ZrO(NOj3), and ZrOCl, producing equally active MOFs (glycine
yield of ~33%), and almost identical surface areas, even
though they contain a very different number of missing
linker defects. On the other hand, the effect of synthesis
duration on structural features and reactivity of the MOF was
comparatively less pronounced as exemplified by the MOFs
prepared from ZrCl, at 130 °C for 20 min (130-20-E) and 24 h
(130-24-E). In this case, the BET surface area is not affected
by the synthesis duration, but number of missing linkers
almost doubles, as does the reactivity. Although clear
chemical reasons behind these differences in reactivity, and
principles for designing synthesis conditions have yet to be
elucidated, this initial work highlights that factors frequently
overlooked might be highly relevant for the reactivity of MOF
catalysts, at least towards polar/charged biomolecules like
peptides. Key structural features, and reactivity data of MOF-
808 synthesized from a range of different metal precursors,
and synthesis conditions are outlined in Table 3.

3.2. Chemical modifications

In addition to altering the structure of the native MOF to
create more open metal sites, the hydrolytic activity of UiO-66
could also be modulated by functionalization of the linker.
For the bdc linker, electronic effects can be tuned by
functionalizing the benzene ring with an electron-
withdrawing nitro group (-NO,), inducing an increased Lewis
acidity of the {Zr¢Og} catalytic sites, as suggested by
theoretical calculations as well as experimental evidence.*>®”
The direct consequence and advantage of an enhanced Lewis
acidity was readily observed in the hydrolysis of Gly-Gly.*®
Using a UiO-66 MOF material prepared with -NO,
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functionalized bdc linker (UiO-66-NO,), a ten-fold increase in
the hydrolysis rate (k = 8.36 x 10°°, half-life = 23 h) compared
to the non-functionalized UiO-66 (k = 7.9 x 107, half-life =
240 h) was observed. Interestingly, the UiO-66 linker
functionalization with an amino group (UiO-66-NH,) yields a
similar reactivity (k = 8.97 x 107, half-life = 21.5 h) as UiO-66-
NO,, despite the opposite effect of the two functional groups
(NH, is an electron-donating substituent).

Changes to the MOF structure, and to the chemical
environment around the catalytic sites might have
contributed to unexpectedly high activity of UiO-66-NH,. The
similar reactivity of the two expectedly different MOFs was
rationalized by considering, on one side, the much higher
BET surface and lower linker connectivity of UiO-66-NH,
caused by the larger number of defects present. On the other,
functionalization of the linker by a NH, group provides
additional opportunities for H-bonding of peptide substrate
nearby the metal active sites (H,O adsorption differences are
likely minimal),®® thereby enhancing the reactivity.**°
Similar scenario has been proposed for an aldol
condensation catalysed by UiO-66, where UiO-66
functionalization with a NH, group was found to enhance
substrate adsorption, and subsequently reactivity, in
comparison with a non-functionalized material.”* Put into
perspective, these findings underline the relevance of tuning
the interactions between polar/charged substrates like
peptides and linkers for achieving a desired reactivity, in line
with the observed for adsorption trends mentioned
previously.”® However, systematic studies on these effects
have yet to be reported.

The surface chemistry of the MOF can also be modified by
using surfactants to tune the MOF-substrate interactions,
without having to resort to linker modifications. Comparing
the hydrolysis of horse heart myoglobin (HHM) by MOF-808
in the absence,’® and in the presence of different surfactants
reveals that different fragmentations are obtained due to the
altered MOF-protein interactions (Fig. 2). With the anionic
surfactant sodium dodecyl sulfate (SDS), HHM is fully
denatured by the surfactant as determined by Trp-
fluoresence, and HHM is fully adsorbed onto the MOF.
Unfolding of the protein improves MOF-HHM interaction,
resulting in cleavage sites being more accessible for
interacting with the OMS on the MOF, resulting in more
hydrolysis fragments than when no surfactant was used
(Fig. 2). The neutral surfactant TX-100 also resulted in
unfolding of HHM, and detection of two additional
hydrolysis fragments. Unlike SDS, TX-100 was also adsorbed

Table 3 Effect of the synthesis protocol, structural features, and reactivity towards peptide bond hydrolysis of MOF-808 (ref. 85)

