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Through encapsulating functional materials, metal-organic framework (MOF) composites show
extraordinary potential in various fields due to the excellent synergistic effects between the host and
guests. However, many attractive functional species, such as enzymes, could be easily damaged during
the synthesis of MOF composites. Herein we report a new strategy, namely pressure-induced-
stimulated-aging (PISA), in which crystalline MOFs were pressure-treated to induce partial disorder in
MOF structures, followed by a recrystallization process to encapsulate enzymes into MOF crystals. The
encapsulated enzymes were trapped in the overlap between MOF particles or on the surface of MOFs.
Such reversible phase transition avoided high temperature, high ionic strength, strong acid/base
conditions, etc., which was suitable for many types of enzymes. Different enzymes can not only be
trapped into ZIF-8, but also into other stable MOFs such as Mg-MOF-74, UiO-66, UiO-66-NH,, MIL-
53(Al) and MIL-53(Fe). After optimizing the experimental conditions, Glucose Oxidase (GOx)/UiO-66-WV
exhibited similar activity compared to free enzymes. In addition, GOx/UiO-66-WV and GOx/MIL-53(Fe)-
WV composites can retain more than 90% of the enzymatic activity after treatment with protease. This
strategy will pave a new way for designing MOF composites and exploring further applications in various
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Introduction

Metal-organic frameworks (MOFs) have shown potential
applications in gas separation and storage due to their regular
microporous structures.™ The rich and adjustable pore envi-
ronment of MOFs has expanded their applications in catalysis,*
biomedicines,*® sensors,*® etc. Additionally, through the
combination of functional guest materials, MOF composites
can obtain new properties that MOFs or guest materials do not
have.”™* In recent years, the encapsulation of functional mate-
rials into MOFs has become a sophisticated approach to obtain
multifunctional MOF composites.”>** For example, owing to the
synergy between the catalytic capability of platinum nano-
particles (Pt NPs) and size-selectivity of the ZIF-8 shell, the
hybrid Pt/ZIF-8 catalysts exhibited excellent size-selectivity for
hydrogenation of olefins.”* The prepared MIL-101(Fe*", Cr*")
@Pt@MIL-101(Fe*", Cr**) with “sandwich” structures encapsu-
lated Pt NPs in MOF interlayers and showed increased selec-
tivity for the hydroconversion of citronellal to citronellol,
mainly due to the combination of the catalytic sites on Pt NPs
and high selective adsorption of C=0 double bonds on metal
sites from MOFs.'® A series of antitumoral and retroviral drugs
enclosed into iron(u) based MOFs have shown potential appli-
cations in bio-imaging.”” These studies mentioned above
showed an improvement in MOF properties after combination
with functional materials.

Recently, enzyme@MOFs has gained extensive attention due
to the attractive combination of stereoselective catalytic sites of
enzymes and accessible porosity of MOFs.**?° Traditional
methods for preparing MOF composites usually involve high
ionic strength and high temperature, and are prone to lose part
or most of the enzyme activity during the synthesis of MOF
composites.’>**>* Ma's group used the infiltration encapsula-
tion strategy to restrict enzymes in MOF structures.> They
focused on the loading of enzymes into mesoporous MOFs to
boost the recyclability of enzymes. However, this strategy
required the cage of MOFs to perfectly match the size of
enzymes.'® To overcome this challenge, the biomimetic miner-
alization method>>*® and coprecipitation method*”*® have been
explored to coat enzymes with MOF shells during the synthesis
of MOF composites, which could encapsulate enzymes with
different sizes. However, this strategy is only suitable for ZIF-
based MOFs and usually involves a specific concentration of
metal ions and organic ligands, which may negatively impact
the biological activity of enzymes.?® Recently, a fast ball-milling
strategy®® of encapsulating B-glucosidase, invertase, p-galacto-
sidase and catalase into stable MOFs such as UiO-66-NH, has
been developed by Tsung's group. The synthesized composites
maintained the enzyme activity after treatment with protease in
an acidic environment. Undesirably, this method involved
a trace of organic solvents and organic ligands, which may affect
the activity of enzymes during the synthetic process. Although
there are many reports about the fabrication of enzyme@MOFs
composites, two main challenges which cannot be overlooked
have been listed here. The first one is how to achieve a balance
between high actively immobilized enzymes and various types
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of MOF substrates by a simple method. The second one is to
understand the interactions between enzymes and MOFs after
enzyme encapsulation, which is critical for the development of
enzyme/MOF composites.

