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ABSTRACT: Due to their efficiency, selectivity, and environmental sustainability, there are significant opportunities for en-
zymes in chemical synthesis and biotechnology. However, as the three-dimensional active structure of enzymes is predomi-
nantly maintained by weaker non-covalent interactions, thermal, pH and chemical stressors can modify or eliminate activity.
Metal-organic Frameworks (MOFs), which are extended porous network materials assembled by a bottom-up building block
approach from metal-based nodes and organic linkers, can be used to afford protection to enzymes. The self-assembled struc-
tures of MOFs can be used to encase an enzyme in a process called encapsulation when the MOF is synthesized in the presence
of the biomolecule. Alternatively, enzymes can be infiltrated into mesoporous MOF structures or surface bound via covalent
or non-covalent processes. Integration of MOF materials and enzymes in this way affords protection and allows the enzyme
to maintain activity in challenge conditions (e.g. denaturing agents, elevated temperature, non-native pH and organic sol-
vents). In addition to forming simple enzyme/MOF biocomposites, other materials can be introduced to the composites to
improve recovery or facilitate advanced applications in sensing and fuel cell technology. This review canvasses enzyme pro-
tection via encapsulation, pore infiltration and surface adsorption and summarizes strategies to form multi-component com-
posites. Also, given that enzyme/MOF biocomposites straddle materials chemistry and enzymology, this review provides an
assessment of the characterization methodologies used for MOF-immobilized enzymes and identifies some key parameters
to facilitate development of the field.
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1. INTRODUCTION

Enzymes offer the potential to enhance the efficiency, selec-
tivity and environmental sustainability of many commer-
cial processes, especially in the areas of chemical synthesis
and biotechnology.!-3 However, a significant impediment to
their wide-spread industrial application is that the activity
of many enzymes is compromised, or extinguished, when
exposed to non-aqueous media and/or elevated tempera-
tures.* 5 An enzyme’s sensitivity to its environment is
largely due to the thermodynamic instability of its tertiary
structure in artificial conditions. Thermal stress and/or or-
ganic solvents can disrupt the specific and complex net-
work of covalent and non-covalent interactions that engen-
der the naturally folded state of an enzyme and, as a conse-
quence, modify or eliminate its catalytic activity. A number
of strategies have been explored to overcome the structural
fragility of enzymes including, genetic engineering,® chem-
ical modification,”® immobilization,>° changes to the reac-
tion medium and encapsulation.> °-11 While each of these
approaches show promise for meeting real-world chal-
lenges, this review will focus on the burgeoning research
area of employing Metal-organic Frameworks (MOFs) for
the immobilization of enzymes.

MOFs are materials assembled by connecting organic links
and metal-based nodes (metal ions or clusters) into ex-
tended networks.!? These materials are well known for
their high degree of crystallinity and remarkable surface
areas and pore volumes. Owing to their modular construc-
tion and chemical mutability of their components (nodes
and links) the structure topology, pore functionality and
crystal morphology of MOFs can be precisely tailored.
These design features have inspired researchers from a
broad range of scientific and engineering disciplines to in-
vestigate the fundamental and applied properties of these
unique materials. An areaF of MOF chemistry that is expe-
riencing considerable growth is the synthesis, characteriza-
tion, and application of enzyme/MOF biocomposites. The
immobilization of enzymes via porous solids, such as mes-
oporous silica is a mature research field;!! 13 14 however,
MOFs represent a recent class of support material for en-
zymes with extensive scope for development. Furthermore,
many of the traditional strategies that have been employed
to stabilize enzymes, e.g. covalent grafting onto a particle or
surface, and encapsulation via physical adsorption are
readily compatible with MOF chemistry. For example, the
pore dimension and chemical functionality of a framework
can be optimized for the encapsulation of a specific enzyme
to a level of precision that is not attainable for other porous
materials such as zeolites (ultra-microporous to mi-
croporous) and mesoporous silicas (mesoporous). This is a
clear advantage of MOFs as the design of such bespoke sys-
tems would, in principle, allow for the systematic investiga-
tion of protein-surface interactions and their relationship
to the preservation and protection of enzymes. Another as-
pect of MOF chemistry relevant to protein encapsulation is
that, for a number of examples, biocompatible synthesis
conditions (room temperature, H20) have been developed.
Thus, the MOF precursors can be assembled in the presence
of an enzyme to yield enzyme@MOF biocomposites where
the proteins are tightly encased within a single MOF crystal.



In general MOF-based enzyme biocomposites can be con-
veniently classed according to how they are composed.

Encapsulation, (termed, enzyme@MOF) - The MOF is syn-
thesized in the presence of an enzyme. This gives rise to a
biocomposite where the enzyme is encased within the MOF
crystals.

Pore infiltration (termed, enzyme@MOF) - The enzyme is
introduced within the pore network of a pre-synthesized
MOF.

Surface bound (termed, enzyme-on-MOF) - The enzyme is
anchored to the surface of a pre-synthesized MOF via cova-
lent bonds or non-covalent interactions.

After providing an overview of the strategies to form en-
zyme/MOF biocomposites (section 2), composites formed
via each specific approach will be discussed in turn. In ad-
dition to these various configurations, the synthetic versa-
tility and chemical mutability of MOFs allows the ready for-
mation of multicomponent biocomposites. Where enzymes
can be combined with additional materials, e.g. ceramic or
metal nanoparticles. These biocomposites can be formed
by any of the methods outlined above but are distinguished
herein as a class of multicomponent systems and are ac-
corded their own section to highlight the opportunities pre-
sent but also the distinct assembly requirements.

The above classifications illustrate that MOFs are a versa-
tile platform material for the synthesis of enzyme-based bi-
ocomposites that show great promise for application to
commercial challenges in biocatalysis. Nevertheless, to
fully realize their potential, a multidisciplinary research ap-
proach will be required to properly evaluate their perfor-
mance characteristics and benchmark these data to state-
of-the-art systems. This is discussed in section 7.

This review will canvass progress in the emerging area of
enzyme/MOF biocomposites. Each class of material (vide
supra) will be addressed separately, and important concep-
tual advances will be highlighted. Furthermore, we will dis-
cuss methods for characterizing MOF-based biocomposites
and suggest good practice for the collection of reliable data.

2. MOF-BASED ENZYME BIOCOMPOSITE
COMPOSITIONS AND THE CONCEPT OF
ENCAPSULATION

Research focused on the immobilization of enzymes in/on
solid supports is primarily aimed at preserving their bio-
catalytic activity and facilitating recyclability. The second-
ary structure of proteins (a-helices, B-sheets, and turns) is
determined by hydrogen bonding between the amino acid
sequences (primary structure). Salt and disulfide bridges
give rise to the tertiary structure of the protein where hy-
drophobic interactions are maximized and the energetic re-
quirements engendered by the interaction of the folded
protein with the solvent are optimized. In general, the ter-
tiary structure determines functionality and yields proteins
that have a hydrophobic core and ionizable amino acids,
which can establish hydrogen bonds, on the surface. In
some cases, non-covalent interactions of multiple enzyme
subunits can also occur and is termed the quaternary struc-
ture.'> The following section briefly introduces the various
types of enzyme/MOF biocomposites and compares the im-
mobilization methods.

In comparison to surface immobilized enzymes, which can
either be physically adsorbed or grafted onto the surface
(covalent or supramolecular attachment), infiltration and
encapsulation methods offer enhanced shielding from
harsh environments (e.g. elevated temperature, organic
solvents, proteolytic agents).1¢ The preparation of biocom-
posites via infiltration is part of a two-step process where
the enzyme is post-synthetically incorporated into the MOF
pores (typically through large mesoporous channels)
whereas, for biocomposites formed via the encapsulation
approach, the enzyme is added during the synthesis of the
MOF (we note that if a hollow enzyme/MOF composite is
being prepared the enzyme is added prior to the synthesis
of the MOF shell, see section 3). Thus, a significant distinc-
tion between enzyme/MOF biocomposites formed by en-
capsulation is that this synthetic strategy readily allows for
the inclusion of enzymes that have larger dimensions than
the pore diameter of the framework. This synthetic process
leads to tight confinement of the enzyme within a mesopo-
rous pocket within the framework'# 20 and offers a high
level of protection from external environments (Table 1).
An illustrative example of such protection is that enzymes
encapsulated within a MOF matrix are insulated from con-
tact with proteases, such as trypsin (TRY).16-1°



Table 1. A general comparison of enzyme immobilization methods using MOFs.

Free enzyme

Enzyme@MOF

Encapsulated

Enzyme@MOF

Infiltrated Enzyme

Enzyme-on-MOF

Surface

enzyme bioconjugation
ﬁg;};nélolzzlistf Synthesis does not
Facile one-pot affect affect
Main advantage(s) Ready to use synthesis for a immobilization immobilization,
number of proteins . ’ large number of
chemically robust MOFs
MOFs used
Limited number of
MOFs available,
Sub:g;;?é;?j:cwr Different MOFs are
interaction at i[he needed for different
. Fragility/recyclabilit sized proteins and | Leaching, protection
Main drawback(s) MOF/enzyme . .
y interface may be there are a limited of the protein
more complex than number of
surface mesoporous MOFs
conjugation/infiltrati
on
Stability to:
. Depends on the
Proteolytic agents LOW HIGH MOF pore size LOW
Temperature LOW HIGH HIGH LOW/MEDIUM
Solvents LOW HIGH HIGH LOW/MEDIUM

For enzyme@MOF biocomposites the cavity size sur-
rounding the enzyme is directly related to its capacity to
protect the enzyme from environmental stressors (Figure
1). For example, encapsulation via single-step synthesis
approach occurs via a heterogeneous nucleation mecha-
nism where the enzymes serve as the nucleus for MOFs
growth. Detailed analysis of small-angle X-ray scattering

(SAXS) data suggests that this process leads to the entrap-
ment of enzymes within pockets of marginally larger vol-
ume than the radius of gyration (Rg) of the protein.142° The
relative protective capacity of different cavity sizes on the
activity of the enzyme (horseradish peroxidase, HRP)
have been examined and a correlation was found between
enzyme activity (preservation of the tertiary structure)
and pore size of carriers (see Figure 1a).
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Infiltration of enzymes also leads to a biocomposite where
the enzyme is often tightly housed within the MOF pore
network. Typically, for successful diffusion of enzymes,
the MOF pores should be larger than the protein. However,
there are limited examples that show the size restriction
imposed by a frameworks pore apertures can be over-
come by a process in which the protein partially unfolds
to facilitate infiltration into the MOF and then refolds once
inside.?3 24 Nevertheless, encapsulation approaches offer a
distinct advantage over infiltration as the MOF pore size is
independent of the size of the protein. A caveat is that sin-
gle-step encapsulation methods, that provide the highest
level of protection, (vide supra) impose a restriction on the
size of the substrate or cofactor that can access the en-
zyme. Additionally, there are a limited number of MOFs
which can be utilized for one-pot encapsulation of en-
zymes, due to the general requirements of facile room
temperature synthesis under biologically relevant condi-
tions. For infiltration or surface attachment, the MOF syn-
thesis and the infiltration/surface attachment steps are
separated and thus biocompatible conditions do not limit
the matrix preparation.

Like encapsulation strategies, enzyme infiltration in MOFs
is still in its infancy. However, insight can be drawn from
the more mature field of enzyme infiltration within the
pores of silica-based mesoporous materials.?> 26 In studies
focused on such silica-based biocomposites the internal
loading of biomolecules depends on the nature of the ad-
sorption.2¢ For example, if the adsorption is reversible (or
adsorption is rapid and immobilization is slow), then the
pore size only needs to exceed the size of the protein as
diffusion proceeds until a high loading is achieved. Con-
versely, if permanent immobilization is rapid, a high load-
ing can only be obtained by using a matrix with a pore di-
ameter at least three times larger than the protein size
(Figure 1b). For intermediate cases (i.e. the speed of ad-
sorption and permanent immobilization are equivalent) a
pore diameter of more than twice the biomolecular radius

would be required. Generally, examples of enzyme infil-
tration into MOFs occur where the adsorption is reversi-
ble and thus the pore size only marginally exceeds the size
of the enzyme. Furthermore, to minimize pore blocking
during infiltration, three-dimensional connectivity is an
inherent advantage over one dimensional channels; this is
also critical for substrate and cofactor access.

Compared to surface conjugated enzymes, encapsulated
enzymes typically maintain better performance during re-
cycling as the enzyme is imbedded within MOF particles.
For surface adsorbed enzymes both washing procedures
and reutilization of the biocomposite lead to randomly
oriented enzymes on the surface and a progressive release
of enzyme in solution.?’” This can be ameliorated by cova-
lently linking enzymes to the MOF surface. However, post-
modification linker exchange methods?®2° and room tem-
perature Ostwald ripening mechanisms3? 31 suggest that
MOF structures are dynamic and thus the release of en-
zymes into solution may occur. An assessment of leaching
should be carried out for each enzyme/MOF system to ac-
curately determine catalytic activity of the biocomposites
during cycling studies.!? 32

Another advantage of encapsulation over infiltration and
surface conjugation strategies is the facile ‘one-pot’ syn-
thesis of multi-enzyme biocomposites. By simply exposing
the MOF precursors to a solution containing two (e.g. glu-
cose oxidase (GOx) and HRP) or three (-galactosidase (p-
gal), GOx and HRP) enzymes in the desired weight ratio,
Chen et al. prepared multi-enzymes@ZIF-8 (ZIF = zeolitic
imidazolate framework) biocomposites.33 When com-
pared with a mixture of free enzymes in solution, the
multi-enzyme@ZIF-8 confines the chemical reaction
within the MOF matrix resulting in a 7.5-fold enhancement
in the activity of the biocatalytic cascade reaction. Con-
versely, multienzyme biocomposites formed via infiltra-
tion can require intricate strategies for successful incor-
poration of both enzymes.3* To prepare similar multi-en-
zyme biocomposites via infiltration protocols, MOFs pos-
sessing hierarchical structures (different pore sizes) need
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to be specifically chosen, or orthogonal conjugation strat-
egies need to be employed, respectively.

Though the encapsulation process offers excellent protec-
tive capacity and recyclability with respect to infiltration
and surface conjugation strategies, there are several areas
where these enzyme@MOF biocomposites are not as syn-
thetically flexible or are outperformed by the other sys-
tems, these include:

1) Synthetic constraints required for the preparation of
the biocomposite.3 36

2) The reduced catalytic conversion rates. The catalytic
conversion rate of the encapsulated enzyme will be
limited, with respect to the free enzyme, by mass
transfer of reagents and products through the MOF
network.37,38.39

3) Hitherto, the encapsulation strategy is limited to a
narrow range of MOFs.*0 Research in this area has
predominantly focused on ZIF-based biocomposites
as they can be synthesized under biocompatible con-
ditions.16.17,33,38,41-46 Zn-hased ZIFs degrade in acidic
pHs*748 and in presence of phosphate ions#% 4250 and
possess narrow pore apertures < 3.4 A.51

3. MOF-BASED ENZYME  BIOCOMPOSITES
FORMED VIA ENCAPSULATION

Enzymes can be encapsulated within individual MOF par-
ticles or hollow, polycrystalline, MOF shells with the aim
of protecting the biological cargo from external environ-
ments. The former type of biocomposites are typically
synthesized via a single-step approach where the MOF
precursors and selected enzyme are combined, under bio-
compatible conditions (e.g. water-based solution, room

temperature), to precipitate enzyme@MOF materials
(Figure 2a). This approach physically confines the en-
zymes within adventitious mesopores that are formed in
the MOF crystal. However, very recent work has shown
that single enzyme@MOF crystals can be post-syntheti-
cally ‘hollowed’ to afford macroporous cavities which pro-
vide a less constrictive environment.>2 Typically, to gener-
ate hollow MOF particles, templating methods are re-
quired where the enzymes are encapsulated within the
template and then the MOF particles are grown on the
template surface. A salient aspect of both encapsulation
strategies is that they allow for the incorporation of en-
zymes within MOF particles where the enzyme has consid-
erably larger dimensions than the pore diameter of the
framework. The obvious benefit of such systems is that
leaching of the enzyme is not possible without first de-
composing the MOF. Furthermore, the MOF pores can en-
force selective permeability® 38 53 and can thus regulate
molecule transport to and from encapsulated enzymes
(Figure 2b).

By careful choice of the reaction conditions, en-
zyme@MOF biocomposites can be obtained as particles
ranging from tens of nanometres>* to tens of microme-
tres'® and various morphologies, including single crystal
particles (e.g. rhombic dodecahedron morphology for en-
zymes@ZIF-8) and hollow particles with polycrystalline
shells (e.g. MIL-88, MIL = Materials Institute Lavoisier).18
In this section, we focus on the encapsulation and protec-
tion of enzymes within MOFs for biocatalysis; however, it
is worth noting that encapsulation methods can be suc-
cessfully applied to other biomacromolecules (e.g. insulin,
hyaluronic acid (HA), heparin (HEP), deoxyribonucleic
acid (DNA), and antibodies).>5-58
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3.1. Templating methods

The synthesis of hollow and core-shell MOF capsules has
been achieved via template-free or template-based strate-
gies.>? 60 With respect to the formation of MOF-based bio-
composites, either soft- or hard-templating approaches
are employed.'® The first example of soft templating was
reported by Bradshaw and co-workers®! who encapsu-
lated a variety of proteins (e.g. green fluorescent protein

(GFP), fluorescein-tagged enzymes Candida Antarctica li-
pase B (CalB), and B-gal) into agarose hydrogel droplets,
which were stabilized by Ui0-66 (UniversitetetiOslo) and
magnetite nanoparticles (Figure 3). These particle-coated
droplets served as a surface for the growth of a crystalline
ZIF-8 shell. Each component of the biocomposite played a
specific role: i) imbedding proteins in agarose gel pre-
served the structure of the proteins from alcohols (isopro-
panol and 2-butanol) that were used to grow a continuous
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4 - 5 pm thick ZIF-8 shell; ii) the MOF coating acted as a
molecular sieve for transesterification reactions (1-buta-
nol and vinyl acetate to yield butyl acetate - 100% conver-
sion in 12 h, and 3-(4-hydroxyphenyl) propan-1-ol and vi-
nyl laurate to yield 3-(4-hydroxyphenyl)propyl dodecano-
ate - 7.5% conversion in 48 h); and, iii) the Fe304 nanopar-
ticles, allowed for the 40 um MOF-biocomposite particles
to be magnetically separated and cycled six times. In an-
other example, Kim and co-workers!® adopted the previ-
ously reported interfacial synthesis®? approach to prepare
enzyme@MIL-88A systems (Figure 4). Reagents were
separated into two immiscible solutions: fumaric acid
(Hzfum) was dispersed in 1-octanol (organic phase) while
Fe3* and proteins (glycerol dehydrogenase (GDH), HRP,
and acetylcholinesterase enzyme (AchE)) were dispersed
in water (aqueous phase). By injecting droplets of the
aqueous phase into the continuous organic phase, a MIL-
88A shell formed at the droplet-solution interface to yield

’ Protein (e.g. lipase) Agarose

. Iron oxide nanoparticle

GDH@MIL-88A, HRP@MIL-88A, and AChE@MIL-88A. The
MOF coating protected the encapsulated proteins from ex-
posure to protease; however cycling studies showed a
rapid loss in activity that was attributed degradation of
the capsule and subsequent release of enzymes into solu-
tion. Another templating system was reported by Li and
co-workers® who encapsulated GOx in CaCO3 and then
coated the composite with polydopamine (PDA) and ZIF-
8. The authors used ethylenediaminetetraacetic acid
(EDTA) to selectively remove the internal CaCOs3 template
and realize hollow PDA/ZIF particles. The aforementioned
templating strategies confine enzymes within hollow MOF
capsules?8. Such architectures are likely to offer the best
protective performance as a shield that prevents diffusion
of large molecules that are harmful to enzymes (e.g. pep-
sin, TRY). However, the large cavities (relative to protein
size) cannot prevent the protein unfolding (vide infra),
thus offer limited protection to elevated temperature,
chemical denaturants and organic solvents is limited.

N
 Ui0-66 ZIF-8

Figure 3. Soft templating approach where proteins are imbedded in agarose hydrogel droplets, stabilized by Ui0-66 and
MNPs, and a ZIF-8 coating is grown over this droplet. (See SI: 03_soft_templating.mp4).

» | =
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y&, Ligand
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Figure 4. Interfacial synthesis of MOFs. Proteins (e.g. GDH, HRP, and AchE) can be introduced into the aqueous layer are
incorporated into the MOF crystals which form at the interface.64(See SI: 04_interfacial_growth.mp4.) Figure adapted from con-

cepts described in Ref. 64.
We have thus far discussed examples where enzymes are
encased in protective MOF shells; however, MOFs can also
be used as sacrificial templates (Figure 5). For example,
Wang et al. imbedded penicillin G acylase (PGA) in a
CaCO0s3/ZIF-8 composite which was then coated with TiOz.
Subsequently, full removal of the CaCO3/ZIF-8 core could

be achieved by treating the biocomposite with EDTA.¢5 Af-
ter the dissolution of the MOF template, PGA encapsulated
in TiO2 retained activity, furthermore, the composite was
reused eight times and showed higher activity than the
same enzyme immobilized into silica-based monoliths. Al-
ternatively, Chen and co-workers®® encapsulated bovine
serum albumin (BSA) and catalase (CAT) in ZIF-90 or ZPF-
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2 (constructed from Zn?* and 2-hydroxy-5-fluoropyrimi-
dine; ZPF = zeolitic pyrimidine framework), which al-
lowed a covalent-organic framework (COF) shell to be
grown on the surface of the composites via condensation
of 1,3,5-triformylbenzene (or 1,3,5-tris(p-
formylphenyl)benzene) and 2,5-bis(ethoxy)terephthalo-
hydrazide (COF-42-B or COF-43-B). The ZIFs were then

Template MOF core-shell

S
5w

MOF template

Figure 5.

dissolved under acidic conditions (pH=5.5) to yield cata-
lytically active and recyclable enzyme@COF composites.
In summary, these examples highlight the versatility of
MOF materials in the synthesis of biocomposites using
template strategies as both the protective shell of hollow
capsules or as hard templates.

