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A biocatalytic system based on the zeolitic imidazolate framework-8
(ZIF-8) is obtained in a one-pot process by directly combining the
enzyme horseradish peroxidase (HRP), iron oxide magnetic nano-
particles, the ligand and metal ions, in water at room temperature.
The resulting system provides a useful platform for the next genera-
tion of reusable/repositionable biocatalysts.

Enzyme-coated magnetic particles are widely used for biochemical
tests and catalysis.'~ Typically, bio-conjugation protocols are used
to immobilize enzymes on magnetic particles.* However, immo-
bilization can compromise the bioactivity of the proteins because
of conformational changes at the interface,” and the exposure of
grafted and unprotected biomolecules to inhospitable conditions
(e.g. organic solvents and high temperature) leads to protein
denaturation.®

A method affording immobilization and protection of bio-
molecules exploits encapsulation in porous metal-organic
frameworks (MOFs).” ™! For example, zeolitic imidazolate frame-
works (ZIFs) were used to encapsulate enzymes, forming bioactive
composites with improved robustness to solvents, temperature,
and chaotropic and proteolytic agents."™** For ZIF-8, which is
composed of 2-methylimidazole (HmIm) and Zn*", the framework
self-assembles spontaneously in water around negatively charged
proteins.'® Thus, the synthesis of the ZIF-8-based biocomposite
can be conducted using a one-pot method, as the enzyme acts as a
seed for the MOF formation.™

Magnetic particles can also act as seeds for MOF crystal-
lization;"® the resulting magnetically active composite (Magnetic
Framework Composites, MFCs)'” can be used for dynamic
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localization,® triggered heating,'® and catalysis.”*' As both

enzymes and magnetic particles were separately used to spon-
taneously induce the ZIF-8 formation in aqueous conditions,**
we hypothesized that the simultaneous use of both could lead
to the one-step synthesis of magnetically and catalytically active
ZIF composites. This would result in a new straightforward
procedure for the preparation of recyclable MOF-based bio-
catalysts.

To date, only a few reports have disclosed the preparation
of magnetically active ZIF biocomposites. In the synthesis,
some exploited additives such as polyvinylpyrrolidone (PVP)*
or cellulose.** Alternatively, enzymes were immobilised on the
surface of pre-synthesized magnetic MOF core-shell systems.>>*
Thus, the available methods either require the use of compatibi-
lizing agents or multi-step procedures.

Here, we describe a facile one-pot synthesis that yields the
spontaneous encapsulation of both magnetic nanoparticles
(MNPs) and enzymes in ZIF-8 crystals. The protocol requires
the addition of an aqueous solution of enzyme, HmIm and
dispersed iron oxide MNPs, to an aqueous solution of Zn>* ions
(Fig. 1).*” The presence of both protein and inorganic nano-
particle triggers the rapid self-assembly of ZIF-8. As model enzyme,

(a) One-pot synthesis
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Fig.1 Schematic of the (a) one-pot synthesis of the HRP/MNP@ZIF-8
composite, and (b) its usage as catalyst for the H,O,-mediated oxidation of
pyrogallol to purpurogallin, with the possibility of magnetic collection.
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we chose horseradish peroxidase (HRP) because: (1) the catalytic
activity can be monitored following the degradation of the peroxide
(0-0) bond,*® and (2) HRP is considered an effective biomimetic
mineralization agent, as its negative zeta potential triggers the
formation of a ZIF-8 coating.'® As MNPs, we used Fe;0,>° with
an approximate diameter of 12 nm, as confirmed by atomic
force microscopy (AFM) measurements (Fig. S1, ESIf). Both
enzyme and MNPs were studied using 0.33, 0.66, and 1 mg mL "
concentrations. As crystalline phases of ZIF biocomposites and
their properties depend on the synthesis conditions,* we selected
a HmIm : Zn>" ratio of 16: 1 that consistently yields protein@ZIF-8
with porous sodalite (sod) topology,®" irrespective of the amounts
of protein and MNPs. The invariant properties of the matrix
enabled us to inspect the relation between catalytic activity and
amounts of protein and MNPs used during the synthesis. The
synthesis was conducted at room temperature for ~18 hours to
improve the yield (Table S1 and Fig. S2, S3, ESIt).

