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Redox-active biomineralised zeolitic imidazolate
frameworks enable peroxidase bioelectrocatalysis
with shielding against substrate inhibition and
thermal inactivation
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Oxidoreductase enzymes have remarkable advantages in terms of activity and selectivity but their fragility
and buried active sites hinder their practical use for bioelectrochemical applications. Solutions are
required to address the limited stability of enzyme-electrode interfaces while permitting efficient
electron transfer, especially under harsh inhibiting and deactivating conditions. Inspired by natural
biomineralisation, we developed a protected redox-active biomineralised peroxidase/zeolitic imidazolate
framework electrode in which the fragile enzyme is electrically-accessible and shielded from substrate
inhibition and thermal deactivation. In contrast to previous biomimetic metal organic frameworks
developed for biocatalysis, the biomineralised frameworks reported here comprised enzyme together
with a benzothiazoline redox mediator to enable electron shuttling across and/or from the crystalline
matrix. Both redox entities proved necessary to overcome the insulating zeolitic framework barrier. This
strategy provided benefits such as 3-fold enhanced bioelectrocatalytic currents and remarkable

protection at high inhibitor (peroxide) concentrations of ca. 0.5-5 mmol L™ up to 50 °C. The protective
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Accepted 13th August 2025 framework offered improved 1-week storage stability and permitted biosensor linear range expansion

from 0.1 to 0.5 mmol L™, Limitations were observed in terms of sensor sensitivity and high temperature
deactivation. Redox-active biomineralised MOFs hold promise for extending bioelectrocatalytic outputs
under harsh conditions for future biosensors, biofuel cells and bioreactors.
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electrode interfaces lack robustness." The coupling of
enzymes with electrodes also offers promise for the electro-

Introduction

Enzymes are nature's remarkable catalysts that accelerate
biochemical reactions with high selectivity and efficiency, but
they are complex and fragile. The electrical wiring of oxidore-
ductase enzymes at electrodes offers the possibility to combine
the advantages of biocatalysis with electrocatalysis.* In recent
years, the integration of enzymatic electrodes into implantable
and wearable devices has attracted considerable interest for
biosensing and energy harvesting biofuel cells towards
a healthier and more sustainable future.’>”® Portable and wear-
able glucose monitors that employ bioelectrodes with immo-
bilised flavin-adenine dinucleotide (FAD)-dependent glucose
enzymes such as glucose oxidase (GOx) have revolutionised the
treatment and management of diabetes.”'® Commercial lactate,
ketone and alcohol monitors are anticipated but the enzyme-
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synthesis of value-added chemicals with regio-, chemo-, and
enantio-selectivity, but such bioreactors are also limited by
enzyme fragility.”>** The development of enzymatic electrodes
for practical applications beyond glucose biosensors and fragile
biofuel cells is highly desirable but extremely challenging. The
limited stability of enzymatic electrodes is a major technolog-
ical bottleneck owing to the intrinsic fragility of enzymes and
the limited interfacial robustness of enzyme-electrode inter-
faces. Obtaining effective electron transfer and mass transport
at enzymatic electrodes is also challenging due to factors such
as (i) the distance between the electrode and the often deeply-
buried active redox site of the enzyme, (ii) enzyme orientation
with respect to the electrode surface, (iii) electrode porosity, (iv)
the nature of the charge transfer pathway, and (v) the potential
and activity of the redox mediator employed, where redox
mediators are required to enable
bioelectrocatalysis.™

Substrate inhibition, also known as “suicide inactivation”, is
a common type of enzyme inactivation that reportedly affects ca.
25% of enzymes." The loss in activity results from the binding

commonly
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of the substrate inhibitor to the enzyme and/or the enzyme-
substrate complex. Oxidoreductases including hemoproteins
such as peroxidases, and flavoproteins such as lactate oxidase
(LOx), are affected by substrate inhibition.'**” Such inhibition
can impact H,0, and lactate biosensors with respect to catalytic
current (signal) magnitude, robustness, sensitivity, and detec-
tion range.'®™® Substrate inhibition is also a limitation for
certain enzymes for biofuel cell and bioreactor applications
where high substrate concentrations are used to boost power
and product formation outputs, respectively.”"**

Peroxidases are heme-Fe™ porphyrin proteins that catalyse
oxidative reactions with peroxides such as H,0, as the
substrate. Over the past 30 or so years, peroxidase-based
electrochemical sensors, most commonly employing horse-
radish peroxidase (HRP; EC 1.11.1.7), have been widely reported
for the detection of peroxide, phenols and toxic
compounds.***** HRP is widely available and, in contrast to
many enzymes, capable of both direct and mediated electron
transfer (DET, MET) bioelectrocatalysis. At carbon electrodes
such as graphite and carbon nanotubes, the bioelectrochemical
reduction reaction selectively converts H,O, to H,0."7?**** In
biofuel cells, HRP has been used at biocathodes to drive H,O,
conversion, or to remove parasitic peroxide generated in situ at
bioanodes.***® Carbon-based HRP biocathodes can deliver high
onset potentials of ca. 0.6 V at pH 7 (vs. Ag/AgCl). They can also
avoid the stability limitations of benchmark O,-reducing multi-
copper oxidase biocathodes that are inhibited by ions such as
chloride or urate.”” Unlike O,-reducing biocathodes, HRP bi-
ocathodes can operate in anoxic environments and are not
limited by low substrate solubility (ca. 1.1 mmol L™" for di-
oxygen).”®** The substrate inhibition mechanism for HRP is
widely considered to occur via a complex process involving the
conversion of the native Fe™-porphyrin to an oxo-Fe'" pi-cation
radical heme that, at high peroxide levels, leads to the forma-
tion of oxyperoxidase (peroxy-Fe'" porphyrin free radical or
“compound III”) that inhibits the catalytic activity.?”**** There
are several possible decomposition pathways and side reac-
tions, including the formation of catalytically inactive verdo-
hemoprotein (designated as P670) via irreversible reactions.***

Recent advances to improve the stability of enzymes and
enzyme-electrode interfaces rely on polymer crosslinking to fix
and/or encapsulate biocatalytic elements at the electrode.
Zwitterionic biocompatible coatings offered improved glucose
biosensor stability to the foreign body response compared to
conventional polymer coatings based on poly(ethylene glycol).*®
Crosslinked dextran-methacrylate biopolymer coatings and
redox-poly(ethylene glycol) polymers provided improvements in
glucose biosensor operational and storage stability.*** In pio-
neering works, Plumeré and coworkers developed redox poly-
mers or “shields” to protect fragile enzymes from specific O,
inactivation.***¢ Beloqui, Conzuelo and workers very recently
demonstrated an original polymer-biomineralisation strategy in
which enzyme was protected in a Co-phosphate polymer-
mineral matrix.*” A proof-of-concept glucose biosensor and
enhanced biocatalytic thermostability and solvent resistance
were demonstrated.*” This hybrid material approach neverthe-
less presents complexity due to the need to synthesise polymer-
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enzyme gels prior to the biomineralisation process. Despite the
promise of such stabilisation systems, there is still a clear need
for solutions to mitigate enzyme fragility and improve the
robustness of enzyme-electrode interfaces under challenging
conditions for practical bioelectronics devices.