MOF hollow capsule

~

Encapsulation using the templating method: (a) a MOF shell is grown on a template (see SI: 05_encapsula-

tion_by_templating.mp4) (SEM micrograph adapted from Ref. 67, Copyright [2015] American Chemical Society) or (b) pro-
tein@MOF is used as a template for the subsequent growth of a different porous shell (e.g. COF) (SEM micrograph adapted from

Ref. 68, Copyright [2015] American Chemical Society).
3.2. One-pot embedding (non-templated)

MOF biocomposites can also be formed via a one-pot en-
capsulation method. There are two closely related syn-
thetic approaches, the first employs additives (such as bi-
ocompatible polymers) and/or organic solvents to pro-
mote biocomposite formation while the second termed
‘biomimetic mineralization’ is where the biomacromole-
cule induces the growth of the MOF in water without
addditives.!® The first report of a protein@MOF biocom-
posite via the one-pot strategy was in 2014 by Ge, Liu and
co-workers.!” The authors described the rapid precipita-
tion of CytC@ZIF-8 from a solution of 2-methylimidazole
(2-mIM), zinc nitrate hexahydrate, cytochrome C (CytC)
and polyvinylpyrrolidone (PVP) in methanol. Transmis-
sion electron microscopy (TEM) analysis on CytC@ZIF-8
particles calcined at 325 °C (2h) showed the presence of
‘pockets’ within their sub-surface region that were of suf-
ficient size to accommodate CytC. Notably, the activity of
CytC@ZIF-8 showed a 10-fold enhancement compared to
the same concentration of free enzyme in solution (Figure
6a). This process was termed co-precipitation and has
been successfully extended to different bioactive mole-
cules such as HRP and lipase to form HRP@ZIF-8 and li-
pase@ZIF-8 biocomposites.®® In 2015, Shieh et al'® synthe-
sized biocomposites via the ‘de novo’ approach, by mixing
CAT, PVP, 2-imidazolecarboxaldehyde (ICA) and zinc ni-
trate hexahydrate in water to yield the formation of
CAT@ZIF-90. The authors showed that the resulting bio-

composite allowed selective diffusion of H202 while pro-
tecting the enzyme from a protease (proteinase K). A note-
worthy advance of this study was that water was used as
solvent rather than methanol, which can have a deleteri-
ous effect on enzyme activity.”® An alternative one-pot en-
capsulation strategy for the encapsulation of enzymes in
MOFs was reported by Liang et al. who showed that ZIF-8-
based biocomposites were spontaneously formed, in wa-
ter, from the simple combination of a selected protein, 2-
mIM and zinc acetate.® 71 This method revealed that nei-
ther PVP nor alcohol is necessary for the encapsulation of
proteins in ZIF-8 crystals. (see SI: biomimetic mineraliza-
tion.mp4) The process was termed biomimetic mineraliza-
tion due to its similarities to the natural heterogeneous
seeding process of biomineralization where living organ-
isms form minerals without the need for additional crys-
tallization facilitators.16:37.39,7273 The enzymatic activity of
the biocomposite HRP@ZIF-8 obtained via biomimetic
mineralization of HRP was examined and was largely re-
tained after being exposed to proteolytic agents (e.g. TRY),
an organic solvent (N,N-dimethylformamide (DMF)) and
elevated temperature (up to 100 °C).1¢ Additionally, it was
shown that proteins maintained their function after dis-
solving the ZIF-8 shell by lowering the solution pH to 6.
Two different biocomposites were prepared, DQ-
OVA@ZIF-8 (DQ-OVA = DQ-ovalbumin), which contained
the fluorogenic protein DQ-OVA and TRY@ZIF-8. When
combined in the same reaction vessel at pH 7 no fluores-
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cence signal was detected; however, when the pH was re-
duced to 6 and the ZIF-8 coating dissolved, both DQ-OVA
and TRY were released and TRY degraded DQ-OVA into
fluorescent fragments (Figure 6b).
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Figure 6. (a) SEM micrographs of calcined
CytC@ZIF-8 and relative activity data for CytC@ZIF-8
composites compared to the activity of an equivalent
quantity of free enzyme in solution. Figure adapted from
Ref. 74, Copyright [2014] American Chemical Society (b)
Data showing that enzymes encapsulated in ZIF-8 via bio-
mimetic mineralization retain activity. In this experiment
enzymes from two composites are combined and the en-
zyme release is triggered by lowering of the pH. Adapted
with permission from Ref. 16 under the terms of the CC
BY 4.0 license.
To confirm that the biomimetic mineralization describes a
process where MOF formation is induced by the presence
of a biomacromolecule, it is necessary to determine the
MOF particle growth kinetics of water-based precursor
solutions with and without the biomacromolecules (e.g.
enhanced MOF nucleation time, particle growth, and
yield).16 3% In one study the co-precipitation and biomi-
metic mineralization processes were compared for the en-
zyme Jack bean urease. ZIF-8-based biocomposites were
prepared with and without PVP during the synthesis and
it was found that PVP can influence the particle size of the
biocomposite, catalytic performance, and the level of pro-
tection to elevated temperature (Figure 7).42 Under the
synthetic conditions employed for this study the two
methods engender distinct spatial localization of the en-
zymes within the ZIF-8 crystal. Synthesis in the presence
of PVP produced a composite that when calcined engen-
dered ‘pockets’ of sufficient size to incorporate enzymes,
located towards the surface region of the MOF particles. 3°
These results were consistent with the prior report of Ge
and co-workers. 7 In contrast the PVP free synthesis
yielded a biocomposite where the enzymes were homoge-
neously distributed throughout the ZIF-8 crystals. This
difference in spatial location of the encapsulated enzymes
within the MOF crystals may account for the slightly supe-
rior activity under elevated temperature for the biocom-
posites synthesized via the biomimetic mineralization
method.

723°C 30°C 40°C 50°C 60°C 70°C 80°C
Temperature

Figure 7. (a) Urease@ZIF-8 prepared with and without PVP as an additive and resulting SEM image (b) Initial activity at
different reaction temperatures. Figures adapted from Ref. 75, copyright [2016] The Royal Society of Chemistry.

In addition to batch synthesis, one-pot enzyme encapsula-
tion can be carried out via continuous flow methods. In-
deed, Carraro et al. reported that continuous flow is a con-

venient method for synthesizing protein@ZIF-8 biocom-
posites with tunable particle size.’® Previously, in situ
SAXS experiments had confirmed that the crystalline bio-
composites are formed from amorphous material”” and
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that crystallization can be triggered by ethanol expo-
sure.”® Under flow conditions, particle size control was
achieved by modulating the residence time of the growing
protein@ZIF-8 particles in a reactor prior to the introduc-
tion a flow of ethanol. The authors also showed continu-
ous 5h production of 60 nm BSA@ZIF-8. In another study,
Hu et al. controlled protein encapsulation by adjusting the
residence time of the growing ZIF-8 particles prior to in-
jecting the solution with enzymes.”® By employing a mi-
crofluidic device the precursor and enzyme concentra-
tions could be modified in the gradient mixing on-chip to
introduce defects in the MOF structure (e.g. Zn coordina-
tion defects). The presence of defects facilitated the diffu-
sion of reagents through the MOF; as a result, compared to
non-defective enzyme@ZIF-8, the enzymatic activity was
considerably increased.

The one-pot embedding strategy for the synthesis of MOF-
based biocomposites has been achieved for a variety of en-
zymes and studies have highlighted the potential of en-
zyme@MOF systems for application to biotechnology and
biomedicine.*® However, the preparation of these materi-
als is highly sensitive to the synthesis conditions. Litera-
ture reports80 21.75.81-83 jndicate that the synthetic method
can play a significant role in: 1) the formation kinetics of
biomacromolecule@MOF particles and their topology; 2)
the bioactivity of the biocomposite; 3) the protection of
the bioactive molecules; and, 4) the release of the encap-
sulated cargo. Thus, a fundamental understanding of how
the synthetic parameters influence the properties of en-
zyme@MOF is crucial for their translation to real-world
applications.

3.3. Parameters influencing the chemistry of en-
zyme@MOF biomcomposites

Several parameters are known to influence the formation,
structure, activity and release of proteins encased within
MOFs. In the following section the effect of chemical addi-
tives, enzyme surface charge and MOF precursor concen-
tration will be canvassed.

3.3.1. Additives

Additives, such as PVP, act as a co-precipitant to a solution
of MOF precursors and enzyme to facilitate composite for-
mation.'”- 1% PVP is a biocompatible and FDA (The Food
and Drug Administration) approved polymer8* that is
used to stabilize enzymes in solution through electro-
static/hydrogen bonding interactions.* 85 In the co-precip-
itation method PVP-functionalized enzymes are prepared
by mixing PVP with enzymes in water (with or without the
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MOF ligand) to form a PVP-modified enzyme.l” 1° How-
ever, we note although PVP is used in some enzyme ex-
traction processes from plants to prevent the denatura-
tion®¢ it can also modify the native enzymatic activity.8”
Thus, in cases where PVP is employed as a co-precipitant
the activity of the PVP-modified enzyme should be com-
pared to the free enzyme as an experimental control. In
addition, if the enzyme@MOF system is designed for bio-
medicine application, a low molecular weight PVP should
be chosen to prevent its accumulation in body tissues.8* 88

To understand the role of PVP in promoting MOF crystal-
lization, it is instructive to look at studies where PVP is
employed as a stabilizing and shape-directing agent in the
synthesis of metallic nanoparticles (NPs).8? It is well
known that PVP has a high affinity for metallic NPs due to
its polar groups (See
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Figure 8),8%°0 moreover, PVP has been used for the prep-
aration of inorganic NP@MOF composites.5* °1. 92 [n MOF
crystallization, PVP was found to play an active role due to
its affinity, via the weak coordination sites of the pyrroli-
done moieties, towards metal cations (e.g. ZIF-8, ZIF-90,
ZIF-67, Fell-MOF-5, HKUST-1 (HKUST = The Hong Kong
University of Science and Technology), and MOF-505).93-%¢
The capacity of PVP to increase the concentration of metal
cations at its surface is critical to promoting the growth of
ZIF-8. Indeed, Maddigan et al. showed the importance of
the local concentration of Zn?* to rapid crystallization of
enzyme@ZIF-8 biocomposites in the absence of PVP.%7 Alt-
hough PVP is the most common polymer employed for the
preparation of biocomposites based on ZIFs (e.g. ZIF-8,
ZIF-90)17.19 and a few other MOFs (e.g. GOx@Fe-BTC (BTC
=1,3,5-benzenetricarboxylic acid)),?® other biocompatible
polymers and MOFs could be used to expand this research.
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Figure 8.

enzyme immobilization using PVP.
The addition of a base to the reaction mixture can also pro-
mote the formation of MOF-based biocomposites. Bases
enhance the kinetics of crystallization by deprotonating
the organic ligands and thus promoting their interaction
with metal cations.?® For example, Gascon and co-workers
reported that laccase (LAC) and B-glucosidase could be
encapsulated in three different MOFs (MIL-53-NHz(Al),
MIL-53(Al) and Mg-MOF-74) employing either triethyla-
mine, ammonium hydroxide or sodium hydroxide, to
deprotonate the MIL-53(Al) and MIL-53-NHz(Al) link-
ers.190 In another study by Liang et al.3°* CAT@MAF-7 and
urease@MAF-7 biocomposites were prepared (MAF =
metal azolate framework) using ammonia, which was re-
quired to deprotonate the 3-methyl-1,2,4-triazole (Hmtz)
ligand. This strategy could be extended the encapsulation
of enzymes within hitherto unexplored MOFs that other-
wise do not spontaneously form on addition of proteins.
However, we note that the base employed and its concen-
tration should be compatible with the protein.

3.3.2. Enzyme Surface Chemistry

The distinct primary amino acid sequence and tertiary or
quaternary structure of a protein determines which amino
acids are surface exposed and thus its unique surface
chemistry.1%1 The variance in surface chemistry can be sig-
nificant, for example identical enzymes expressed by dif-
ferent organisms can show substantial variations in sur-
face properties, via post-translational modifications.102-104
In the initial report of enzyme encapsulation via biomi-
metic mineralization, Liang et al. hypothesized that nucle-
ation of ZIF-8 was induced by: 1) the accumulation of Zn2*
cations on the surface of proteins and 2) the adsorption of
2-mIM on the biomacromolecules due to its intrinsic hy-
drophobic/hydrophilic domains.® A subsequent study by
Maddigan et al.”” showed that some proteins do notinduce
the rapid crystallization of ZIF-8 and are not encapsulated
via biomimetically mineralization.®” Proteins that possess
a high number of surface acidic residues (e.g. glutamate,
pKa 4.3) are negatively charged under biocomposite syn-
thesis conditions ( [2-mIM]= 160 mM, [ZnZ*]= 40 mM)
while, under analogous conditions, proteins that possess a
high number of externally directed basic residues (e.g. ar-
ginine (Arg), pKa 12.5) are positively charged. It was un-
covered that only proteins with negatively charged pro-
teins favor the accumulation of Zn?+ and consequently the

(a) The structure of PVP and a schematic showing their attraction of metal ions and (b) a schematic showing

spontaneous formation of ZIF-8 under these conditions
(Figure 9a). Accordingly, the protein ionization potential
can be used as a, straightforward, proxy to determine
whether a protein induces MOF formation. The authors
confirmed this hypothesis by modifying the protein sur-
face chemistry to either induce (e.g.lower isoelectric point
(pI) via succinylation), or inhibit (e.g. raise pl via amina-
tion reactions) MOF crystallization (Figure 9b). These ex-
periments were supported by computational studies that
showed negatively charged proteins significantly enhance
the concentrations of Zn?* at its surface whilst the accu-
mulation of 2-mIM to the protein surface via hydrophobic
interactions plays a marginal role in triggering the self-as-
sembly of the MOF.

Alternative methods for increasing metal cation concen-
tration at the protein surface have been inspired by na-
ture. For example, metallothioneins (MTs) are cysteine-
rich polypeptides that can bind a large number of metal
cations, including Zn?+, Cd?*, and Cu?+*.195 In these polypep-
tides, metal ions are mostly coordinated through cysteine
(Cys) thiolates% (Figure 9c) and, in fewer cases, through
histidine (His)-residues.1% Chen et al. used this concept to
develop an amino acid-boosted one-pot embedding strat-
egy.*1 The formation of Zn- and Cu-based MOFs (e.g. ZIF-8,
HKUST-1) was induced by exposing the protein to PVP and
Cys. PVP acts as a coating agent that facilitates embedding
Cys on the surface of the protein. In the case of ZIF-8, Cys
accumulates Zn?* ions via mercaptide bond formation,107
thereby triggering the nucleation of the MOF around the
protein/PVP/Cys clusters (Figure 9d). Using this ap-
proach, the authors encapsulated myoglobin (Mb), a pro-
tein that does not spontaneously induce the crystallization
of ZIF-8 due to its surface charge (typical isoelectric point
=7.6)°7 under 4:1 ligand:metal ratios. In addition to induc-
ing MOF formation, proteins and certain amino acids can
act as templates, playing a critical role in determining the
resulting MOF topology.1%8 For example, Wang et al. exam-
ined 20 natural amino acids on their effect on ZIF-8 topol-
ogy and showed that His could redirect the topology from
diamondoid (dia) to sodalite (sod). Furthermore, they ob-
served that His can act as a co-templating agent during
MOF synthesis, increasing the protein encapsulation effi-
ciency (e.g. by 31% for BSA for ZIF-8).108
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(a) Data showing how the calculated ionization potential can be used as a proxy to determine whether a protein

induces MOF formation. (b) A schematic showing how modifying the protein surface chemistry by succinylation lowers the pl of
a protein and induces MOF crystallization for proteins that would not normally be encapsulated. Panels (a) and (b) Adapted with
permission from Ref. 109, under the terms of the CC BY 3.0 license . (c) The structure of the metallothioneins (MTs) showing the
cysteine residues. Adapted with permission from Ref. 110, © 2017 Wiley - VCH Verlag GmbH & Co. KGaA, Weinheim. (d) Use of
MTs in triggering the nucleation of MOFs around the protein/PVP/Cys clusters (PVP = green tape; MT = pale blue connector)
where it would normally not form, e.g. for myoglobin. Adapted with permission from Ref. 111, © 2019 Wiley - VCH Verlag

GmbH & Co. KGaA, Weinheim.
3.3.3. MOF precursors and structures

The majority of enzymes@MOF biocomposites employ
ZIF-8 as a matrix. Typically, ZIF-8 possesses a sod topol-
ogy with permanent microporosity.’! However, by chang-
ing the total precursor concentration or the ZnZ*:2-
mIM:enzyme ratios ZIF-based biocomposites can be syn-
thesized with different topologies including ZIF-L (dia) or
katsenite (kat), ZIF-COs-1 (ZIF-C, composed of Zn?*, 2-mIM
and CO3%), unknown phases (U12, U13, ZIF-8X) or yield
amorphous materials.37 47, 57. 112,113 The different phases
possess distinct physical properties (e.g. porosity) and
chemical stability (e.g. different dissolution kinetics in
acidic environment). It is not yet understood how the dif-
ferent ZIF phases affect the protective capacity and the ac-
tivity of an encapsulated enzyme; however, it is likely that
controlling the crystalline phase of the ZIF matrix will
prove to be a useful tool for modifying the chemistry of en-
zyme@ZIF biocomposites. For example, Wu et al. demon-
strated that the enzyme (e.g. GOx) encapsulated in amor-
phous ZIF was up to 20 times more active when compared
to the enzyme encapsulated in crystalline ZIF-8.37 The im-
proved performance was attributed to the presence of co-
ordination defects that produced mesopores in the amor-
phous MOF particles and facilitated reagent diffusion.

Another important consideration for MOF-based biocom-
posites is the hydrophobicity/-philicity of the framework.
In general, proteins tend to have a high affinity for hydro-
phobic surfaces.!’* However, hydrophobic interactions
can engender conformational changes that denature the
protein and lead to loss of enzymatic activity.1°* The effect
of framework hydrophobicity on the activity of enzymes
was examined by Liang et al. who synthesized three ZIF
materials that possess the same topology but different hy-
drophobicity/-philicity: ZIF-8, ZIF-90 and MAF-7.3? ZIF-90
(composed of Zn?* and ICA) and MAF-7 (composed of Zn?*
and mtz) are hydrophilic ZIFs!15 116 and were shown to
preserve the structure and activity of encapsulated en-
zymes, urease and CAT, even at elevated temperature (T =
70 °C) (Figure 10).3° In contrast, for the hydrophobic ma-
terial, ZIF-8, encapsulated and surface adsorbed enzymes
were found to be largely inactive. Fourier transform infra-
red spectroscopy (FTIR) was used to examine the biocom-
posites and it was revealed that for CAT@ZIF-8 the sec-
ondary structure of the protein was perturbed, thus
providing an explanation for the loss of enzymatic activity.
These studies highlighted the importance of understand-
ing the chemistry at MOF /biointerface to maximize the ac-
tivity of both enzyme@MOF and enzyme-on-MOF sys-
tems.
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(a) Effects of MOFs with varying degree of hydrophobicity on CAT -on- or @ MAF-7, ZIF-90 and ZIF-8. (b) Confo-

cal Laser Scanning Microscopy (CLSM) of CAT -on-/@ MAF-7, ZIF-90 and ZIF-8 showing differences in localization, particularly
amongst the encapsulated samples. (c) Activity data for CAT -on-/@ MAF-7, ZIF-90 and ZIF-8 compared with the free enzyme.
(See SI: 10_hydrophobic_effects_of mofs.mp4) Figure adapted from Ref. 80, Copyright [2019] American Chemical Society.
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3.4. Alternative synthesis strategies

The most widely employed synthetic procedures for en-
zyme@MOFs are via solution-based processes. As a conse-
quence, the MOF synthesis conditions (temperature, sol-
vent) need to be compatible with the stability of the en-
zyme. This typically limits solution-based approaches to
mild conditions, i.e. room temperature, and water as the
solvent.*’” Thus there are no examples of enzyme encapsu-
lation via solution-based synthesis for MOFs, such as the
UiO family, that require comparatively harsher conditions
to form i.e. high temperature and organic solvents.!1” Re-
cently, mechanochemical synthesis has been reported as a
potential alternative to solution-based processes for the
direct encapsulation of enzymes in MOFs.118 Mechano-

chemical processes (e.g. ball milling) are industrially scal-
able, solvent-free methods that have been employed for
the synthesis of several different MOFs.119.120 Wej et al. ex-
plored the ball milling synthesis of several MOFs (e.g. ZIF-
8, Ui0-66-NHz, Zn-MOF-74) in presence of lyophilized en-
zymes.!18 In a ball milling synthesis of enzyme@MOFs,
dried MOF precursors are added into a zirconia grinding
jar containing lyophilized enzymes. The mixture is then
ground to promote the MOF formation and to obtain the
final biocomposite. This approach succeeded with the
preparation of biocomposites that could not be achieved
via solution synthesis. Although limited attention has been
devoted to ball milling process for the preparation of com-
posites,121.122 it emerged as an attractive strategy that may
facilitate the expansion of enzyme encapsulation to, as yet,
unexplored MOFs.
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Table 2. Examples of encapsulation of enzymes into MOFs by the one-pot (non-templated) approaches showing the MOF used, the

enzyme, the method variation and the main application.

MOF Enzyme Immobilization method Application Ref.
ZIF-8 cytochrome C One-pot/Co-precipitation (PVP) Biosensor 17
ZIF-90 catalase One-pot/De novo (PVP) Biocatalysis 19
horseradish peroxidase
Urease
ZIF-8 One-pot/Biomimetic mineralization Biocatalysis 16
Pyrroloquinoline
quinone-dependent glucose
dehydrogenase
ZIF-8 [B-galactosidase One-pot/Biomimetic mineralization Bliocatalysm, 123
biobanking
ZIF-90 catalase One-pot/De novo (PVP) B.l obanklng, 124
biocatalysis
MIL-53-NH;
Al), . One-pot* Biocatalysis,
MIL(—53) (Al), B-glucosidase, laccase (base to degrotonate) biobank}zng 100
Mg-MOF-74
lipase, catalase, horseradish T . Growt'h
ZIF-8 ’ . One-pot/Biomimetic mineralization mechanism 97
peroxidase . .
investigation
Biocatalysis,
ZIF-8 B-galactosidase One-pot/Biomimetic mineralization biobanking, 72
biodelivery
ZIF-8 p -galaptomdase, hOI‘SGI’?.dlSh One-pot/Biomimetic mineralization Biocatalysis 33
peroxidase, glucose oxidase
ZIF-8 lipase One-pot* Biocatalysis 44
ZIF-8, catalase, One-pot/Biomimetic mineralization, Biocatalysis
ZIF-90, horseradish peroxidase, co-precipitation, biobanking’ 39
MAF-7 urease (base to deprotonate MAF-7)
ZIF-90 superoxide dismutase One-pot* Bllocata}lysw, 125
biodelivery
ZIF-67 NHasel229 One-pot/Biomimetic mineralization Biocatalysis 73
lucose oxidase, . .
am-ZIF-8, Candii’a antarctica lipase B, One-pot* Biocatalysis, 37
ZIF-8 biodelivery
catalase
ZIF-8, B-glucosidase, Biocatalysis
UiO-66-NH,, invertase, One-pot/Mechanochemical biobanking’ 118
Zn-MOF-74 B-galactosidase
. . Biocatalysis,
Hégsi’_l E?é;:éaillihcg:é%:ﬁ::e One-pot/AAOPE (PVP / cysteine) b;)(:(l::;l:slgl;g 41

AAOPE = acid-boosted one pot embedding *=information related to kinetic of formation/mechanism of crystallization is miss-
ing in the original paper.
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4. INFILTRATION (POST INSERTION OF ENZYMES
IN PRE-FORMED MOFS)

Infiltration of enzymes into preformed porous materials
requires a number of design criteria to be met.11 126-128
These necessarily include selecting materials with suffi-
ciently large pores, to both accommodate the biomolecule
and to provide subsequent substrate access/product
egress. The relative size needed for the pores with respect
to the enzyme depends of the nature of adsorption; if ad-
sorption is reversible, then smaller pore diameters can be
tolerated.!29-131 Furthermore, the material must be capa-
ble of forming stabilizing interactions that limit enzyme
leaching and favor the retention of the native confor-
mation; this can be engendered by appropriate organic
functional groups that interact with and stabilize the ac-
tive enzyme. In more advanced concepts, a hierarchy of
connected pores are useful to differentiate the enzyme(s)
into the large(r) pores with the smaller, microporous,
channels ideally providing unhindered cofactor, substrate
and product access and egress; such composites might
confer access to multi-enzyme biocatalysis or hybrid cata-
lysts, some of which are discussed in a latter section of the
review (section 6). Finally, the integrity of the framework
must be sustained under the conditions of targeted en-
zyme use, which is often a departure from the typical bio-
logical conditions under which enzymes show optimal ac-
tivity; this is often not a challenging requirement as the
material synthesis and enzyme infiltration are separate
steps.