The obtained HRP/MNP@ZIF-8 composite and the related
control samples (ZIF-8, MNPs@ZIF-8 and HRP@ZIF-8) were
studied with X-ray diffraction methods, and diffraction plots
confirmed sod ZIF-8 as the only crystalline phase (Fig. 2a).>?
From the SEM images reported in Fig. 2b, all systems clearly
show the expected rhombic dodecahedron geometry typical of
ZIF-8 in sod phase.*> HRP/MNP@ZIF-8 (1) and the control
composite samples HRP@ZIF-8 (2) and MNP®@ZIF-8 (3), are
found as smaller particles (800 nm in diameter) with respect to
the pure ZIF-8 particles (4, diameter of 1.5 pm). The smaller size
of the composites with respect to the control (pure ZIF-8) can
be explained with the presence of several nucleation seeds
(heterogeneous nucleation process) that typically leads to a
larger number of smaller crystals.*® To validate this hypothesis,
we performed a SAXS/WAXS growth kinetics study at Elettra
Synchrotron. Due to the high volume of reagents needed, BSA
was chosen as a model protein,*® behaving similarly to HRP in
the biomimetic mineralization of ZIFs. The plots (Fig. S4, ESIY)
show that both BSA and MNP induced the crystallization of
ZIF-8 in 13 seconds. A faster crystal growth is noted in presence
of both BSA and MNPs: the formation BSA/MNP®@ZIF-8 is
detected in 7 seconds. Conversely, for pure ZIF-8, diffraction
peaks of sod are observed after ~20 seconds. Although other
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crystalline phases are indicated as more thermodynamically
stable,®®*” our syntheses yielded sod for all the MOF compo-
sites prepared.

The chemical composition of the biocomposites was studied
with FTIR spectroscopy (Fig. 2c). Spectra in the fingerprint
region show typical ZIF-8 modes,”**® such as the band at 421 cm™*
related to the Zn-N stretching. The presence of iron oxide MNPs
is confirmed by the band right below 600 cm™" attributed to the
Fe-O stretching,”* and the presence of HRP is ascertained by
the typical amide bands at about 1545 (C—O stretching) and 1650
(N-H stretching) em™".*

To study the encapsulation of the protein within the com-
posite, we tagged HRP with fluorescein isothiocyanate (FITC).
The composite HRP-FITC/MNP®@ZIF-8 and the related control
HRP-FITC@ZIF-8 showed identical diffraction patterns and
morphology when compared with HRP/MNP®@ZIF-8 and HRP@
ZIF-8, respectively. We verified the presence of the FITC-tagged
HRP enzyme in the composite using confocal scanning micro-
scopy (CSLM, Fig. S8a and b, ESIf). Fluorescein emission at
580 nm (excitation laser: 488 nm, 10 mW) of FITC-HRP con-
firms the presence of the protein in HRP-FITC/MNP®@ZIF-8 as
well as in the control sample (HRP-FITC@ZIF-8). Next, to
confirm the presence of MNPs in HRP-FITC/MNP@ZIF-8 com-
posite, we collected energy-dispersive X-ray spectroscopy (EDX)
maps of HRP-FITC/MNP@ZIF-8. Fig. S8c (ESIt) shows the
overlap of Zn and Fe X-ray emissions, associated with ZIF-8
and MNPs, along with the C, O and N signals (Fig. S9, ESIY).

The evaluation of the encapsulation efficiency (EE%) was
conducted by Bradford assay before and after reaction (calibra-
tion curve in Fig. S10, ESIT). Fig. 3a shows an average EE% of
~82% in absence of MNPs, increasing from ~86% to ~94%
when adding 0.33 and 1.00 mg mL ™' of MNPs, respectively.
Surprisingly, the presence of MNPs influenced the HRP loading
(Table S2, ESIt). A loading of 6.9 mg g ' was measured for
HRP = 0.33 mg mL ™" without MNPs, decreasing to 5.1 mg g~
for MNP = 0.33 mg mL ™", and then increasing to 9.1 mg g
for MNP = 1.00 mg mL'. The same trend occurred with HRP
concentrations of 0.66 and 1.00 mg mL™ ', and it can
be justified by the competition between HRP and MNPs as
heterogeneous nucleation agents. The enzymatic activity of
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Fig. 2 XRD (a), SEM (b), and FTIR (c) analysis of HRP/MNP@ZIF-8 (1, thick blue), and the controls HRP@ZIF-8 (2, thin blue) MNP@ZIF-8 (3, thick black),
ZIF-8 (4, think black). WAXS profiles for HRP/MNP@ZIF-8 and HRP@ZIF-8, with different amounts of enzyme and magnetic nanoparticles, along with full
FTIR spectra, are reported respectively in Fig. S5 and S6 (ESIf). Data for HRP-FITC/MNP@ZIF-8 and HRP-FITC@ZIF-8 are reported in Fig. S7 (ESIT).
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Fig. 3 (a) Encapsulation efficiency (EE%) and (b) enzymatic activity (U mg™™), for HRP@ZIF-8 (grey) and HRP/MNP@ZIF-8 composites containing
different amounts of MNPs used during the synthesis (blue: 0.33 mg mL™% green: 0.67 mg mL™; red: 1.00 mg mL™Y). (c) Product obtained after 10 cycles
performed on HRP@ZIF-8 (grey) and HRP/MNP@ZIF-8 composite (red). The reaction is: 2 pyrogallol + 3 H,O, — purpurogallin + CO, + 5 H,O. All data
values are reported in Table S2 (ESIf). All concentrations (mg mL™Y) refers to the reaction mixture.