Biomineralised metal organic frameworks (MOFs) based on
zeolitic imidazolate frameworks (ZIFs) have provided unprece-
dented protection to encapsulated proteins for biocatalysis
under denaturating conditions (i.e. organic solvents, high
temperatures).*® Biomimetic mineralisation is a type of “de novo
encapsulation” referring to the strategy of combining MOF
precursors together with enzyme (or microbes) to assemble
MOFs in situ around the biomacromolecules, to infer protection
such as shielding against enzyme unfolding.**** Enzyme®@-
MOFs comprising enzymes such as glucose oxidase or HRP can
maintain high activity when the encapsulation process involves
enzyme-driven nucleation or facilitated nucleation e.g. with
polyvinylpyrrolidone/cysteine.*®****> Crystalline porous MOFs
provided suitable substrate/product mass transport for bi-
ocatalysis, but it remains unclear if they can be used practically
for bioelectrocatalysis due to their stability and electron transfer
limitations. A biomineralised Zn-based azolate MOF with
embedded GOx and HRP enzymes, GOx/HRP@MAF-7, was
previously reported in the context of bioelectrocatalysis for bi-
ofuel cells.** The protective effects for biocatalysis were
demonstrated but the electro-oxidative process and evidence for
enzyme-electrode electron transfer are unclear.** MOFs and
MOF-polymer systems have been used as materials in a few
other examples but, to our knowledge, not ‘pristine’ biomimetic
mineralised MOFs.** Solvothermal mesoporous MOFs, that are
unsuitable for in situ enzyme encapsulation, were used as
porous supports for immobilising and protecting enzymes.*
The HRP enzyme (ca. 4-6 nm size) was encapsulated in an Fe-
based MOF, PCN-333(Fe), and after coating with Nafion,
explored for bioelectrocatalytic H,O, sensing, with a redox
mediator added in solution. The specific benefits due to MOF
encapsulation of the enzyme are not clear; the benefits may be
related to MOF collapse and/or the Nafion polymer employed.*
The observed loss in the Brunauer-Emmett-Teller (BET) surface
area after enzyme incorporation may indicate collapse of the
crystalline MOF structure, in line with studies that highlight
significant MOF degradation in aqueous/buffer solutions.* Very
recently, Tsujimura and coworkers reported a breakthrough in
the development of MOFs for bioelectrochemistry.*® A redox-
active “mediator” MOF was obtained by partial ligand substi-
tution of a zeolitic imidazolate MOF, ZIF-67, then immobilised
at a carbon electrode and employed as a redox mediator layer.*®
Well-defined mediated electron transfer bioelectrocatalysis was
demonstrated. Stable continuous monitoring of glucose and
lactate (54 h and 8 h, respectively) were also observed, benefit-
ting from the hybrid MOF-hydrogel system employing cross-
linked chitosan-genipin. The LOx bioelectrode suffered from
bioelectrode deactivation, for example, due to substrate and/or
product enzyme inhibition or deactivation. Furthermore, the
latter ZIF-67 materials were not designed as an architecture to
encapsulate and protect fragile enzymes.

This journal is © The Royal Society of Chemistry 2025
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Here, we further extend the development of biomimetic
MOFs for biocatalysis to a strategy designed to enable effective
electron shuttling between biomineralised enzyme and a nano-
structured electrode, to protect the enzyme and drive bi-
oelectrocatalysis. To the best of our knowledge, no such redox
mediator/enzyme biomimetic system has been developed for
bioelectrocatalysis. We move away from the classical approach
of using polymer chemistry and crosslinkers, and their use to
boost ‘general’ stability performance, to a strategy that focusses
on (i) a simple and economical mineralisation process, and (ii)
protecting enzymes from specific deactivation processes (e.g.
substrate inhibition). Herein, a series of crystalline mineralised
ZIF materials were synthesised, characterised and explored as
new redox-active materials for bioelectrocatalysis with protec-
tion against enzyme inhibition and thermal deactivation. HRP
was chosen as a versatile model oxidoreductase, capable of both
direct and mediated electron transfer bioelectrocatalyis. The
overall goal is to push enzymatic electrodes towards practical
bioelectrochemical devices capable of operating under harsh
conditions. As well as new insight into ZIF biomineralisation,
enzyme inhibition, and thermal deactivation, and the develop-
ment of new protective materials for bioelectrocatalysis, this
study demonstrates a promising proof-of-concept peroxide
biosensor.

Results and discussion

Synthesis, characterisation and biocatalysis of redox-active
(bio)mineralised ZIF-8

The redox-active mineralised and biomineralised ZIF-8, as well
as classical ZIF-8, were all synthesised via self-assembly of the
organic linker, 2-methylimidazole (2-Melm), and the metal salt
(Zn nitrate) in deionised (DI) water at room temperature (RT).
The redox-active mineralised ZIF-8 was obtained by assembly in
the presence of a water-soluble artificial redox mediator, 2,2'-
azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS). The
redox-active biomineralised ZIF-8 materials were synthesised in
the presence of HRP and either in the presence or absence of
ABTS. These materials are herein designated as ABTS@ZIF-8,
HRP@ZIF-8, and ABTS/HRP@ZIF-8. Falcaro and coworkers re-
ported the biomineralisation of HRP@ZIF-8 with a 1:4 metal :
ligand molar ratio.®® The authors showed that the bi-
omineralisation process forms a porous and crystalline ZIF-8
that embedded enzymes with a nanometric crystalline outer
shell. To further promote the formation of crystalline rather
than amorphous ZIFs, we employed a high metal:ligand ratio of
1:160. According to a previous study, higher metal:ligand ratios
promote the nucleation and crystal growth of enzyme@ZIF-8
materials.”” Enzyme@ZIF-8 materials notably followed the
oppose trend to classical ZIF-8. In the latter case, the crystallite
size increased with decreasing metal:ligand ratio from 1: 100 to
1:20, for aqueous ZIF-8 synthesis with Zn nitrate as the metal
precursor.”® Tong and coworkers provided atomic-level insight
into enzyme@ZIF-8 materials, revealing the crucial importance
of crystallisation pathways on mass transport and biocatalysis.*®
Following the initial 30 min reaction, we employed an overnight
stationary aging protocol. The stationary aging protocol,