Briefly considering these requirements and the types of
solid-state porous materials available, a number of gen-
eral observations can be made. Despite their stability, ze-
olites typically possess limiting pore apertures and pores
which are too small to accommodate enzymes.!3? Other
materials, such as metallophosphates!3? again have pores
that are too small to allow infiltration of enzymes. Silica-
based materials'3* or layered materials such as clays!3®
and metal oxides,'3¢ can possess pores of sufficient size
but these are often irregularly arranged and broadly dis-
tributed in size. However, by using surfactants, mesopo-
rous silica materials can be prepared with regular ar-
rangements of uniform channels.’3” The dimensions of
these channels, range from 20 - 200 A, are dictated by the
choice of surfactant, auxiliary chemicals and reaction con-
ditions, furnishing materials ideally suited to enzyme in-
filtration, protection and biocatalysis.1?¢: 127 However,
while these materials possess pore sizes suited to encap-
sulation, a lack of specific interactions between the sup-
port and biomolecule can lead to enzyme leaching and
hence loss of activity.126. 127 More intimate association of
porous material and enzyme can be achieved through
post-synthetic modification of pore walls with organic
groups (before or after enzyme loading)!26 127 or via peri-
odic mesoporous organosilicas (PMOs) and functionalized
PMOs,138 139 which can provide specific interactions with
the immobilized enzymes.!1 140 This has been used to pre-
vent leaching but in turn can diminish loading capacity
and hinder substrate access.!1-126

Due to the opportunities presented by enzyme immobili-
zation, mesoporous MOFs!4! have recently also emerged

as host materials into which biomolecules can be infil-
trated.’? The particular advantages of MOFs for enzyme
infiltration is that they are a chemically mutable family of
materials, possessing designable pore sizes and complex,
hierarchical pore networks, additionally, they are crystal-
line and hence provide precise pore size control; and fi-
nally, they provide a pore chemical environment that can
be designed to complement the infiltrated enzyme's size
and surface chemistry. The following section outlines
studies which demonstrate the potential of mesoporous
MOFs to protect enzymes and to deploy them for biocatal-
ysis and delivery applications of enzymes into cells (Table
3). Some of the first examples outline the key advantages
of using MOFs over other mesoporous materials for en-
zyme protection, including intimate, chemically-matched
binding that can minimize leaching. Very large pore MOFs
and, in particular, those with hierarchical porosity are
used to facilitate both enzyme infiltration and/or cofac-
tor/substrate access. Also, these hierarchical supports can
facilitate more complex enzyme processes, including tan-
dem reactions involving multiple enzymes or other cata-
lytic processes. Finally, given the accessibility of different
approaches for MOF synthesis, microporous MOFs can be
converted to mesoporous supports (for example via de-
fect engineering) for enzymes or nanoparticulate formu-
lations of MOFs which can be prepared for cellular deliv-
ery of enzymes.

4.1. Early results and the advantages of MOFs for
infiltration

The first example of infiltration of an enzyme into a MOF
was reported by Pisklak et al.143 Using a pillared CuMOF,
[Cuz(bpdc)2(DABCO)]n (where bpdc = 4,4'-biphenyldicar-
boxylic acid and DABCO = 1,4-diazabicyclo[2.2.2]octane),
immobilization of microperoxidase-11 (MP-11) was
achieved. The enzyme was infiltrated into the CuMOF in
DMF, presumably due to a lack of aqueous stability for this
MOF. Based on 77K N: adsorption isotherms, the MOF is
microporous and possesses an approximately 1.8 nm
channel which requires an end-on entry of MP-11 (ap-
proximate dimensions of 3.3 x 1.7 x 1.1 nm). Despite these
restrictions 30 umol g-! of MP-11 was introduced into the
CuMOF with minimal leaching in fresh DMF over a 72 hour
period at room temperature. The MP-11@CuMOF compo-
site was still able to oxidize methylene blue but the pore
size and loading would suggest this is predominantly due
to surface-/subsurface-based enzyme.

Given its relatively small dimensions, MP-11 was also the
first enzyme targeted for infiltration into a mesoporous
MOF.128 Ming, Ma and co-workers used the terbium-based
mesoporous MOF ([Tb(TATB)(H:0)], referred to as Tb-
mesoMOF (Figure 11), where TATB = 4,4',4"-s-triazine-
2,4,6-triyl-tribenzoic acid (Figure 12)) to immobilize MP-
11 and demonstrated that MP-11@mesoMOF composites
exhibited superior catalytic performance compared to a
mesoporous silica (Mobil Composition of Matter No.41
(MCM-41)) composite. Tb-mesoMOF was selected as it
contains cavities of 3.9 and 4.7 nm in diameter, with meas-
ured mesopore apertures of approximately 3.0 and 4.1
nm, in addition to a small portion of micropores (0.9 nm),
thereby allowing entry and accommodation of MP-11 as
well as substrate access. Loading was detected by a color
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change of the material (dark red) and adsorption studies
demonstrated a 19.1 umol g! loading after 50 hours; this
compares with a 3.4 umol g! loading for MCM-41. The en-
zyme location in Th-mesoMOF was examined by 77 K Nz
adsorption isotherms which revealed the pore size distri-
bution of the composite is predominately around 0.9 nm,
showing the enzyme occupies the larger cavities of the
MOF but smaller channels remain to facilitate substrate
access. Part of the motivation for using MP-11 is that the
free enzyme aggregates within minutes, but by encapsula-
tion within both Tb-mesoMOF and MCM-41, its activity
was retained. While, as anticipated, the free enzyme has a
higher initial rate (8.93 x 10-* mM s up to two minutes in
HEPES buffer), it loses activity within several minutes
whereas MP-11@Tb-mesoMOF has a lower initial rate
(7.58 x 105> mM s), but this is maintained over 30
minutes. Moreover, MP-11@Tb-mesoMOF is slightly more
active than MP-11@MCM-41 (3.57 x 10> mM s1) but,
more importantly, can be reused multiple times without a
precipitous drop in activity (enzyme is detected in the su-
pernatant of MP-11@MCM-41).

Tb-mesoMOF
(mtn topology)

2%

Surface adsorption

Partial unfolding

Figure 11.

. 1.7x3.3nm

Pore window of Tb-mesoMOF

»
3.5x4.4nm
myoglobin (Mb)

This better retention of loaded enzyme can likely be at-
tributed to the provision of a hydrophobic surface: as
noted in section 2, proteins tend to have a high affinity for
hydrophobic surfaces.!'* To probe this, Raman spectro-
scopic studies were used to rationalize the lack of leaching
for MP-11@Tb-mesoMOF composites.'?8 Through these
studies, MP-11 molecules were shown to interact with the
Tb-mesoMOF through m-interactions involving the heme
of MP-11 and the aromatic rings in the organic ligand of
the MOF. In contrast, similar studies on MP-11@MCM-41
showed Raman signals consistent with de-aggregation of
MP-11 but a lack of interactions between MP-11 and the
MCM-41 surface, which are consistent with the observed
leaching. Similar m-stacking interactions were also noted
for adsorption of vitamins B12 and B2 into the mesopo-
rous MOF, Tb-mesoMOF.1** These observations are con-
sistent with the relatively long time needed to achieve
maximum loading of MP-11 in Tb-mesoMOFs (materials
with strong protein-surface interactions need much larger
pore diameters for efficient infiltration).2> 26

3

microperoxidase-11 (MP-11)
loading time =50 h

1.1 nm

wu /'y
2.5 nm

A= == = - —— -

3.2x3.7nm

Pore size of Tb-mesoMOF

cytochrome C (CytC) loading
time=45h

1 nm

Infiltration loading time =94 h

(a) The structure of Th-mesoMOF showing the mtn topology and the constituent (b) pore openings and (c) pore

diameters. (d) Enzymes with dimensions considerably larger than the pore windows need to undergo partial unfolding to ac-
cess the larger pore cavity, as shown for CytC, whereas (e) enzymes, like MP-11 and Mb, with dimensions smaller than or compa-
rable in size can gain access without an unfolding step. In the latter case this occurs over timescales commensurate with their

relative size (i.e. slower for Mb vs. MP-11).
Given the initial success with MP-11, the group of Ma
turned its attention to additional enzyme infiltration tar-
gets.1#5 Mb is a small oxygen-binding protein with molec-
ular dimensions of about 2.1 x 3.5 x 4.4 nm that is capable
of peroxidative activity attributable to the heme group. As
with MP-11, Mb could be infiltrated into Tb-mesoMOF and

the mesoporous silica SBA-15 (Santa Barbara Amor-
phous-15) composite, Mb@SBA-15, was also prepared
with a loading of 7.0 umol g-1). Given the larger size of Mb,
total uptake by Tb-mesoMOF (9.1 umol g-1) was reduced
compared to MP-11 and loading time was longer (satu-
rated loading of Mb in Tb-mesoMOF was reached after
~94 h compared with 50 h for MP-11 in Tb-mesoMOF).
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Substrate access also appeared to be problematic. This
was confirmed by testing the peroxidation of two com-
pounds, 2,2'-azinobis(3-ethylbenzthiazoline)-6-sulfonate
(ABTS) and 1,2,3-trihydroxybenzene (THB, pyrogallol);
ABTS has molecular dimensions of 10.1 x 17.3 A, whereas
THB has dimensions of 5.7 x 5.8 A (and its colored dimer
product 5.8 x 7.5 A). Given the Mb loading blocks all but
the 9 A pores of Tb-mesoMOF, the Mb@Tb-mesoMOF
composite is inactive for ABTS peroxidation but still able
to convert THB. Moreover, Mb@Tb-mesoMOF composites
are less active for THB peroxidation than Mb@SBA-15,
which possesses 8.5 nm channels for enzyme encapsula-
tion and substrate access. It is worth noting at this point
that enzymes@ZIF-8 composites, accessed via the encap-
sulation method, would provide hindered diffusion for
these substrates due to the limiting pore diameter of ZIF-
8. Composite reusability was also assessed and, due to the
disparate pore sizes and pore surface chemistry, Mb@Tb-
mesoMOF showed slow but consistent activity (no meas-
urable leaching over the sixteen cycles), whereas
Mb@SBA-15 leaches rapidly. The combined results
showed not only that larger proteins can be infiltrated but
the enzyme-loaded MOF can act to screen substrate access
to encapsulated enzymes.

It has also been observed that proteins can access the in-
terior of a MOF despite possessing larger molecular di-
mensions than the pore sizes of the MOF. Chen et al.24 128
first demonstrated this by infiltrating the haem protein
CytC (molecular dimensions ~2.5 nm x 3.2 nm x 3.7 nm)
into Th-mesoMOF. Depending on how the pore sizes of the
MOF are calculated, the pore opening through which the
enzyme can enter the interior of a MOF are either compa-
rable to the enzyme (pore size apertures measured by 77
K Nz adsorption)!4¢ or smaller than the enzyme (calcu-
lated from the MOF structure and considering the van der
Waal's diameter).146 Regardless, mechanistic studies con-
ducted using steady-state fluorescence spectroscopy sug-
gest that the CytC molecules must undergo a partial un-
folding step to allow them to access the interior of the MOF
through the relatively small nanopores. Once inside, the
protein regains its native conformation with the encapsu-
lated protein displaying the expected spectroscopic signa-
tures due to the haem unit.

Similar observations were also made for the infiltration of
a protease into the structure of MIL-101-NHz(Al) (meso-
porous cavities of 3.6 and 2.9 nm diameters connected by
pentagonal and hexagonal windows of 1.6 and 1.2 nm).23
In the latter case an aspartic proteinase was incubated in
a 1:10 mixture of TRIS buffer (0.1 M, pH 7.4) and hexane
at mild temperatures to facilitate partial unfolding of the
enzyme and entry into the mesoporous MOF (loading 0.05
g g'1). These steps were confirmed by fluorescence spec-
troscopy, and supported by molecular dynamics simula-
tions, to rationalize the infiltration steps. Due to the encap-
sulation the enzyme@MOF biocatalyst displays excellent
the proteolytic activity for glycyl-L-tyrosine hydrolysis,
better than that of the free enzyme. Moreover, its operat-
ing range can be extended to extreme conditions of pH and

temperature where the free enzyme becomes denatured.
Finally, due to the small pore apertures, the prote-
ase@MIL-101-NHz(Al) composite shows excellent recy-
clability and is even able to be used with other enzymes
that normally would be degraded by the protease activity.
This concept of partial unfolding could, depending on the
enzymes used, be a mechanism by which loading rates are
improved, and ultimately provide improved stability of
enzyme@MOF biocomposites as leaching requires dena-
turation of the encapsulated enzymes.

These initial experiments, plus others which are outlined
below, have provided the grounding for enzyme stabiliza-
tion via infiltration into mesoporous MOFs. However, a
series of fundamental studies remain to be tackled that
will further improve our understanding of the basic infil-
tration and enzyme stabilization process. Nearly all meso-
porous MOFs used have large aromatic linkers and there
has been relatively little utilization of functional group
chemistry to manipulate the interactions of the MOF pore
surface with enzymes, such as increased hydrophilicity
(which shows notable benefits for encapsulated enzymes)
or hydrogen bond acceptors or donors to stabilize or de-
stabilize enzymes. Also, some of the characterization tools
outlined above,'*7 such as resonance Raman or related in-
frared studies, are important experiments to be employed
more widely as they can both probe the structure of an in-
cluded enzyme but also look into the nature of the adsorp-
tion process in modified MOF structures to furnish a fun-
damental understanding of enzyme-MOF interactions.

4.2, Tuning the framework structure in infiltrated
enzyme@MOF biocomposites

While enzymes can clearly be infiltrated into mesoporous
MOFs with pore apertures smaller than the dimensions of
the MOF, a distinct advantage of MOF chemistry over other
mesoporous hosts is that these framework materials can
be easily isoreticulated to form structures with expanded
pores. Yaghi and co-workers employed this approach by
systematically expanding the MOF-74 structure to an iso-
reticular series (IRMOF-74-1 to XI, IRMOF = isoreticular
metal-organic framework, see Figure 12 for the ligand
structures) with pore apertures ranging from 1.4 to 9.8
nm.*8 This represented a replacement of the original
linker, which is based on a single phenylene ring (I), to
two, three, four, five, six, seven, nine, and eleven phe-
nylene rings (II to XI, respectively). Importantly, the pore
apertures of IRMOF-74-VII and IRMOF-74-IX are large
enough for biomolecule infiltration, even when the inte-
rior of the pores are oligoethylene glycol-functionalized.
Mb (dimensions of 2.1 by 3.5 by 4.4 nm) could be infil-
trated into IRMOF-74-VII-oeg (where oeg = triethylene
glycol mono-methyl ether), and GFP (barrel structure with
diameter of 3.4 nm and length of 4.5 nm) in IRMOF-74-IX.
These studies also illustrated the importance of control-
ling pore surface chemistry which can be readily achieved
for MOFs; Mb was only substantially taken up by hydro-
philic IRMOF-74-VII-oeg whereas a hydrophobic variant
of IRMOF-74-VII with hexyl side chains adsorbed only a
negligible amount of enzyme.
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Once it had been shown that enzymes could be infiltrated
into mesoporous MOFs, focus shifted to considering the
arrangement of enzymes within the MOF pores and fur-
thermore, how hierarchical pore structures!#? or structur-
alized MOF composites could be used to accommodate bi-
omolecules.’>® Zhou et al. examined how enzyme loading
in multi-pore PCN-333(Al) (PCN = porous coordination
network) affected performance, specifically whether sin-
gle-enzyme encapsulation (SEE) or multiple-enzyme en-
capsulation (MEE) was occurring within the mesoporous
cages.!*8 PCN-333(M) and PCN-332(M) (M = Al Fe, V, Sc,
In) are a series of materials that are isoreticular with MIL-
100 and built by sharing the vertices of supertetrahedra
possessing a 9 (PCN-332) or 11 A (PCN-333) cavity. This
results in two types of mesoporous cages; specifically for
PCN-333 there is a smaller dodecahedral cage (4.2 nm di-
ameter) with a pentagonal 2.6 nm pore aperture, and a
larger hexacaidecahedral (hexagonal-truncated trapezo-
hedral) cage (5.5 nm diameter) accessed by the same pen-
tagonal windows, but also hexagonal apertures with a di-
ameter of 3.0 nm. By choosing a series of enzymes, HRP,
CytC and MP-11, representing a size continuum from large
to small, Zhou et al. were able to show how these enzymes
accessed different sites in the PCN-333(Al) framework,
namely occupying the large pore only (HRP), the larger
pores (CytC) and all pores (MP-11). Essentially single en-
zyme per pore encapsulation was achievable for the larger
enzymes (HRP and CytC), whereas multiple MP-11 mole-
cules are loaded into each mesoporous cage. Enzyme infil-
tration was quite rapid, even for large HRP biomolecules
(40 mins for saturated loading whereas CytC and MP-11
required 30 and 10 mins respectively), and the experi-
mental maximum loadings approached those expected
based on mesopore sizes and accessibility. Catalytic activ-
ity was assessed for all three enzymes (pH 6 acid-sodium

citrate buffer at room temperature) with all immobilized
enzymes showed lower kcar values (diffusion limited) but
more favorable Km values (higher substrate affinity); as a
consequence, the immobilized enzymes show comparable
specific activity to their free counterparts. Immobilized
CytC displays better specific activity than the free enzyme,
possibly due to a combination of single enzyme loading
and good substrate access. Leaching was again improved
with respect to the corresponding SBA-15 composites and
the CytC@PCN-333(Al) biocomposite showed improved
specific activity with respect to the free enzyme in pure
water.

Farha and co-workers developed this concept from a dif-
ferent perspective.’>! The researchers infiltrated the es-
terase enzyme isolated from Fusarium solani pisi cutinase
(PDB: 1CEX), into three different but structurally related
Zr-based MOFs, NU-1000 (NU = Northwestern Univer-
sity), PCN-600 and CYCU-3 (CYCU = Chung Yuan Christian
University) and assessed loading, and accessibility of the
enzyme. NU-1000 possesses connected 3 nm hexagonal
and 0.8 nm triangular channels which not only allows
higher loading but presumably good substrate diffusion
and access due to the connected channels (Figure 13).
PCN-600 by comparison has only the hexagonal channels
so high enzyme loading is possible but the lack of triangu-
lar channels limits substrate access. CYCU-3 was also ex-
amined as it has hexagonal and triangular channels like
NU-1000 but these are not interconnected. The accessibil-
ity of active enzymes in each MOF biocomposite was quan-
tified by determining the enzyme loading and then using a
fluorescent dye reagent to titrate activity. Due to these dis-
tinct MOF architectures, 93% of the cutinase was available
in NU-1000 while only 6% was available in PCN-600.
Though it was anticipated that CYCU-3 biocomposites
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would display similar problems to PCN-600 for enzyme
activity studies, CYCU-3 turned out to not be stable under
the conditions necessary for activity in this work. Given
that NU-1000 gave the best performance as a support, the
enzymatic activity of cutinase@NU-1000 biocomposites
were compared to the free enzyme. The cutinase@NU-
1000 composite retained activity upon exposure to cha-
otropic reagents like urea and in organic solvents such as
THF, both conditions that caused loss of activity for the
free enzyme. Cycling experiments, showed some loss of

Figure 13.

activity over multiple runs (60% of the original activity af-
ter 5 cycles) presumably due to the relatively unhindered
diffusion in the large hexagonal channels. A similar study
was conducted for lipase by Sun et al.!52 using the hierar-
chically porous COF, COF-ETTA-EDDA, rather than a MOF,
indicating that there is considerable scope to further tune
the performance of the biocomposites prepared by infil-
tration through the judicious selection multipore frame-
work materials. Moreover, there is a clear opportunity to
extend this research to mesoporous COFs,153-156 alongside
MOFs.

Pore structure of NU-1000

cutinase@NU-1000

Loading of esterase Fusarium solani pisi cutinase (PDB: 1CEX) into PCN-600 (a-c) and NU-1000 (d-e) showing

the benefit of a connected hierarchically structure for substrate and product diffusion. In both cases the enzymes are located in
the large pores but NU-1000 has additional triangular pores (seen in d) that provide access for substrate and product ingress
and egress via windows between the two types of pores (e). PCN-600, in comparison, lacks the triangular pores such that sub-
strates and product have to enter and exit via the enzyme filled channels. Adapted with permission from Ref. 151, copyright

[2016] Elsevier.

Hierarchically porous MOFs include materials that pos-
sess a conventional microporous MOF structure that is ac-
cessed via meso- and macro-porous channels. One way
these can be prepared is by post-synthetic conversions of
microporous materials into a mesoporous structure. This
approach to preparing materials for enzyme infiltration
was first investigated by Kim et al.'s? The precursor mi-
croporous material POST-66(Y) was synthesized by a sol-
vothermal reaction yttrium nitrate with a truxene tricar-
boxylic acid linker. While POST-66(Y) was thermally sta-
ble and chemically stable in non-aqueous solvents, immer-
sion of POST-66(Y) in water for 24 hours led to a conver-
sion to a material with two distinct mesopores (with a di-
ameters of 3.8 and 13.9 nm). Infiltration of biomolecules
into in POST-66(Y)-wt-24h was demonstrated, including
vitamin B12, CytC, Mb, and HRP. The catalytic activity of
HRP embedded within POST-66(Y)-wt-24h (HRP@POST-
66(Y)-wt-24h) for the co-oxidation of 4-aminoantiprine
(4-AAP) and phenol to N-antipyryl-p-benzoquinoneimine
(APBQ) using hydrogen peroxide was monitored by Ultra-
violet-visible (UV-vis) spectroscopy. HRP@POST-66(Y)-
wt-24h was a recyclable catalyst for the oxidation and
POST66(Y)-wt-24h was further able to protect HRP in or-
ganic solvents.

A related post-synthetic approach to form hierarchically
porous MOF supports was employed by Zhou et al.’>8 to
convert a preformed mesoporous MOF into a more defect-
rich form and thereby improve the diffusion of reagents
and products of enzymatically-catalyzed reactions. Herein
a parent MOF is formed from azobenzene dicarboxylate

(AZDC, Figure 12) linker, which can be partially substi-
tuted by an imine-based linker 4-carboxybenzylidene-4-
aminobenzoate (CBAB) possessing the same structure
metrics. The CBAB linker is hydrolytically unstable and its
decomposition favors release of the linker components
and node removal under mild conditions. Using CYCU-3,
the mesoporous MOF previously used by Farha and col-
leagues for enzyme encapsulation, the group treated as-
synthesized CYCU-3 with CBAB to replace 22% of the
AZDC linkers before the labile CBAB linkers subsequently
removed by treating with 0.2 mM HCI in DMF to create a
defective MOF (CYCU-3D, Figure 14a) that presumably,
lacks the ordered pore structure of the parent MOF. CytC
was loaded into CYCU-3 and CYCU-3D, giving maximum
loadings of 23.3 mmol g-! for CYCU-3 and 14.5 mmol g* for
CYCU-3D. An oxidation reaction performed on a small sub-
strate (o-phenylene diamine) showed that CytC in both
materials was active; however, only the defect-rich
CytC@CYCU-3D composite showed appreciable activity
for ABTS oxidation. This was attributed to hindered diffu-
sion by ABTS in the CytC-loaded hexagonal channels of
CYCU-3 that is somewhat relieved by formation of the de-
fect-rich CYCU-3D support although it is worth noting that
the enzyme loading is different in the two biocomposites.