Previous research studies have shown that mechanical force
can cause phase transformations of MOFs.>'** If functional
materials are not pressure sensitive, they might be trapped in
MOF matrices during the phase transformation of MOFs
without any damage.*® Herein, we propose a strategy to encap-
sulate enzymes into MOF structures through pressure-induced
MOF phase transition and post-stimulated crystalline aging
(Scheme 1), named pressure-induced-stimulated-aging (PISA).
Enzymes were premixed with MOFs by applying a certain
amount of mechanical pressure to transform MOFs into
partially disordered MOFs. Then, by exposing them to water
vapor, the enzymes/partially disordered MOFs could be con-
verted to the enzyme/MOF composites. 5 min ball-milling was
employed on MOFs to activate the surface of MOF particles.***”
PISA has three advantages. Firstly, the overall encapsulation
process occurred during the reversible phase transition of
MOFs without involving any harsh conditions and the water
vapor stimulated aging process is applicable to many sorts of
enzymes. Secondly, nanoparticles were used to replace enzymes
to explore the encapsulation mechanisms and figure out the
possible position of enzymes encapsulated in MOFs. Combined
with molecular dynamics simulations and control experiments,
the interactions between enzymes and MOFs were clearer,
which provided a research model for the regulation of the
activity of enzymes. Thirdly, enzymes@MOFs composites
prepared by PISA can preserve the activity of enzymes after
treatment with protease, which may have potential application
in bio-therapy, biological cascade reaction and biosensing.

Experimental section
Materials and measurements

Commercial ZIF-8 was purchased from Sigma-Aldrich (ACS
grade). MIL-53(Al) and MIL-53(Fe) were purchased from HWRK.
Glucose oxidase (GOx) from Aspergillus niger was bought from
J&K Chemical. Peroxidase from horseradish (reagent grade)
(HRP) was purchased from Solarbio. Cytochrome C (Cyt C) was
purchased from Konoscience. Bradford solutions were
purchased from Beyotime Biotechnology. Phosphate buffered
saline (1x) was purchased from Shanghai Yuanye Biotech-
nology Co., Ltd. Glucose was purchased from Sinopharm
Chemical  Reagent Co., Ltd.  2,2’-azino-bis(3-ethyl
benzothiazoline-6-sulfonic acid) diammonium salt (ABTS) was
bought from MyBioScience. All the other reagents were
purchased from Sigma-Aldrich and used without further
purification.

Fabrication of enzyme/MOF composites

Preparation of GOX/MOF composites. 5 mg GOx and 95 mg
of 5 min premilled MOFs (ZIF-8 or UiO-66 or MIL-53(Fe) or MIL-
53(Al)) were mixed thoroughly and ground. 20 mg of GOx/MOFs
was pressed using a T69YP-15A tablet machine. The dry
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MOF Composntes

Partially Dlsordered MOFs

Scheme 1 Schematic illustration of the pressure-induced-stimulated-aging (PISA) process of preparing MOF composites.

powders were subject to an average pressure of 91 MPa (9 tons,
13 mm diameter pellet die, the pressure used to prepare GOx/
ZIF-8-WV was 273 MPa) for 5 min. GOx/MOFs-WV was
prepared by exposing pellets to water vapor at room tempera-
ture for 72 h.

Enzymatic activity of GOx/MOF composites. 1 mg of GOx/
ZIF-8-WV or 0.2 mg of GOx/UiO-66-WV or 0.2 mg MIL-53 (Al)
or 0.2 mg MIL-53 (Fe) was put into pH 7.4 PBS of 0.5 mM 2,2’
diazo-bis-3-ethyl benzothiazoline-6-sulfonic acid (ABTS) with 10
uL of HRP (1 mg mL™"). 10 pL of glucose (1 M) was added to
ensure that the concentration of glucose was 100 mM. The
activity of samples was measured using a microplate reader at
415 nm and compared with that of the free enzymes. For the
enzymatic activity of free enzymes, the experimental procedures
were the same as those above except that the amount of free
enzymes was 10 pg.

Michaelis-Menten constants of GOx, GOx/UiO-66-WV and
GOX/MIL-53(Fe). 0.2 mg of GOx/UiO-66-WV or 0.2 mg of GOx/
MIL-53 (Fe)-WV or 10 pg of GOx was put into pH 7.4 PBS of
0.5 mM 2,2'-diazo-bis-3-ethyl benzothiazoline-6-sulfonic acid
(ABTS) with 10 pL of HRP (1 mg mL™"). 10 uL of glucose with
different concentrations was added to ensure that the concen-
tration of glucose was 1, 2, 5, 10, 50, and 100 mM. The activity of
samples was measured using a microplate reader at 415 nm.
The Michaelis-Menten constant was calculated by non-linear
fitting of the initial reaction rate with substrate concentration
according to the Michaelis-Menten equation.

Preparation of BGL/UiO-66 composites. 3 mg of BGL and
20 mg of UiO-66 premilled for 5 min were mixed thoroughly and
ground. The mixture was pressed using a T69YP-15A tablet
machine. The dry powder was subject to an average pressure of
91 MPa (9 tons, 13 mm diameter pellet die) for 5 min. BGL/UiO-
66-WV was prepared by exposing pellets to water vapor at room
temperature for 72 h.

Enzymatic activity of BGL/UiO-66 composites. 0.2 mg of
BGL/UiO-66-WV was put into 100 pL pH 6.0 citric acid buffer (20
mM). Then, 100 pL of 4-nitrophenyl B-p-glucopyranoside
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(pPNPG, =98%) (4 mM) was added to ensure that the concen-
tration of pNPG was 2 mM. The activity of samples was
measured using a microplate reader at 405 nm and compared
with that of the free enzymes. For the enzymatic activity of free
enzymes, the experimental procedures were the same as those
above except that the amount of free enzymes was 10 pg.

