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Enzymes serve as highly efficient and selective biological catalysts, essential across diverse fields such as
industry, medicine, and biotechnology, and are vital to green chemistry due to their efficacy at ambient
temperatures. However, enzymes are sensitive to environmental conditions, which restricts their stability
and reusability, limiting their broader practical applications. Porous organic frameworks encompassing
metal-organic frameworks, covalent organic frameworks, and hydrogen-bonded organic frameworks
have emerged as robust platforms for enzyme immobilization, offering high porosity, tailored pore
structures, and strong chemical stability to safeguard encapsulated enzymes. Traditional surface
immobilization methods can stabilize enzymes but often encounter low loading efficiency and enzyme
leaching issues. In situ embedding methods address these challenges but typically rely on solvent-
intensive, high-temperature liquid-phase syntheses that compromise enzyme functionality. This review
centers on mechanochemical synthesis as a novel, green approach to creating enzyme-embedded
porous organic frameworks, referred to as enzyme@porous organic frameworks. By employing mild
mechanochemical synthesis facilitates enzyme encapsulation under ambient
conditions in the absence (or near-absence) of solvents, maintaining enzyme stability while ensuring
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parameters, and advantages over liquid-phase techniques, underscoring its potential to produce
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1 Introduction

Enzymes provide the necessary impetus for the speed of chemical
reactions essential for sustaining life by forming a unique
enzyme-substrate complex, thereby reducing the energy required
for substrate conversion into products." Their high efficiency,
specificity, and selectivity make enzymes prominent candidates
in the fields of industry, medicine, and biotechnology. Addi-
tionally, their characteristic high reaction rates at ambient
temperatures render them ideal catalysts for green chemistry.”
However, enzymes are sensitive to external environments, which
limits their stability and reusability in practical applications. The
fragility of enzymes arises from their distinct three-dimensional
structure, where external stimuli such as heat, pH, organic
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multifunctional biocomposites. This review aspires to pave the way for scalable biocatalytic systems with
enhanced stability and performance, advancing biocatalysis in industrial applications.

solvents and other chemical reagents can disrupt the network of
non-covalent interactions that maintain the enzyme's natural
folded state, thus altering or eliminating their catalytic activity.**
Therefore, restricting the conformation of enzymes to a certain
extent can enhance their stability.

Porous organic frameworks, such as metal-organic frame-
works (MOFs),>” covalent organic frameworks (COFs),**® and
hydrogen-bonded organic frameworks (HOFs),""™ have
emerged as ideal platforms for enzyme immobilization due to
their unique structures and properties. These porous materials
not only possess high porosity and tailored pore structure that
facilitate mass transfer, but also exhibit good chemical stability
and mechanical strength, making them able to provide a better
protective effect for loaded enzymes.* Traditional surface
immobilization techniques, such as adsorption'*** and cross-
linking methods,'® can stabilize enzymes to some extent but
often suffer from low loading efficiency and the enzyme leach-
ing issue. In contrast, in situ embedding methods,"” where the
enzymes are encapsulated inside a porous organic framework
as it forms, can address the limitation of the surface immobi-
lization method. This method entails the growth of porous
organic frameworks under mild conditions (e.g., without

© 2025 The Author(s). Published by the Royal Society of Chemistry
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organic solvents and at ambient temperatures and pressures) to
prevent structural damage to the enzymes. Unfortunately, the
traditional liquid-phase synthesis methods for porous organic
frameworks usually require numerous organic solvents, and in
most cases the reaction conditions of high temperature and
pressure are required to facilitate the formation of thermody-
namically stable crystalline products, weakening the feasibility
of the liquid-phase synthesis approach to encapsulate
enzymes.'®*?

Mechanical ball milling, as an efficient and green synthesis
technique,**** demonstrates significant advantages in the
synthesis of biocomposites. By applying mild mechanical
forces, it can rapidly initiate chemical reactions at ambient
temperatures and pressures without the need for large amounts
of solvents,”” showing more biocompatibility to enzymes.
Moreover, the mechanical milling process generates high-
energy collisions and shear forces, facilitating thorough mixing
and interaction between enzymes and precursors, leading to
efficient enzyme encapsulation. This article aims to provide
a comprehensive overview of mechanochemical synthesis for
enzyme-encapsulated porous organic framework bio-
composites, termed as enzyme@porous organic frameworks,
with specific emphasis on the synthesis methodologies and
their advantages compared to liquid-phase methods. Addi-
tionally, we also delve into the principles of mechanochemistry
and the key influencing factors. It is anticipated that this review
will offer useful mechanochemical methods that facilitate
access to multifunctional biocomposites, advancing bio-
catalysis in large-scale industrial applications.