Templates can also be used to generate hierarchically po-
rous MOFs for enzyme infiltration. Using a template ap-
proach, mesoporous Ui0-66-X (X = NHz or (OH)2 to desig-
nate substituents on the 1,4-benzenedicarboxylate (bdc)
linker) samples with hierarchical porosity have also been
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prepared and the mesopores shown to be available to en-
capsulate CytC.15° The UiO-66-type mesoMOFs (mesoUiO-
66-X) were synthesized in aqueous solution by using the
amphoteric surfactants cocamidopropyl betaine (CAPB)
or oleyl amidopropyl betaine (OAPB) as the template (Fig-
ure 12). These templates form rod-like micelles which al-
low the growth of microporous UiO-66-X around the mi-
celles and ultimately formation of hexagonal mesoporous
superstructures. CytC infiltration experiments showed
that, as expected, the mesopores adsorbed the enzyme but
the micropores were retained. Using a similar templating
approach, macro-microporous ZIF-8 structures suitable
for enzyme encapsulation could be prepared.1®® The title
material in that work, single-crystal ordered macropore
zeolitic imidazolate framework-8 (SOM-ZIF-8), was pre-
pared by assembling monodisperse polystyrene spheres
(PSs) into highly ordered 3D PS monoliths, which once in-
filtrated with the ZIF-8 precursors can be converted into a
single-crystalline MOF with 3D ordering of macro-mi-
cropores. Subsequent removal of the PSs gives the SOM-
ZIF-8 (Figure 14b). Due to the ordering of the PS tem-
plate, the macropores in SOM-ZIF-8 are accessible from
the crystal surface whereas other ZIF-8 samples, such as
crystalline ZIF-8 (C-ZIF-8), polycrystal hollow ZIF-8
(PHZIF-8), and macroporous ZIF-8 (M-ZIF-8) synthesized
using disordered PSs as the template, either do not have
macropores (C-ZIF-8) or do not have macropores unim-
peded by the microporous matrix (PHZIF-8 and M-ZIF-8).
The ramifications of this are that diffusion of GFP from the
outside to the interior of individual SOM-ZIF-8 crystals
was much faster than for M-ZIF-8 and C-ZIF-8.

Hierarchically porous MOF materials can also be prepared
template-free, as is the case for a HKUST-1-derived mate-
rial (aka Cu-BTC). Using a template-free strategy, na-
nosized microporous Cu-BTC particles are packed to form
a mesoporous composite (Figure 14c),%! which in turn
can be infiltrated by the enzyme.162 In this example, a li-
pase-surfactant enzyme complex was prepared which al-
lowed the enzyme to be loaded in organic solvent, pre-
sumably to avoid stability issues with the Cu-BTC compo-
site. The catalytic activity of the lipase enzyme (Bacillus
subtilis lipase, BSL2) and the enzyme composite
(BSL2@Cu-BTC) was then assessed for an esterification
reaction between lauric acid and benzyl alcohol.
BSL2@Cu-BTC composites showed high enzymatic activ-
ity compared to the free enzyme under the conditions
used (isooctane, 30°C) and excellent reusability during the
esterification reaction (90.7% of its initial enzymatic ac-
tivity and 99.6% of its initial conversion after 10 cycles).

Given the burgeoning area of MOF structuralization there
are further opportunities here for enzyme@MOF chemis-
try.163-165 Structuralized MOFs could form the basis of
more complete reaction vessels, part of microfluidic de-
vices or provide components for lab on a chip systems,16¢-
168 which integrate enzyme@MOF reaction chemistry. The
ability to form these via infiltration will allow fabrication
via the approaches already established, without regard to
enzyme stability or cost, and allow the late-stage incorpo-
ration the enzymes. Also, given the emerging area of core-
shell MOF chemistry,16% 170 there are opportunities to form
enzyme@mesoporous MOF coated in a microporous MOF
to ensure no leaching and provide substrate selectivity.
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(a) Schematic representations showing the use of acid labile linkers to induce mesopores in CYCU-3.171 (b) For-

mation of SOM-ZIF-8 by initial ordering of polystyrene beads, MOF growth and subsequent polystyrene removal.160 (c) For-
mation of a hierarchically porous HKUST-derived structure by aggregation of nanosized microporous Cu-BTC particles.172.173

4.3. Towards applications of infiltrated en-
zyme@MOFs

While not exclusively, many of the examples of enzymes
infiltrated into MOFs are chosen as they are commercially
available and have reliable, accessible assays. As an under-
standing of the MOF features needed for successful immo-
bilization developed, focus has shifted to more application

relevant enzymes and also toward increasing the com-
plexity of the enzyme@MOF composites (i.e. tandem en-
zymes; nanoparticle enzyme composites, see section 6).
An example of this was the infiltration of organophospho-
rus acid anhydrolase (OPAA), a prolidase which hydro-
lyses P-F, P-O, P-S, and P-CN bonds, into the hexagonal
channels of the Zr-based MOF PCN-128y.174 PCN-128y has
hexagonal channels precisely sized to accommodate OPAA
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allowing for a 12 wt% loading of the enzyme to be distrib-
uted throughout the crystals shown by energy dispersive
X-ray line scans for Zr (MOF) and S (OPAA). PCN-128y also
possesses triangular channels, like NU-1000, which are
too small for enzyme loading but facilitate substrate ac-
cess to the hexagonal channels through diamond-shaped
windows. OPAA@PCN-128y was shown to hydrolyze the
nerve agent simulant diisopropyl fluorophosphate (DFP)
and the nerve agent O-pinacolyl methyl fluorophospho-
nate (Soman) in assays. While initial rates for DFP hydrol-
ysis were lower than the free enzyme, the OPAA@PCN-
128y composite showed better thermal stability and,
moreover, greater reusability. OPAA@PCN-128y hydro-
lyzes Soman, reaching 90% conversion in 60 mins, sug-
gesting such composites might be useful for nerve agent
decontamination.

The effect of MOF particle size on gas adsorption and ca-
talysis are well established.175-177 With this in mind, Farha
et al.178 utilized one of their optimized NU-100X materials
(NU-1003) to develop better enzyme carriers for nerve
agent hydrolysis using OPAA. Like PCN-128y, NU-1003
possesses an ideal combination of large hexagonal chan-
nels for enzyme infiltration but also larger windows con-
necting the triangular and hexagonal channels. This com-
bination of pore characteristics was expected to facilitate
diffusion of substrates. Using a reported method!7% 180 to
control the crystal growth of Zr-based MOFs, hexagonal
cylinder-shaped NU-1003 crystals were obtained with
lengths ranging from 300 to 10000 nm (denoted here as
NU-1003-size, where size = 300, 1000, 2000, 7000, and
10000 nm). OPAA@NU-1003 biocomposites were formed
and assessed for their ability to hydrolyze DFP and Soman.
Nanosized OPAA@NU-1003-300-nm showed comparable
performance to free OPAA for the hydrolysis of DFP, and
furthermore, for the hydrolysis of Soman, it significantly
outperformed micro-sized NU-1003 composites and even
exceeded that of the free OPAA enzyme. While there has
been considerable investigation into particle size control
for enzyme@MOF composites formed via encapsulation
(vide supra), surprisingly, the same cannot be said for en-
zyme biocomposites formed by infiltration. This is more a

focus for in vivo biomedical applications of MOF compo-
sites as these need to be appropriately sized to avoid tox-
icity and premature clearance.'81-183 MOF synthesis,
through judicious choice of reaction conditions, synthesis
methods and the use of modulators,!84 allows remarkable
control over particle size. Thus given that the MOF parti-
cles can be pre-synthesized this suggests that control over
MOF particle size can be easily accomplished to optimize
enzyme performance characteristics; for example larger
particles for enzyme stability and small particles for im-
proved activity, even perhaps to the extent of 10s-100s of
enzyme molecules per particle.

Infiltration approaches have also been used to construct
multi-enzyme biocomposites. Using PCN-888, which pos-
sesses three types of pore cavity, Zhou and co-workers.185
demonstrated the formation a model tandem enzyme sys-
tem comprising GOx and HRP (Figure 15). The hierar-
chical porosity of PCN-888 is well tailored to multiple en-
zyme inclusion with a large cavity (6.2 nm) able to accom-
modate one molecule of GOx, an intermediate cavity (5.0
nm) suitable for a single HRP enzyme, and a small cavity
(2.0 nm) which can accommodate neither of the enzymes
but provides a pathway for substrate diffusion. Given the
relative pore sizes, a stepwise infiltration strategy incor-
porating GOx before HRP is necessary to precisely control
the distribution of GOx and HRP exclusively in the largest
and medium cages, respectively. This method provided a
GOx/HRP@PCN-888 composite with a GOx loading of 1.0
g g’ and HRP uptake of 2.0 g g'1. A reversal of the order of
addition leads to HRP occupying all pore cavities and pre-
venting infiltration of GOx (GOx is only surface bound un-
der this approach). In the tandem enzyme biocomposites,
GOx catalyzes the reaction between glucose and molecular
oxygen to form gluconolactone and hydrogen peroxide.
The hydrogen peroxide that is formed is used by HRP for
oxidation of ABTS. Given the intimate association of the
enzymes in adjacent pores the GOx/HRP@PCN-888 com-
posite outperforms a mixture of both GOx and HRP, and
furthermore significantly outperforms the GOx coated
HRP@PCN-888 composite.
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mesopores and (c) the enzymes. As a consequence, (d) effective GOx/HRP@PCN-888 composites can only be generated if the
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34 under the terms of the CC BY 3.0 license.

Many enzymes require cofactors to function. Farha and co-
workers!#! addressed this challenge using the hierarchical
porosity of the NU-100x (x = 3 - 7) series of frameworks
and PCN-128 to identify a material capable of accommo-
dating an enzyme but also of facilitating effective sub-
strate and cofactor access to the enzyme active site. A gen-
uine cell-free system is only achievable with the NU-100x
(x = 5-7) as this has sufficiently large windows connecting
the hexagonal channels (which accommodate enzyme)
with the triangular channels which provide cofactor/sub-
strate access (i.e. to enable exchange of NADH/NAD+, NAD
= nicotinamide adenine dinucleotide). The cell-free sys-
tem with LDH@NU100x (LDH = lactate dehydrogenase;
X=5-7 only) converts L-lactate to pyruvate using an NADH
cofactor which is supplied by diaphorase (adsorbed on
surface).

Introduction of enzymes or biomolecules into cells, or de-
livery into the body requires the preparation of nanopar-
ticle forms of biomolecule@MOF composites. This pro-
vides a route to avoid decomposition of the enzyme within
the cell, yet confer cellular uptake. As an example of this,
Zhou and co-workers'86 prepared nanoparticles of the Al-
based MOF PCN-333 and infiltrated the enzymes superox-
ide dismutase (SODx) and CAT (a fluorescent tag was also
appended to localize the biocomposites within cells).
SODx/CAT@PCN-333 biocomposite formation protects
both enzymes against TRY digestion and mildly acidic pHs
(pH =5). Both enzymes impart antioxidative properties on
the cell and while the free enzymes are mildly effective
over short periods, the SODx/CAT@PCN-333 composite
protects human cells from toxic reactive oxygen species

(ROSs) for up to a week and maintains cell viability. In a
follow-up contribution an enzyme@MOF nanocomposite
was used to activate a prodrug.'8” Tyrosinase (TYR) is able
to oxidize paracetamol to its quinone derivative which in
turn can generate ROSs and react with glutathione (GSH),
thereby removing this antioxidant. These combined ef-
fects lead to cancer cell death. Again, using PCN-333 nano-
crystals, TYR is able to be infiltrated into the 5.5 nm hexa-
caidecahedral cage (shown by pore size distributions cal-
culated on 77 K Nz isotherms on TYR@PCN-333) giving a
loading of 0.80 g g. In vitro results indicated that
TYR@PCN-333 nanoparticles are enzymatically active
and thus experiments were conducted with an ovarian ad-
enocarcinoma cell that is resistant to multiple treatments.
Fluorescently tagged TYR@PCN-333 nanoparticles con-
firmed that cellular uptake occurred and the neither the
prodrug (paracetamol) nor the TYR@PCN-333 nanoparti-
cles showed appreciable cytotoxicity. However, when
TYR@PCN-333 nanoparticles and the prodrug were co-
administered, a significant decrease in cell viability was
observed; this behavior could even be observed if the cells
were pretreated with TYR@PCN-333 nanoparticles and
cultured over several days before administration of the
prodrug. Given the successful in vitro results, in vivo ex-
periments were performed on a HeLa subcutaneous xen-
ograft model and showed a 2.5 times reduction in tumor
volume.188

As noted above, the advantages of nanoparticle MOFs for
catalysis are established. Gkaniatsou et al.’8° prepared na-
noparticles of the ultra-stable MOF, MIL-101(Cr) by a mi-
crowave assisted hydrothermal synthesis method and
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showed a further advantage of MOFs biocomposites for bi-
ocatalysis - the ability to preconcentrate substrates selec-
tively. The small microperoxidase-8 (MP-8) enzyme was
able to be infiltrated into the mesopores of the MIL-
101(Cr) nanoparticles, albeit likely needing to undergo
partial denaturation to pass through the restrictive cage
windows as seen before for other MOFs.23.128 The resulting
MP-8@MIL-101(Cr) composite retained enzyme activity
and showed resistance to weakly acidic conditions that
deactivate the free enzyme. The MIL-101(Cr) support can
also preconcentrate negatively charged dye molecules,
such as methyl orange, providing markedly greater reac-
tion rates for the oxidation of methyl orange by MP-

8@MIL-101(Cr) with respect to free enzyme (positively
changed dyes are repelled from the composite and oxi-
dised at a much lower rate). These results show the encap-
sulating MOF can function synergistically with the enzyme
to provide selectivity and/or catalytic rate enhancement.
Moreover, given the growing body of work showing how
MOF particles can be post-synthetically modified at the
surface to improve stability and dispersion;1°° and within
their pore network to enhance adsorption of small mole-
cules (i.e. substrates),!°! these approaches present a con-
siderable opportunity to tune the biocatalytic functional-
ity of infiltrated enzyme @MOF biocomposites.
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Table 3. Examples of infiltration of enzymes into MOFs showing the MOF used, its pore dimensions, the infiltrated enzyme, and the main application.

MOF MOF pore size Enzyme Application Ref.
Tb-mesoMOF 0.9, 3.0, and 4.1 nm microperoxidase-11 (MP-11, 1.1 x 1.7 x 3.3 nm) Biocatalysis/Proof- 24, 128,
of-concept 145,192
myoglobin (Mb 2.1 x 3.5 x 4.4 nm)
cytochrome C (CytC) (2.5 x 3.2 x 3.7 nm)
IRMOF-74-VII-oeg 4.9 nm for IRMOF-74-VII- myoglobin (Mb, 2.1 x 3.5 x 4.4 nm) Proof-of-concept 148
oeg?
IRMOF-74-1X green fluorescent protein (GFP, 3.4 x 3.4 x 4.5 nm)
6.1 nm for IRMOF-74-I1X*
PCN-333(Al) 1.1,4.2, and 5.5 nm horseradish peroxidase (HRP, 4.0 x 4.4 x 6.8 nm) Biocatalysis 193, 194
cytochrome C (CytC, 2.5 x 3.2 x 3.7 nm)
microperoxidase-11 (MP-11, 1.1 x 1.7 x 3.3 nm)
POSTLI66(Y) 3-20 nm® horseradish peroxidase (HRP, 4.0 x 4.4 x 6.8 nm) Biocatalysis 157
cytochrome C (CytC, 2.5 x 3.2 x 3.7 nm)
myoglobin (Mb, 21 x 35 x 44 nm)
NU-1003 3.8 and 4.5 nm organophosphorus acid anhydrolase (OPAA, 4.4 x 4.4 x 7.8 Biocatalysis 178
nm)
Hierarchically porous Cu- 34 nm Bacillus subtilis lipase (BSL2, 3.5 x 3.6 x 4.2 nm) Biocatalysis 162
BTC
NU-1000 3.1 nm cutinase (4.5 x 3.0 x 3.0 nm) Biocatalysis 151
PCN-600 ~3.0 nm cutinase (4.5 x 3.0 x 3.0 nm) Biocatalysis 151
PCN-888 2,5, and 6.2 nm glucose oxidase (GOx, 5.2 x 6.0 x 7.7 nm) Biocatalysis 185
horseradish peroxidase (HRP, 4.0 x 4.4 x 6.8 nm)
PCN-128Y 4.4 nm organophosphorus acid anhydrolase (OPAA, 4.4 x 4.4 x 7.8 Biocatalysis 174
nm)
PCN-160-R% 2-50 nm® cytochrome C (CytC, 2.5 x 3.2 x 3.7 nm) Biocatalysis 158
CYCU-3-R%
PCN-333(Al) 1.1,4.2, and 5.5 nm superoxide dismutase (SOD, 2.8 x 3.5 x 4.2 nm) Biocatalysis 186
catalase (CAT, 4.4 x 4.9 x 5.6 nm)
MIL-101(Cr) 2.9 and 3.4 nm microperoxidase - 8 (MP-8, 1.1 x 1.7 x 3.3 nm) Biocatalysis 189
SOM-ZIF-8 191-466 nm® green fluorescent protein (3.4 x 3.4 x 4.5 nm) Proof-of-concept 160
mesoUiO0-66-NH, 2.6-3.2 nm*® cytochrome C (CytC, 2.5 x 3.2 x 3.7 nm) Biocatalysis 159

28



NU-100x 3.3-6.7 nm lactate dehydrogenase (LDH, 4.4 x 4.4 x 5.6 nm) Biocatalysis 141
(x=3,4,5,6,7)
NU-1000 3.3 nm insulin (1.3 x 1.3 x 3.4 nm) Biomolecule 55, 195
delivery
PCN-333 1.1,4.2, and 5.5 nm tyrosinase (TYR, 5.5 x 5.5 x 5.6 nm) Cancer therapy 187
NU-1006 6.2 nm formate dehydrogenase (FDH, 4 x 6 x 11 nm) Biocatalysis 196
MIL-101-NH»(Al) 2.9 and 3.4 nm Aspergillus saitoi proteinase (o = 2.85 nm)¢ Biocatalysis 23

a Pore diameter is referring to the shortest dimension of the pore aperture calculated from refined crystal structures.
b The mesoporosity in the MOFs is attributed to ligand liberation during hydrolysis.
¢ The mesoporosity in the MOF is generated by template removal.

d The size of the enzyme was determined from dynamic light scattering (DLS) measurement.
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5. SURFACE BOUND ENZYMES

Methods used to anchor enzymes to the external surface
of MOF particles (aka enzyme-on-MOF composites) can be
grouped into two general classes based on the fundamen-
tal nature of immobilization: 1) physical adsorption, and
2) covalent attachment. We note that the interface be-
tween biomolecules and MOFs is complex and in practice
will involve a combination of different binding forces. For

Coordina on interaction

Figure 16.
5.1. Immobilization via physical adsorption

Physical immobilization of biomolecules is the most
straightforward approach to the synthesis of biomolecule-
on-MOF composites. Surface functionalization via adsorp-
tion primarily relies on noncovalent van der Waals forces,
hydrophobic interactions, m-m interactions and electro-
statics (Figure 16).5 For example, the charged surface-ex-
posed amino acids of a protein molecule facilitate an elec-
trostatic interaction to the MOF support. At pH 7, aspartic
acid (Asp) and glutamic acid (Glu) are negatively charged;
while lysine (Lys), Arg, and His are positively charged.
These individual, charged, amino acids moieties will inter-
act with functional groups on the MOF surface (for exam-
ple -CO0-) leading to attraction or repulsion of protein re-
gions, or the whole protein. Electrostatic interactions be-
tween the biomolecule and support can be modulated by
controlling the pH of the reaction solution.?® In theory,
the maximum loading of biomolecules on a surface is
achieved when the pH of the solution is below the isoelec-
tric point of the biomolecule and above that of the support
material, or vice versa. For example, in pH 7 buffer solu-
tion, cutinase showed high affinity for the NU-1000 sup-
port. In order to explain this phenomenon, Farha and co-
authors carried out zeta-potential measurements to de-
termine the isoelectric point for NU-1000 (4.3) and cu-
tinase (7.8). Thus, under physiological conditions, cu-
tinase and NU-1000 are positively and negatively charged,
respectively. The presence of columbic forces is a compel-
ling explanation for significant interaction between the
protein and the MOF substrate.151

Covalent blndlng

example, in a study investigating surface adsorption of
GDH and methylene green on a series of ZIFs,°” Mao and
co-workers showed that donor-acceptor and hydrogen-
bonding interactions were present in addition to physical
adsorption via hydrophobic effects. Thus, to simplify the
discussion, we will categorize the nature of adsorption
based upon the primary strategy for biocomposite synthe-
sis.

Schematic illustration of the synthesis strategies used to form enzyme-on-MOF biocomposites.

When loading proteins onto a support material, the effect
on their tertiary structure needs to be considered. Contact
with a charged surface commonly leads to a change in pro-
tein conformation due to the formation of a hydrogen
and/or salt ion gradient between the bulk solvent and the
biomolecule/support interface.'* Due to this partitioning
effect, the pH and the ionic strength at the biointerface dif-
fer from those in the bulk solution. This environment gives
rise to a changes in the protonation state of amino acids,
the strength of electrostatic interactions, and the nature of
salt bridges: all phenomena that modulate protein folding.
Thus, an ongoing challenge is that weak biomolecule/sup-
port interactions can allow leaching of the biomolecule
from the support surface;!> however, strong interactions
can result in a distortion of the protein structure and loss
of or diminished activity. In order to obtain strong electro-
static interactions, while maintaining the native confor-
mation, the net charge of the protein can be engineered to
control its binding affinities to a support surface.20.201 One
example reported by Kumar and co-workers?%2 cationized
negatively charged GOx and methemoglobin (Hb) by mod-
ifying their surface aspartate and glutamate side chains
with tetraethylenepentamine (TEPA). The cationized pro-
teins retained their secondary structure and activity to a
significant extent and showed a 250-fold increase in affin-
ity for the negatively charged support a-Zr(HP04)2-2H20.
This strategy has been employed to facilitate the growth
of ZIF-8-based enzyme@MOF composites;®” however, its
application to enzyme-on-MOF systems is untested. Nev-
ertheless, modifying the surface charge of proteins may
prove to be a promising approach towards stable and
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high-performance enzyme-on-MOF composites. For ex-
ample, Huang, Lin and co-authors immobilized trypsin
onto various MOFs by tagging the enzyme with Fluores-
cein isothiocyanate (FITC) or 4-chloro-7-nitrobenzofura-
zan (NBD).203-205 The FITC or NBD facilitates a strong host-
guest interaction arising from a close match between the
molecular dimensions of the charged dye-molecule and
pore window of the MOF. Another approach may be to tai-
lor the surface charge of the MOF crystal. The presence of
exposed metals (or metal clusters) and/or uncoordinated
organic linkers at the framework surface render MOF par-
ticle either positively or negatively charged.2%6-210 Further-
more, post-synthetic modification strategies allow for the
surface-charge of MOF particles to be switched either via
ligand installation, ligand exchange, ligand modification or
post-synthetic metalation.21% 212 Surprisingly, although
many examples of enzyme-on-MOF composites have been
reported (Table 4), a systematic study on how the surface
charge (charge and charge density) of a MOF particle af-
fect the bioactivity of the surface-absorbed biomolecules
is missing in the literature. We anticipate that this would
be an important and fundamental research direction in
MOF-based biocomposites.

Hydrophobic interactions between proteins and surfaces
have been widely studied.1®® 213 21* [t is accepted
knowledge that, during the adsorption process, a protein’s
core hydrophobic residues can be transiently exposed to
the surface. This engenders attractive surface-protein
forces and results in varied degrees of unfolding that can
modify the protein’s native activity.'# It is worth noting
that hydrophobic supports are generally unsuitable for
surface immobilization of proteins, although there are ex-
ceptions. For example, the activity of lipase has been
shown to increase when immobilized on a hydrophobic
support,!3 whereas direct anchoring onto hydrophilic sur-
face leads to structural deformation.?'> Given that en-
zyme-on-MOF composites are a developing field, limited
consideration has been given to the importance of the
MOF-enzyme interfacial chemistry. A step in this direction
was recently reported by Liang et al. who showed that cat-
alase adsorbed on hydrophilic MAF-7 or ZIF-90 retains a
significant degree of enzymatic activity. Whereas, the en-
zymatic activity was essentially deactivated when the en-
zyme was immobilized on the isoreticular but compara-
tively hydrophobic material, ZIF-8.3° In another example,
Du and co-workers increased the hydrophobicity of UiO-
66 by coating the crystals with a layer of polydime-
thylsiloxane (PDMS) using chemical vapor deposition

(CVD). The PDMS-on-UiO-66 particles were then used as
support for immobilization of Aspergillus niger lipase
(ANL). The data showed that ANL adsorbed on the hydro-
phobic surface of PDMS-on-Ui0-66 was more active and
robust than when immobilized on UiO-66.21¢ Based on
these examples, it is clear that optimizing hydro-phobic/-
philic interactions between enzymes and MOFs is crucial
for the development of enzyme-on-MOF composites.
Given that the field continues to grow, further fundamen-
tal studies in this area are necessary.