Enzymatic activity of GOx/MOFs-WV after 24 h treatment
with protease. 1 mg of GOx/ZIF-8-WV or 0.2 mg of GOx/UiO-66-
WV or 0.2 mg of MIL-53 (Al) or 0.2 mg of MIL-53 (Fe) was treated
with 1 mg mL™" protease at 40 °C for 24 h, with the rotation
speed of the shaker being 120 rpm. After reaction, the solution
was then poured out and 10 pL of glucose (1 M), ABTS and 10 pL
of HRP (1 mg mL~ ') was added to ensure that the concentration
of glucose was 100 mM. The activity of samples was measured
using a microplate reader at 415 nm and compared with that of
the free enzymes. For the enzymatic activity of free enzymes, the
experimental procedures were the same as those above except
that the amount of free enzymes was 10 ug.

Condition optimization for the preparation of GOx/MOF
composites and activity testing. 1 mg GOx and 19 mg UiO-66
were mixed thoroughly and ground. GOx/UiO-66-W was
prepared by adding 50 pL water to accelerate the aging of
pressed enzyme/MOF composites and kept at 4 °C for 24 h. GOx/
MIL-53(Fe)-W was prepared by a similar method. The best way
to prepare GOx/UiO-66-WV is to put the pressed samples on the
mould with a cover (such as an umbrella) to avoid water contact.
The loadings of GOx in GOx/UiO-66-W, GOx/MIL-53(Fe) and
GOx/UiO-66-WV (best conditions) were 4.1%, 3.5% and 4%,
respectively. 0.25 mg of GOx/UiO-66-WV (best conditions) or
0.25 mg of GOx/UiO-66-W or 0.29 mg of GOx/MIL-53(Fe)-W was
put into 100 pL of pH 7.4 PBS of 0.5 mM 2,2'-diazo-bis-3-ethyl
benzothiazoline-6-sulfonic acid (ABTS) with 10 pL of HRP
(1 mg mL™"). 10 pL of glucose (0.5 mM) was added to ensure
that the concentration of glucose was 100 mM. The activity of
samples was measured using a microplate reader at 415 nm and
compared with that of the free enzymes. The enzymatic activity
was measured as the slope of time versus absorption.
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Recycling experiments for GOx/Ui0-66-WV. 0.25 mg of GOx/
UiO-66-WV (best conditions) was put into 100 pL of pH 7.4 PBS
of 0.5 mM 2,2'-diazo-bis-3-ethyl benzothiazoline-6-sulfonic acid
(ABTS) with 10 pL of HRP (1 mg mL™*). 10 pL of glucose (0.5
mM) was added to ensure that the concentration of glucose was
100 mM. The activity of samples was measured using a micro-
plate reader at 415 nm and compared with that of the free
enzymes. The enzymatic activity was measured by the slope of
time versus absorption. After completion of the reaction, the
catalysts were centrifuged rapidly and washed with water
several times. Then the samples were used to continue another
cycle.

Results and discussion

In order to demonstrate the concept of PISA, the processes of
pressure-induced disorder***® and solvent-stimulated aging of
MOFs?*® were studied first. Different kinds of MOFs, such as ZIF-
8, ZIF-67(Co), HKUST-1 and Mg-MOF-74, can be transformed
into partially disordered MOFs by mechanical pressure or
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assisted by ball-milling. All the disordered MOFs can be
recrystallized into crystalline structures stimulated by water
vapor or organic solvents (Fig. S1-S1471). The study of this
process served as a basis for enzyme encapsulation.

As a proof of concept, the procedure of the PISA for pristine
MOFs was demonstrated by ZIF-8 nanocrystals. First, 10 mg of
activated ZIF-8 was ground and transferred into a 13 mm pellet
die, and then a certain amount of mechanical pressure (0-1364
MPa) was applied. The effect of compression stress on the
crystal structure has been systematically studied. The crystal
structure, morphology and porosity of ZIF-8 were characterized
by powder X-ray diffraction (PXRD), scanning electron micros-
copy (SEM) and Brunauer-Emmett-Teller (BET), respectively
(Fig. 1a-d and S1-S57). The characteristic diffraction peaks of
ZIF-8 merged into a broad peak at 1364 MPa (Fig. 1a). The loss
of crystallinity and porosity for pressed ZIF-8 has been deter-
mined by electron paramagnetic resonance (EPR)*® and BET,
which was around 75% and 70%, separately (Fig. 1b and S5 and
S61). With increasing pressure, the packing density of the
pressed ZIF-8 was also increased with few vacancies (Fig. 1c and

2.5
o
Ez,u. —s— Commercial ZIF-8
= —o— 1364 MPa
©25. —— water vapor for 3 days
g —v— water solvents for 3 days
o
= 1.0
2
3
> 0.5
T
0.0
10 15 20 25 30 35 40
Pore Width (nm)