2 Introduction to mechanochemistry

Mechanochemistry refers to the process of inducing or acceler-
ating chemical reactions in solid materials through ball milling.
Compared to traditional liquid-phase methods, mechanochem-
ical techniques do not require large amounts of solvents and can
rapidly initiate chemical reactions at ambient temperatures,
making them an efficient, green, and rapid synthesis technology.
However, the invisibility of the reaction process and the unclear
mechanisms of energy transformation make it challenging to
control the ball milling process, which limits its practical appli-
cations. Therefore, in-depth understanding of the underlying
mechanism and regulation of the key influencing factors are
crucial for the development of mechanochemistry. This chapter
outlines the reaction mechanisms of mechanochemistry and the
factors influencing these reactions, aiding researchers in gaining
a clearer understanding of the ball milling process to better
control the chemical changes involved.

2.1 Mechanism of mechanochemical transformation

In any chemical reaction, a certain amount of energy must be
absorbed to overcome the energy barrier and activate the reac-
tants. This energy is typically converted from other forms, such
as light energy, electrical energy, and thermal energy, while in
mechanochemistry, mechanical energy is transformed into
chemical energy. During continuous mechanical processing

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(e.g., ball milling), three states exist-activation, equilibrium, and
relaxation.”*** Mechanochemical reactions rely on the equilib-
rium state (also known as mechanochemical equilibrium),
which drives the reaction system into an energetically activated
“steady state”. As long as the mechanical processing is unin-
terrupted and unaltered, this equilibrium will persist. Chemical
transformations occur within this mechanochemical “steady
state”. However, current mechanochemical instruments (such
as planetary mills and shaker mills) operate in a completely
enclosed jar that makes the “steady state” chemical changes
difficult to monitor in real time.”® Thus, understanding the
transformation processes of different reaction types within the
instruments is crucial for revealing reaction mechanisms and
the existence of intermediates.

With advancements in technology, scientists have combined
various detection instruments with mechanochemical equip-
ment to achieve direct observation of these dynamic processes.
Early efforts mainly relied on temperature*® and pressure®”
sensors to indirectly gather information about the reactor's
interior. Subsequently, the integration of time-resolved in situ
(TRIS) techniques encompassing X-ray diffraction (XRD),*** X-
ray absorption fine structure (XAFS) spectroscopy,” Raman
spectroscopy,*+**> and solid-state nuclear magnetic resonance
(NMR) spectroscopy* has provided direct insights into the
structural details of mechanochemical transformations.
Michalchuk et al.** classified mechanochemical processes into
three distinct periods by the TRIS method: the induction
period, the reaction period, and the product period (Fig. 1a). In
situ characterization of mechanochemical transformation
processes using TRIS methods combined with manometry and
thermometry allows for the monitoring of characteristic signal
changes to represent different reactivity states (Fig. 1c). Notably,
the signal intensity changes most significantly during the
reaction period, which can be further divided into three stages
(Fig. 1b): (1) mixing of solid materials. This stage includes bulk
mixing, which involves the movement of solid particles, and
microscopic mixing, which entails grinding the powder and
forming flowing intermediates (such as amorphous phases, or
liquid or gaseous products); (2) further mixing at the atomic or
molecular level, which leads to physicochemical trans-
formations; (3) the formation of product phases, which crys-
tallize into solids, initially as nuclei, which then gradually grow
into nanoscale or microcrystalline phases.

During the grinding process, the reaction mainly occurs at
the interfaces between metal sources and ligands. For the
mechanochemical synthesis of MOFs using metal salts or metal
oxides, the initial step of grinding primarily involves breaking
the metal source crystals while converting mechanical energy
into the potential energy of accumulated precursors. This
process not only reduces particle size but also increases the
number of reaction interfaces which generates numerous active
sites. Subsequently, surface bond breakage, defects, and other
changes occur between the high-energy precursors. Ultimately,
thermodynamically stable crystals are formed. For example,
Miyake's group reported the dry mechanochemical conversion
of zinc oxide and imidazole ligands into ZIF-8.% After 96 hours
of grinding, a porous crystal product with a specific surface area
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Fig.1 General evolution of mechanochemical transformations and the TRIS methods available to characterize the transformation processes. (a)
A generic kinetic profile for a mechanochemical transformation, comprising an induction period, reaction period, and product period. (b)
Schematic representation of the macroscopic mechanism describing a generic mechanochemical transformation, comprising bulk mixing,
molecular mixing, reaction and nucleation, and growth phases. (c) Existing TRIS methods to characterize mechanochemical transformations,
with indications of their strength to characterize different reactivity regimes.** Copyright 2022, Wiley-VCH.

of 1480 m> g~ ' was obtained. The authors proposed three
parallel steps to explain the mechanistic synthesis of ZIF-8: (i)
the fragmentation of ZnO aggregates, which generates
numerous reaction interfaces exposing more active sites, (ii) the
gradual conversion of ZnO at the solid interface into ZIF-8, and
(iii) the aggregation of ZIF-8 nanoparticles (Fig. 2).