This journal is © The Royal Society of Chemistry 2025
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considered as the “stationary crystallisation phase” was used to
target the transformation of initially amorphous halos into
more homogeneous crystalline materials.*

Fig. 1A illustrates the biomineralised redox MOF concept
designed to offer protection to a nanostructured bioelectrode
for the 2-electron 2-proton bioelectrocatalytic reduction of H,O,
to water. The concept involves a nanostructured bioelectrode
comprising multiwalled carbon nanotubes (CNTs) with an
immobilised layer of redox-active ABTS/HRP@ZIF-8. We
emphasise that no polymers or hydrogels were employed to
enhance stability of electron transfer, thus permitting a clear
evaluation of the role of the MOF for bioelectrocatalysis. The
MOF-modified bioelectrode was then wused for the bi-
oelectrocatalytic H,O, reduction reaction to H,O with protec-
tion against substrate (H,0,) inhibition. ABTS was employed as
a well-known redox mediator (electron relay) for the HRP
enzyme. ABTS benefits from a chemically reversible single
electron transfer process involving the formation of cationic
radicals stabilised through resonance.*®** ABTS possesses
sulfonic acid functional groups that promote its water solu-
bility, hence it was an attractive choice for aqueous ZIF-8 bi-
omineralisation synthesis. For clarity, the bioelectrocatalytic
reaction shown in Fig. 1A involves electron percolation between
the enzyme and the electrode to drive H,0, reduction with the
generation of a corresponding electrochemical signal measured
either by voltammetry or amperometry. This catalytic current
signal forms the basis of the inhibition study and electro-
chemical peroxide biosensor described later in the manuscript.

The possibility to obtain the ABTS/HRP@ZIF-8 material with
both enzyme and redox mediator cargo via the high meta-
l:ligand ratio method was first confirmed by scanning electron
microscopy (SEM) and powder X-ray diffraction (pXRD). The
SEM analysis of ABTS/HRP@ZIF-8 revealed the formation of
distinct and rough spherical nanoparticles with an average
diameter of D = 148 + 43 nm (Fig. 1B, S1 and S2). In contrast,
larger well-defined rhombic dodecahedral with truncated edge
morphologies were observed for HRP@ZIF-8 (D = 504 + 178
nm) and ZIF-8 (D = 401 £ 125 nm). The ABTS@ZIF-8 nano-
particles (D = 308 + 87 nm) exhibited a smaller and more
monodisperse hybrid spherical morphology with less well-
defined crystalline facets. The smaller particle sizes and loss
in crystal facets for ABTS@ZIF-8 and ABTS/HRP@ZIF-8 high-
light a strong influence of the ABTS that partially disrupts MOF
crystallisation i.e. Zn>* coordination to the 2-MeIm ligand to
form the characterstic Zn-N bonds. The disruption may be due
to competition between the 2-MeIm ligand and the anionic
sulfonic acid groups for Zn*".

The observed biomineralised morphologies contrast to the
larger flower-like pm-sized particles of biocatalytic HRP@ZIF-8
reported previously, reflecting the different synthetic protocols
and the effect of factors such as metal:ligand ratio, precursor
concentrations, and redox cargo.’®*> The pXRD patterns in
Fig. 1C confirm the crystalline nature of the synthesised bi-
omineralised materials. The materials correspond to classical
ZIF-8 with sodalite (SOD) topology, irrespective of the presence
of the redox enzyme and/or ABTS redox mediator during
synthesis. The pXRD pattern for mineralised ABTS@ZIF-8 is
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(A) Scheme illustrating the mediator/enzyme redox MOF concept for bioelectrocatalytic H,O, reduction with substrate inhibition

protection via redox-active ABTS/HRP@ZIF-8 at a nanostructured CNTs electrode. (B) SEM micrograph of ABTS/HRP@ZIF-8 at CNTs (10 000x
magnification). (C) pXRD diffractograms recorded at powders: (black) literature ZIF-8, (red) as-synthesised ZIF-8, (blue) HRP@ZIF-8, (green)
ABTS/HRP@ZIF-8, and (purple, bronze) aged ABTS/HRP@ZIF-8 after immersion in 50 mmol L™! phosphate buffer (PB) pH 7 for (purple) 3 days
and (bronze) 14 days. (D) FT-IR spectra on powders of (black) 2-Melm, (red) HRP, (blue) ABTS, (green) ZIF-8, (purple) HRP@ZIF-8, and (bronze)
ABTS/HRP@ZIF-8. (E) Raman spectra on powders of (black) 2-Melm, (red) ZIF-8, (purple) HRP@ZIF-8, and (bronze) ABTS/HRP@ZIF-8. The

simulated pattern of sod-ZIF-8 is from the CIF file: 4118891.

available in Fig. S3. The formation of crystalline materials is in
contrast to the amorphous ZIF (aZIF) structures obtained with
single/multi-enzyme cargo via synthesis at low metal:ligand
ratios and/or with minimal stationary aging.***** The materials
synthesised here did not exhibit broad diffraction peaks at high
20 values of 20-40°. Such broad peaks are characteristic
behaviour for highly amorphous material (e.g. protein-induced
amorphous solid).** The stability of the crystalline samples to
long term immersion in a physiological buffer, 50 mmol L™"
phosphate buffer (PB) pH 7, was confirmed by pXRD (Fig. 1C)
with complimentary SEM (Fig. S1) measurements. The diffrac-
tion patterns are largely maintained after 3 days and 14 days for
the ABTS/HRP@ZIF-8, consistent with resistance to phosphate
buffer degradation over a practical timeframe for bi-
oelectrochemical applications. Nevertheless, while significant
crystallinity preservation is observed, peak broadening, signal
loss, and new reflections reveal structural ZIF-8 degradation and
the presence of impurities.”> Complimentary SEM data (Fig. S1)
shows that the rough spherical nanoparticle morphologies
remain largely intact after 50 mmol L™' pH 7 phosphate buffer
immersion for 3 days and 14 days.