Fig.1 (a) PXRD patterns of simulated ZIF-8, commercial ZIF-8, and ZIF-8 under high pressure (1364 MPa), before and after recovery (water vapor
or water at 25 °C for 3 days). (b) Pore volume analysis of commercial ZIF-8, and ZIF-8 under high pressure (1364 MPa), and after recovery (water
vapor or water at 25 °C for 3 days). (c) SEM image of ZIF-8 at low pressure (91 MPa). (d) SEM image of ZIF-8 at high pressure (1364 MPa). (e) SEM
image of disordered ZIF-8 recovered in water vapor. (f) SEM image of disordered ZIF-8 recovered in water (scale bars: 2 um).
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d and S21). Low compression loading only induced partial
assembly of ZIF-8 NPs (Fig. 1c), while high compression loading
resulted in the formation of tightly packed disordered ZIF-8
particles (Fig. 1d). All of this confirms that most of the ZIF-8
has been transformed into partially disordered ZIF-8 with
compression loading of 1364 MPa.

Pressed ZIF-8 can be recrystallized in different solvents, such
as water and methanol. Accordingly, water was chosen as the
recovery solvent to gradually repair partially disordered MOFs.
The prepared pressed ZIF-8 pellets (1364 MPa) were individually
exposed to saturated water vapor or immersed in water for 3
days at 25 °C to recover the crystal structure. As expected, the
crystallinity of ZIF-8 was reproduced as indicated by PXRD and
SEM measurements. The characteristic and sharp Bragg peaks
of the two samples centered at 12.7° and 18.07° appeared again
after recovery, which could be ascribed to the (211) and (222)
facets of ZIF-8 (Fig. 1a). Another four weak Bragg peaks centered
at 14.7° (220), 16.5° (310), 24.5° (332) and 26.7° (510) also
emerged. The Bragg peaks of both recovered ZIF-8 pellets were
broader than but identical to those of the pristine ZIF-8 nano-
crystals, indicating that partially disordered ZIF-8 was recrys-
tallized under both treatments. Nevertheless, long time water
treatment may induce the pressed ZIF-8 to transform into non-
porous diamondoid (dia)-ZIF and ZIF-COs;-1 structures®™*' as
reflected by PXRD (Fig. 1a and S71), BET (Fig. 1b and S87) and
SEM (Fig. 1f and S91). To further accelerate the conversion of
disordered ZIF-8 into the crystalline one, 2-methyl imidazole/
aqueous solvent was utilized because it could stabilize the
structure of ZIF-8 and avoid further phase transition of ZIF-8
into other ZIF structures (Fig. S7 and S97). In addition, meth-
anol showed better performance in the recovery of disordered
ZIF-8 structures (Fig. S7 and S10-S127).

A significant surface morphology change was observed
between the pressed and recrystallized ZIF-8 (Fig. 1c-f, S9, S11
and S121). As compared to the disordered sample, polyhedral
nanocrystals with varied sizes were found in both recovered
samples. The surface area of pressed ZIF-8 and ZIF-8 aged in
water or water vapor showed negligible differences (Fig. S8t).
However, the pore volume of pressed ZIF-8 after water (water
vapor) treatment increased from 0.42 cm® ¢~ nm ™" to 0.60 cm®
g ' nm~" (Fig. 1b). By treating pressed ZIF-8 with methanol
solvent, around 76.3% of the porosity was recovered (Fig. S107).
The above experimental results jointly prove that the phase
transition of disordered ZIF-8 can be triggered under the stim-
ulation of different solvents.

In many reports, enzymes are relatively stable upon appli-
cation of high mechanical pressure, which is also confirmed by
our experiments. After applying the highest axial pressure for
5 min, the pellet machine can provide 5 mg GOx, and the
enzyme activity remained almost the same as that of the free
enzymes (Fig. S15t). Similar experimental results were also
obtained for horseradish peroxidase (HRP) and cytochrome C
(Cyt C) (Fig. S15%). The circular dichroism (CD) spectra of
enzymes showed that the conformation of enzymes was main-
tained after the application of mechanical pressure (Fig. S167).
The results implied that such mechanical pressure had little
impact on the activity of enzymes and may be a useful tool for

This journal is © The Royal Society of Chemistry 2022
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the encapsulation of enzymes. Hence, in the process of PISA for
the encapsulation of enzymes in MOFs, enzymes were mixed
uniformly with MOFs. After compressing them together under
a certain pressure, the enzymes were entrapped in the gaps
between the MOF particles and the crystal structures of MOFs
were destroyed partially due to mechanical pressure. These
pressed composites were then recovered with water vapor at
25 °C, in which enzymes were trapped in the overlap of MOF
particles or close to the surface of MOF particles during the
dynamic coordination bond rearrangement and self-healing
process of MOFs.

To further optimize and deeply understand the whole PISA
encapsulation process, several key factors should be considered
that may influence the encapsulation of enzymes into MOFs.
Taking commercial ZIF-8 encapsulating GOx as an example, one
factor should be the interactions between enzymes and MOFs.
Commercial ZIF-8 (19.33 mV) was positively charged, while GOx
was negatively charged (—10.91 mV). The enzyme and MOFs
might be adsorbed together due to electrostatic interaction.>
While in the first step of PISA mixing process, the enzyme was
fully adsorbed on the surface of MOFs and therefore favored the
package of enzymes (Fig. S177).