HRP/MNP®@ZIF-8 was tested with the reaction: 2 pyrogallol + 3
H,0, — purpurogallin + CO, + 5 H,0, utilizing a previously
reported enzymatic assay.**> However, this assay is generally
performed in phosphate buffer, a condition that can decompose
ZIF-8 into amorphous zinc phosphate byproducts.*? After con-
firming that the results are fully comparable with the assay
performed in phosphate buffer (Fig. S11 and S12, ESIt), we used
pure water to run the assay. As controls, we tested the activity
MNP, ZIF-8, and MNP@ZIF-8, finding that they did not interfere
with the assay (Fig. S13, ESIT).

Comparing HRP/MNP@ZIF-8 with HRP@ZIF-8 (Fig. 3b) the
presence of MNPs enhanced the specific activity from 1.1 U mg ™"
to 3.0 U mg ' (~270% increase), when the concentration of
MNPs increases from 0.33 mg mL™" to 1.00 mg mL ™", We noted
that previous studies, using nanoparticles for the preparation of
MOF composites’® led to improved properties for hydrogen
storage,” catalysis,’>*” and photothermal conversion.*®*° In case
of HRP/MNP@ZIF-8, we hypothesize that magnetic nanoparticles,
acting as large nucleation seeds, could enhance structural defects
in the MOF matrix.>® In this condition, the system would have
preferential diffusion pathways facilitating the diffusion of the
substrate within the composite.”* Although HRP was immobilized
in different MOFs (Table S3, ESIt), the lack of (1) a standard proce-
dures for the material preparation (e.g. same enzymatic loading),
(2) available data (e.g. SA of the free enzyme) and, (3) standard
activity evaluation procedures (e.g. the specific type of assay used)
prevents a precise comparison of the catalytic performance.

As industrial application of enzymes is often hampered by
their difficult recovery,”® we focused our attention on the
reusability of HRP/MNP@ZIF-8. By testing the activity over
10 cycles (Fig. 3c), the composite showed superior product
conversion over the HRP@ZIF-8 control (about 4 times higher).
This was justified considering two relevant aspects: higher EE%
of HRP/MNP@ZIF-8, and presence of crystal defects (e.g. grain
boundaries of polycrystalline particles, Fig. S3b and e, ESIY)
that could facilitate mass transfer. However, after 2 cycles
we observed a drop of the enzymatic activity. We investigated
the leaching of enzymes from the HRP/MNP®@ZIF-8 system
(3% after 10 cycles, Fig. S14, ESIt), which was not sufficient
to justify the performance drop. The loss of enzymatic activity
can be attributed to different pathways:** (1) decomposition

This journal is © The Royal Society of Chemistry 2020

induced by excess of H,0,, (2) occlusion of pores in the carrier,
(3) degradation of heme center due to interaction with sub-
strate. The importance of each contribution is strongly related
to the material properties. Analogous rapid activity losses were
reported for other immobilized enzymes.**

In summary, we prepared a MOF composite based on ZIF-8
simultaneously encapsulating HRP and MNPs (HRP/MNP@ZIF-8).
The one-pot synthesis was conducted at room temperature in
water, overcoming previously reported limitations, such as multi-
step synthesis,” need for polymeric additives, organic solvents,****
or surface functionalization processes.”® HRP/MNP@ZIF-8 was
characterized by SEM, XRD, FTIR, CSLM, and AFM to ascertain
morphology, crystallinity, and composition. For the first time, we
studied the kinetic of crystallization with in situ SAXS/WAXS,
demonstrating that the co-presence of MNPs and enzymes can
induce a faster crystallization when compared with HRP@ZIF-8 and
MNP@ZIF-8. More importantly, we proved that the presence of
MNPs can significantly enhance the enzymatic activity of the ZIF-8
biocomposite. Indeed, the activity of HRP/MNP@ZIF-8 was 5 times
higher than HRP@ZIF-8. By using 1 mg mL " of both enzyme and
MNPs as precursors, it was possible to prepare a magnetic porous
carrier with an enzymatic loading of about 5.6 mg g~ '. The
combination of enzyme, magnetic nanoparticles, and porous
metal-organic frameworks, along with its dynamic localization
properties,"®*"** holds much promise for the progress of MOF
biocomposites for application to biocatalysts.
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