MOF Precursor Synthesis duration (h) BET surface area (m” g™") Missing linkers Glycine formed after 5 h (%)
130-20-A zr(0'Pr), 0.33 1060 1.59 23
130-20-B ZrO(NO3),-xH,0 0.33 2285 1.18 33
130-20-D ZrOCl,-8H,0 0.33 2290 0.58 34
130-20-E ZrCly-4H,0 0.33 1500 1.34 16
130-24-E ZrCl;-4H,0 24 1610 2.50 32
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Fig. 2 Hydrolysis of myoglobin by MOF-808 in absence and presence
of surfactants, analysed with silver stained SDS-PAGE. Conditions:
HHM (20 uM), MOF-808 (2 pmol), SDS, Zw3-12, CHAPS, TX-100 (0.5%),
after 8 days of incubation at 60 °C in water at pH 7.4. PL stands for
Mw reference. The dark blue and red arrows indicate the intact protein
and the produced fragments respectively, and green arrows indicate
the additional peptide fragments formed in the presence of surfactants
(reproduced with permission from John Wiley and Sons from ref. 92).

onto the MOF without the protein being present, as was the
zwitterionic CHAPS. However, CHAPS hindered hydrolysis of
HHM through blocking the active sites of the MOF. A second
zwitterionic surfactant Zw3-12 also hindered HHM hydrolysis.
However, Zw3-12 did not interact well with the MOF on its
own, and likely blocked HHM-MOF interaction by forming
micelles on the surface of the MOF. Considering the
challenging synthesis of some MOF structures containing
functionalized linkers, these results clearly show that this
unconventional approach can become an interesting alternative
to tune MOF reactivity toward biomolecules in the future.

3.3. Cluster modifications

Another modification to the MOF structure can be achieved
by changing the metals in the -cluster itself, directly
impacting the intrinsic reactivity of the active sites.**** For
the hydrolysis of peptides, MOFs containing hafnium and
cerium have been recently disclosed. By using Hf'V in place
of zr"' in NU-1000, the MOF receives an interesting balance
of Lewis and Brgnsted acidity, which affects substrate
interaction and subsequent reactivity, without changing the
topology of the MOF.** For example, it was found that due to
the slight reduction in Lewis acidity the adsorption of HEWL
was lower in Hf-NU-1000 in comparison with Zr-NU-1000.
Detailed analysis of the thermodynamics of Gly-Gly hydrolysis
by both forms of NU-1000 revealed that the enthalpy of
activation with Hf-NU-1000 was greater than for Zr-NU-1000
(AH* = 60 kJ mol vs. 49 60 k] mol respectively) most likely
due to the greater strength of the Hf-O bond compared to
the Zr-O bond. This hinders substrate exchange kinetics, and
results in a slower rate of Gly-Gly hydrolysis with the Hf-
MOF. On the other hand, an approach involving mixed metal
MOFs was used to circumvent the low aqueous stability of
Ce"V-MOFs,” and incorporate cerium to the clusters of UiO-
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66. By combining cerium(lv) ammonium nitrate and
zirconium(iv) dinitrate oxide hydrate salts in a solvothermal
synthesis, a series of bimetallic Zr/Ce UiO-66 was synthesized,
containing varying percentages of Ce' in place of zr".**
When Gly-Gly was hydrolysed by a series of Zr/Ce-UiO-66
MOFs, the presence of Ce' increased the reactivity of the
MOF, in line with an early report on the superiority of Ce"™
salts for peptide bond hydrolysis.”®> As percentage of Ce
increased from 28-61%, the reaction rate doubles,
accompanied by an increase in BET surface area from 1394
to 1723 m* g 1.