As we know, it is not easy for commercial ZIF-8 to disperse in
water, which means the hydrophobic surface of commercial
ZIF-8 will impede the adsorption of enzymes and lead to the low
loading of enzymes. To enhance the interactions between
enzymes and ZIF-8, ball-milling strategy was adopted to induce
some defects on the surface of ZIF-8.>*»* After mixing 19 mg
ZIF-8 that was premilled for 5 min with 1 mg GOx, the loading of
GOx increased from 0 to 0.64% after washing with a large
amount of water (the highest theoretical loading of GOx was
5%) (Fig. 2a). By pressing the mixers (grinding 19 mg ZIF-8 that
was premilled for 5 min with 1 mg GOx) under 91 MPa and
aging them into 1 mL water for 24 h, around 1.24% GOx was
trapped in ZIF-8. In contrast, only 0.89% of GOx was loaded on
ZIF-8 when the premilled process was not involved (Fig. 2a). The
loadings of enzymes were determined by Bradford method
(Fig. S18t). All of these prove that the 5 min milling (zeta
potential for ZIF-8 premilled 5 min was 18.81 mV) can facilitate
the interactions between ZIF-8 and GOx, thus enhancing the
loading of enzymes in ZIF-8 by PISA strategy.

Secondly, mechanical pressure also plays a significant role in
the process of encapsulation. Mechanical pressure provided
higher internal stress, which accelerated the assembly and
aging of ZIF-8 particles. To make our method milder, water
vapor (WV) replaced water to finish the following experiments.
After milling ZIF-8 for 5 min first, different pressure (91 MPa,
273 MPa and 1364 MPa) was introduced to analyze the effect of
pressure on encapsulation. Under low pressure (91 MPa) or high
pressure (1364 MPa), 20 mg of the mixture were recovered to
obtain restored products, GOx/ZIF-8-WV. Unfortunately, the
loading of enzymes was quite low as the high pressure blocked
the solvents to infiltrate into the inner side of ZIF-8 pellets (0%
for 1364 MPa) and the low pressure was not strong enough to
assemble ZIF-8 particles and enzymes (0.47% for 91 MPa)
(Fig. 2b). Through constant fine-tuning of pressure, we gladly
found that the loading of enzymes was improved to around

J. Mater. Chem. A, 2022, 10, 19881-19892 | 19885
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Fig. 2 Exploration of the several factors influencing the encapsulation of enzymes. (a) Loadings of enzymes adsorbed on ZIF-8 with or without
premilling treatment. The loadings of enzymes adsorbed on ZIF-8 with or without premilling through PISA after soaking in water for 24 h. (b)
Loadings of enzymes in ZIF-8 through PISA with different pressures. (c) Loadings of enzymes in ZIF-8 through PISA with different stimulated
solvents. (d) Loadings of enzymes in ZIF-8 through PISA with different premilling time.

1.05% at 273 MPa (Fig. 2b). This process unravels that only
suitable pressure (not only suitable for encapsulation but also
conductive to the penetration of solvent molecules) will benefit
the encapsulation of enzymes.

Thirdly, stimulated solvents are also significant to the
encapsulation of enzymes. Water or various organic solvents
(methanol, DMF, etc.) have been used to synthesize MOFs** and
recover MOF crystal structures. During the encapsulation of
enzymes, organic solvents and organic salts may negatively
impact the activity of enzymes according to previous work.>***~*”
By contrast, water is mild and gentle for enzymes. In order to
protect enzymes' active sites, water vapor recovery strategy was
employed to recover the MOF crystal structures. After pressing
the GOx and premilled ZIF-8 at 273 MPa, GOx/ZIF-8-X (X = WV,
methanol solvents (MS), 2-methyl imidazole/water (MW)) was
prepared. The loading of GOx in ZIF-8 recovered by water vapor
was 1.05% (Fig. 2¢), much higher than the GOx/ZIF-8 recovered
under other conditions (0% for GOx/ZIF-8-MS and 0.1% for

19886 | J. Mater. Chem. A, 2022, 10, 19881-19892

GOX/ZIF-MW). The superior loading was brought about by the
infiltration of water molecules into ZIF-8 pellets and the accel-
eration of enzymes coordinating with unsaturated Zn clusters,*
which greatly enhanced the interactions between enzymes and
ZIF-8. However, the methanol solvents and 2-methyl imidazole
solution tended to accelerate the dissolution and regrowth of
ZIF-8 particles themselves®* (Fig. S191) instead of growing
around enzymes, resulting in the unsatisfactory loadings. As
a result, water vapor was supposed to be the best solvent to
stimulate the aging of MOF particles for the enzyme encapsu-
lation. Compared with traditional strategy, PISA strategy is quite
mild for it avoids the use of organic solvents, large amounts of
metal ions and organic ligands during enzyme encapsulation in
MOFs.