2.2 Factors controlling mechanochemistry

Mechanochemical reactions depend on the change in Gibbs free
energy of the reactants and the magnitude of mechanical energy,

338 | RSC Mechanochem., 2025, 2, 336-350

meaning that they rely on mechanical stress to initiate the reac-
tion. By adjusting factors such as machine speed or frequency,
rotation time, the addition of auxiliaries, and the size of the
milling balls, the magnitude of mechanical energy can be
controlled, facilitating the reaction. Generally, there is a positive
correlation between speed/frequency and rotation time with the
reaction outcome; that is, higher speeds and longer times
increase mechanical energy, thereby enhancing the likelihood of
triggering a reaction.®® However, excessive milling time may lead
to poor crystal formation, deformation, or even decomposition,
and also cause biomolecule inactivation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Proposed mechanism for mechanochemical dry conversion of ZnO to ZIF-8,* in which three main processes take place parallelly.

Copyright 2013, Royal Society of Chemistry.

The advent of liquid-assisted grinding (LAG) has signifi-
cantly accelerated reaction rates, resulting in better crystallinity
while preserving the activity of biomolecules to a greater extent.
For example, synthesizing ZIF-8 (ref. 37) via dry milling requires
several hours for complete reaction, whereas adding a small
amount of water or alcoholic solution can reduce the reaction
time to mere minutes. Furthermore, incorporating a small
amount of salt solution (ionic liquid-assisted grinding, ILAG)
can partially function as an ionic template, inducing coordi-
nation between zinc and organic ligands, thus further acceler-
ating the reaction.*® Recent studies have shown that adding
a small amount of buffer salt solution can shorten the synthesis
time of ZIF-90 to just 10 seconds.*” Here, the role of the buffer

Eq
E > E, =— Eq. 1
impact threshold Ny q
Elmpac! — Embve[fectivez Eq.2
Etotat = PEimpactNofot Eq.3

Eimpact > Ethreshold

ball to ball collisions

salt is to disrupt the hydration shell surrounding zinc and form
chelates, facilitating the binding of the ligands of imidazole-2-
carboxaldehyde (ICA) and aiding in the deprotonation of ICA,
thereby lowering the activation energy of the reaction. The pre-
formed amorphous Zn-ICA continues to replace the zinc coor-
dinated water groups, with the ball milling assisting in the
dehydration step (breaking Zn-O to form Zn-N), leading to the
crystallization of ZIF-90. Notably, under buffer conditions, the
preservation of the activity of biomolecules is more favorable
than under organic solvent conditions.

The density and mass of the milling medium are also crucial
for the transfer of reaction energy. In most cases, larger balls
generate higher energy during collisions, which favors the

ball to wall collisions

Fig. 3

© 2025 The Author(s). Published by the Royal Society of Chemistry

Illustration of planetary mill kinematics within the jar.** Copyright 2024, Wiley-VCH.
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formation of thermodynamically stable products. Conversely,
smaller balls exhibit higher mobility and longer trajectories
during stirring, allowing for better mixing and the formation of
amorphous and metastable phases.* In reactions, it is common
to use a combination of ball sizes, typically with the ball-to-
powder mass ratio ranging from 1:1 to 1: 3 and a filling rate of
30-35%, to ensure that reactants have sufficient space for
effective milling.

Condition optimization in mechanochemical synthesis
usually relies on trial-and-error methods, which are both
cumbersome and unpredictable. Additionally, achieving repro-
ducible synthesis under different machine models or ball mills
using the same parameters (like time and frequency) poses
challenges. This limitation limits the practical application of
ball milling in both research and industrial fields. Recently,
Jafter et al. established an energy theory model to quantify the
total energy output of the machine (E;) (Fig. 3).** As long as
the machine's output energy exceeds the cumulative energy
standard (Ea > Ea, Where E, is the activation energy for the
reaction), the kinematic parameters (including the type and
operating conditions of the ball mill) become independent of
reaction kinetics, thus enhancing the reproducibility of mech-
anochemical experiments. At the microscopic level, the
mechanical impact energy (Eimpact) generated by individual
balls through systematic circular motion and collisions with the
wall must exceed the threshold energy (Ereshola) for the reac-
tion of single reactant molecules (A + B) to overcome the energy
barrier and trigger the chemical reaction. Furthermore, using
the kinematic energy model, it has been demonstrated that
under the same cumulative energy conditions, altering other
operational parameters (such as ball mass and rotation speed)

View Article Online
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can increase reaction rates and reduce reaction times. There-
fore, by calculating the mechanical output energy (Eqocal), better
control of mechanical parameters can be achieved to promote
mechanochemical synthesis of porous organic frameworks.