Fourier transform infrared spectroscopy (FT-IR) and Raman
spectroscopy were used to probe the chemical nature of the
ABTS/HRP@ZIF-8 and related ZIF materials. Both techniques
yielded spectra consistent with reported crystalline ZIF-8 and
HRP@ZIF-8 (Fig. 1D and E, S4 and S5). The FT-IR bands at
1655 cm ™! and 1658 cm ™!, characteristic of the amide I band
(C-0, stretch), confirm the presence of protein in the HRP@ZIF-

31702 | J. Mater. Chem. A, 2025, 13, 31699-31713

8 and ABTS/HRP@ZIF-8 MOFs. A small shift of the amide I band
compared to HRP only (1651 cm™ ') was observed. Small shifts
have previously been attributed to direct protein-MOF interac-
tions between carbonyl groups of the protein backbone and
Zn*" defect sites, as reported for BSA@ZIF-8.°* The peaks at
1230 cm ', attributed to sulfonic acid groups (S-O, stretch),
confirm the successful encapsulation of the mediator in the
ABTS@ZIF-8 and ABTS/HRP@ZIF-8 materials (Fig. 1D and S4).
The slight red shift compared to ABTS (1226 cm™ ') may be
evidence for sulfonic acid binding with Zn>* ions and/or inter-
actions with the enzyme, which could eventually be linked to
differences in enzyme activity and stabilisation. The FT-IR
vibrational modes overall confirm defective as opposed to
pristine crystalline ZIF-8 materials.>® The broad feature at ca.
1110 em " (C-N-H, C-H) with peaks at 1560-1580 cm " (C-N-
H) is interpreted as being characteristic of missing Zn defects
and/or the presence of entrapped species (2-MeIm, ABTS, HRP).
The modes at 1420-1460 cm ™, ca. 1310 cm™ %, and 995 cm™?,
may be attributed to ZIF-8 C-H methyl and ring vibrations.*®
The Raman spectra (Fig. 1E and S5) show strong peaks at ca.
177-184 cm™* and 284-291 cm™* for the ZIF-8 materials, cor-
responding to the Zn-N stretching vibrations of the coordina-
tion structure.”” The slight shifts in peak position may reflect
changes in the Zn coordination structure but this was not pro-
bed further.

To confirm the presence of active enzyme in ABTS/HRP@ZIF-
8, a classical UV-vis spectroscopy activity assay was performed.
For the biocatalytic assay, a solution of ABTS then H,0, were

This journal is © The Royal Society of Chemistry 2025
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added into a cuvette containing either HRP or the bi-
omineralised ZIF-8 in 50 mmol L' PB pH 7. Relative activities
were determined by monitoring the absorbance of this mixture
at A = 418 nm, where the absorbance corresponds to the enzy-
matically generated ABTS"+ radical cation formed during H,0,
reduction to H,O. As shown in Fig. 2A, the initial reaction rates
were similar for ABTS/HRP@ZIF-8 compared to the free HRP
across the temperature range studied of 25 °C to 50 °C, within
the limits of experimental error. Pertinently, the porous crys-
talline redox ZIF-8 structure not only allows effective mass
transport of reactant/product, but it permits a high level of
activity to be maintained under conditions of low, non-
inhibiting peroxide concentration (80 pmol L™"). MOF encap-
sulation of enzymes generally leads to compromised activity
under mild conditions e.g. due to decreased enzyme flexibility
and mass transport, although some literature has shown
increased activities, attributed to limited structural rearrange-
ments and the prevention of aggregation.*®**

Low-temperature electron paramagnetic resonance (EPR)
experiments were also performed in both the solid state and the
solution state (10 mmol L™ PB pH 7) that, importantly,
confirmed the presence of the intact heme active site in the
ABTS/HRP@ZIF-8 composite (Fig. S6). The EPR spectra of ABTS/
HRP@ZIF-8 in the solid state and in the phosphate buffer
solution are very similar to those of ABTS@ZIF-8, except for
additional lines observed at effective ¢ = 6.39 and 5.91,
attributed to HRP embedded in the MOF. The shape and
effective g values are somewhat different to those obtained for
pure HRP in the buffer, reflecting the enzyme's sensitivity to
confinement in the local MOF microenvironment. It is well
known that the pH and chemical nature of the buffer can have
strong effects on these EPR signals.®® The spectra obtained for
HRP in the solid state and in the buffer are similar to those
found in the literature with characteristic signals with effective g
=~ 6.39, 4.98, 1.98.°* EPR experiments were also performed to
test the reactivity with H,O, (Fig. S7). After reaction with 3 mmol
L~ H,0, for ~30 s in 10 mmol L™ * PB pH 7, a complete loss of
the EPR lines at effective g = 6.39, 4.98, and 1.98 at HRP alone
was observed, consistent with conversion to a catalytic inter-
mediate and/or inhibited HRP. In contrast, for ABTS/
HRP@MOF, this conversion was not completed since these
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lines did not disappear. It is not clear if the differences are
related to mass transport or intrinsic enzyme reactivity; never-
theless, the experimental evidence is consistent with enzyme
confinement in the MOF.

The permanent porosity of ABTS/HRP@ZIF-8, HRP@ZIF-8
and ZIF-8 samples was examined by N, sorption analysis at 77
K (Fig. 2B and C). The isotherms display the general profile of
a type I isotherm, signaling their microporous nature, with
a high adsorption capacity at very low relative pressures
(Fig. 2B). This is consistent with previous ZIF-8 and bi-
omineralised enzyme@ZIF-8 composites.®® BET analysis
revealed smaller surface areas of 1386 and 1428 m” g ' for
ABTS/HRP@ZIF-8 and HRP@ZIF-8 compared to 1534 m”> g~ * for
ZIF-8. The decrease in surface area for the biomineralised MOFs
compared to pristine ZIF-8 is consistent with blocking of some
micropores with encapsulated enzyme/mediator. The micro-
pore distribution according to the Horvath-Kawazoe method,
shown in Fig. 2B, revealed similar size distributions at ~0.8 nm,
~1.1 nm, and ~1.3 to 1.4 nm. No obvious trend relating pore
size to guest species encapsulation could be observed.