The fourth important factor is the degree of disordered
MOFs. Amorphous ZIF-8 (aZIF-8) was prepared by milling ZIF-8
under 30 Hz for 99 min. Through mixing aZIF-8 with GOx,
pressing (273 MPa) and recovering it in water vapor, the loading
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of enzymes in ZIF-8 after aging in water vapor was 0% (Fig. 2d).
By replacing aZIF-8 with ZIF-8 premilled for 10 min, the loading
amount was improved to around 0.52%. The same data wit-
nessed a further increase to around 1.05% when decreasing the
milling time to 5 min (Fig. 2d), exhibiting 10.9% activity of free
enzymes. This was probably caused by the mismatching of zeta
potential between aZIF-8 (—1.42 mV) and GOx (—10.91 mV). As
for ZIF-8 premilled for different lengths of time, ZIF-8 premilled
for 5 min had a positive zeta potential (18.81 mV) while ZIF-8
premilled for 10 min had a negative zeta potential (—0.07
mvV), which might improve the loading of enzymes encapsu-
lated in ZIF-8. In addition, aMg-MOF-74 was also chosen to mix
with GOx, and encapsulate it under pressure. After three days of
water vapor treatment, the loading amount of GOx was about
2.05% with no enzymatic activity being observed (Fig. S207).
However, when using PISA, the loading of the encapsulated GOx
was 3.66% and the activity of GOx was retained (6.9% activity of
free enzymes) in GOx/Mg-MOF-74-WV. The comparison sug-
gested that aMOFs were unfavorable for the encapsulation of
certain enzymes (Fig. S20t). During the process of water vapor
recovery, aMg-MOF-74 could release a large number of

View Article Online
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uncoordinated metal ions and ligands, resulting in enzyme
inactivation. According to the above results, the process of
using aMOFs and repairing them with water vapor is unfavor-
able for the encapsulation of GOx.

Based on the above study, the encapsulation of GOx in ZIF-8
can be improved by combining rapid ball milling with low
pressure assisted water vapor stimulated recovery. The phase
transition, and encapsulation process of GOx/ZIF-8-WV through
the PISA strategy can be demonstrated by SEM, transmission
electron microscopy (TEM), PXRD and laser confocal micros-
copy. The SEM images of pressed GOx/ZIF-8 showed the
morphology of assembled ZIF-8 particles. Compared to the
pressed GOX/ZIF-8, polyhedral nanocrystals with varied sizes
were found in GOX/ZIF-8-WV samples, which indicated the
aging of ZIF-8 particles (Fig. 3a-d). The crystal phase of GOx/
ZIF-8-WV was changed as indicated by PXRD, which featured
a mixed phase structure involving ~94% phases of ZIF-COs-1
and ~6% ZIF-8 (ref. 39-41) (Fig. S19%). In order to prove the
successful encapsulation of GOx, fluorescein isothiocyanate
(FITC)-labeled GOx was prepared and found to evenly distribute
in the ZIF-8 matrix after PISA treatment while the mixture of

Fig. 3 Characterization of GOx/ZIF-8-WV.** (a) SEM image of pressed GOx/ZIF-8 (scale bar: 1 um). (b) SEM image of GOx/ZIF-8-WV (scale bar: 1
um). (c) TEM image of pressed GOx/ZIF-8 (scale bar: 100 nm). (d) TEM image of GOx/ZIF-8-WV (scale bar: 100 nm). (e) Laser confocal fluo-
rescence microscopy imaging of the FITC-GOx/ZIF-8-WV (scale bar: 50 um). (f) 3D reconstruction of laser confocal fluorescence microscopy
imaging of the FITC-GOx/ZIF-8-WV. (g) Laser confocal fluorescence microscopy imaging of the FITC-GOx/ZIF-8-WV (scale bar: 5 um). (h) Laser
confocal fluorescence microscopy imaging of the FITC-GOx-on-ZIF-8 (scale bar: 10 um).
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ZIF-8 particles with FITC-labeled GOx was observed to adsorb
on the surface of ZIF-8 (Fig. 3h), which also corresponded to the
results of the three-dimensional (3D) reconstruction confocal
microscope graph (Fig. 3e-g). According to the above experi-
mental results, GOx was encapsulated inside the crystalline ZIF-
8 matrix through the PISA strategy.

The PISA strategy can be used to encapsulate not only GOx
but also other enzymes such as HRP and Cyt C in ZIF-8. Owing
to the hydrophobic environment of ZIF-8, it may perturb the
tertiary structure of enzymes and inhibit the transport of the
substrate.”® During this study, we found that HRP/ZIF-8-WV
exhibited 0.99% loading capacity and preserved 27.6% of the
activity of the free enzymes when it was stored in a trace amount
of aqueous solution (Fig. 4a). Compared with Cyt C, after the
encapsulation by PISA, Cyt C/ZIF-8-WV had a high loading
capacity of about 4.78%, and 79% of the free enzyme activity
remained after being encapsulated into ZIF-8 (Fig. 4a). Partial
crystals of HRP/ZIF-8-WV and Cyt C/ZIF-8-WV were transformed
from ZIF-8 to ZIF-CO;-1 (Fig. S191). The above experiments
confirm that PISA is a general strategy for the loading of
different enzymes into MOFs.