3 Mechanochemical synthesis of
enzyme@MOF biocomposites

Metal organic frameworks (MOFs) are a class of crystalline
porous materials assembled from metal nodes/clusters and
organic ligands.*> Theoretically, they can be designed using
various building units of metal nodes/clusters and organic
ligands, providing an almost infinite variety of topologies with
different pore structures.” These characteristics have made
MOFs a popular platform for enzyme immobilization.® This
section summarizes the MOF methodology for mechanochem-
ical synthesis of enzyme@MOF biocomposites, as well as their
performance advantages compared to those synthesized by
traditional liquid-phase methods.

3.1 Enzyme@ZIF biocomposites

Zeolitic imidazolate frameworks (ZIFs) are the dominating
MOFs that enable the mechanochemical synthesis of enzyme
biocomposites, owing to their facile crystallization kinetics.
Although the liquid-phase ZIF method is well explored for
enzyme encapsulation, it is time-consuming, and prolonged
exposure of enzymes to ZIF precursors may pose the risk of
conformation change.** Meanwhile, mechanochemistry offers
a more rapid and much greener alternative. Enzymes partici-
pate in the reaction in a freeze-dried state, and either no or only
trace amounts of organic reagents are used as catalysts,
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Fig. 4

(@) Schematic illustration of the mechanochemical encapsulation of enzymes in ZIF-90. (b) Comparison of the catalytic activity of

CAT@ZIF-90 synthesized at different milling times to that using a de novo encapsulation approach in water solution. (c) Comparison of the
catalytic activity of CAT@ZIF-90 synthesized at different milling times to that using a de novo encapsulation approach in water solution, in which
the samples were exposure to proteinase K after 2 hours.3® Copyright 2023, Royal Society of Chemistry.
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reducing the likelihood of conformational unfolding and inac-
tivation. Currently, two ZIFs including ZIF-8 (ref. 45 and 46) and
ZIF-90 (ref. 47) have demonstrated feasibility to encapsulate
enzymes under ball milling.

Wei et al. first synthesized enzyme@ZIF-8 using mechano-
chemical methods through a simple two-step process.*®
Initially, a portion of the MOF precursor was placed in a milling
jar with a small amount of ethanol as a solvent, and milled at 8
hertz (Hz) for 2.5 minutes to form crystalline seeds. Subse-
quently, B-glucosidase (BGL) enzyme and the remaining
precursor were added and milled again at the same frequency
for another 2.5 minutes. Although this allowed the formation of
a highly crystalline phase, the resulting BGL@ZIF-8 did not
display any obvious activity, likely due to the small pore aper-
ture of ZIF-8 (ca. 3.4 A), which hindered substrate access to the
interior enzyme. After decomposing the ZIF-8 framework under
acidic conditions (pH 6.0), the released BGL retained a level of
activity comparable to the natural one, indicating that the
encapsulated BGL could preserve its original conformation.

Compared to ZIF-8, the interior of ZIF-90 exhibits higher
hydrophilicity, contributing to keeping the conformation of the
encapsulated enzyme unaltered.* Lam and co-workers synthe-
sized CAT@ZIF-90 with good crystallinity by mechanochemi-
cally milling imidazole-2-carboxaldehyde (ICA), nano zinc oxide
(znO), and catalase (CAT) with trace amounts of tris buffer
solution (500 mM, pH 7) or deionized water at 8 Hz for 10
seconds (Fig. 4a).*° The encapsulated CAT enzyme retained high
activity, with a reaction rate constant (k) of 1.98 x 10, and it
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could maintain good activity even after protease treatment (kops
= 9.48 x 107?), indicating that the ZIF-90 shell effectively
shielded the enzyme against the protease. Compared to the
CAT®@ZIF-90 synthesized by a de novo encapsulation approach
in water solution,* regardless of whether protease K treatment
is carried out, the mechanically prepared CAT@ZIF-90 exhibi-
ted higher k,ps (Fig. 4b and c). This activity enhancement was
attributed to the mechanical forces-induced defects in the ZIF-
90 crystals, promoting mass transfer. Furthermore, this method
was also adaptable to encapsulate other proteins and large-
sized E. coli, highlighting the generalization.

3.2 Enzyme®@Zn-MOF-74 biocomposites

Although it is possible to create defects in the mechanochemi-
cally synthesized enzyme@ZIFs, the pristine narrow pore aper-
ture dominates, posing challenges to mass transfer, especially
in an enzymatic reaction with a large-sized substrate. Therefore,
there is a need to develop another type of MOF with larger pore
sizes for enzyme immobilization. The Zn-MOF-74 is formed by
divalent metal zinc connected with 2,5-dihydroxy-1,4-benzene-
dicarboxylic acid, forming a three-dimensional structure with
one-dimensional channels.”** Compared to the ZIF series (ca.
3.4 A), it has larger pore channels (>14 A),* facilitating effective
mass transfer and allowing substrates access to the catalytic
sites of the interior enzyme while excluding larger proteases,
thereby protecting the internal enzyme molecules.