4. Reactivity of MOFs with other types
of biomolecules

Unlike the systematic studies on the intrinsic hydrolytic
activity of MOFs for the cleavage of peptide bonds, the
hydrolysis of other biomacromolecules (e.g. nucleic acids,
sugars or lipids) by MOFs is not as thoroughly investigated.
However, in some cases the hydrolytic activity of MOFs
towards compounds having similar types of hydrolysable
bonds has been extensively investigated in other contexts.
Thus, the discussion below focus only on the aspects that are
closely related to the reactivity found in biomolecules. For
details on the use of MOFs in these related areas, readers are
kindly referred to the reviews cited along the text.
Importantly, beside using MOF's intrinsic reactivity, the
hydrolysis of several biomacromolecules was achieved using
MOFs as a platform for the immobilization of other types of
catalysts such as enzymes,”" and polyoxometalates (POMs).”®
For example, enzyme immobilization onto MOFs enabled the
hydrolysis of adenosine triphosphate (ATP),”” and cellulose.’®
Alternatively, embedding polyoxometalates onto MOFs was
utilized for the hydrolytic cleavage of the DNA model
substrate bis(4-nitrophenyl)phosphate,” the acidolysis of
soybean 0il'® and the hydrolysis of cellulose.**

Among  the  hydrolysable  bonds  present in
biomacromolecules other than a peptide bond, the hydrolysis
of phosphoester bonds is probably the most investigated
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Fig. 3 CWA and pesticide model substrates containing a
phosphoester bond.
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Fig. 4 Reaction mechanism proposed for the hydrolysis of
phosphoester bonds by Zr-MOFs.

reaction using MOF's intrinsic reactivity, especially when
considering Zr-MOFs. However, most research so far
concerned the capture, and destruction of chemical warfare
agents (CWA) and pesticides."®*™** The Zr-MOF assisted
hydrolysis of phosphoester bonds of CWA and pesticides
(Fig. 3), which relates to the chemical reactivity of those
present in nucleic acids, has been proposed to proceed
through a simple addition-elimination type of mechanism,
that is, an initial nucleophilic addition of a hydroxide ligand
to the phosphoester bond affords a yet elusive pentavalent
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phosphorus intermediate, which then eliminates the alcohol
moiety, reforming the P—O0 bond, and resulting into the final
hydrolyzed product (Fig. 4).

In addition to CWA and pesticides, bis(4-nitrophenyl)
phosphate (BNPP) or para-4-nitrophenylphosphate (pNPP)
have been extensively used as model substrates to explore
phosphatase-like activity of MOFs, also because the reaction
can be conveniently followed by UV-vis or >'P-NMR
spectroscopy. Different groups have recently employed these
substrates to investigate phosphatase biomimicry of Zr-, Ce-,
and Hf-MOFs, exploring different aspects of this reactivity.

The effect of acidity was extensively evaluated for Zr-based
MOFs. In 2019, Xu et al. have shown that MOFs with different
topology and cluster connectivity, namely UiO-66 and UiO-67
with fcu topology, and PCN-700, PCN-701 and PCN-703 with
bcu topology (Table 4), could hydrolyse pNPP in HEPES
buffer solutions (100 mM, pH = 8) at 37 °C."°> The open Zr
sites are suggested to be the responsible catalytically active
sites, since a positive correlation was observed between the
cluster connectivity and reaction rates. Using UiO-66 as a
representative material, MOF stability under the reaction
conditions and subsequent recyclability without significant
changes were demonstrated, although adsorption of
p-nitrophenol could be observed. Furthermore, different pH
conditions were explored for the activation of Zr-UiO-66 by
soaking UiO-66 in HEPES buffer solutions with pH values
ranging from 2 to 8. This treatment did not affect the overall
number of missing-linker defects, but by removing different
amounts of monocarboxylates bound to the ZrsOg cluster, it
modified the number of open metal sites across the MOF
series — in other words, it activated the MOF. Using the
original reaction conditions (HEPES buffer 100 mM, pH = 8,
37 °C), a strong linear correlation between the catalytic
activity and the number of open metal sites was again
observed. However, a high activity was intringuingly observed

Table 4 Overview of Zr-MOF structures used in the study of pH effects in the pNPP hydrolysis

MOF Linker Connectivity Topology
Ui0-66 bdc 12¢ feu
Ui0-67 12¢ feu
HOOC COOH
BPDC
PCN-700 Me, 8 becu
HOOCCOOH
Me
Me,-BPDC
PCN-701 Me,BPDC 10 becu
PCN-703 BDC/Me,-BPDC 11 becu