The PISA strategy can also be applied to other types of MOFs
and realize the encapsulation and protection of enzymes. UiO-
66, MIL-53(Al), and MIL-53(Fe) all have larger apertures
compared to ZIF-8, which promise them to be desirable hosts
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for substrates’ transportation. GOx was then encapsulated into
Ui0-66, MIL-53(Al) and MIL-53(Fe) by PISA and the loadings of
enzymes were much higher than the loading of enzymes in ZIF-
8 (Fig. 4b). For most MOFs, premilling treatment for 5 min
boosted their loadings of enzymes while preserving their crystal
structures (Fig. S211). The loadings of enzymes in UiO-66, MIL-
53(Al) and MIL-53(Fe) were around 4.86%, 4.7% and 4.55%,
respectively (Fig. 4b). The crystal phases of UiO-66, MIL-53(Al)
and MIL-53(Fe) changed a little due to crystal coarsening after
the loading of enzymes, as reflected by the PXRD patterns and
SEM images (Fig. S22 and S23t). It was found that the activity of
MOFs loaded with GOx was lower than that of the free enzymes
(22.7% and 26.9% that of the free enzymes for GOx/UiO-66-WV
and GOx/MIL-53(Fe)-WV (Fig. 4c)). The activity difference
between GOx/MOF composites may be ascribed to the effects of
the metal-cluster in MOFs* and MOF topologies. The Michae-
lis-Menten constants of GOx, GOx/UiO-66-WV and GOx/MIL-
53(Fe)-WV were determined. Compared to the K, of free
enzymes (1.72 mM), GOx/UiO-66-WV and GOX/MIL-53(Fe)-WV
showed higher K, (11.82 mM and 5.99 mM), suggesting that
the mass transfer was affected by the encapsulation (Fig. S24-
S261).

In order to further verify the universality and moderation of
our strategy, B-glucosidase (BGL) has been encapsulated into
UiO-66 by PISA. The results were analytically compared with
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those from the ball milling encapsulation strategy.** The
loading of BGL in UiO-66 was around 4.56% and the crystal
structures were preserved well after the loading of enzymes
(Fig. S22t). About 25.5% of the activity from BGL/UiO-66-WV
was well maintained after encapsulation (Fig. 4a and S2771).
While BGL was packaged by ball milling, it could only maintain
about 5% (5 x 10~ * s™* for BGL@UiO-66-NH, and 1.0 x 10>
s~ for free BGL) of the enzymatic activity compared with that of
the free enzyme. This proves that our method is milder and
universal for enzyme encapsulation. To make our method more
repeatable and efficient, several factors such as particle sizes of
MOFs, pressure for the synthesis of enzyme/MOF composites,
aging time, preparation process and electrostatic properties
matching for the MOFs and enzymes have all been researched
(Fig. S28-S32 and Movie S17). The recovery time can be short-
ened to 24 h by adding 50 pL water to the pressed enzymes/
MOFs (Fig. S321), which can accelerate the aging process. It
was surprising that GOx/UiO-66-WV exhibited 95% relative
activity compared to native GOx at the same protein concen-
tration when it was aged in a top covered mould to avoid coming
into contact with condensed water (Fig. S32t). This means that
the recovery condition is the most important for preparing
enzyme/MOF composites with high activity. In addition, GOx/

View Article Online
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UiO-66-WV can still maintain ~50% relative activity after 3
cycles which proved the stability of GOx/MOF composites
prepared by PISA (Fig. S327).

To investigate whether MOF structures could prevent the
enzymes from being attacked by enzyme inhibitors, free GOx
and GOX/MOFs-WV were immersed in 1 mg mL ™" protease
solution for 24 h at 40 °C, respectively. For most GOX/MOFs-WV,
their enzyme activity slightly decreased after poisoning, prob-
ably due to the adsorption of a small number of enzymes on the
surface. Meanwhile, most of them maintained more than 70%
of the original activity except GOx/ZIF-8-WV (40% of the original
activity after poisoning) (Fig. 4d). In particular, GOx/UiO-66-WV
and GOx/MIL-53(Fe)-WV barely lost their activity after protease
treatment (99% and 94%). For free enzymes, the activity they
retained was only 22.7% of their original value. The results
strongly evidence that the PISA strategy can not only maintain
high activity of enzymes but also protect enzymes reliably.