The feasibility to one-pot mechanochemical synthesis of
enzyme@Zn-MOF-74 was demonstrated in the work reported by

2 OO
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Fig. 5 Schematic illustration of the synthesis of CRL@ZIF-8 and CRL@Zn-MOF-74 by mechanochemical methods and their utility for the
enantioselective hydrolysis of (R,S)-naproxen methyl ester.>* Copyright 2023, Elsevier.
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Wei et al.,*® in which CAT was encapsulated within Zn-MOF-74
as it formed under ball milling after 15 minutes. It has been
verified that after incubation with protease K at pH 8.0, the
activity of the resulting CAT@Zn-MOF-74 remains at 96.7% of
that before incubation (the ratio of k.ps post-incubation to kops
pre-incubation). Based on this, Ozyilmaz et al. shortened the
milling time, achieving the mechanochemical synthesis of
a biocatalyst in just 2.5 minutes (Fig. 5).** The resulting
CRL@Zn-MOF-74 exhibits slightly higher activity with
a Michaelis constant (K;,,) value of 0.34 mM and a V;,,, value of
130.88 U mg™ ' compared to free Candida rugosa lipase (CRL)
(Km = 0.44 mM, Vo = 115 U mg 1), while CRL@ZIF-8 (K, =
0.76 MM, Vo = 25.86 Umg ') had a Vi, more than five times
lower than that of CRL@Zn-MOF-74. These results illustrate the
biocatalytic advantages conferred by the larger pore size of Zn-
MOF-74. Furthermore, the authors investigated the enantiose-
lective hydrolysis of naproxen racemic methyl ester using
CRL@Zn-MOF-74, and the results indicate that CRL@Zn-MOF-
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74 exhibits a higher enantioselectivity (E = 245) compared to
CRL@ZIF-8 (E = 136).

3.3 Enzyme@UiO-type MOF biocomposites

UiO-66,°° a zirconium-based MOF, exhibits chemical and
structural stability compared to Zn-MOFs. This enhanced
stability is attributed to the strong coordination bonds formed
between zirconium ions (Zr**) as hard Lewis acids and carbox-
ylic acid ligands as hard Lewis bases, providing good thermo-
dynamic stability.”® The inorganic unit of UiO-66 consists of
a secondary building unit (SBU) with a 12-connected ZrsO4(OH),
core, which is bridged by terephthalic acids, forming a face-
centered cubic lattice.®” This geometric arrangement of building
blocks contributes to the overall stability of the framework.
Furthermore, the surface chemical properties of UiO-66 can be
easily modified with different components by functionalizing
the terephthalic acid ligands. This not only can enhance the
interactions between MOFs and enzymes,*® but also facilitates
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(a) Schematic illustration of the mechanochemical approach for encapsulating an enzyme within UiO-66-NH,. (b) Schematic illustration

of the structural change of BCL@QUIO-66-NH, and BCL@ZIF-8.4¢ Copyright 2019, Springer Nature.
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the substrate adsorption by the MOF.** However, the liquid-
phase synthesis of UiO-66 generally requires the use of strong
acids, organic solvents, and elevated temperature conditions
that are often detrimental to enzyme stability.®*®* As a result,
current research predominantly focuses on enzyme immobili-
zation via post-synthesis infiltration methods® or surface
binding techniques,®®®® rather than encapsulating enzymes
during the in situ liquid-phase synthesis process.

The mechanochemical approach presents a promising solution
to these challenges by utilizing minimal solvent volumes in place
of harsh acids and organic solvents, and applying mild mechanical
forces instead of high temperatures. This methodology reduces the
potentially harmful factors that could compromise enzyme
activity. Wei et al. demonstrated the synthesis of enzyme@UiO-66-
NH, using a two-step mechanochemical method.*® In this process,
ethanol was introduced during the formation of MOF seeds,
initiating ball milling reactions to generate UiO-66-NH, seeds
without the enzyme. Subsequently, the enzyme and additional
MOF precursors were added without introducing further solvent
(Fig. 6a). By studying the effects of enzyme addition at various time
points, they identified that the optimal enzyme incorporation time
was after 2.5 minutes, which provided a balanced enhancement of
both activity and structural integrity. Notably, the two-step method
resulted in a more active composite catalyst compared to the one-
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step ball milling approach, with the observed rate constant (kops)
for BGL@UiO-66-NH, increasing from 2.8 x 10™*s ' t0 5.0 x 10™*
s~". The catalyst exhibited excellent stability under acidic condi-
tions (pH 6.0) and in the presence of proteases, maintaining its
activity without significant loss. This resilience is attributed to the
stability of UiO-66-NH,, which protects the encapsulated BGL
enzyme from protease degradation. In contrast, ZIF-8 lost its
protective effect under acidic conditions due to framework
collapse, leading to enzyme inactivation in the presence of prote-
ases (Fig. 6b). Furthermore, the mechanochemical method was
successfully extended to encapsulate enzymes of varying molecular
weights, including 270 kDa transglutaminase (Inv) and 105 kDa f-
galactosidase (B-gal), demonstrating the broad applicability of this
approach for enzyme immobilization.