The enzyme and mediator loading amounts in the redox ZIF
materials were determined by UV-vis spectroscopy according to
calibration curves (Fig. S8 and S9). The loading amounts were
calculated by subtracting the concentrations determined in the
supernatant solutions after washing and high-speed centrifu-
gation (12000 rpm) steps. The enzyme concentrations were
determined from the Soret adsorption band (1 = 402 nm) of the
heme prosthetic group of the enzyme, as shown in Fig. S8. The
characteristic absorption of ABTS in the reduced state (A = 339
nm) was used for ABTS quantification.”® Enzyme and redox
mediator encapsulation efficiencies were obtained from the
final and initial mass loading amounts. The estimated loading
amounts and encapsulation efficiencies for HRP@ZIF-8,
ABTS@ZIF-8, and the ABTS/HRP@ZIF-8 materials are avail-
able in Table S1.

The possibility to tune the loadings of the encapsulated
enzyme and mediator in ABTS/HRP@ZIF-8 was explored. For
the preparation of ABTS/HRP@ZIF-8 materials with different
loadings, the initial concentrations of the redox species were
varied while the other synthesis parameters remained constant.
For the first method explored, Method A, we obtained the
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(A) Relative biocatalytic activity for H,O, conversion based on UV-vis assay with ABTS for (grey, stripes) free HRP versus (red, solid) ABTS/

HRP@ZIF-8 at 80 pmol L™ H,0, in 50 mmol L™ PB pH 7. (B) Nitrogen adsorption/desorption isotherms and (C) corresponding Horvath—
Kawazoe microporous pore size distributions for (i, black) ZIF-8, (ii, grey) HRP@ZIF-8, and (iii, red) ABTS/HRP@ZIF-8.
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material ABTS"°/HRP"™, where the designations LO and HI
correspond to “low” and “high” loading amounts of ABTS (ca.
0.5 mg) and HRP (ca. 4.2 mg), respectively. For Method A, the
enzyme was encapsulated with a very high efficiency of 98%
while the redox mediator was encapsulated with an efficiency of
6%. We subsequently explored the possibility to increase ABTS
loadings with a view to increasing electron shuttling pathways
for bioelectrocatalysis. For Method B, the initial HRP amount
employed was similar albeit slightly higher (5.0 mg vs. 4.2 mg)
while the ABTS amount was increased by a factor of 6 (from
8.3 mg to 50.0 mg). The loading efficiency doubled to 13 + 1%
for ABTS, while the enzyme loading efficiency decreased to only
18 & 5%, resulting in the composite ABTS"/HRP"C. The use of
a high initial amount of ABTS, and therefore a high initial
mediator:enzyme ratio, appears to restrict enzyme encapsula-
tion efficiency in the multiple redox MOF mediator/
enzyme@ZIF-8 materials. We finally explored Method C, for
which a high ABTS amount of 50.0 mg was maintained while the
initial enzyme amount was increased from 5.0 mg to 15.0 mg.
The enzyme loading amount dramatically increased from 0.9 +
0.3 mg to ca. 3.9 mg, owing to the high initial enzyme amount as
well as an improved loading efficiency of ca. 26%. Meanwhile,
the ABTS loading amount and efficiency of 6.5 mg and 13% was
practically unaffected. To maximise the redox loadings of both
the redox mediator and enzyme, these results indicate the
importance of a low mediator:enzyme ratio when increasing the
initial amounts used for synthesis. A series of control materials
were also synthesised in an equivalent manner; namely,
ABTS@ZIF-8 and HRP@ZIF-8 (loading amounts and efficiencies
available in Table S1). The ABTS encapsulation amount and
efficiency for ABTS@ZIF-8 were similar to that of ABTS™/
HRP"°@ZIF-8 when the same initial ABTS concentration was
used. In contrast, for HRP@ZIF-8, a far higher loading efficiency
of 75 £+ 6% was observed vs. the ca. 26% loading efficiency for
ABTS"/HRP"@ZIF-8. At least for the ABTS"/HRP'C@ZIF-8
material, the presence of ABTS had a more disruptive effective
on enzyme encapsulation than vice versa. We emphasise that,
unless stated otherwise, the ABTS/HRP@ZIF-8 material
described throughout this study corresponds to the ABTS™/
HRP"@ZIF-8 material obtained using Method B, a material
that offers a compromise in terms of loading and economic
considerations.

Design and screening of redox-active (bio)mineralised ZIF-8
for bioelectrocatalysis at carbon nanotube electrodes

The redox-active (bio)mineralised MOFs were explored as
adsorbed layers on multiwalled CNT-modified glassy carbon
electrodes for the two-electron two-proton bioelectrocatalytic
reduction of H,O, to H,O. It is well-known that HRP is able to
undergo H,0, electro-reduction via mediated as well as direct
electron transfer processes, hence both of these strategies were
explored7?4?>?7%%  CNT electrodes are attractive for bi-
oelectrocatalysis owing to properties such as their hierarchical
nanostructured porosity, high surface area, high conductivity,
easy surface modification by adsorption of proteins and (poly)
aromatics, and wide electrochemical potential window.>*** Here
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we employed cyclic voltammetry to characterise the electro-
activity and bioelectrocatalytic activity of the modified bi-
oelectrodes. Fixed potential chronoamperometry was employed
to investigate bioelectrocatalytic substrate inhibition, electro-
chemical biosensor performance, and storage stability. Table S2
provides a summary of the basic electrochemical parameters
determined in simple 50 mmol L' PB pH 7 at HRP-modified
CNT bioelectrodes prepared with ABTS and redox MOF
(ABTS@ZIF-8 and ABTS/HRP@ZIF-8) layers: peak potential (Ey,
»), peak-to-peak separation (AE,) and surface concentration
(I'agrs)- Fig. 1B shows a high-resolution SEM image of a repre-
sentative CNT-ABTS/HRP@ZIF-8 bioelectrode prepared with an
adsorbed ABTS/HRP@ZIF-8 layer on the porous CNT substrate.
The MOF nanoparticles are distributed relatively uniformly
across the CNT network.