In the process of enzyme encapsulation through PISA, we not
only focus on the encapsulation of enzymes, but also pay more
attention to the encapsulation mechanisms. How do MOFs
encapsulate the enzymes in this system and realize the protec-
tive effect? Based on previous experiments, two packaging
mechanisms have been predicted as below. The first

Fig.5 HAADF STEM and 3D reconstruction TEM images of 13 nm Au/ZIF-8-WV. (a—c) Representative HAADF-STEM images (—55°, 0° and 64°)
captured from the video with a series of tilting angles for the Au/ZIF-8-WV sample taken with a 1° tilt increment step from —55° to 64°. The scale
bar on the images is 250 nm. (d—f) Representative 3D reconstruction HRTEM images (0°, 90° and 180°) captured from the video for Au/ZIF-8-WV
and (g—i) position of Au NPs; the scale bar in the images is 250 nm for (d), (f), (g), and (i), and 500 nm for (e) and (h).
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Fig. 6 Schematic illustration of the possible position of GOx after being encapsulated into MOF structures and the interactions between MOFs

and residual groups on GOXx.

assumption is that MOFs function as glue. Specifically, the glue
here is the repair of the MOF dynamic coordination bond with
no external substances (metal ions/organic solvents). The
second one is that the existence of trace water is conducive to
the dissociation and precipitation of local metal ions and
organic ligands, especially at the defects, and tends to trap the
enzyme more closely to the surface of MOF structures.”>**

To validate the two analytical predictions above, metal
nanoparticles (MNPs) were used to replace enzymes to explore
the encapsulation mechanisms through the technology of 3D
TEM image reconstruction, cross-sectional images, control
experiments and molecular dynamics simulations. Firstly, ~13
nm-diameter Au NPs and ~3 nm-diameter Pt NPs were used to
replace enzymes and to be encapsulated into commercial ZIF-8
and UiO-66-NH, through PISA, mainly because the enzymes
were hardly observed from TEM. A series of 3D high angle
annular dark-field scanning transmission electron microscope
(HAADF-STEM) images of Au/ZIF-8-WV at consecutive tilt angles
from —55° to 60° with a 1° tilt increment were taken (Fig. 5a—c
and Movies S2 and S3t). As shown in the 3D reconstruction
images, many Au NPs were embedded on ZIF-8 structures from
the side direction of Au/ZIF-8-WV (Fig. 5d-f). This was consis-
tent with the results of nanoparticle reconstruction alone
(Fig. 5g-i). In addition, the merged Pt/UiO-66-NH,-WV samples
were cut apart and Pt NPs inside were observed clearly by the
change of contrast compared with Pt/UiO-66-NH,-WV samples
(Fig. S337). The 3D TEM image reconstruction and the Pt NPs
exposed inside after cutting Pt/UiO-66-NH,-WV samples prove
that the enzymes are trapped between the interlayer of MOF
particles during the coalescence of MOF particles.

Moreover, partial enzymes may be encapsulated close to the
surface of MOFs. To prove this prediction, control experiments
have also been conducted. When mixing UiO-66 with GOx and
aging them for 3 days, the GOx/UiO-66 showed 12.6% activity of
free enzymes after being treated with protease (Fig. S34t). By
mixing UiO-66 (premilled for 5 min) or UiO-66 (premilled for 10
min) with GOx and aging for 3 days, 50% of the enzymatic
activity was retained (Fig. S34t) after being treated with
protease, suggesting that defects were created on the MOF

19890 | J Mater. Chem. A, 2022, 10, 19881-19892

surface by ball milling and trapped enzymes during the
dynamic coordination of MOFs. For all the samples, their
crystal structures showed negligible change after the loading of
GOx (Fig. S35%). Molecular dynamics simulations for the inter-
actions between truncated MOFs and enzymes have been
calculated, which proved that enzymes tended to adsorb on the
defects of MOFs (Fig. S36 and S37, and Movies S4 and S57).
Based on the results above, low mechanical pressure combined
with milling may create some defects on the surface of MOFs
and lead to the encapsulation of enzymes close to the surface of
MOFs. According to all of the results we obtained, enzymes
should be trapped on the surface of MOFs or in the gaps
between MOFs (Fig. 6).

Conclusions

In summary, we have developed a PISA strategy to encapsulate
enzymes into MOF structures during the phase transition of
MOFs by a mechanical pressure and water-vapor stimulated
aging process. The PISA strategy is suitable for different
enzymes (GOx, HRP, Cyt C and BGL) and can be extended to
various MOFs (ZIF-8, UiO-66, UiO-66-NH,, Mg-MOF-74, MIL-
53(Al) and MIL-53(Fe)). GOx/UiO-66-WV prepared under the
best conditions showed 95% relative activity compared to free
enzymes. The successfully synthesized GOx/MIL-53(Fe)-WV and
GOx/UiO-66-WV composites retained more than 90% of the
original activity after treatment with protease. Meanwhile,
enzymes were trapped in the gaps between MOF particles or on
the outer side of MOFs as proved by tilted HAADF-STEM, TEM
images of sliced samples, control experiments and molecular
dynamics simulations. This strategy serves as a good choice to
design new MOF composites with enzymes. Moreover, other
functional species such as luminescent molecules®*> and drug
molecules**>"” may also be accommodated into MOFs for
preparing photonic MOF composites or dynamic drug delivery
systems. The hosts are theoretically versatile to be other struc-
tures such as coordination networks® and coordination
compounds.* We believe that the PISA strategy will be a potent
toolbox for the synthesis of MOF composites without damaging
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the functionality of guest molecules and will also endow MOFs
with new properties for a wide range of applications, such as
biocatalysis, sensing, biotherapy and so on.
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