Mechanochemistry not only facilitates the synthesis of
enzyme@MOF catalysts but also enables the co-immobilization
of multiple catalytic species within the same framework,
thereby facilitating cascade catalytic reactions. Wang et al. were
the first to develop a photobiocatalyst by encapsulating both
photosensitizers and wheat germ lipase (WGL) within the UiO-
67 framework.* In this approach, a precise amount of WGL, Zr,
clusters and photosensitizer-modified units (2,2'-bipyridine-
5,5-dicarboxylic acid, BPDC) were mixed and subjected to
mechanochemical milling at a frequency of 25 Hz for 90

%
Ball-rnlllng \’/ 3

- WGL@UiO-67-Ru/Cu -

Biological active

Ui0-67-Ru/Cu

Fig. 7

(a) Schematical representation of integrating both photosensitizers and wheat germ lipase (WGL) into UiO-67. (b) The principle of the

cross-dehydrogenation coupling reaction using the WGL@UIO-67-Ru/Cu photobiocatalyst.5* Copyright 2024, American Chemical Society.
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minutes, yielding the desired photobiocatalyst (Fig. 7a). The
loading amounts of both the photosensitizer and enzyme were
optimized to achieve the highest catalytic performance. The
optimal catalytic activity was obtained with a WGL loading of
200 mg g ' and photosensitizer-to-BPDC ratios of 1/2 and 1/3
(Ru and Cu photosensitizers: BPDC). The optimal photo-
biocatalyst of WGL@UiO-67-Ru/Cu can catalyze the cross-
dehydrogenation coupling of N-aryl-substituted tetrahy-
droisoquinoline (also known as asymmetric Mannich reaction)
through a photocatalytic-enzyme cascade mechanism, as sche-
matically presented in Fig. 7b. It exhibited excellent enantio-
selectivity, achieving an enantiomeric ratio of 85:15 and
demonstrated remarkable recyclability, retaining up to 88% of
its initial activity after ten catalytic cycles across a broad range
of substrates (up to 12 different substrates) in the asymmetric
Mannich reaction. Of note, this WGL@UiO-67-Ru/Cu photo-
biocatalyst maintained high crystallinity after ten catalytic
cycles, underscoring its structural stability.

4 Mechanochemical synthesis of
enzyme@COF and enzyme@HOF
biocomposites

4.1 Enzyme@COFs

Covalent organic frameworks (COFs) are a class of porous
materials composed of organic monomers linked by covalent
bonds.***¢ COFs exhibit metal-free biocompatibility and ultra-
stable covalent linkages, providing enzymes with a permeable,
enclosed environment that extends their catalytic activity in
biologically incompatible media.®* However, the synthesis of
COFs often requires harsh conditions, such as elevated
temperatures and strong acids, which can jeopardize enzyme
stability during the crystallization process.” Mechanochemical
methods, by minimizing solvent usage (e.g, acids, bases, and
organic solvents) and reducing reaction times, enable the acti-
vation of immobilized enzymes at room temperature. This
approach effectively addresses the trade-off between COF crys-
tallization and enzyme sensitivity.

Our group has developed a mechanochemistry-guided in situ
assembly strategy to construct enzyme@COF composites.® In this

organic linker 1
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method, three types of COFs-TpPa-1, TpPa-2, and TpBD-were used
to encapsulate cytochrome C (Cyt C). During the mechanochem-
ical synthesis, organic linkers and enzymes were combined with
trace amounts of organic solvent and deionized water to assist the
grinding process. The mixture was then ground at room temper-
ature at 550 rpm for 1 hour to obtain the enzyme@COF bio-
composites. In contrast, the solvothermal method, which requires
large volumes of solvent and heating at 120 °C for 3 days, was
found to be highly detrimental to enzyme viability (Fig. 8a). As
a result, Cyt C@TpPa-1 synthesized using the mild mechano-
chemical method (Cyt c@TpPa-1 (M), where M represents mech-
anochemical method) retained 81.8% of the biological activity of
the free enzyme (calculated as the ratio of K, for enzyme@COFs
to that of the free enzyme), while the biocomposites produced via
the solvothermal method (Cyt c@TpPa-1 (S), where S represents
solvothermal method) exhibited almost complete loss of activity
(Fig. 8b). To further demonstrate the versatility of this strategy, the
team also immobilized horseradish peroxidase (HRP) and lipase
(PS) using TpPa-1. However, the activities of HRP@TpPa-1 and
PS@TpPa-1 were relatively low, with PS@TpPa-1 exhibiting only
35.5% of the activity of the free enzyme.