Me
Me

Me,-TPDC

“ Formal connectivity (see Table 1).
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for MOFs treated at both low and high pH values. Further
evaluation of the influence of the reaction mixture acidity
showed the rates for UiO-66, UiO-67, and PCN-700 peak at
pH values around 8, and are largely affected by even small
deviations from this pH. Using DFT calculations, which were
consistent with ex situ diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) analysis, authors suggest a
low energy pathway becomes accessible when the Zr-O-Zr
moiety is saturated with a hydroxyl group and a water
molecule, but the oxygens bridging the Zr atoms atom
remain deprotonated. This is an intriguing feature, as
according to the DFT results the bridging oxygens do not
directly participate in the reaction. In addition, the results of
this study show that this feature can be modulated by
controlling the pH when the reactions are conducted in
aqueous solutions, which is an interesting alternative to the
extreme heating approaches discussed in section 2.1.
Moreover, similar effects might also be relevant for other
types of biomolecules, but such detailed studies have yet to
be reported.

Despite the similarity with model substrates, the first
report on the MOF-assisted hydrolysis of adenosine
triphosphate (ATP) was only reported in 2020, when Ce-UiO-
66 was shown to dephosphorylate ATP.'%® Ce-UiO-66 was able
to hydrolyse ATP and ADP at 37 °C in HEPES buffer (pH 7.4,
in D,0), generating adenosine diphosphate (ADP) at first,
and adenosine monophosphate (AMP) as a final product. No
pyrophosphate peak was detected, suggesting a sequential
hydrolysis, and no dephosphorylation of AMP was reported.
Unlike the enzyme apyrase, responsible for ATP hydrolysis,
Ce-UiO-66 was able to almost instantly convert ATP in AMP,
presumably due to the proximity of catalytic sites in the
periodic MOF structure. This probably helped to abate the
accumulation of ADP during the reaction progress.
Furthermore, the presence of Ca*" cations, essential for
apyrase activity, had no significant influence on the
performance of Ce-UiO-66. Although Ce-UiO-66 also
functioned optimally around pH 7.4, its reactivity could be
increased with temperature elevation up to 60 °C unlike the
apyrase enzyme. More importantly, negligible activity
towards ATP was observed under these conditions for MOFs
based on others metals (Zr, Hf, Zn, Co, and Cr), which have
been successfully used previously for the hydrolysis of
phosphate bonds in model compounds. This showcases the
discrepancy one may encounter between model substrates,
and actual biomolecules. To study more the unique
reactivity of cerium, X-ray photoelectron spectroscopy (XPS)
was used to probe the MOF surface under the assumption
the ATP molecules are too large to penetrate pores, and
reaction must occur on the external surface. The study
showed that the CesOg clusters are composed of Ce(m) and
Ce(v) centers. However, control experiments strongly
suggest only Ce(wv) is able to activate the phosphate group
for hydrolysis, although the nearby Ce(m) center might still
assist the reaction by enhancing the nucleophilicity of a
water molecule coordinated to it."?
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Later on, the same group showed the same reactivity could
be used to hydrolyse phosphodiester linkages in various DNA
molecules."”” An 88-mer single-stranded DNA (ssDNA) was
fully cleaved after 6 h at pH 7.4 and 60 °C using Ce-UiO-66. It
was possible to carry out the reaction under physiological
conditions, but the yield increased with raising the
temperature to 60 °C, suggesting an activation energy barrier
for the reaction. The MOF remained catalytically active after
pre-treatments with pH ranging from 3 to 9. Next, the
authors were able to hydrolytically cleave double-stranded
DNA (dsDNA), a supercoiled plasmid pBR322 consisting of
4361 base pairs, in 24 h.

Other Ce-MOFs have also been reported to hydrolyse
phosphoester bonds. For example, CesOg-based Ce-FMA MOF
featuring fumaric acid as a linker afforded a 12-connected
MOF structure with the metal clusters arranged in cubic close
packing.” This MOF has been reported to hydrolyze a
plethora of biological compounds: ATP, ADP, AMP, and
B-glycerophosphate (B-GP) in neutral environment (HEPES
buffer pH 7.0 and 7.5), though plasmid DNA was not cleaved,
most likely due to steric hindrance. Finally, an example of
Ce(u)-based MOF with a phosphatase-like activity has also
been reported. Ce-TCPE MOF structure consist of tetrakis(4-
carboxyphenyl)ethylene (TCPE) linkers connecting Ce(m)
centers. However, the reactivity observed was much lower
than the one observed for Ce(iv) centers lodged in CesOg
clusters.'%®