5.2. Immobilization via coordinate bonds

The coordinatively unsaturated metal sites present on the
external surface of MOF crystals can serve as sites for co-
ordinate bonds between MOFs and amino acid residues,
such as the carboxylate moieties of glutamate and aspar-
tate. Indeed, the coordinative potential of amino acids is
exemplified by their use as the organic building blocks of
MOFs.217-220 For example, Asp has been utilized as the sole
ligand to construct a zirconium-based MOF (MIP-202(Zr),
MIP = Materials from Institute of porous materials of
Paris).??! Although there is no direct evidence in literature
for this coordination mode at the enzyme-MOF interface,
the aforementioned studies suggest it is highly probable
that these occur amongst non-covalent interactions. In ad-
dition to carboxylate groups, the imidazole and guanidino
units of His and Arg, respectively, are Lewis bases that can
coordinate to unsaturated metal sites on the surface of
MOF supports. Indeed, a recent report showed that His-
tagged synthetic peptides and recombinant or chemically
H6-modified proteins strongly interact with the surfaces
of MIL-88A(Fe), HKUST-1(Cu), and Zr-fum(Zr) nanoparti-
cles.?22 This work also determined that the binding
strength of the biomolecule to the MOF surface depends
on the number of oligohistidine residues in the biomole-
cule.?22

5.3. Immobilization via covalent bonding

Typically, physical interactions alone are not strong
enough to prevent immobilized enzymes desorbing from
solid-supports. To enhance protein binding to the support
surface, for applications such as biocatalysis where recy-
clability is desired, immobilization via covalent chemical
bonding has been employed (Figure 17 and Table 4).223
224Jung et al. used this strategy to prepare the first exam-
ple of biomolecule-on-MOF composite through covalent-
binding.??> This concept has been adopted by other groups
to create numerous biomolecule-on-MOF composites in
recent years (Table 4).197.226,227
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Reaction schemes showing the strategies to covalently anchor protein/enzyme on MOF surface. EDC = 1-ethyl-

3-(3-dimethylaminopropyl)carbodiimide-hydrochloride (EDC-HCI); sulfo-NHS = N-Hydroxysulfosuccinimide sodium salt; NHS =
N-hydroxysuccinimide; DBCO-NHS ester = Dibenzocyclooctyne-N-hydroxysuccinimidyl ester; SPDP = N-Succinimidyl 3-(2-pyri-
dyldithio)propionate. E represents enzymes and M represents MOF.

Owing to the near ubiquity of carboxylic acid-based func-
tional groups the surface of MOFs, carbodiimide conjuga-
tion was a logical starting point for the preparation of en-
zyme-on-MOF composites (Figure 18). Carbodiimide con-
jugation is carried out by first activating the carboxyl func-
tionality on the surface of the MOF particle by using 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide-hydro-

chloride (EDC-HCI). In this case the exposed carboxyl moi-
ety on the MOF surface can result from the non-coordi-
nated carboxylate ligand, in the as-synthesized material,
or introduced onto the MOF particle via post-synthetic
modification. Upon reaction with EDC, an active o-acyli-
sourea intermediate is formed which is easily displaced by
nucleophilic attack from a primary amino groups on a pro-
tein surface in the reaction mixture (Figure 18). Thereaf-
ter, the primary amine forms an amide bond with the orig-
inal carboxyl group and an EDC-derived by-product is re-
leased. However, the o-acylisourea intermediate is unsta-
ble in aqueous solutions where it can undergo hydrolysis,
prior to forming the amine, and release of the isourea by-
product. As a consequence, EDC is often supplied in a large
molar excess of the amine-contain biomolecules to assure

the success of the carbodiimide coupling. N-hydroxy-
succinimide (NHS) or its water soluble analog (sulfo-NHS)
is often included in EDC-coupling protocols to improve ef-
ficiency. In this reaction, EDC activates the carboxylic acid
and couples NHS (or sulfo-NHS) to form an NHS ester
which is considerably more stable than the o-acylisourea
intermediate. The NHS esters then irreversibly react with
primary amine to form the amide linkage and the NHS is
released to the medium.228 This strategy facilitates effi-
cient conjugation between carboxylic acids and primary
amines at neutral pH. Dicyclohexyl carbodiimide (DCC) is
another crosslinking agent used to link carboxylic acids
and primary amines. However, DCC is not soluble in water
and thus it is primarily used in manufacturing and organic
synthesis applications rather than in protein research. 228
The carbodiimide conjugation method is widely used to
covalently immobilize biomolecule on MOF supports and
was first utilized by Park and co-workers to covalently
link an enhanced green fluorescent protein (EGFP) or CalB
on bulk MOF materials to form protein-on-MOF compo-
sites.??> Selected examples of this strategy are listed in Ta-
ble 4.
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Schematic illustration of EDC and EDC/sulfo-NHS cross coupling reaction (EDC = 1-ethyl-3-(3-dimethyla-

minopropyl)carbodiimide-hydrochloride (EDC-HCI); sulfo-NHS = N-Hydroxysulfosuccinimide sodium salt). The addition of sulfo-
NHS (can be substituted by N-hydroxysuccinimide (NHS)) can greatly increase the overall reaction efficiency.

Biomolecule-on-MOF biocomposites have also been syn-
thesized using glutaraldehyde as cross-linking agent.?2?
The amine anchoring point on the MOF surface can arise
from the as-synthesized material (e.g. IRMOF-3) or be in-
troduced via post-synthesis ligand modification. In the
case of the proteins the accessible amine functionality
originates from surface-exposed lysine residues. Typi-
cally, the crosslinking is achieved by first adsorbing the
protein onto the MOF surface followed by the introduction
of glutaraldehyde which covalently links the exposed
amines on the MOF and protein surfaces. Several exam-
ples of protein-on-MOF composites have been reported in
literature employing this strategy. For example, in 2013,
Falcaro and co-workers used glutaraldehyde to immobi-
lize p-glucosidase onto patterned films of MIL-53-
NH2(Al).230 Similarly, Lou and co-workers covalently
grafted soybean epoxide hydrolase (SEH) onto UiO-66-
NHz crystals.?3!

‘Click’ chemistry could in principle also be applied to pre-
pare protein-on-MOF biocomposites by linking dibenzyl-
cyclooctyne (DBCO) or alkyne moieties on the biomole-
cules with the azide functionality on MOF surface. DBCO
can be chemically grafted on the protein surface by react-
ing cysteine residues with DBCO-PEGn-maleimide or ly-
sine residues with a DBCO-NHS ester moiety, and alkyne
groups can be introduced by reacting cysteine residues
with alkyne maleimide. With respect to the MOF surface,
azide functionality can be realized via the organic building
block or post-synthesis modification. Hitherto, click chem-
istry has been successfully utilized to prepare nucleotide-
and PEG-functionalized MOF particles.230.232-235 However,
we posit that this strategy can be successfully applied to
prepare protein-on-MOF biocomposites in the future.

Besides lysine functionality, biomolecules can also be co-
valently anchored on MOF surfaces via surface exposed

cysteine residues.?28 The thiol group of cysteine is more
nucleophilic than the primary amine in lysine, especially
atbiologically relevant pHs (i.e. below 9), where the amine
is protonated. As a result, cysteine often reacts faster than
lysine, giving rise to selective modification of cysteine
over lysine residues. The caveat is that free thiols are rel-
atively rare in proteins as they are often present in the ox-
idized disulfide form. Therefore, it is often required to ex-
pose proteins to reducing agents, such as dithiothreitol, as
a pre-treatment to free the thiol groups.?3¢ Thereafter, the
free thiol group can be modified selectively and stoichio-
metrically by maleimides to form stable carbon-sulfur
bond.?37 Alternatively, forming disulfide bonds under oxi-
dative conditions can be employed as a strategy to cova-
lently link proteins to surfaces. This was exemplified by
the immobilization of ovalbumin (OVA) on MIL-101-
NHz(Fe).2%8 Here, the surface-exposed amino functionality
of as-synthesized MIL-101-NHz(Fe) was chemically modi-
fied using N-succinimidyl 3-(2-pyridyldithio)-propionate
(SPDP) to graft a disulfide bond onto the MOF surface. The
MOF particle was then covalently functionalized with OVA
via thio-disulfide exchange process.

In all, covalent linkage of proteins onto MOFs surfaces has
proved to be a powerful tool to from a variety of new pro-
tein-on-MOF biocomposites. The covalent conjugation re-
actions described in this section encompass the majority
of examples; however, the scope for this chemistry is
broad and as this field develops we anticipate that new ap-
proaches will be reported.

5.4. Enzymatic activity upon surface-immobiliza-
tion

When a protein is immobilized on a solid support, the
structure, orientation, and conformational mobility of the
protein can be modified and this typically leads to a
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change in its native functionality. The structural perturba-
tion experienced by an adsorbed protein is related to the:
1) composition of amino acids on the protein surface; 2)
physical/chemical properties of the support; 3) particle
size and topography of the support; and 4) the nature of
interaction between protein and support. In proteins, hy-
drophobic residues can be present at the surface.!’ Indeed,
proteins that possess solvent accessible hydrophobic
groups have been shown to adsorb tightly to hydrophobic
surfaces,19% 214 which leads to dehydration at the interface
and structural change.?3% 240 Such interactions may stabi-
lize a non-active structure or even cause the enzyme to
spread across the hydrophobic surface, which can also di-
minish enzyme activity. This mechanism of adsorption-
driven enzyme deactivation is commonly reported in the
literature and therefore needs to be avoided for the for-
mation of functioning enzyme-on-MOF composites.

A promising approach to optimize the biomolecule/MOF
biointerface is to graft (either via physical adsorption or
chemical modification) hydrophilic polymers (e.g.
poly(ethylene glycol) (PEG), polyethylenimine (PEI), alde-
hyde dextran, dextran sulfate) or small molecules (such as
carbohydrates) either on the protein or the MOF sup-
port.241-24#4 The hydrophilic shell formed by the poly-
mer/small molecule acts to shield each individual protein
in non-aqueous media.24> 246 Furthermore, the surface
modification that results for a hydrophilic MOF surface
may provide a more suitable interface for retention of the
active conformation of an absorbed protein. For example,
a recent report from Wuttke and coworkers showed that
coating the surface of Zr-fum nanoparticles with seven dif-
ferent types of polymer improved protein binding and fa-
cilitates retention the active structure. Fluorescence cor-
relation spectroscopy (FCS) and fluorescence cross-corre-
lation spectroscopy (FCCS) illustrated that the binding af-
finity of albumin (Alb) and immunoglobulin (IgG) on pol-
ymer-on-MOF composites was coating dependent.?4” The
highly mutable chemistry of MOFs and straight-forward
post-synthesis modification strategies point towards this
being promising concept to be further developed to opti-
mize the binding affinity and bioactivity of immobilized
enzymes.

For some enzymes, local or global dynamics are necessary
for their function; obviously, this can be perturbed by im-
mobilization. Artificially modifying protein dynamics may
hinder the initial substrate recognition or prevent the pro-
tein from accessing active conformations. However, there
are some cases where non-native conditions can stabilize
active forms. An example is that many lipases possess an
a-helix fragment, termed the ‘lid’, which provides access
to the catalytically active cleft in the presence of a hydro-
phobic phase. This lid-movement has been known as in-
terfacial activation. When in contact with hydrophobic
support, the lid-open form of lipases can be stabilized re-
sulting in higher specific activity.248-250

Another consideration for protein-on-MOF biocomposites
is that metal ions are well known to act as enzyme inhibi-
tors.251.252 A recent study published by Zhou and co-work-
ers showed that a 2D Cu-MOF ([Cu(bpy)2(0Tf):], bpy =
4,4’-dipyridyl) inhibits the active site of a-chymotrypsin
(ChT), through competitive binding rather than disrupting

the active conformation of the protein.2>3 The competitive
inhibition resulted from the electrostatic interaction be-
tween the Cu?* center of the MOF metal node with the sur-
face exposed His-57 residues on ChT, and irreversible co-
ordination interactions. The authors proposed that, in pH
7.4 buffer, the triflate ligand on the strong Lewis-acidic
Cu?* center in Cu-MOF nanosheets is likely to be displaced
by the nucleophilic nitrogen of HEPES (pKa = 7.5). As the
pKa of His-57 (7.0 to 12) in ChT is larger than that of
HEPES, the nitrogen of His-57 might easily replace the ni-
trogen of HEPES and coordinate to the Cu?* center of the
2-D Cu-MOF. This irreversible coordinative interaction be-
tween the copper metal site and ChT His-57 residue was
elucidated by UV-vis measurements. Such strong interac-
tions fully inhibit the bioactivity of ChT; in comparison, an-
other 2D MOF material [Znz2(bim)4] (bim = benzimidazo-
late), shows no significant inhibition effect.

The orientation of an enzyme with respect to the support
surface is another important parameter that determines
its activity. Orienting the biomolecule active site towards
the bulk solution after immobilization is expected to have
several advantages: 1) improved guest diffusion; 2) mini-
mize the interfacial effects on the active site, such as local
pH or salt gradient; 3) limit active site deformation. How-
ever, if the active site is oriented towards the surface of
the support, access of the substrate molecule can be re-
stricted. As previously mentioned, the presence of highly
charged regions in some enzymes, such as lysozyme, can
influence its orientation when in contact with a charged
surface.?>* By using computational models, Talasaz et al.
predict the influence of the charge of the support on the
orientation of enzymes on biological and non-biological
surfaces.?55 Additionally, Mroginski and co-workers ana-
lyzed the ionic strength dependence of the initial surface
adsorption of sulfite oxidase onto mixed amino- and hy-
droxyl-terminated self-assembled monolayers (SAMs).256
Such simulations have provided insight into the surface-
protein adsorption; however, it is challenging to couple
these to experimental evaluation of enzyme orientation on
solid supports. By applying a combination of sum fre-
quency generation (SFG) and ATR-FTIR (attenuated total
reflection-Fourier transform infrared spectroscopy) vi-
brational spectroscopy techniques, Marsh and co-authors
have studied protein orientation when in contact with a
support.?13 Nevertheless, this technique may be difficult to
apply into the biomolecule-on-MOF biocomposites, due to
the high absorption background of the MOF materials. In
a recent study, by using site-directed spin labeling (SDSL)
coupled electron paramagnetic resonance (EPR) tech-
nique, Yang and co-workers studied the steric driven ori-
entation of lysozyme immobilized on ZIF-8 surface. In
combination with computational modeling, the authors
revealed the tendency of different regions of lysozyme to
be exposed to the solvent once immobilized and predicted
the preferential orientation of lysozyme on ZIF-8 sur-
face.2’ These studies are non-routine and, due to the di-
verse and complex interfacial chemistry, it is difficult to
extrapolate general information about the orientation of
enzymes on MOF surfaces. Because the orientation of bio-
molecule on MOF support would greatly affect the diffu-
sion of solvent/guest to its functional core and thus its
overall biofunctionality, we anticipate there will be more
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concerted effort to understand and thus allow control of
the orientation of enzymes on the surface of MOF crystals.

The size of the support can also affect the activity of an ad-
sorbed enzyme. In general, if the curvature of the support
surface allows for an optimal geometric congruence be-
tween a support and an enzyme, it can favor multipoint in-
teractions and higher stabilization.!* While there has been
no systematic study related to the size-effect of protein-
on-MOF composites, some general principles can be gar-

nered from studies of enzymes adsorbed on inorganic na-
noparticles. For example, lysozyme adsorbed onto hydro-
philic silica nanoparticles (SNPs) retained more of its na-
tive secondary structure and enzymatic activity on
smaller SNPs (with high degrees of surface curvature)
than on larger ones.25” However, it is worth noting that, re-
cently, monodispersed MOF nanoparticles have been real-
ized via synthesis using modulators or epitaxial growth
strategies.258-260 Thus, effect of MOF crystal size on the ac-
tivity of surface adsorbed enzymes is possible and should
be pursued.
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Table 4. Summary of the preparation methods and applications of protein-on-MOF composites.

MOF Enzyme Immobilization method Application Ref.
[Cuz(bpdc)>(DABCO)], Microperoxidase-11(MP-11) Physical adsorption Biocatalysis 143
HKUST-1 Bacillus subtilis lipase (BSL2) Physical adsorption Biocatalysis 162
(esterification reaction)
HKUST-1 Trypsin Physical adsorption® Biocatalysis 261
Cytochrome ¢
a-chymotrypsin
UiO-66(Zr) porcine pancreatic lipase (PPL) Physical adsorption Biocatalysis 205
Ui0-66-NH»(Zr) (warfarin synthesis)
MIL-53(Al)
Carbonized MIL-53(Al)
ZIF-7 glucose dehydrogenase (GDH) Physical adsorption® Electrochemcial 262
biosensor
ZIF-8
ZIF-67
ZIF-68
ZIF-70
MIL-101-NH»(Al) Hemin Physical adsorption Biosensor 263
MIL-160(Al) Carbonic anhydrase (CA) Physical adsorption® Biocatalysis (CO» 43
capture)
ZIF-8
Co-FeMOF glucose oxidase Physical adsorption Biocatalysis 264
ZIF-L Carbonic anhydrase (CA) Physical adsorption Biocatalysis (CO; 265
capture)
MIL-100(Fe) laccase Physical adsorption Biocatalysis 266
MIL-100(Fe) glucose oxidase (GOx) Physical adsorption? Biosensor 267
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MIL-100(Al)
MIL-100(Cr)

MIL-127(Fe)

Zr-MOF laccase Physical adsorption Biocatalysis 268
Cu-MOF tyrosinase Physical adsorption® Biosensor 269, 270
MIL-100(Fe) Laccase Physical adsorption® Biocatalysis 271
BSA (oxygen reduction
reaction)
MIL-53(Al) BUglucosidase Physical adsorption Biocatalysis 100
MIL-53-NH,(Al) Laccase
MOF-74(Mg)
Cu(bpy)2(OTH), a-Chymotrypsin Physical adsorption® Enzyme inhibitor 253
Zny(bim)s
MIL-101(Fe) polyphosphate kinase 2 (ArPPK2) Physical adsorption® Biocatalysis 272
MIL-101-NH,(Fe)
PCN-222(Fe) glucose oxidase Physical adsorption Biocatalysis 273
Ui0-66-COOH methioninase Physical adsorption Biological application 274
(anticancer agent)
Zr-fum Albumin (Alb) Physical adsorption® Biological application 247
(proof-of-concept)
Immunoglobulin G (IgG)
Ui0-66 Aspergillus niger lipase (ANL) Physical adsorption! Biocatalysis 216
ZIF-8 cellulase Physical adsorption Biocatalysis 275
UiO-66-NH;

MIL-100(Fe)

PCN-250
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Ui0O-66-NH» Pectinase Physical adsorption’ Biocatalysis 276
MOF-545(Fe) glucose oxidase (GOx) Physical adsorption Biocatalysis 277
UiO-66-NH; Candida Antarctica lipase B (CalB) Physical adsorption* Biocatalysis 278
glucose oxidase (GOD)
green fluorescent protein (GFP)

CYCU-4 FITC-trypsin Physical adsorption’ Biocatalysis 203,204
MIL-101(Cr) NBD-trypsin (protein digestion)
MIL-100(Cr)

Ui0-66(Zr)
ZIF-8 Trypsin Covalent conjugation Biocatalysis 279
(EDC/NHS)™ (protein digestion)
IRMOF-3 enhanced green fluorescent protein Covalent conjugation Biocatalysis 225
(Et2NH2)(In(pda), Candida antarctica lipase B (CalB) (EDC or DCC)
Zn(bpydc)(H,0)
MIL-125-NH» Hemoglobin Covalent conjugation Biological application 280
(EDC/sulfo-NHS)" (oxygen carrier)
MIL-53-NH,(Al) glucose oxidase (GOx) Covalent conjugation Biocatalysis 281
MIL-53-NH(Cr) (EDC/NHS)°
ZnGlu Aspergillus niger lipase (ANL) Covalent conjugation Biocatalysis 282
(EDC/NHS)°
UiO-66-NH> Candida Antarctica lipase B (CalB) Covalent conjugation Biocatalysis 283
(DIC)?
MIL-101(Cr) Trypsin Covalent conjugation Biocatalysis 284

(DCC)

(Protein digestion)
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MIL-88B(Cr)

MIL-88B-NH,(Cr)

UiO-66-NH; Soybean epoxide hydrolase Covalent conjugation Biocatalysis 231
(glutaraldehyde)
MIL-53-NH(Al) B Glucosidase Covalent conjugation Biocatalysis 230
(glutaraldehyde)
MIL-101-NHz(Fe) ovalbumin Covalent conjugation Biological application 238
cytosine—phosphate—guanine (difulfide-thio exchange (drug delivery)
(CpG) oligonucleotide reaction)”

aHKUST-1 was formed on polydopamine functionalized Fe304 particle to form magnetic particle;

bBesides physical hydrophobic and electrostatic interactions, chemical interaction between GDH and ZIF-70 was also evidenced;

cAs evidenced by FTIR, CD and computational studies, the structure deformation of CA on hydrophobic ZIF-8 is more pronounced than that on hydrophilic MIL-160(Al);
dAfter surface adsorption, the GOx/MOF composites was coated by a protection layer formed by glutaraldehyde and BSA;

eTryrosinase was surface-adsorbed on MOF surface together with chitosan;

fAfter surface-absorbed onto MOF, the protein is cross-linked using glutaraldehyde;

gThe MOF and protein interact coordinatively through the histidine-metal binding;

hPrior to protein surface-immobilization, the Zr-fum was first coated with different type of polymers (BPEI, PAMAM, Pglu, PAA, PEG, Tween, or Pglu-Psar). The protein binding affinity to the
polymer/MOF particle is found to be dependent on the type of the polymer coating;

iUi0-66 particle was surface functionalized with PDMS by CVD treatment to tune its hydrophobicity prior to enzyme immobilization;

jUi0-66-NH2 was surface functionalized with PMAA covalently prior to enzyme immobilization;

kUi0-66-NH2 was surface-modified using lauric acid coordinatively to tune its hydrophobicity prior to enzyme immobilization;

IFITC or NBD was used to functionalized trypsin and as probe to trapped-molecule in MOF pore to facilitate enzyme immobilization;

mZ][F-8 surface was coordinatively functionalized with N-(3-aminopropyl)-imidazole. Thereafter trypsin was covalently immobilized via EDC/NHS chemistry;

nMIL-125 was surface-functionalized with succinic anhydride to increase the carboxyl population on MOF surface prior to enzyme immobilization;

oThe amino residues on MOF surface were functionalized with glutaric anhydride to increase the carboxyl population prior to enzyme immobilization;

pPThe amino residues on MOF surface were functionalized with fatty acid (C12-C22) to tune its hydrophobicity prior to enzyme immobilization; DIC = diisopropylcarbodiimide.

rMOF was surface modified with N-succinimidyl 3-(2-pyridyldithio)propionate (SPDP) prior to the disulfide-thio exchange conjugation reaction.
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6. MULTICOMPONENT BIOCOMPOSITES

A variety of different synthetic strategies have been em-
ployed to synthesize MOF-based composite materi-
als.285-287 Through careful design, MOF composites have
shown exceptional performance characteristics in areas
including gas uptake, molecular sensing, metal seques-
tration and catalysis.?87 However, limited attention has
been devoted to integrating MOF-based composite ma-
terials with biomacromolecules. Nevertheless, a number
of pioneering reports have explored the synthesis, char-
acterization and potential applications of these novel
materials. In this section, we classify multicomponent
MOF-biocomposites as materials that integrate at least
3 distinct components. For example, a biomacromole-
cule, encapsulated within a MOF (components 1 and 2)
deposited on a support (component 3) or a biomacro-
molecule and second component (such as a coordina-
tion complex or functional nanoparticle) associated via
a MOF matrix. An important synthetic consideration to
optimize the performance of this class of composite is
whether a one-pot or multi-step protocol is employed.
For example, the biomacromolecule is typically the most
fragile component as it typically loses activity when ex-
posed to solvothermal MOF synthesis conditions (ele-
vated temperature? 16 288 and organic solvents? 16 289
290), Thus, chemistries that afford them protection out
the outset of the composite synthesis or otherwise allow
late-state introduction of the enzyme are critical. In this
section we will canvass strategies employed to integrate
enzyme@MOFs with other materials (e.g. magnetic na-
noparticles??!, silica nanoparticles?®?, polymer cap-
sules?3) for the preparation of multicomponent bio-
composites.