Li et al. further optimized the synthesis protocol to further
improve enzyme@COF biocomposite formation.* To minimize
the impact of organic solvents on enzyme activity, they developed
a two-step synthesis method, successfully achieving enzyme@-
COF composites in just 5 minutes (Fig. 9a). In addition, the
authors highlighted that the metal ions present in enzyme@MOF
systems can interact unfavorably with the enzymes, causing
conformational changes that reduce their catalytic efficiency. In
contrast, the relatively weak interfacial interactions between
COFs and enzymes help preserve the enzymes' native structure.
Moreover, the activation effect of COF monomers on the encap-
sulated enzymes further enhances the catalytic activity of enzy-
me@COFs. For instance, lipase from Burkholderia cepacia (BCL)
encapsulated in COF-TpPa-TS exhibited 1.38 times the activity of
the free enzyme, and was 3.4 to 14.7 times more active than the
BCL@MOF counterparts (Fig. 9b).

4.2 Enzyme@HOFs

Hydrogen-bonded organic frameworks (HOFs) are supramo-
lecular crystals formed by discrete molecular units that are
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(a) Synthesis of the enzyme@COF biocomposites. (b) The bioactivities of free Cyt ¢, TpPa-1 (M), and Cyt c@TpPa-1 biocomposites

synthesized by the mechanochemistry method (Cyt c@TpPa-1 (M)) and solvothermal method (Cyt c@TpPa-1 (S)), respectively.®® Copyright 2022,

Cell Press.
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linked in an ordered manner through hydrogen bonding.”*”*
Compared to MOFs and COFs, HOFs offer the advantages of
more environmentally friendly synthesis conditions and higher
solvent processability. Due to these mild synthesis conditions,
HOFs have garnered increasing attention for the encapsulation
of enzymes using liquid-phase  assembly
approaches.”””* The concept of mechanochemical encapsula-
tion of guest molecules such as Pd nanoparticles within a HOF
has been validated by Liu's group recently.” The authors
synthesized various HOFs using mild mechanochemical
methods, including previously reported PFC-1, PFC-73-Cu, PFC-
76-NH, and complex topological structures like HOF-BTB and
HOF-11 as well as geometrically diverse connected frameworks
such as PFC-67, PFC-68, and PFC-69 that have not been reported
(Fig. 10). Computational models indicate that in solid-state
organic nanoparticle milling systems, intense collisions elevate
interfacial temperatures and lead to local supersaturation of
monomers, facilitating the transition from amorphous to
microcrystalline states through fragmentation, dissociation,
and recrystallization. Subsequently, HOF monomers were mil-
led with dispersed Pd nanoparticles (NPs) in minimal ethanol,
yielding PA@HOF composites under their respective pure HOF
conditions. The resulting composites exhibited advantages
such as structural stability, high catalytic activity, robust
stability, and excellent adsorption properties compared to Pd
NPs. These enhancements are attributed not only to the
protective role of the HOF but also to the synergistic effects
between the HOF and the substrates.

various

© 2025 The Author(s). Published by the Royal Society of Chemistry

It is anticipated that this mild HOF approach featuring
highly crystalline frameworks and considerable encapsulation
efficiency can be adaptable to mechanochemical synthesis of
enzyme@HOFs, although the feasibility has not been demon-
strated yet. Compared with covalent and coordination bonds,
hydrogen bonds are less stable, less directional, and more
susceptible to mechanical forces,”*”” making the preparation of
enzyme@HOFs more challenging. We proposed that the intro-
duction of large aromatic groups or synthons with multiple
hydrogen bonding sites into the molecular unit can effectively
strengthen the intermolecular interactions, thereby making the
HOFs more structurally predictable during mechanochemical
synthesis and enhancing the stability of the resulting
frameworks.