Fig. 3 shows cyclic voltammograms (CVs) recorded at diverse
redox-active ZIF-8 HRP bioelectrodes to explore their bi-
oelectrocatalytic activity for H,0, reduction. CVs were recorded
at 10 mV s~ in the absence then presence of 3 mmol L™" H,0,
in 50 mmol L™ phosphate buffer at pH 7. First, we explored
HRP@?ZIF-8 at CNTs to test the possibility of achieving DET-type
bioelectrocatalysis. As shown in Fig. 3A, no bioelectrocatalytic
current was observed. The HRP in the insulating and crystalline
ZIF-8 structure is electrically-inaccessible. This result is
consistent with (i) the electrode-heme site electron transfer
distance not being within 20 A, in line with Marcus theory, and/
or (ii) limited mobility (e.g. the enzyme is “immobile”)
restricting favorable enzyme orientation with respect to the CNT
electrode. %%

We next explored an MET-type configuration in which the
CNT electrode was first modified with ABTS molecules prior to
immobilisation of HRP@ZIF-8. The adsorption of aromatic

40 40
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Fig.3 CVsrecordedat10 mVs~in 50 mmol L™ PB pH 7 at 37 °C with
(black, dash) no H,O, and (red, solid) 3 mmol L~ H,O, for (A) CNT with
HRP@ZIF-8, (B) CNT-ABTS with HRP@ZIF-8, (C) CNT with ABTS'®/
HRP™'@ZIF-8, and (D) CNT with ABTS@ZIF-8 and HRP.
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redox mediators at sp> carbon electrodes, facilitated by strong
T-stacking interactions, is a valuable tool to achieve MET bi-
oelectrocatalysis e.g. for biosensing.**** As shown in Fig. 3B,
both in the absence and presence of H,0,, the classical quasi-
reversible one-electron electroactivity of adsorbed ABTS mole-
cules is observed at E;, = 0.50 £ 0.02 V vs. Ag/AgCl (sat. KCI).>**®
Despite a high electroactive surface coverage for the redox
mediator of 6.03 + 0.12 x 10~° mol cm >, and fast apparent
electron transfer kinetics (AE, = 22 + 2 mV at 10 mV s '), no
significant catalytic current was observed after addition of
3 mmol L' H,0, across a wide potential range. This finding is
consistent with efficient electron transfer between the mediator
and the electrode but, importantly, no mediated electron
transfer between the enzyme and the electrode. This is again
consistent with the HRP being buried within an insulating
crystalline MOF scaffold, as opposed to the enzyme being
present and exposed at the surface for easy electrical access to
the mediator and CNTs. The absence of DET may also be due to
ineffective orientation of enzymes exposed close to the ZIF-8
surface.

The inability to achieve DET or MET bioelectrocatalysis with
the HRP@ZIF-8 layer led us to the development of the redox-
active enzyme/mediator@ZIF-8 materials. We first prepared
a bioelectrode with the ABTS"°/HRP™'@ZIF-8 material (Method
A) to explore the proof-of-concept. In the absence of H,0,, the
CV at the CNT-ABTS"°/HRP™ @ZIF-8 bioelectrode exhibited the
quasi-reversible electroactivity of adsorbed ABTS (Fig. 3C) with
very similar E,, and AE, values compared to the classically
adsorbed ABTS configuration (Fig. 2C and Table S2), consid-
ering the experimental uncertainty. The CNT-ABTS"Y/
HRP"'@ZIF-8 bioelectrode only exhibited a surface coverage of
electroactive ABTS molecules of 0.16 £ 0.10 x 10~° mol cm 2.
Nevertheless, the ABTS redox functionalities were present and
electrically accessible at the ZIF-8 layer. Their electrochemical
accessibility with minimal resistance to the heterogeneous
electron transfer process (AE, = 25 & 2 mV) is consistent with
them being easily accessible, with ABTS molecules at or close to
the surface of the ZIF-8 structure. In the presence of H,O,,
a well-defined cathodic current wave with a high onset potential
is observed in line with the initial generation of ABTS;eq
(Fig. 3C) and with a concomitant diminution of the ABTS,,
peak. This behavior is attributed to mediated bioelectrocatalysis
via the ABTS"°/HRP™'@ZIF-8 redox MOF layer. We note that the
bioelectrocatalytic current relies on the generation of ABTS,.q
for electron shuttling between the enzyme and the CNT elec-
trode during the enzyme reaction, and that the magnitude of
the catalytic current is proportional to the turnover rate. The
ABTS,q acts as a co-substrate in the mechanism. The catalytic
wave is well defined and reaches a peak current of —18.76 pA at
0.35 V vs. Ag/AgCl (sat. KCl), characteristic of high substrate
turnover with substrate depletion near the electrode surface. To
our knowledge, this is the first clear evidence for a classical
bioelectrocatalytic reaction with a biomineralised MOF, made
possible through the intimate inclusion of both the redox
mediator and enzyme. The mechanism of redox mediation is
complex to unravel, especially considering our limited under-
standing of the location and orientation of the enzymes, and
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distances between mediators and enzymes, at the MOF-
electrode interaction. One possibility is that the encapsulated
ABTS exhibits some diffusional mobility. A second mechanism
is considered to be via electron hopping and/or collisions e.g. as
reported for redox-active polymer materials, where electron
transfer proceeds by sequential self-exchange between adjacent
and closely-spaced redox groups; in our case, electron transfer
via ABTS redox groups within and between pores of the MOF
structure that enable electrical contact between the enzyme and
the CNTs. 66776

A fourth bioelectrode configuration was explored in which
ABTS@ZIF-8 was used as a new type of “MOF mediator” electron
shuttle for the electrical connection of a classically-adsorbed
HRP layer. As shown in Fig. 3D, the ABTS@ZIF-8 bioelectrode
exhibits well-defined quasi-reversible electroactivity due to
ABTS molecules, similar to that observed for an adsorbed ABTS
layer modified with HRP@ZIF-8, albeit with a higher surface
coverage (Table S2). While the ABTS is electrically accessible
and exhibits fast apparent electron transfer kinetics (AE, =17 +
2 mV), no bioelectrocatalytic current was observed in the pres-
ence of 3 mmol L' H,0, in the buffer solution. This result
further underlines the difficulty in achieving an efficient elec-
tron transfer for bioelectrocatalysis using mineralised MOFs.
Most importantly, the results from the 4 different electrode
configurations validate the importance of the dual mediator/
enzyme biomineralisation strategy. The inability of the
ABTS@ZIF-8 nanoparticle layer to act as a redox mediator is
consistent with electron movement via diffusional mobility,
collisions and/or electron hopping not being sufficiently
continuous across or around the MOF particles. This is in
contrast to our previously developed redox-active polymeric
glyconanoparticles with surface-encapsulated ABTS, that
enabled mediated bioelectrocatalysis, benefitting from diffu-
sional transport of both the enzyme and redox mediator, and
from self-exchange across and around the redox particles.*