Recently, enzyme@MOFs have been combined with mi-
cro and nanoparticles to form multi-component sys-
tems.63 291-297 [n such materials the desired application

Laccase@ZIF-8

Bacterial -MWCNTs
cellulose i
\‘
\ 1y
3 Jo |
by

of the multicomponent biocomposite determines the
type of nanoparticle selected. Organic and inorganic ma-
terials have been integrated with enzyme@MOF sys-
tems to modify electron conduction,®3 2% biocompatibil-
ity,28 stability to harsh conditions (e.g. high tempera-
ture??2, organic solvents2°5) molecular diffusion??3 and
fluorescence?¢ properties of the original MOF biocom-
posite. Selected examples are reported in Table 5.

Enzyme@MOF biocomposites are intrinsically poor
electron conductors, thus to employ these materials in
electrochemical sensing devices or biofuel cells, strate-
gies to enhance conductivity are necessary. This has
been achieved by synthesizing multicomponent systems
composed of enzymes@MOFs and conductive nano-
materials such as graphene nanosheets®® and carbon
nanotubes.??* For example, Li et al.2%* sonicated a sample
of laccase that had been encapsulated in ZIF-8,
LAC@ZIF-8, in presence of carboxylated multiwalled
carbon nanotubes (c-MWCNTSs) to afford the MOF-based
electrode c-MWCNTs/LAC@ZIF-8. In this study, LAC
was used for the oxidation of bisphenol A (a toxic mon-
omer widely used in the synthesis of commercial poly-
mers2??) to 1,4 benzoquinone. The carbon nanotubes
were used to improve the electrical conductivity, and
ZIF-8 was employed as a porous matrix to permit the
diffusion of bisphenol A and 1,4 benzoquinone through
the electrode (Figure 19), however, given the size of
these molecules, diffusion is anticipated to be slow or fa-
cilitated through crystal defects.3%° This composite was
used for the successful fabrication of an enzymatic bio-
fuel cell and, as a result, clearly demonstrates that an ex-
trinsic property (electrical conductivity) can be im-
parted to an insulating enzyme @MOF system.

Bisphenol A

RS
/ o]
N Fawes
-f Lo
\\_/ 1,4-benzoquinone

BC/c-MWCNTs/Lac@ZIF-8
electrode

Figure 19.

multi walled carbon nano tubes (c-MWNTs).294
Another important technological challenge is to en-
hance the cyclability of biocatalysts and biosensors.301
In general this can be addressed by immobilizing en-
zymes on a solid support that allows for an easy separa-
tion and reuse of the bioactive species on demand.3°* To
facilitate separation, or dynamic localization of MOF-
based biocomposites, magnetic nanoparticles or fibers
can be incorporated. These materials termed Magnetic
Framework Composites (MFCs)289 have been applied to

Preparation of enzymatic biofuel cell consisting of Laccase@ZIF-8, bacterial cellulose and carboxylated-

areas including sensing,3%% catalysis,?3 environmental
remediation3%* and drug delivery.3%% 306 Typically, the
magnetically responsive inorganic component acts as a
heterogeneous nucleation seed for the crystallization of
MOFs.3%4 Thus, magnetic NPs, enzyme and MOF precur-
sors solutions can be mixed in different sequences to
synthesize magnetic biocomposites.??1 307-311 The final
MOF biocomposite can be easily collected and, thus,
with respect to the free enzyme, the recyclability of the
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biocatalyst improved (Figure 20).61.307. 311 [n addition,
magnetic fields can also be employed to precisely con-
trol the position of the MOF-based materials opening up

7B

Figure 20.

the potential to integrate these biocomposites into mi-
crofluidic systems and lab-on-a-chip devices312 313,

A schematic representation of MFCs comprising a magnetically responsive component (core) and an en-

zyme@MOF shell. These can be collected or positioned by use of an external magnetic field. (See SI:

20_MFC_dynamic_positioning.mp4).
MFCs commonly use iron oxide particles as the magneti-
cally responsive component. Indeed, when compared to
other materials, Fe203 and Fe304 nanoparticles offer sev-
eral advantages: 1) they are commercially available and
easy to be synthesized; 2) their surface functionality can
be tailored; 3) they are biocompatible and can be dis-
persed in biocompatible media.?87 314 These properties
render iron oxide-based MFCs attractive targets for en-
zyme immobilization and encapsulation (see Table 5).
The most straightforward approach to synthesize such
multicomponent biocomposites is to expose preformed
MFCs to a solution containing free enzymes (Figure
21a). In this case, the affinity of biomolecules for the
MOF surface results in enzyme-decorated MFC particles
(enzymes-on-MFCs).10. 307, 308, 315 For example, Zhai et

al.316 used ZIF-90-coated Fe304 particles as solid sup-
ports for the covalent immobilization of TRY. The result-
ing biocomposite ((TRY-on-(Fe30:@ZIF-90) was tested
for its capacity to digest proteins (Figure 21a). This ap-
proach provides the clear advantage that the MOF ma-
trix does not limit diffusion as the TRY is immobilized on
the crystal surface. However, this configuration offers
limited protection for trypsin to the reaction environ-
ment. Given the two-step synthesis: 1) preparation of
the magnetic NP@MOF and 2) immobilization of the en-
zymes on the surface of magnetic NP@MOF, a variety of
MOFs could be employed as there is no requirement to
maintain biocompatible conditions. Nevertheless, the
MOF support must be water stable to allow for repeated
use.
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Figure 21. Schematic representations, scanning electron microscopy images and activity data for selected multicompo-

nent composites: (a) (TRY-on-Fe304) @ZIF-90; (b) HRP/Fe30+@ZIF-8; and (c) (GOx-on-Fe304)@ZIF-8. (a) Adapted with per-
mission from Ref. 317, copyright [2017] Elsevier. (b) Adapted with permission from Ref. 318 under the terms of the CC BY
3.0 license. (c) Adapted with permission from Ref. 309, copyright [2020] The Royal Society of Chemistry.

An alternative strategy to synthesize MFCs is via the
simultaneous addition of enzymes and magnetic NPs to
the MOF precursor solution (Figure 21b). Using this
one-pot approach, the formation of homogenous MOF-
biocomposites have been reported.2°%. 311 Ricco et al.21
prepared HRP/Fe30:@ZIF-8 by adding a model enzyme
(HRP) and iron oxide nanoparticles in an aqueous solu-
tion of 2-mIM and Zn?*. The formation of the magnetic
MOF biocomposites was studied in situ with both small
and wide angle scattering methods. These data indi-
cated that the presence of both protein and the magnetic
nanoparticles in solution affords a faster nucleation and
growth for ZIF-8 compared to the separate preparation
of HRP@ZIF-8 and Fe30.@ZIF-8 (Figure 21b). Addi-
tionally, the authors measured an encapsulation effi-
ciency of ca. 90% and demonstrated that the composite
could be cycled. The authors also established that the
enzymatic activity is influenced by the relative amount
of nanoparticles and MOF precursors. For the same con-
centration of enzyme and MOF precursors, the catalytic
activity was improved when a higher concentration of
magnetic NPs was used to synthesize the magnetic bio-
composite. The improved activity was attributed to a
larger number of magnetic nanoparticles within the
MOF crystal inducing more defects and thus improving
the diffusion of reagents and products within the porous
framework.2%1. 319 Co-crystallization agents can also be
used to afford the formation of MOF-based composites
(Figure 21c). For example, the use of PVP as a crystalli-
zation agent for ZIF-8 was suggested by Lu et al.?? and

used for the preparation of a number of inorganic com-
posites (NPs@ZIF-8). PVP has also been added to solu-
tions containing enzymes for the one-pot preparation of
CytC@ZIF-8'7 and CAT@ZIF-90.1°. Synthetic approaches
to magnetically active multicomponent bio-composites
have also employed PVP. For example, Hou et al.3%° syn-
thesized (GOx-on-Fes04)@ZIF-8 by adding an ethanolic
solution of citric acid-functionalized Fe30s nanoparti-
cles and Zn(NOs): to a different ethanolic solution of
PVP, 2-mIM and GOx. The authors suggested that in this
de novo synthesis, PVP enhanced the stabilization of the
enzyme and promoted the uniform crystallization of
ZIF-8 on the surface of the citric acid-functionalized
Fe304 nanoparticles. The magnetic biocomposite was
used as colorimetric sensor for the detection of glucose
(Figure 21c). Notably, in this work, both the MOF and
the enzyme are catalytically active components. Indeed,
the authors showed that ZIF-8 possesses peroxidase-
like activity which was exploited to perform a catalytic
cascade in combination with the encapsulated GOx. Alt-
hough PVP is the most used co-precipitating agent, other
polymers are currently under investigation, for example
cellulose use has been reported by Cao et al.319 Although
using neutral polymers to protect enzymes or seed MOF
growth is a promising strategy for the synthesis of mul-
ticomponent biocomposites the mechanism of crystalli-
zation is unclear although it is thought that negatively
charged residues are necessary to improve crystalliza-
tion (for further discussion see sections 3.3.1 and
3.3.2).78 Nevertheless, the use of co-precipitation (or co-
crystallization) agents could be crucial where the MOF
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crystallization is not triggered by NPs or by enzymes. In
addition to magnetic nanoparticles, several multicom-
ponent composite systems based on both functional
particles and enzymes have demonstrated to be rele-
vant for application to catalysis,320-323 sensing,322 324-327
biomedics,327-330 energy production,322 331 332 and na-
nomachines/micromotors.2%8.333 In the field of heteroge-
neous catalysis, multicomponent composites are partic-
ularly appealing. One of the most recent trends in catal-
ysis to synthesize a single material that possesses differ-
ent catalytic sites that can work synergistically to per-
form complex reaction schemes (e.g. cooperative?, cas-
cade33* and tandem335 reaction schemes). This kind of
scheme has been proven to be successful in multi-en-
zymes@MOF composites, where up to three different
enzymes (B-gal, GOx and HRP) were encapsulated in
ZIF-8 particles and worked in concert to catalyze cas-
cade reactions.3? Examples of these materials were also
highlighted in the section on infiltration, for example
GOx/HRP@PCN-888 composite.185 Similarly, metallic
NPs embedded in MOFs have shown promising catalytic
performances and tandem reaction schemes were in-
vestigated as well.33¢ Herein, we posit that the develop-

ment of multicomponent MOF composites based on en-
zymes and metallic NPs will pave the way to novel cata-
lytic reaction schemes. Finally, infiltration has been used
to form a electrocatalytic multicomponent biocompo-
site,1°¢ where an enzymatic reaction carried out by for-
mate dehydrogenase (FDH) was coupled to the electro-
chemical regeneration of NADH cofactor. To form the
catalytic system, FDH@NU-1006 biocomposites were
deposited on a fluorine-doped tin oxide glass electrode
modified with Cp*Rh (2,2’-bipyridyl-5,5’-dicarboxylic
acid)Clz complex). Upon exposure to COz the FDH@NU-
1006 biocomposite produces formic acid with electrons
supplied by the NADH cofactor, which is itself electro-
chemically regenerated from NAD*. The bioelectrocata-
lytic system converts COz into formic acid at a rate of 79
+ 3 mM h-! (turnover number of 1.3 x 104). Part of the
success of this system is that the FDH@NU-1006 com-
posite exhibited significantly higher catalyst stability
when subjected to non-native conditions compared to
the free enzyme. Thus, it is envisaged that the judicious
combination of the different biological, inorganic and
MOF components will enable the preparation of compo-
sites with enhanced functional properties.
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Table 5. Summary of the preparations and applications of multi-component MOF biocomposites, including information disclosing the preparation method (biomimetic/one-pot,
infiltration, or surface adsorption).

MOF Enzyme Additional components Immobilization method Application  Ref.
ZIF-8 GOx Polydopamine biomimetic biocatalysis 295
Candida Antarctica
Ui0-66 lipase B Fe;04 inverse phase Pickering emulsion biocatalysis 61
ZIF-8 B-galactosidase agarose hydrogel
ZIF-8 GOx graphene oxide co-precipitation in CaCOs3 biosensor 63
polydopamine then, encapsulation in MOF shell
CaCO;
MIL-88B-NH, Lipase Fe;04 bio-conjugation to MOF biocatalysis 307
ZIF-90 trypsin Fe;04 bio-conjugation to MOF biocatalysis 316
analytic
DOTA chemistry
HKUST-1 HRP Fe;04 surface adsorption followed by secondary growth biocatalysis 311
GOx
ZIF-8 Laccase carbon nanotubes surface adsorption to ZIF-8 particles biocatalysis 294
bacterial cellulose biosensor
Ui0-66-NH, amidase Fe;04 infiltration biocatalysis 308
Polydopamine
F-doped SnO glass electrode modified with

NU-1006  formate dehydrogenase Cp*Rh (2,2’-bipyridyl-5,5’-dicarboxylic acid)Cl») infiltration then attachment biocatalyst 337
ZIF-8 HRP Fe;04 Co-precipitation™® biocatalysis 291

* MNPs acts as co-crystallization seeds as a faster kinetic of crystallization of sod ZIF-8 is measured in presence of Fe30a4.
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7. CHARACTERIZATION OF MOF IMMOBILIZED
ENZYMES
7.1. Overview

The preceding sections have highlighted that MOFs are
promising materials for enzyme immobilization technol-
ogy.338 142, 227, 339-342 The majority of studies (especially
those describing encapsulation or pore infiltration of en-
zymes) have reported that MOF-based systems are excep-
tionally efficient at protecting enzymes against the dena-
turing effects of non-natural conditions during reaction or
storage, and that they can enhance enzyme activity, signif-
icantly, with respect to the free enzyme in non-native con-
ditions.33 45 343-346 These are important claims as they
point towards advancing the use of enzymes in biotech-
nology. MOF-based enzyme immobilization is an area in
which the chemical and material sciences have become
strongly intertwined with protein (bio)chemistry and en-
zymology. Therefore, rigorous application of each field’s
standards is important in the assessment of these novel
systems. A point of difference for some enzyme-MOF com-
posites, discussed below in detail, is that some one-pot im-
mobilization approaches can lead to encapsulation within
the solid material.142.227.338,341 Jrrespective of the prepara-
tion method used (vide infra), enzyme-MOF composites
can be classed as a heterogeneous enzyme catalyst. This is
in contrast to canonical procedures of enzyme immobili-
zation in which enzymes are adsorbed or grafted onto the
surface of the solid support. 142.227.338,341 Qne-pot methods
for the synthesis of enzyme@MOF biocomposites are
highly variable (e.g., pH, type and concentration of organic
linker) and typically employ different conditions from
those applied in conventional immobilization. Careful
evaluation of the key parameters of MOF-based enzyme
immobilization is not only essential for comparison
among studies, but it is also required to advance the mech-
anistic understanding and to identify both opportunities
and limitations.?4

While processes for MOF-based enzyme immobilization
can be categorized based on composition and enzyme lo-
cation (sections 3-6), from an enzymology perspective,
categorization according to whether the MOF formation
precedes or occurs concomitantly with the immobilization
process is useful.34¢ The former category is generally re-
ferred to as “post-synthetic” and involves methods such as
infiltration and bioconjugation/grafting (adsorption and
covalent attachment of the enzyme onto/into the solid
material).142 227,340 The second category typically involves
a one-pot encapsulation that yields the formation of the
biocomposite. Examples of this approach include, among
others, co-precipitation strategies and biomimetic miner-
alization.1% 346 We note that the one-pot encapsulation

does not necessarily lead to 100% incorporation of the en-
zyme into the bulk of the MOF material; indeed, a contin-
uum of possibilities exist from full incorporation of the en-
zyme within the MOF crystal to complete enzyme adsorp-
tion to the surface of solid particles at the two extremes.

A fundamental difference between post-synthetic and
one-pot procedures arises from the often strongly “non-
native” conditions that the enzyme experiences during
one-potimmobilization (see section 7.2).34” Therefore, en-
zyme robustness to conditions of the MOF formation is a
highly crucial factor for the one-pot encapsulation. This is
not the case for post-synthetic immobilization; however,
in this case, it is important to consider the interactions be-
tween enzyme and the solid MOF (see section 7.3.2.2).341
Additionally, characterization of the one-pot synthesis of
enzyme-MOF composites is challenging due to the com-
plex relationship between the enzyme, the MOF precur-
sors, and the final structural properties of the MOF mate-
rial.1¢ Thus, a systematic evaluation of the “biochemical”
properties of enzyme-MOF preparations is crucial to the
rational development and optimization of this rapidly
growing class of biocomposites.

7.2.

Error! Reference source not found. summarizes important
performance parameters pertaining to enzyme immobili-
zation.3 348 The parameters give a balance (yield, Y) for ac-
tivity (A) and protein (P) partitioning between the liquid
and the solid phase.3 349 They assess the specific activity of
the immobilized enzyme (specific activityenzyme bound) and
compare it to the specific activity of the soluble enzyme
reference (specific activitysoluble enzyme). Accordingly, an ef-
fectiveness factor of the immobilized enzyme (1) can be
determined. The activity of the immobilized enzyme per
unit mass of solid material (specific activitymaterial) is in-
versely correlated with the catalyst loading (Pioading), thus
it is important to evaluate the immobilization efficiency.
Experimentally, the initial total enzymatic activity is com-
pared to the total immobilized activity, giving the activity
yield (Ya). By examining the residual activity of the un-
bound enzyme, one obtains the degree of enzyme deacti-
vation during the immobilization (Aiost). Further quantifi-
cation of the total amount of immobilized and unbound
protein leads to the expression of the protein yield (Yr).
Using the Ya and Yp, it is possible to evaluate whether ac-
tivity loss occurs on immobilized or unbound enzyme. We
note that Aust (activity lost during immobilization; Error!
Reference source not found.) is a dominant factor of one-
pot encapsulation methods. For example the immobiliza-
tion (encapsulation and surface adsorption) of catalase
in/on ZIF-8 leads to the complete loss of enzymatic activ-
ity.3°

Key immobilization parameters

Table 6. General evaluation parameters used to characterize immobilization performance, adapted from Illanes et al.3
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Evaluation parameter Equation Unit
Aimmobilized
Y j—
= —
.. A
Activity balance 4 contacted - )
_ immobilized
Aimmobilized + Arpcirﬁml + Alost
. immobilzed contacted — Presidual
Protein balance Yp = = - 2)
Pcontacted Pcontacted
. . _ protein immobilized R
Protein loading Pioading = mg Learier 3)
Mearrier
. .. . C .. Aimmobilized 1
Specific activity (material) Specific activityateriqtl = ———————— U Zmaterial 4
Munaterial
Specific activity (enzyme Apmmobitized

bound)

Specific activityenzyme bound =

U genzyme_1 (5 )

Pimmobili ed

_ Speaflc ACUVLLY immobilized enzyme

Effectiveness factor (1))

Specific activityrree enzyme

Y...yield

A..total activity (U)
P...total protein (mg)
m...mass (mg)

While Ya (eq. 1) and Yr (eq. 2) describe the overall immo-
bilization performance of the composite, protein loading
(eq-. 3) and specific activity of solid catalyst (eq. 4) provide
information regarding material-specific properties and
are useful to compare different enzyme-MOF prepara-
tions. An increase in protein loading (eq. 3) is typically
correlated with an enhancement of specific activity (mate-
rial) (eq. 4), up to a certain point where the observable ac-
tivity becomes limited by physical mass transfer, spatial
confinement and crowding/aggregation of the enzymes,
or a combination of these effects.3 350

Subsequent to immobilization, the effectiveness factor g
(Error! Reference source not found., eq. 6) describes the
change in specific activity: typically enzyme activity de-
creases (n<1), but in very rare cases is enhanced. The spe-
cific activity, either referring to the material or to the pro-
tein immobilized, of an enzyme is obtained as U mgenzyme?,
where U is defined as umol min-! substrate evaluated at
the defined reaction conditions (1 U = 1.67 10-8 kat). The
specific activityenzyme is typically determined in a standard
assay at optimal conditions, where the initial reaction rate
is at its maximum. However, standard enzyme assays may
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not always be compatible with MOF-based biocomposites
(e.g., carry-over of metals from the sample into the assay).

v e
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Characterization of the Ce
free enzyme Metal &N
P Ligand
Specific activity contacted
Stability contacted
B Selectivity ‘.
i{f - Effects of precursors and
& I.,fy “—b" MOF on enzyme properties
- and assays
Inactive
Enzyme
enzyme

MOF
Figure 22 shows a general workflow for the characteriza-
tion of MOF-based enzyme immobilization. As highlighted,

an important aspect is to assess the influence of the pre-
cursors and the MOF on the free enzyme.
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7.2, One-pot enzyme-MOF formation

The one-pot, in situ, approach to enzyme encapsulation
within MOFs has been a field of growing interest in the
past few years. This synthetic process engenders unique
conditions for the enzyme and thus warrants a separate
discussion from post-synthetic immobilization methods.
The most widely studied MOF for enzyme immobilization
via encapsulation is ZIF-8.351 Most likely, this is because it
can be synthesized using biocompatible conditions that
appear to be well tolerated by several enzymes (Table 7).
Furthermore, there are more reports describing one-pot
encapsulation than post synthetic approaches despite the
abundance of suitable mesoporous MOFs; this may be at-
tributed to the novelty of the former strategy. The condi-
tions used to synthesize ZIF-8 based biocomposites vary
widely, e.g. type and concentration of MOF precursors, im-
mobilization time, and temperature (typically in 20 °C - 30
°Crange). The majority of studies utilize zinc nitrate as the

One-pot

Ligand immoabilization | |
P
Post-synthetic
immobilization

2 — A
- §
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Characterization workflow of enzymes immobilized in/on MOFs using post-synthetic and one-pot approaches.

metal source, however, high protein loadings and good ac-
tivity retention have also been reported for zinc acetate.3>
46,352 Enzyme stability is affected by physical, biological
and chemical factors,® 4353 thus the immobilization condi-
tions (pH, temperature, concentrations) require careful
evaluation. For example, both metal ions and organic link-
ers can cause structural perturbation in enzymes that of-
ten results in loss of activity.? Metal ions can promote
structural changes by binding to thiol side chains of cyste-
ine residues; in addition they can displace functionally im-
portant native metal sites in metalloproteins or catalyze
amino acid side chain oxidation.35* With respect to the or-
ganic MOF components, 2-mIM can lead to an initial pH of
11 that drops to pH 9 after the addition of Zn?* and for-
mation of ZIF-8.347 Such pH values can lead to enzyme de-
activation.353 355 Mixing/agitation can also affect the en-
zyme stability, especially under heterogeneous conditions
that involve formation of solid-liquid interfaces.356-358



Table 7. Comparison of encapsulation conditions and evaluation of biocatalyst@ZIF-8 and biocatalyst-on-ZIF-8, highlighting the variability of each procedure, sorted by

effectiveness factor.