To provide a clearer comparison of mechanochemically
synthesized MOFs, COFs, and HOFs in enzyme immobilization,
Table 1 summarizes their respective advantages and disadvan-
tages, offering valuable insights for future research and appli-
cations. Enzyme@MOF materials exhibit notable benefits,
including short synthesis times, high crystallinity, and
enhanced enzyme stability. However, metal ions in MOFs can
impact the bioactivity of immobilized enzymes, and the most
explored MOF systems, such as ZIFs, demonstrate significant
acid instability, limiting their applicability in acidic environ-
ments. Mechanochemically synthesized enzyme@COF mate-
rials, such as TpPa-1, TpPa-2, and TpBD, stand out due to their
metal-free nature and excellent biocompatibility. Their cova-
lently bonded frameworks provide superior thermal and acid

RSC Mechanochem., 2025, 2, 336-350 | 345
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Fig. 10 Syntheses of HOFs and Pd@HOFs by the mechanochemical method.” Copyright 2022, Wiley-VCH.

Table 1 The advantages and disadvantages of preparing these three types of materials using mechanochemical methods

Enzyme@MOF

Enzyme@COF

Enzyme@HOF

Zif-8, Zif-90, Zn-MOF-74, UiO-66,
Ui0-67

Frameworks reported
for enzyme immobilization
via mechanochemistry

Main advantage(s) Short synthesis time, high

crystallinity; high protease stability

Main drawback(s) Metal ions have a certain impact on

enzyme bioactivity; poor acid
stability

stability, ensuring the long-term preservation of enzyme
stability and activity. Nevertheless, these systems face chal-
lenges, including extended synthesis times, the extensive use of
organic solvents, and the limited range of COFs currently
available for enzyme immobilization. Although there are no
reports of enzyme@HOF systems synthesized via mechano-
chemical methods, HOFs are gaining attention for their
hydrogen-bonded dynamic linkages, which enable environ-
mentally friendly synthesis conditions, short reaction times,
and high crystallinity. However, the weak intermolecular link-
ages of HOFs lead to structural unpredictability and inherent
instability, making enzyme@HOF systems fragile and limiting
their practical applications.

5 Summary and outlook

The integration of porous organic frameworks for enzyme
encapsulation opens promising avenues for developing multi-
functional biocatalysts, leveraging the structural robustness of
these frameworks to shield enzymes from denaturation under

346 | RSC Mechanochem., 2025, 2, 336-350

TpPa-1, TpPa-2, and TpBD

COF is metal-free and has good
biocompatibility; covalent bonds
offer high thermal and acid stability
Long synthesis time and high
organic solvent usage; limited COFs
available for immobilized enzymes

No mechanochemically synthesized
enzyme@HOFs reported yet

Short synthesis time, high
crystallinity, 100% atomic
utilization

HOF is inherently acid-unstable,
unsuitable for enzymes requiring
acidic conditions for catalysis

harsh conditions, such as acidic environments, organic
solvents, and elevated temperatures. Mechanochemical encap-
sulation techniques, compared to traditional liquid-phase
methods, offer an eco-friendly alternative characterized by
ultra-short synthesis times, minimal solvent requirements, and
high atomic economy. These methods also enhance biocom-
patibility with fragile enzymes, facilitating the formation of
biocomposite materials that are often challenging to achieve via
liquid-phase processes. Owing to its simple equipment and ease
of operation, mechanical milling is characterized by low
production costs. Moreover, it enables precise control over raw
material utilization, achieving high atomic efficiency with
minimal byproducts. These advantages position mechanical
milling as a standout technique in the field of industrial
material preparation, offering a viable and effective technolog-
ical pathway for large-scale industrial production. However,
critical challenges remain in optimizing these methodologies.

While mechanochemistry has been widely investigated for its
role in energy transformation, the precise interfacial interactions
between precursors (metal sources, ligand molecules) and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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enzymes during self-assembly are not yet fully elucidated.
Advanced time-resolved in situ spectroscopy techniques, including
X-ray absorption fine structure, Raman, and solid-state NMR
spectroscopy, offer valuable insights into these interactions. These
insights may aid in achieving controlled enzyme immobilization,
with the potential to finely regulate the spatial positioning of
enzymes within the host framework to enhance catalytic efficiency.

Although encapsulation markedly enhances enzyme
stability, the catalytic activity of encapsulated enzymes is often
reduced relative to their free counterparts, whether mechano-
chemical or liquid-phase encapsulation methods are used. This
limitation is largely due to diffusion barriers imposed by the
material's shell, which can hinder substrate access to encap-
sulated enzymes. While current frameworks largely depend on
their inherent porosity to mitigate this effect, the potential of
surface or internal pore functionalization has been underex-
plored. Rational modification of surface and pore channels with
specific hydrophilic and electrostatic sites may help accumulate
catalytic substrates, potentially enhancing enzymatic reactions.
Importantly, the flexible conformation of enzymes is sensitive
to mechanical forces, necessitating careful control of parame-
ters such as milling power and time to prevent structural
damage during mechanochemical encapsulation. Additionally,
the introduction of suitable buffering agents or other solutions,
that can help stabilize enzymes by facilitating hydration shell
formation, may reduce the risk of denaturation.
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