Redox-active biomineralised ABTS/HRP@ZIF-8 versus ABTS-
HRP for bioelectrocatalysis at carbon nanotube electrodes

Catalytic voltammograms under static and hydrodynamic
conditions at high (inactivating) peroxide concentration. We
next performed cyclic voltammetry experiments to evaluate the
electroactivity and bioelectrocatalytic activity of ABTS/
HRP@ZIF-8 with respect to an equivalent bioelectrode
prepared with classically adsorbed ABTS and HRP. For these
studies, we employed the ABTS/HRP@ZIF-8 (ABTS"'/HRP'°@-
ZIF-8) material. As well as providing a compromise in terms of
enzyme loading and cost, the high local concentration of ABTS
was considered attractive with respect to boosting electron
shuttling, compared to ABTS"°/HRP™'@ZIF-8. First, CVs were
recorded in the absence of H,0, to confirm (i) the adsorbed
nature and (ii) stability of the electroactive ABTS molecules of
the CNT-ABTS/HRP®@ZIF-8 bioelectrode (Fig. S10 and S11). As
shown in Fig. $10, the CVs recorded at 10 mV s~ at CNT-ABTS/
HRP@ZIF-8 and the CNT-ABTS-HRP control bioelectrode in
50 mmol L™! PB pH 7 show the same general ABTS electro-
activity as observed previously for the diverse ABTS and
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ABTS@ZIF-8 modified electrodes. Conveniently for comparative
purposes, the electroactive surface coverages of ABTS for the
ABTS/HRP@ZIF-8 MOF bioelectrode and the control bi-
oelectrode (CNT-ABTS-HRP) are very similar at I' = 7.29 + 0.24
x 107% and 7.42 + 0.31 x 10 ° mol cm 2, respectively.

Repeat potential cycling in the buffer solution of the ABTS/
HRP@ZIF-8 bioelectrode was performed to provide insight
into the physical stability of the modified layer. 87% of the
initial electroactivity remained after 100 redox cycles, confirm-
ing a good level of material retention and chemical reversibility.
For the control electrode prepared with ABTS molecules directly
adsorbed at the CNT electrode, 98% of the initial electroactivity
remained. The stability in both cases reflects the strong nature
of the bonding of ABTS molecules (e.g. via -7 stacking) with
the CNT sidewalls. The lower stability of the ABTS/HRP@ZIF-8
bioelectrode may be attributed to mediator leaching due to
more limited bonding interactions between ABTS and CNTs
(e.g. steric hindrance from the ZIF structure) and/or some
framework collapse. For both types of bioelectrode, the
electroactivity is consistent with surface-bound species, as
opposed to freely-diffusional species: a linear dependence of the
anodic and cathodic currents vs. the square root of the scan rate
was observed in the range of 1-200 mV s~ (* = 0.993, Fig. S11).
For the ABTS/HRP@ZIF-8 bioelectrode, this corresponds well
with the notion that the redox entities are encapsulated and
relatively “immobile”, at least on the timeframe of these
experiments.

The bioelectrocatalytic voltammograms recorded at the
ABTS/HRP®@ZIF-8 bioelectrode and CNT-ABTS-HRP control
bioelectrodes are shown in Fig. 4. The experiments were per-
formed at ambient (RT), physiological (37 °C) and high
temperature (50 °C) to provide more insight into the tempera-
ture activation/deactivation on the bioelectrocatalytic reaction
with the redox MOFs. The ABTS/HRP@ZIF-8 and CNT-ABTS-
HRP bioelectrodes were prepared using equivalent modifier
concentrations and protocols. For the control bioelectrode,
prepared first by modification with ABTS, then HRP, two rather
than one modification steps were used. The electrode was
prepared in a step-wise fashion and is labelled as such, even if it
is not considered as an ideal bilayer but rather a complex hybrid
assembly of ABTS and HRP species. Fig. 4A-C shows the CVs
recorded under static conditions in the absence of H,O, (black,
dashed line) and then in the presence of 3 mmol L' H,O0,.
Well-defined bioelectrocatalytic currents are observed that
follow the general trend of increasing catalytic current with
increasing temperature from ambient temperature to 50 °C. It is
noted that background-subtracted catalytic currents are re-
ported unless stated otherwise, where the background current
was obtained in the absence of peroxide, and experiments were
performed at each temperature in triplicate.

At low potential, near maximal catalytic currents at the
control electrode increased from 4.8 + 1.6 pA at room temper-
ature to 10.1 £ 2.2 pA at 37 °C and up to 15.1 & 2.1 pA at 50 °C.
In contrast, for the ABTS/HRP@ZIF-8 bioelectrode at the same
low potential, the catalytic currents increased from 9.7 + 1.1 pA
at RTto 17.1 £+ 2.4 pA at 37 °C and up to 27.3 + 3.2 pA at 50 °C.
The ABTS/HRP@ZIF-8 bioelectrode system with the confined
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redox species therefore exhibits a similar temperature depen-
dency but, notably, a significant enhancement in the catalytic
current outputs. Across the three temperatures, the average
catalytic current improvement was 84%. The bioelectrocatalytic
waves are generally similar although there are other notable
differences besides the low potential catalytic current boost. For
example, at 37 °C and 50 °C (Fig. 4E and F) in particular, a more
well-defined and important catalytic current (cathodic) increase
at the high potential region from 0.55 V to 0.40 V is observed
together with a concomitant diminution of the anodic current
of the redox mediator oxidation process. This is consistent with,
at least in part, a partial mediated electron transfer process for
the ABTS/HRP@ZIF-8 material at CNTs. This evidence for
mediated electron transfer is most pronounced for the high
temperature experiments.