Final Final
2-ml . Max. Pioading Max. I] Enzymatic
2+ g
Enzyme Method Zn M L/M Additives Solvent OT Time Mixing [MEenzyme x 100 evaluation (activity, Ref
conc. ratio °C) (h) A o . -
[mM] conc. Smaterial ] (%) kinetics, stability)
[mM]
Clitsrzgizg?:hc One- 13 13 | POlyY il MeOH - 9 Sondicate A 1130 Relative act., 17
peroxidase pot pyrrolido g MO eyo) stability
. static
Lipase ne
One- not POIY}’ i Zn(I;JOO"; - Agitated Relative act., spec.
Carbonic anhydrase 53 . - . ° RT 24 gttated, 240.2%* 1030 act.cnzyme bounds 359
pot given pyrrolido  MeOH, rest static stabilit
ne in H,O y
GOx+HRP, NAD* 750
B-Gal + GOx + i covalently ) . )
HRP, OI;‘; 10 700 70  boundto H,0 RT 2 Agitated  30.5(GOx) (G+OX Iﬁf;fs agtt;bli\ﬁltv[ 33
ADH + NAD+ + p poly(allyl £ HRP) ’ Y
LDH amine)
Lipase B from
Candida antarctica, . .
Cytochrome C, OI:;' 1244 1040 08 - H,0 RT 125 Af;;?ifd’ 100* (HRP) C600C) Re;:‘;{;i acs 343
Horseradish P vt Y
peroxidase
. Relative act., MM-
One- Sodium kinetics, Thermal
Lipase 40 160 4 dodecyl H,O RT 0.5 Agitated 100* 253 L 352
pot deact. kinetics,
sulfate .
stability
One- Fes0,- Relative act., spec
Glucose oxidase 19 76 4 cellulose H,O 20 2 Agitated 94.26 124.2 »SPEC 310
pot . act.enzyme bound
particle
Post- Sonicate Spec. act
Lipase syntheti 50 3465 70 NH,OH H,0 30 5 d, 8 97.9% PeC. aCL-enzyme bound, - 3.6)
. stability
c agitated
One- NHs, % Relative act., MM-
Catalase pot 4 833  199.8 TMOS H,O - 0.5 - 450 81 Kinetics, stability 361
Catalase, 78.9%*
Cytochrome C, One- . " (CytC MM-kinetics,
Glucose oxidase, pot 35 2363 68 - H,O RT 0.2 Agitated  184* (GOx) after stability 46
Urate oxidase, acetic
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Alcohol anhydri
dehydrogenase de)
Post- SpCC. act-enzyme bound,
Carbonic anhydrase  syntheti 36 2514 70 - H,O RT 10 Agitated 880 72 MM-kinetics, 43
c stability
Catalase %Ig' 417 667 1.6 - H,0 RT 05 - 200* 70% Relative act. 362
One- Relative act., spec.
Laccase 45 3182 70. - H»O - 0.1 Agitated 21%* 11 act.cnzyme bound, YA, 38
pot o
stability
Glucose oxidase O™ 28 1086 385 Dopamime  H,0  RT 05  Agitated 40% 0.7% MM-kinetics, g5
pot stability

NAD*...nicotinamide adenine dinucleotide hydrate

2-mIM...2-Methylimidazole

L/M...ligand / metal ratio

T...immobilization temperature

*...parameter calculated from extracted data

MM-kinetics...Michaelis-Menten kinetics

GOx+HRP...Glucose oxidase + Horseradish peroxidase

B-Gal + GOx + HRP ...3-Galactosidase + Glucose oxidase + Horseradish peroxidase
ADH + NAD* + LDH...Alcohol dehydrogenase + NAD+ + Lactate dehydrogenase
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Besides the MOF precursors, the reaction solution for one-
pot enzyme immobilization often comprises other rea-
gents that increase the complexity of system.17 231,276, 363
For example, PVP can be used to stabilize or enhance the
activity of an enzyme during immobilization into MOFs.17-
359 Lyu et al. showed 11-fold increase in the peroxidase ac-
tivity of CytC upon PVP modification prior to its encapsu-
lation.1” Also Zhang et al. immobilized a mixture of PVP
and carbonic anhydrase in ZIF-8 to create a biocatalytic
membrane for CO2/Nz separation.3>® The immobilized en-
zyme showed a 10-fold increase in activity compared to
the soluble enzyme, which was attributed to the PVP. The
example of CytC immobilization in ZIF-8 emphasizes the
need for careful and standardized enzyme characteriza-
tion. Using different procedures of immobilization and
analysis (Error! Reference source not found.), effective-
ness factors in the range 78% - 1130% have been ob-
tained.17- 46343 In these cases, metal ion, ligand concentra-
tions, solvents (methanol vs. H20), additives (PVP) and
synthesis time were all varied. Unfortunately, the use of
“relative activity” does not allow for a meaningful compar-
ison of the results, since the initial activity of the enzyme
may be largely different, depending on the enzyme prepa-
ration, handling and assay conditions.

One-pot immobilization approaches using ZIF-8 have typ-
ically obtained protein loadings of 100 mgenzyme Zmaterial™,
although in many cases the maximum protein loading was
not determined. More broadly in respect to protein load-
ing using MOFs, post-synthetic immobilization has shown
remarkably high values. For example, a loading, via physi-
cal adsorption, of 880 mgenzyme gmateria’! for carbonic anhy-
drase has been reported.#?* We note that protein loadings
on conventional porous carriers (e.g. mesoporous silica)
are typically lower by at least one order of magnitude.1?3
One-pot immobilization approaches using ZIF-8 do show
some variability. For GOx, different procedures showed
loadings ranging from 30.5 to 184 mgenzyme 8materia! When
metal/ligand ratios of 4 to 70 were used.33 46.295,310,364 Fyr-
thermore, protein loading is not only affected by the im-
mobilization conditions (Error! Reference source not
found.). The surface chemistry of the enzyme can play a
critical role in ZIF-8 formation. Proteins with negative sur-
face charge are more likely to be encapsulated.®”

7.3. Highlights of MOF-immobilized enzyme per-
formance

The structural and chemical diversity of MOFs along with
the wide variety of conditions used for their preparation
make comparisons between enzyme immobilization stud-
ies challenging. To this end rigorous characterization of

50

both the immobilization protocol and the immobilized en-
zyme (see Error! Reference source not found.) are cru-
cial.’2 The wide range of parameters used for MOF-based
enzyme immobilization is highlighted, via selected exam-
ples, in Error! Reference source not found.. Gascén et al.
compared one-pot encapsulation to surface bound ap-
proaches of enzyme immobilization for a set of MOF ma-
terials (Fe-BTC MOF, MIL-53(Al), MIL-53-NHz(Al),
Mg-MOF-74).100.266 [nterestingly, encapsulation of a lipase
and laccase in Fe-BTC was reported to show higher (80%
and 10% increase in 1) activity retention than grafting by
physical adsorption.?¢¢ In addition, $-glucosidase immobi-
lized using MIL-53-NHz(Al) showed higher yield in both
protein loading (99%) and specific activitymateriar (88%)
when the one-pot encapsulation approach was used.1%°
Presumably, the specific activityenzyme bouna Was higher
(87%) in the post-synthetic approach due to milder immo-
bilization conditions used, thus, enzyme deactivation was
reduced.

As a general note, enzyme immobilization usually involves
atrade-off between protein loading and specific activity or
effectiveness factor. This effect, is also observed for MOF-
based enzyme immobilization,268 282,350,363 and can be as-
sessed by comparing the activity of the recovered enzyme
and the protein loading achieved with respect to the total
amount of protein used. For example, post-synthetic im-
mobilization of a cellulase on magnetic, amino-functional-
ized UiO-66 (Zr, 2-aminoterephtalic acid) showed a de-
crease (~30%) in Ya that was dependent on the protein
loading.3¢3 This is equivalent to stating that the effective-
ness factor decreased with increased loading of protein.
Despite these observations, the role of diffusion in limiting
the effectiveness factor of enzyme-MOF materials is rarely
assessed. An example is reported by Cao et al. who studied
applied reaction engineering analysis, in terms of dimen-
sionless parameters for diffusion into the pores (Thiele
modulus36%), to SEH immobilized on Ui0-66-NH2.231 In this
case the immobilized enzyme was used for synthesis of
enantiopure (R)-1,2-octanediol in deep eutectic solvents
and no evidence of performance limitation by internal
mass transfer was found. Thus, the reported decrease in
the effectiveness factor of the enzyme (5%) is likely due to
an intrinsic loss of activity of the immobilized enzyme.
However, this was assessed for enzyme aggregates cross-
linked to the surface of Ui0-66-NHz, where internal mass
transfer limitations are expected to play a minor role.366
As mass transfer could play a relevant role in en-
zymes@MOFs the related investigation of Thiele modulus
would progress the understanding of these biocompo-
sites.



Table 8. Highlights of performance evaluation of enzyme immobilization in MOFs.

Metal

Enzyme MOF Method source Ligand Additives Characterization Results Ref.
Alcohol
dehydrogenase Benzene- Ploading, specific activityenzyme i o
, Fe- One-pot FeClz+*6H, 1,3,5- ) bound compared to free (1)) Alcohol (}Jeih};gzog.erglgi/e n: 0.58% 367
Lipase, BTC p 0) tricarboxylic and determined specific pase 1: 76 7%,
. .. Glucose oxidase 1: 243%,
Glucose acid activitymaterial
oxidase
Post- Poly(sodium 4- Plroading: 126.2 mg/g loading,
i ' o, o2
Uio- synthetic . 2 styrenesqlfonate Ya: 78.4%, increased §ta.b1hty in
Cellulase 66-NH,  (crosslinkin ZrCly Aminoterepht ) modified Ya and Pioading the presence of vanillin and 363
2 ) g alic acid FesOq4 formic acid (16.8% and 21.5% vs.
nanoparticles free enzyme)
Thermal deactivation
Zn(CH;C 2- corlié?:r:}cckp a;zrlrt{igi‘zs ti(Irriléet Reduced activity of immobilized
Glucoamylase  ZIF-8 One-pot 02)2 Methylimidaz - o= . 2 glucoamylase but increased 344
of free vs. immobilized) - o
*2H,O ole Michaclis-Menten kinetic thermal stability and recyclability
parameters
Horseradish 4.4 47(1,3,5- Ploading: Up t0 1000 mg gl
d g
peroxicase, Post- Triazine- (horseradish peroxidase)
Cytochrome PCN- . AlCl3+6H, )
synthetic 2,4,6- - Ploading 14 fold increased spec. act. of 193
C, 333(Al) . o L . X
. . (Infiltration) triyl)tribenzoi cytochrome C in water (vs.
Microperoxida .
so-11 cacid buffer)
Post- Benzene-
Laccase HKUS synthetic Cu(NOs), 1,3,5- ) Activity recovery depending Ploadging: 502 mg/g, over 95% 350
T-1 (adsorption) tricarboxylic on amount adsorbed activity recovered
acid
Zr- Post- Benzene-1,4- CTAB, DMF, . o
Laccase MOF synthetic ZrCly dicarboxylic trifluoroacetic Ya and Ploading 221 '8:(:?\%‘% 1;?3?5& 0% 268
(MMU)  (adsorption) acid acid, HCI Y
One-pot & Benzene- High encapsulation efficiency (=
Laccase, Fe- post- FeCl3*6H, 1,3,5- NaOH Ploading, specific activityenzyme  98% for laccase and =87% for 266
Lipase BTC synthetic o tricarboxylic bound, SPeCific activitymaterial lipase) and activity retention
acid (97% lipase activity retained)
Post- N-
. . Ploading: 118.0 mg/g, Ya: 82%
. ZnGlu— synthetic Zn(NO:3), Lo hydroxysuccini ‘ . € ’ ’
Lipase MNPs  (crosslinking «6H.0 Glutamic acid mide and 1- Ya and Pioading increased therma!, .pH and solvent 282
stability
) ethyl-3-(3-

51



dimethy-

laminopropyl)ca
rbodiimide
hydrochloride
as coupling
agents
. Post- 2- . . . Increased temperature and pH
Pectinase Uio- synthetic ZrCly Aminoterepht Polymethacryhc Proading, Specific activityenyme range of immolt))ilized pectinise 276
66-NH, . L acid bound
(adsorption) alic acid vs. the free enzyme
Enzyme
immobilized
through Piroaging: 87.3 mg/g, Ya: 88%,
Soybean Uio- Post- 2- precipitation in Specific activityenzyme bounds decreased Km of immobilized
epoxide 66-NH> synthetic ZrCly Aminoterepht (NH4)2S0s4, internal mass transfer (1 and SEH (6.5 mM vs. 19.2 mM), 231
hydrolase (adsorption) alic acid followed by Thiele modulus) increased pH, temperature and
cross-linking organic solvent stability
with
glutaraldehyde
melamine
5. sponge coated
a-Amylase ZIF-67 One-pot C?6(I;112003)2 Methyllimidaz WI(til(l)(sizs;llm n n: Up to 78% 368
oe benzene
sulfonate
MIL- Benzene-1,4-
53(Al), dicarboxylic
. MH.ISS One-pot & A.lg(gzooi)3 ac21_d ’ ' o Post-synthetic immobil'iz'ation
B-Glucosidase, NH,(Al post- Mg(CH:C  aminoterephta TEA, NH4OH,  Pioading, spes:lﬁc aCtiVityenzyme leaq to increased activity 100
laccase . L NaOH bound, Specific activitymaerial retention, at lower loading vs.
), synthetic 00),*4H2 lic acid, ) lati
Mg- 0 2.5- one-pot encapsulation
MOF- dihydroxytere
74 phtalic acid,

1...Effectiveness factor

Ploading...Protein loading (mgprotein/gmaterial)

Ya...Activity yield
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7.3.1. Experimental determination of key immobili-
zation parameters

As shown in Table 6, determining immobilization parame-
ters requires that both protein concentrations and activity
are measured. Proper controls are necessary to ensure that
the assays are compatible with the MOF materials and the
precursors; for example, the MOF should not decompose
under the assay conditions, and the assay should not be af-
fected by the reagents used for the synthesis of the MOF bi-
ocomposite.*0,291,369

7.3.1.1. Determination of protein concentrations*+ 278

Immobilization parameters, such as Y», Ploading and the spe-
cific activity, are all derived from the protein concentration.
Thus, the selection of an appropriate protein assay is cru-
cial.370 Of the broad variety of protein assays that are avail-
able370 colorimetric assays such as the Biuret, Lowry and
Bradford protocols are commonly used.223 224371 The Brad-
ford assay is employed in commercialized reagents for pro-
tein determination and has been widely applied to MOF-
based biocomposites.100.344.363,372 The Bradford method uti-
lizes the binding of Coomassie Blue G250 to positively
charged amino acid residues and performs quantification at
a wavelength of ca. 600 nm. However, the Bradford assay is
not compatible with detergents and surfactants.37° The Biu-
retand Lowry methods?23 37! also present experimental lim-
itations. For example, the Biuret method requires protein
concentrations = 0.3 mg mL- and is influenced by amide
group containing reagents while the Lowry method is af-
fected by numerous reagents, including ions, detergents, di-
sulfides, EDTA or phenols, only to name a few. Alternatively,
the absorbance and fluorescence properties of a protein can
be used for quantification. In such examples, enzyme-bound
cofactors (e.g., heme iron, flavin, NAD and nicotinamide ad-
enine dinucleotide phosphate (NADP)) can be used to de-
termine protein concentration. Furthermore, inductively
coupled plasma-mass spectrometry (ICP-MS) can be ap-
plied to accurately quantify the amount of sulfur within a
sample, corresponding to the protein.”¢ 373, 374 Whichever
method is used, it is important to consider interference
from the medium (e.g. MOF material and its precursors) in
a case-specific fashion. Moreover, suitable controls should
always be performed.

Pioaging (Error! Reference source not found.) is typically
measured indirectly by determining the protein concentra-
tion in the supernatant (Presidva) after immobilization and
weighing the solid material. Thermogravimetric analysis
(TGA) enables a direct measurement of Ploading. For example,
Chen et al. determined the weight loss of ZIF-8 into which

OH OH
HO O —=  HO (o]
HO HO OH
OH OH OH
a-D-glucose B-D-glucose

Scheme 1. Details of the reaction catalyzed by GOx.

53

+

GOx and CytC had been immobilized during TGA between
200-450°C. From the data, Ploading of 154 Mgenzyme gmaterial'1
and 23 mgenzyme gmaterial”* Were obtained for GOx and CytC, re-
spectively.*6

7.3.1.2. Activity determination

Activity assays are typically more sensitive to interference
from solutes than protein assays. Accordingly, caution must
be exercised when they are applied to enzyme-MOF compo-
sites and supernatants from MOF preparation. In general,
assays for free enzyme activity may be inappropriate for im-
mobilized enzyme activity. Nevertheless, when they are em-
ployed controls must be used, such as the enzyme free MOF
or biocomposites containing inactive enzyme, to excluded
background reactivity. The stability of MOF biocomposite
during the assay should also be considered. Enzymes ad-
sorbed to the MOF surface may be released into solution
and could thus become active; furthermore, MOFs may de-
compose in buffers used in assays, enabling encapsulated
enzymes to be released.*0-%° Another aspect that needs to be
considered when performing assays is that encapsulation of
an enzyme within a MOF shell can modify its kinetic behav-

ior (further discussed in section 7.4.1).193,231,268,276,282,344, 350,
363,368

Enzymatic activity is typically performed under constant
bulk conditions, i.e. temperature, pH, ionic strength, solute
concentration, and is recorded as the initial rate of substrate
consumption or product formation during reaction at
steady state:3 356,370

As AP
v = _E = +fE (7)
where v is the reaction rate, —AS /At is substrate consump-
tion/time and AP /At is product formed/time. f is the stoi-
chiometric factor for substrate consumed/product formed,
depending on the reaction. Generally, it is useful to distin-
guish the initial rate v from the degree of conversion ob-
served at later time points during the reaction. We note that
the relationship between v and (soluble) enzyme concen-
tration is linear but is more complex with respect to conver-
sion.

Glucose oxidase is well established as a model enzyme for
enzyme-MOF composites and provides a good case to dis-
cuss the requirements and issues encountered for activity
assays (Table ). GOx catalyzes the conversion of 3-D-glucose
and molecular oxygen to D-glucono-1,5-lactone and hydro-
gen peroxide (Scheme 1).375 376 Subsequently, the D-glu-
cono-1,5-lactone product hydrolyzes spontaneously to glu-
conic acid.

OH
GOx
0, —» HO O +  HxOp
HO
OH ~O
oxygen D-glucono-1,5-lactone t;,ﬂ[,?(?g g



GOx activity is determined from substrate consumption
(glucose, 02) or, more commonly, product formation (glu-
conic acid, H202). Table highlights the variation in assay
conditions used to assess the activity of GOx@MOFs and
GOx-on-MOFs. Assays can be performed in a continuous or
discontinuous fashion. Continuous assays allow for moni-
toring of the reaction throughout its course, whereas dis-
continuous assays require stopping the reaction at given in-
tervals. For example, the activity of GOx immobilized
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@ZIF-8@cellulose@Fe304 was detected using a discontinu-
ous assay with measurement at a single time. 310 H202 was
detected after 10 min, whereby the reaction was stopped
and acidified to pH 3.5 (from pH 7). The sample was then
heated to 100 °C in the presence of a redox indicator (indigo
carmine) that was used to quantify the formed H202.310 End-
point/single-point assays can be problematic as initial rates
are not measured,37° thus continuous assays are preferred.
Coupled assays are useful but often show complex depend-
ence on/interference from the conditions used.



Table 9. Assay conditions used to determine GOx@MOF activity.

. Glucose I
MOF Assay type Conditions Target/Analyte conc. (mM) Comments Application Ref.
Fe-BTC Continuous, Acetateobuffer, pH 5.6, ABTS 500 ) Immoblllzqtlog and 367
coupled 25°C, 10 min characterization
HKUST-1/ Continuous, Phosphate buffer, pH Co-immobilization of GOx &
FesOs coupled 74, o-methoxyphenol 0.3 - HRP 311
O, consumption
MAF-2 Continuous Acetate bufct:er, pH 5.5, 0, 30 mee}sured by Immobilization in luminescent 377
25°C luminescence MOF
increase of MAF-2
MILS3(Al) . . e
Continuous, Acetate buffer, pH e Covalent immobilization on
o-dianisidine 92.5 - . 281
coupled 5.10 amino MOFs
MIL101(Cr)
PCN-888 Continuous, Tris buffer, pH 7.4 ABTS 9 Temperature not Co-immobilization of GOx & 185
coupled stated HRP
Discontinuous, Phosphate buffer, pH . . Immobilization on cellulose
ZIF-8 endpoint 7,37°C, 10 min Indigo carmine 160 ) coated magnetic nanoparticles 310
ZIF-8 Continuous, Tris buffer, pH 7.5 TMB 08 Temperature not Surface mod1ﬁcatlgp of enzymes
coupled stated alter immobilization
Continuous, Phosphate buffer, pH Temperature not Co-immobilization of GOx &
ZIF-8 coupled 7.4, 10 mM NaCl Amplex Red > stated HRP 33
. . Co-immobilization of GOx &
ZIF-8 Discontinuous, - Phosphate buffer, pH ABTS 16.67 : HRP for glucose and phenol 378
coupled 7.4,37°C .
sensing
Discontinuous, Phosphate buffer, pH Co-immobilization of GOx &
ZIF-8 endpoint, coupled 7.4, 37°C, 5 min ABTS 100 ) HRP using a DNA scaffold 45
Discontinuous, Phosphate buffer, pH Co-immobilization of GOx &
ZIEF-8 endpoint 7.4, RT, 10 min ABTS 0.1 ) HRP 364
Continuous, Phosphate-buffered Polydopamine cross-linking of
ZIEF-8 coupled saline, pH 7.4 ABTS 400 ) GOx@ZIF-8 immobilization 295

ABTS...2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid

TMB...3,3",5,5'-tetramethylbenzidine

GOx...Glucose oxidase

HRP...Horseradish peroxidase

55



The different assay methods emphasize the need for a struc-
tural integrity assessment of the MOF material after the
measurement. For example, GOx assay employed at the op-
timal pH (5.6) of GOx from Aspergillus niger would engender
ZIF-8 decomposition.3” Chen et al. reported that the for-
mation of gluconic acid by GOx encapsulated in ZIF-8 leads
to a triggered release of co-immobilized drugs due to disso-
lution of the framework.380 Accordingly, the observed activ-
ity of the biocomposite may arise from GOx released into so-
lution and therefore a definitive statement about the cata-
lytic performance of the GOx@ZIF-8 biocomposite cannot be
made under these conditions. Such release of enzymes into
the medium is often termed “leaching” and can be observed
for all types of carriers. Typically, leaching is detected by
measuring enzyme concentration and/or activity in the su-
pernatant.4> 381

A common approach of determining GOx activity is to use a
coupled enzymatic assay, where HRP and a redox dye are
used to measure the H20: formed by the GOx.382-385 For ex-
ample, in the widely employed ABTS assay, HRP catalyzes
the conversion of H202 to water using ABTS as an electron
donor. The oxidation of ABTS results in a blue/green color
formation, which can be measured continuously, by moni-
toring a change in absorbance.3¢* 367 Thus, the initial reac-
tion rate can be conveniently evaluated. Several redox dyes
have been applied to GOx reactions, e.g., o-dianisidine, o-
methoxyphenol, 3,3',5,5'-tetramethylbenzidine (TMB). As
an alternative to absorbance-based detection methods, N-
acetyl-3,7-dihydroxyphenoxazine (Amplex™ red) can be
converted to highly fluorescent resorufin by HRP in the
presence of H202 and thus is a sensitive probe of H202.33 An
important consideration of coupled assays is the need for an
excess of coupled enzyme (HRP) throughout the reaction.
This is required to rule out rate limitations imposed by the
coupled enzyme, and not by GOx. Thus, a control reaction
should not show an increase in rate associated with an in-
crease HRP. A further consideration when working with
heterogeneous biocatalysts and coupled assays is phase
boundaries at liquid-solid and liquid-gas interfaces, as they
can lead to enzyme inactivation.356-358 [n contrast to coupled
enzymatic assays, direct measurement of Oz consumed dur-
ing the oxidation of glucose does not require a secondary
enzyme. This can be easily performed by following the reac-
tion with an Oz probe. An interesting approach for detection
ofthe consumed O was developed by Xu et al., who used the
luminescent properties of MAF-2 (Cu* and 3,5-diethyl-1,2,4-
triazole) to create a glucose sensor by encapsulating GOx.377
The fluorescence of MAF-2 is quenched in the presence of
0. Hence, the activity of GOx can be monitored by detecting
an increase in fluorescence with decreasing Ox.