MOFs containing two types of metals in their structure
have also been probed as phosphatase mimics, and are an
interesting alternative to improve materials' versatility. Here,
we highlight two recent examples, one leading to more robust
structures, which could circumvent to some extent the
common pitfall of low stability of MOFs in water and buffer
solutions under biologically inspired reaction
conditions,'®™? and another illustrating how a second
metal imparts the material with an additional type of
reactivity, and enables multienzymatic activity mimics.

Dong et al. synthesized two new HfsOg-based MOFs
using isonicotinic acid (or 3-aminoisonicotinic acid) as a
linker (Hf-Ni and Hf-Ni-NH,, respectively).""® The pyridine
ring on these linkers was coordinated to Ni** centers,
assembling a network of [Hf;sNig] cubic nanocages, whose
catalytic sites were assumed to be the Hf-OH-Hf motifs.
The Hf-Ni exhibited the best performance for the
hydrolysis of pNPP in HEPES buffer at pH 7.4 and room
temperature, while Hf UiO-66 was not active under these
conditions. Furthermore, these MOFs selectively catalyzed
hydrolysis of P-O bonds in the presence of substrates
containing S-O or C-O bonds. Additionally, a ten times
higher  reaction rate was  observed for  the
dephosphorylation of pNPP compared to BNPP, which was
attributed to steric hindrance. This study contributes to the
design of biomimetic materials with controllable selectivity
and possibly therapeutic MOFs in the future.

Another example of a bimetallic MOF was FePCN MOF."**
This MOF contains, beside the typical zirconium oxo clusters
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nodes, iron porphyrin as the organic linker. FePCN was able
to not only hydrolyze the ATP, but also exert oxidase and
peroxidase activity towards the substrates 1,4-dihydropyridine
and H,0,. These reactions were all carried out in HEPES
buffer of pH 7.2, at different temperatures. To screen for
oxidase and peroxidase activity, the reactions were set up for
about 30 minutes at 37 °C, while for the phosphatase activity
the temperature of 65 °C was used and the reaction was set
up for an hour. The MOF could be recycled four times and
still delivered high yields of 86%, 97% and 99% for oxidase-,
peroxidase- and phosphatase-mimicking reactions,
respectively. The catalytic active sites for oxidase and
peroxidase-like activity was attributed to the iron located in
the linkers of the MOF, while the phosphatase-like activity
originated from the Zr nodes. This work is interesting for the
development of nanomaterials with intrinsic multienzyme-
mimicking activities.

Intrinsic glycosidase and lipase-like activity of MOFs
are even more rarely studied in contrast to biomimicry of
phosphatases. In the previously mentioned study,’ the
cleavage of the glycosidic bond of two model substrates,
2-nitrophenyl-p-p-galactopyranoside and  4-nitrophenyl-N-
acetyl-B-p-glucosamine, catalyzed by Ce-FMA MOF was
investigated. The cleavage was successful, however when
the same experiment with Ce-FMA was repeated with
maltose and lactose to cleave the a-1,4 and f-14
glycosidic bonds respectively, no monosaccharides were
detected. These results suggest that the reactions of the
model substrates benefited from a good leaving group.
Therefore, the polysaccharide carboxymethyl chitosan was
chosen for another attempt in alkaline (pH 8.0)
environments at 37 °C and 60 °C. This time, successful
cleavage was obtained and the reusability of the Ce-FMA
MOF was investigated, although its activity already
decreased in the second and third usage cycles. Using the
same Ce-FMA MOF, an attempt to hydrolyze the lipid
ubiquitously present in living organisms cephalin failed.
In this case, authors proposed that steric hindrance
inhibited cleavage.