A feature of enzyme@MOF composites is that they can show
a significant change in substrate selectivity.38 This is high-
lighted in the encapsulation of laccase within ZIF-8. Lac-
cases belong to the class of oxidases and have a large sub-
strate scope, catalyzing the oxidation of various phenolic
compounds. An example is Laccase from Corynebacterium
glutamicum that can oxidize 2,6-dimethoxyphenol (2,6-
DMP), ABTS and syringaldazine (SGZ). When encapsulated
in ZIF-8, Knedel et al. observed a change in the substrate se-
lectivity of the enzyme.38 The free enzyme readily converted
2,6-DMP, ABTS and SGZ, showing the highest activity for
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ABTS whereas the laccase @ZIF-8 was inactive toward ABTS
and retained some activity for 2,6-DMP (5 %) and SGZ (10
%). A possible explanation is that the pore window size of
ZIF-8 (3.4 A) restricts the diffusion of ABTS, which is the
largest of the three substrates used.38”

Finally, we note that the experimental conditions need to be
reported in detail as they can influence activity measure-
ments. The Standards for Reporting Enzymology Data com-
mission (STRENDA) gives useful guidelines for the report-
ing of data from studies of enzymatic reactions.3%8 The ap-
plication of these guidelines largely increases the quality of
the reported data. For example, since the surface properties
of an enzyme play a role in MOF formation, different
isoforms of an enzyme may engender subtle differences in
the structure/composition of the biocomposite.®” Thus, re-
production of results will be difficult if the enzyme parame-
ters, e.g. source and the purity, are not clearly reported. Fur-
thermore, recombinantly produced enzymes often contain
artificial modifications, such as fusion peptides (e.g, the
His-tag) appended to the N- or C-terminus to facilitate puri-
fication. Any such modification may be critical for the en-
zyme behavior and needs to be stated in reports.

7.3.2. Advanced characterization of immobilized en-
zymes

7.3.2.1. Apparent enzyme Kinetics

A common strategy of comparing free and immobilized en-
zymes is on the basis of steady-state kinetic parameters.® In
most cases, the initial reaction rate v depends on the sub-
strate concentration [S] in a hyperbolic fashion and is de-
scribed by the well-known Michaelis-Menten rate law
(equation 8).389 There are two parameters, V,,,, (the maxi-
mum reaction rate) and K, (the Michaelis constant), and
both can be influenced by the immobilization as discussed
below. We note that activity determination (i.e., measure-
ment of v) applies analogously to evaluation of kinetic pa-
rameters. To determine initial rates, the substrate depletion
should usually be in the range 3 - 5%.37° Enzymatic reac-
tions involving two or more substrates (i.e. GOx reactions)
can be analyzed under conditions in which the concentra-
tion of one substrate (e.g. glucose) is varied while the con-
centration of the other substrate (e.g. 02) is kept constant,
ideally at a level that saturates the enzyme. We note that
change in the concentration of the constant substrate can
affect the observable K, of the varied substrate.

Vmax![S]
Vo = Kar+s] 8
The physical dimension of K, can be either a mole or mass-
based concentration. 1,,,, is obtained at enzyme saturation
with substrate ([S] > K},) and is usually expressed as a mo-
lar rate (e.g., pmol mL-1 mint) but there exists broad varia-
tion in the use of unit definitions. V,,,, is related to the en-
zyme concentration by the relationship, V., = keo:[Elo
where k., is a first-order catalytic constant (min) that is
sometimes also referred to as enzyme turnover number or
turnover frequency and [E], is the total concentration of
enzyme catalytic centers able to undergo turnover. Excep-
tions notwithstanding (e.g. heme-iron sites that are conven-
iently titrated), the true active site concentration is rarely
known. [E], is therefore approximated from the measured
protein concentration and the enzyme molecular mass.



When comparing immobilized vs soluble enzyme; K, typi-
cally increases, the parameter for the maximum rate de-
creases, or alternatively both occur concomitantly. The in-
crease in K, may be a result of restricted substrate diffu-
sion through the biocomposite. Experiments to distinguish
the effects of diffusion from direct effects on the enzyme are
summarized in specialized reviews.34% 390-392 Diffusional re-
strictions are dependent on the particle size (substrate con-
centration gradient) 348 and pore size. Thus, small, um-sized,
MOF particles are unlikely to develop severe diffusional lim-
itations due to the small diffusional distance, compared to
large canonical carriers (e.g. agarose gel particles).40 392
However, canonical carriers used in enzyme immobilization
are meso- and macro-porous, with pore sizes of several tens
of nanometers, which are larger than the majority of MOFs;
thus diffusion may be hindered into the MOF pore network
due to this small pore size. By introducing defects within the
MOF matrix diffusional restrictions can be decreased, re-
sulting in increased enzymatic activity.”?

A decrease in k4, is usually a good indication for the loss of
enzyme functionality due to immobilization. There are a va-
riety of reasons that can explain a diminished k_,; value and
these have been reviewed elsewhere.14 349,393,394 Briefly, the
enzyme may have become denatured during MOF formation
or the substrate may not have access to the enzyme due to
improper orientation (i.e. the active site of the enzyme is not
accessible) or pore confinement (i.e. enzyme crowding3?s).
The k4; ratio between immobilized and soluble enzyme is
a useful, alternative expression of enzyme effectiveness (cf.
Table 6). Section 7.3.2.2 summarizes methods used to char-
acterize MOF-immobilized enzymes with respect to param-
eters describing the protein conformation and spatial local-
ization in the solid material.

Kinetic parameters have been determined for various MOF-
based enzyme preparations_193, 231,268, 276, 282, 344, 350, 363, 368 For
example, the kinetic parameters of glucoamylase (V,,,, =4.5
pmol min-, K, = 0.56 pM), for the hydrolysis of maltodex-
trin, only marginally change when the enzyme was encap-
sulated in ZIF-8 (1},,4,=4.1 pmol min-!, K, = 0.59 uM).34¢ For
a-amylase immobilized on a melamine sponge using ZIF-67
(Co?*, 2-methylimidazole), the V., decreased (5.72 to 4.06
pmol min-1) and K, increased (0.63 to 0.77 mg mL1).368 The
kinetic parameters for glucoamylase and a-amylase were
determined by non-linear regression, where the Michaelis-
Menten equation is fitted to the obtained initial reaction
rates at varying substrate concentrations. We also note that
several studies report heavily extrapolated kinetic parame-
ters.19.46,124,307,362 Kinetic parameters for GOx, HRP and CytC
encapsulated in ZIF-8 were only determined at substrate
concentrations within the 15t order regime for reaction rate
(linear dependence of v on [S]).#¢ GOX@ZIF-8 showed a cal-
culated K,; of 2.1 mM and was determined between 0.5 - 0.8
mM glucose concentrations. Similarly, for catalase embed-
ded in ZIF-90 (Zn?*, ICA), kinetic parameters were deter-
mined at H202 concentrations well below (0 - 0.75 mM) the
calculated K, (2.87 mM).124 In general, v, should be ob-
tained evenly distributed around K, (+/- 4 points) and at
least two measurements should be obtained at substrate
concentrations yielding V,,,,,.37° However, V,,,, may not al-
ways be attainable, due to substrate solubility or inhibition
effects.
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7.3.2.2. Structural analysis and localization of enzymes
immobilized into MOFs

A detailed knowledge of enzyme localization is important
for both extremes of enzyme immobilization into MOFs,
namely binding on the solid surface or encapsulation into
the solid material. Several methods can be employed to vis-
ualize the distribution of enzymes on solid supports.39° Mi-
croscopy data has been proved a valuable method for deter-
mining the distribution of the enzymes in/or on the solid
material and has thus facilitated interpreting the character-
istics of the immobilized enzymes.3** These methods in-
clude, light microscopy, confocal laser scanning microscopy
(CLSM), cryo-temperature field-emission scanning electron
microscopy (Cryo-FESEM), and TEM, spherical aberration
(Cs)-corrected scanning TEM.390.3% Spectroscopy and scat-
tering experiments have also been employed, including
SAXS and Raman spectroscopy. CLSM in combination with
fluorescent protein labelling has been widely applied to
MOF biocomposites. For example, Chen et al. showed co-im-
mobilized GOx and HRP in ZIF-8 using labelling with fluo-
rescein isothiocyanate (GOx) and Rhodamine B (HRP).33 45
46 A potential issue with such experiments is that the dye
modifies the surface chemistry of the protein. This can be
avoided in proteins that possess fluorescently active cofac-
tors (e.g. flavins) that can enable imaging without additional
labeling.3°7 Given the typical the size of MOF particles, the
spatial resolution of CLSM can be a limiting factor. Higher
resolution TEM experiments, although time expensive, have
also been used to detect cavities in ZIF-8, suggesting the
presence of lipase from Candida rugosa was immobilized in
the particle.3?8 SAXS has also employed to detect mesopores
within ZIF-8, 10 - 30% larger than the gyration radius of
bovine serum albumin, capable of harboring the protein.1®
Furthermore, energy dispersive X-ray spectroscopy (EDX)
mapping in combination with scanning electron microscopy
(SEM) can be applied to investigate the distribution HRP in
ZIF-8 by detecting Fe from the heme group of HRP.%5
Equally, HRP (Fe) distribution was detected in PCN-333(Al)
using TEM coupled with EDX.193

Protein orientation on the surface is an important parame-
ter of immobilized enzyme effectiveness and has been in-
vestigated in a ZIF-8-based biocomposite using EPR spec-
troscopy.?”- 399 Site-directed modification of cysteine resi-
dues with nitroxyl groups was used to introduce the spin la-
bels for measurement. The results could be interpreted in
terms of spin label being solvent exposed or buried in ma-
terial. This enabled some inference as to the orientation of
the enzyme and might help in the interpretation of activity
loss occurring during the immobilization.

Protein secondary structure, as inferred from analysis with
circular dichroism (CD), infrared (IR) or Raman spectros-
copy, is often used to confirm proper folding of the enzyme
immobilized in solid materials.3°° Using Fourier-transform
IR, Cao et al. demonstrated that the secondary structure of
soybean epoxide hydrolase significantly changed after im-
mobilization.?3! By analyzing free and immobilized enzyme,
they estimated an increased a-helix content after immobili-
zation. From this change they inferred an increase in stabil-
ity of the immobilized enzyme, which is reflected by activity
retention at elevated temperatures. Similarly, Liang et al.
used FTIR to investigate the deactivation of catalase@ZIF-



8/MAF-7 and catalase-on-ZIF-8/MAF-7.3° Using the second
derivative of the spectra, the aggregation of catalase@ ZIF-
8 and catalase-on-ZIF-8 could be detected, whereas for cat-
alase@MAF-7 and catalase-on-MAF-7 the structure and ac-
tivity was maintained. CD has also been applied to investi-
gate the conformation of carbonic anhydrase immobilized
in MIL-160 and ZIF-8.43 Far UV CD spectra showed that car-
bonic anhydrase maintained its structure in hydrophilic
MIL-160, whereas immobilization in hydrophobic ZIF-8 re-
sulted in an increase in random coils and these data were
complemented by FTIR analysis. Although CD is a com-
monly used technique to assess protein structure, light scat-
tering from crystalline MOF-based biocomposites can hin-
der data acquisition. In another study, Raman spectroscopy
was used to characterize the interaction between MP-11
and Tb-mesoMOF.192 Raman spectroscopy revealed in-
creased -t interactions between the heme cofactor of MP-
11 and triazine / benzene rings of the linker molecule
(4,4',4"-s-triazine-2,4,6-triyltribenzoate). From this, Chen
et al. infer a decreased amount of enzyme leaching. 192

7.3.2.3. Enzyme-MOF materials in bio-catalysis: usage
range, stability and catalyst recycling

Enzymes operate at an optimum pH, and minor in-
crease/decrease of pH can result in reversible loss of activ-
ity.3 490 Immobilization can alter the dependence of enzyme
activity and stability on the reaction parameters such as
temperature and pH.231 268,345,350,367 [ndeed, several studies
of enzyme/MOF biocomposites have determined the rele-
vant pH and temperature profiles. 45231, 345,350,367,401 For ex-
ample, HRP maintains activity (> 70%) over a broad pH
range (pH 4.5 - 8), where free HRP loses activity with in-
creasing pH (up to 80% at pH 8).345 Additionally, the active
pH range (pH 6 - 8) of alcohol dehydrogenase from Saccha-
romyces cerevisiae increased after immobilization with
Fe-BTC (pH 4 - 9.5).3¢7 The reaction rate usually increases
with increasing temperature until it reaches a maximum at
the “optimum temperature”. After this point the rate de-
creases with a further increase in temperature as a result of
enzyme deactivation.> 400 This loss of activity at elevated
temperature is typically not reversible upon cooling. It has
been reported that MOF-based immobilization can alter the
temperature dependence of enzyme activity.3*> For exam-
ple, HRP immobilized in ZIF-8 shows an activity maximum
at 70 °C (100 % relative activity), whereas the free enzyme
loses activity above 40 °C (60% relative activity at 70 °C). 345
The optimum temperature inferred from the temperature
profile of v is usually higher (= 10 °C) than the temperature
for usage of the enzyme (e.g. in a biocatalytic application).
Selection of the operational temperature range is facilitated
by enzyme stability studies and kinetic analysis of enzyme
inactivation at different temperatures. Enzyme inactivation
is often found to follow first-order kinetics, resulting in a de-

activation rate constant (kq, h-1) that is independent of en-
zyme concentration. An enzyme half-life time can be calcu-
lated (equation 9). The k4 often shows dependence on tem-
perature according to Arrhenius’ law (equation 10).3 400
= 9

d
ky=Ae Ea/RT (10)
In equation 10, A4 is the Arrhenius constant, E;the deactiva-
tion energy, R the ideal gas constantand T the temperature.
k4 can be determined by evaluation of residual activity over
time (semi-log plot) and E; using an Arrhenius plot (In k,
vs. 1/T). The thermal deactivation kinetics have been deter-
mined for glucoamylase@ZIF-8 at 60, 70 and 80 °C.3** From
this data the half-life of glucoamylase embedded in ZIF-8 in-
creased from 9.1 min to 69.3 min (at 60 °C) and the corre-
sponding deactivation energy from 42 to 66 k] mol-1. 344

It has been reported that MOFs can enhance the tolerance
of enzymes towards biological and chemical denaturants
(proteases, proteolytic agents, organic solvents).4!- 343 HRP
immobilized in ZIF-8 retained 80% (free HRP: 20%) of its
initial activity after treatment with urea and trypsin.*! Fur-
thermore, ZIF-8 protected CalB and HRP from inactivation
after treatment with anhydrous denaturing organic sol-
vents (DMF, methanol, ethanol, dimethyl sulfoxide).3*3 Im-
mobilized CalB and HRP retained >90% activity after incu-
bation at 80°C in all solvents.3*® This protection is most
likely the result of restricted diffusion of the denaturant and

tight encapsulation of the enzyme within the MOF matrix.!?
16

MOFs can facilitate the recycling of biocatalysts.4#307.401 For
sensor applications, initial rate measurements can be suffi-
cient for the characterization of reusability as the stability
is maintained over the measurement duration.3*> Enzymes
immobilized in MOFs for biocatalysis are commonly re-
ported in terms of their relative activity at each cycle by re-
peated initial rate measurements.* 402 403 [n batch pro-
cesses, the reaction time typically is adjusted to reach a de-
fined product concentration (e.g. maximum conversion).
The biocatalyst is recovered after each cycle (by centrifuga-
tion or filtration). To give a more meaningful representa-
tion, performance should be reported based on product
yield (per cycle) and initial activity after recycling. Alterna-
tively, recycling can be achieved by retaining the enzyme in
a continuous process.*%* For instance, Zhu et al. immobilized
formate dehydrogenase, formaldehyde dehydrogenase and
alcohol dehydrogenase, in that order, in ZIF-8, and used the
co-immobilized enzymes for the continuous formation of
methanol in a flow reactor.#%> Overall, the in-operando char-
acterization of many enzyme-MOF materials in applied pro-
cesses still needs to be assessed. Thus, the potential appli-
cation of MOFs in biocatalysis still requires further exami-
nation.

Table 10. Recommended good practice guidelines.
Characteristic Comments
Reporting of data State enzyme, reaction and experiment details according to STRENDA* guidelines

(Notably EC number, organism / species, strain of the enzyme origin and assay conditions)

Immobilization (see
also Table 1)

Values in Table 1 should be calculated and reported
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Protein concentration and activity require careful comparison to the free enzyme
Defining protein loading vs activity would help defining optimal composition

Both enzyme and support material should be characterized before and after immobilization to
investigate potential structural changes.

Assays Influence of the MOF (and precursors) on the used assays (protein concentration / activity)
should to be assessed

The structural integrity of the MOF material during assay conditions (pH, T, substrate, product)
should be examined

To verify the procedure used, the specific activity of the free enzyme should be compared to
available literature.

If possible, use continuous direct activity assays (vs. discontinuous coupled).

Standard enzyme assays typically measure the activity at optimal conditions, ensuring a
maximum initial reaction rate

Enzyme kinetics Apparent enzyme kinetics should never be extrapolated from experimental data
The maximum reaction rate requires substrate saturated conditions

K and Viax can be subject to large change after immobilization, thus requiring adjustment of
the experimental setup

Enzyme concentration needs to be stated when reporting Vinax

Usage range, stability Stability and recycling experiments should be complemented by material characterization
and recycling

* STRENDA stands for "Standards for Reporting Enzymology Data".84
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8. OUTLOOK

The structural and chemical mutability of MOFs provides a
diverse platform for exploring the synthesis of enzyme-
based biocomposites. In this review we have shown how re-
searchers have used mesoporous MOF pore networks to
house enzymes and facilitate biocatalytic reactions, modi-
fied the framework surface chemistry to covalently attach
protein residues and devised synthesis conditions that al-
low for the in situ encapsulation of enzymes within a mi-
croporous MOF matrix. Some systems have shown excellent
potential for practical applications; however, we note that it
is important to benchmark these initial, promising, results
to get a true understanding of how the MOF environment
(e.g. surface or pore chemistry) affects the structure and ac-
tivity of the enzyme (as highlighted in section 7). Further-
more, we have assembled some good practice guidelines
that we believe will help those new to the research area that
are summarized in Table 10.

The characterisation of MOF/enzyme biocomposites is not
trivial and we believe that further effort in this area will lead
to better design of bespoke composites and, as a result, en-
gender significant advances in the field (See section 7.4.2.2).
For example, research in the area of enzyme/polymer com-
posites has shown that protein structure and activity can be
stabilised by the polar and non-polar groups of random het-
eropolymers.#% Similar control of MOF functionality is con-
ceivable via mixed-link synthesis strategies; however, de-
tailed characterisation of the resulting composite would be
crucial to interpreting and understanding the observed ac-
tivity. Another fundamental question that needs to be fully
determined with respect to MOF/enzyme biocomposites is
the effect of sample heterogeneity. The size, morphology
and structural irregularity (i.e. number of defects) of MOF
crystals will influence the properties of the biocomposites
and thus systematic studies are required to ascertain how
these can be controlled and employed to improve specific
applications such as controlled release profiles8l. Although
further fundamental studies are necessary given the state-
of-the-art in the area it is not unrealistic to anticipate that
MOF/enzyme composites will find applications in areas of
commercial interest.

ASSOCIATED CONTENT

Supporting Information.

Animations showing: enzyme infiltration in small pores
(01a_small_pore.mp4) and large pores (01b_large_pore.mp4);
protective properties of enzyme encapsulated in MOFs
(02_overview_enzyme_mof.mp4); soft templating approach
(03_soft_templating.mp4); interfacial synthesis of MOFs
(04_interfacial_growth.mp4); enzyme encapsulation using
templating
(05_encapsulation_by_templating.mp4);hydrophobic effects of
MOFs on enzymes (10_hydrophobic_effects_of_mofs.mp4)

This material is available free of charge via the Internet at
http://pubs.acs.org.

AUTHOR INFORMATION

Corresponding Author

60

*paolo.falcaro@tugraz.at
*christian.doonan@adelaide.edu.au

Present Addresses

T Present address: Weibin Liang, School of Chemical and Bio-
molecular Engineering, The University of Sydney, Sydney,
NSW, 2006, Australia.

Author Contributions

The manuscript was written through contributions of all au-
thors. {These authors contributed equally.

Funding Sources

Australian Research Council Discovery Project (DP170103531
and DP200102411)

(FP/2014-2020)/ERC Grant Agreement no. 771834
POPCRYSTAL)

TU Graz for the Lead Project (LP-03).

ACKNOWLEDGMENT

CJD, CJS and PF acknowledge the Australian Research Council
for funding wunder the Discovery Projects scheme
(DP170103531 and DP200102411), the European Union's
Horizon 2020 Programme (FP/2014-2020)/ERC Grant Agree-
ment no. 771834 - POPCRYSTAL) and TU Graz for the Lead Pro-
ject (LP-03).

ABBREVIATIONS

AAOPE acid-boosted one pot embedding

4-AAP 4-aminoantipyrine

ABTS 2,2'-azinobis(3-ethylbenzthiazoline)-6-sul-
fonate

AchE acetylcholinesterase enzyme

Alb albumin

Amplex™ red N-acetyl-3,7-dihydroxyphenoxazine
ANL Aspergillus niger lipase

APBQ N-antipyryl-p-benzoquinoeimine

Arg arginine

ArPPK2 polyphosphate kinase 2

Asp aspartic acid

ATR-FTIR Attenuated total reflection-Fourier trans-
form infrared spectroscopy

AZDC azobenzene dicarboxylate

bdc 1,4-benzenedicarboxylate

bim benzimidazolate

bpdc 4,4'-biphenyldicarboxylic acid and

bpy 4,4’ -dipyridyl

bpydc 2,2’-bipyridine-5,5’-dicarboxylate

BSA bovine serum albumin

BSL2 Bacillus subtilis lipase

BTC 1 3 5-benzenetricarboxylic acid

CalB Candida Antarctica lipase B

CAPB cocamidopropyl betaine

CA Carbonic anhydrase

CalB Candida Antarctica lipase B

CAT catalase

CBAB 4-carboxybenzylidene-4-aminobenzoate
CD circular dichroism

ChT a-chymotrypsin

CLSM confocal laser scanning microscopy
c-MWCNTSs carboxylated multiwalled carbon nanotubes
COF covalent organic framework

CpG cytosine-phosphate-guanine
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Cp*Rh
plex
Cryo-FESEM

2’-bipyridyl-5,5’-dicarboxylic acid)Clz com-

cryo-temperature field-emission scanning

electron microscopy

CVD

CYCu

Cys

CytC
C-ZIF-8
DABCO
DBCO-NHS ester
imidyl ester
DCC

DFP

dia

DIC

DMF
2,6-DMP
DNA

chemical vapor deposition

Chung Yuan Christian University
cysteine

cytochrome C

crystalline ZIF-8
1,4-diazabicyclo[2.2.2]octane
Dibenzocyclooctyne-N-hydroxysuccin-

Dicyclohexyl carbodiimide
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