The reactivity discussed above intersects with a number of
possible biological applications. For example, the application
of MOFs as biosensors for ATP'®'*™''” hydrolysis or other
phosphatase activity’'® is widely investigated for metabolic
alteration therapy in cancer research.'’®'*° Further, MOFs
have also been employed for the enrichment of phospho-
and/or glycopeptides and glycopeptide profiling needed in
proteomics.”*'*** In the field of gene editing, MOFs have
proven to be a carrier for genetic material, able to form Zr-
O-P bonds and even to be of assistance in CRISPR
technology.’”"**™*? In other words, it can be concluded that
more systematic research investigations are needed for the
optimization of reactions with biomacromolecules that utilize
the intrinsic catalytic activity of MOFs. Nevertheless, there is
an enormous variety of possible applications for these
reactions, which certainly underlines the potential of this
research field.
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5. Outlook

In summary, MOF catalysis for the transformation of
biomolecules is a field of growing interest, and great
potential. The recent work highlighted here shows that the
catalytic activity of MOF materials towards biomolecules
follows similar trends to those observed with more
conventional organic substrates, and many of the tools
developed for the design and synthesis of MOFs can
definitely be used to tune the reactivity of MOF catalysts
towards biomolecules. However, the charged and polar
nature of biomolecules like peptides and proteins poses
unique challenges to translate this reactivity into applied
systems (e.g., the strong adsorption of substrates and
products to the MOF). Moreover, biomacromolecules like
proteins and nucleic acids solubility and stability are
dependent on buffers, and the presence of salts, which may
compromise the stability of several MOF structures.

By far, the most attractive characteristic of MOF materials
is the tunability of their structure. From there to practical
applications, it will be crucial to identify structural features
that enhance performance without compromising reactivity
and selectivity. Therefore, advances in this area will likely
require developing alternatives beyond the traditional tools
of MOF chemistry such as controlling defects, pore
engineering, etc. In addition, better understanding of the
MOF surface chemistry in aqueous conditions will be
essential to modulate substrate/product adsorption, and
control its effects on the overall reactivity. In this context, the
initial work discussed indicates many research directions
could contribute for the rationale design of MOFs in this
field. For example:

1. Different metals can be used as secondary building
blocks, as many different metals have been shown catalytic
competent in the cleavage of peptide bonds and
proteins.****! Initial evidence on the promising reactivity
of MOF based on Hf (ref. 40) oxo clusters indicates that
other tetravalent metals also render MOFs stable enough
for the hydrolysis of proteins under physiological-like
conditions. Naturally, metals other than tetravalent ones
can also be explored. One example is copper, which was
featured in an early report of the protease-like activity of
the Cu-BTC MOF (HKUST-1).*® Finally, bimetallic MOF
structures combining two metal in the SBU,** or in the
MOF as a whole,""*"* may prove interesting to enhance
and diversify MOF performance.

2. Improving the stability of materials under physiological-
like conditions, which needs to consider the presence of
buffers, and relatively high ionic strengths are to be
addressed. Systematic studies of the stability of prototypic
MOFs such as the UiO-66 (ref. 112 and 132) have been
reported, but the effect of defects, MOF composition, and
topology is largely unknown.

3. Devising alternatives to reverse the adsorption of
substrates and products are also needed, especially if
enhanced recyclability is envisioned.

This journal is © The Royal Society of Chemistry and IChemE 2023
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Stability,  tunability, intrinsic  hydrolysis  activity,
recyclability and control over substrate interactions confirms
the potential for MOFs to be used as artificial nanozymes for
the hydrolysis of proteins and other biomolecules, providing
a promising alternative to limitations of
traditional enzymatic methods such as protein digestion with
trypsin for use in middle-down proteomics. Clearly, major
gaps still remain in the reaction selectivity, especially for
more complex biomolecules. However, recent knowledge
gained in the tuning of the structure of MOFs towards a
certain reaction lights the way to enhance the control over
MOF-protein interactions, and site-selective cleavage within
protein sequences.* Although efficient ways of achieving
such control have yet to be identified, further structural
insights will be key to continuing to expand the range of
proteins and other biomolecules hydrolysable by MOFs.
Together, these challenges also highlight the potential of
MOFs as nanozymes. Once current limitations are addressed,
MOF materials that are more suitable to deal with challenges
uniquely associated with biomolecules can be rationally
designed, quickly boosting the development of highly
specialized MOF-based nanozymes, whose unique advantages
would be key to develop disruptive technologies in
biochemistry, and biomedical, analytical and environmental
sciences, among others.
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