To shed more light on diffusional transport limitations,
a third voltammetric cycle was subsequently recorded under
hydrodynamic conditions (500 rpm) for each temperature and
electrode type (Fig. 4, pink dash-dot). For both the CNT-ABTS-
HRP and ABTS/HRP@ZIF-8 bioelectrodes, the maximum cata-
Iytic current outputs were increased due to the increased mass
transport to/from the electrode. This confirms diffusion limi-
tations under the normal ambient (static) conditions, irre-
spective of whether enzyme is simply adsorbed or encapsulated
in the MOF. For CNT-ABTS-HRP, the near maximal catalytic
currents at 0.1 V vs. Ag/AgCl (sat. KCl) increased by 38% at RT,
and by as much as 66% at 50 °C. For the ABTS/HRP@ZIF-8 bi-
oelectrode, the catalytic currents increased by 21% at RT and by
a maximum of 29% at 50 °C. The ABTS/HRP@ZIF-8 electrode is
therefore less sensitive to the increased flux of H,O, and
protons experienced under hydrodynamic conditions. This
reveals steric hindrance to mass transport due to the ZIF-8
matrix which acts, at least to some extent, as a diffusion-
limiting porous membrane. The maximum catalytic current
that could be achieved under improved mass transport condi-
tions at 37 °C was 35.1 + 1.2 pA at ABTS/HRP@ZIF-8, which is
still significantly higher than the 25.0 £ 2.5 pA obtained at the
ABTS-HRP control bioelectrode without the diffusion-limiting
MOF later. Together, these results appear to correspond with
reported literature for biocatalytic reactions with bi-
omineralised enzyme@MOF materials that report activity
enhancements under deactivating conditions, due to enzyme
confinement and stabilisation effects.*®**”® The enhanced bi-
oelectrocatalytic currents could be due to a more productive
enzyme conformation and/or spatial effects that limit enzyme
aggregation or unfolding. For the unique case of ABTS/
HRP@ZIF-8, the activity enhancement may also be related to
an “active” inhibition shielding effect from the ABTS. In the
context of biocatalysis, it has been shown that redox species
such as ABTS can protect HRP from suicide inactivation by
competing with H,0, during the reaction.””>

Fixed potential amperometric currents under hydrodynamic
conditions to investigate H,0, substrate inhibition and
electrochemical biosensing. We next investigated the concen-
tration dependence at different temperatures to provide insight
into substrate inhibition and MOF protection effects for the
bioelectrocatalytic reaction. Fixed potential amperometry at

This journal is © The Royal Society of Chemistry 2025
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3 mmol L™t H,0, under hydrodynamic conditions (500 rpm) for (A—C) layer-by-layer CNT-ABTS—HRP at RT, 37 °C and 50 °C, respectively,
versus (D—F) CNT-ABTS/HRP@ZIF-8 at RT, 37 °C and 50 °C, respectively.

Eqpp = 0.1 V vs. Ag/AgCl (sat. KCI) with stirring at 500 rpm was
employed to measure catalytic current outputs across a wide
H,0, concentration range from 5 pmol L™" up to 5 mmol L.
Fig. 5A-C reveals the dose-current response curves for the ABTS/
HRP@ZIF-8 and ABTS-HRP control bioelectrodes that rise to
a maximum as the H,0, concentration increases, then descend
towards a zero or non-zero asymptote current as the inhibitor
concentration increases further. The reaction profiles that
descend to zero or non-zero current correspond to complete and
partial substrate inhibition, respectively. For the classical
ABTS-HRP bioelectrode without the MOF matrix, we observe
high catalytic currents at low (non-inhibiting) concentrations
that reach a maximum at H,O, = 0.1 mmol L, then drop
sharply. In contrast, the ABTS/HRP@ZIF-8 bioelectrodes exhibit
smaller catalytic currents at these low H,0O, concentrations,
importantly, in the absence of substrate inhibition. The lower
catalytic currents observed with the ABTS/HRP@ZIF-8 layer are
characteristic of the ZIF-8 structure acting as a flux-diffusion
membrane, effectively reducing the local concentration of
H,0, (and eventually protons), and therefore limiting the
catalytic output at the ABTS/HRP@ZIF-8 bioelectrode.

At higher peroxide concentrations, where H,O, = 0.5 mmol
L~ (RT, 37 °C) or 0.2 mmol L' (50 °C), the bioelectrocatalytic
currents at the ABTS/HRP@ZIF-8 surpass those observed at the
control ABTS-HRP bioelectrode. At these concentrations, the
ABTS-HRP bioelectrode is heavily impacted by substrate inhi-
bition. For all temperatures, the catalytic output with ABTS/
HRP@ZIF-8 reaches a maximum at H,O, = 1 mmol L' then
decays to a non-zero current value. The ABTS/HRP@ZIF-8

This journal is © The Royal Society of Chemistry 2025

bioelectrode benefits from significant protection against
complete substrate inhibition at RT and partial inhibition at
higher temperatures. At 1 mmol L™ at 50 °C, the maximum
average catalytic current achieved was 27.5 pA, which compared
to 9.1 pA at the control bioelectrode, corresponding to a 203%
enhancement (triplicate measurements). We note that
a supplementary experiment was performed to further demon-
strate that the enhanced catalytic performance under strongly
inhibiting conditions was intrinsic to the ZIF composite, and
not simply due to ineffective distribution and hybridisation of
the redox species at the CNT-ABTS-HRP control electrode.
Fig. S12 shows that the bioelectrocatalytic currents at 3 mmol
L' H,0, are not enhanced for a control electrode prepared by
pre-mixing ABTS and HRP vs. the CNT-ABTS-HRP control
electrode prepared via the classical step-wise mediator then
enzyme modification strategy.

To further evaluate substrate inhibition, half-maximal
inhibitory concentration values (IC50) were determined from
the dose-response curves. The data in Fig. 5A-C was fitted to
double-exponential plots with good agreement (72 = 0.990) and
analysed to determine the relative IC50 values, as shown in
Fig. S13. The IC50 values are defined here as the concentration
of the substrate needed to inhibit the bioelectrocatalytic
response by 50%. Relative as opposed to absolute IC50 values
were determined as the half-way point between the
experimentally-determined catalytic minimum and maximum
values. We report this method as a simple and practical
approach for quantifying inhibition that avoids errors associ-
ated with the reliability of Michaelis Menten parameters and
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elucidating the substrate inhibition model.” The relative IC50
values for H,0, at the ABTS-HRP bioelectrode ranged from 0.73
+ 0.23 mmol L' at RT to 0.90 & 0.06 mmol L™" at 37 °C, to as
low as 0.48 #+ 0.17 mmol L™" at 50 °C. The lowest IC50 is
observed at 50 °C, which reflects the harsh environment of the
high temperature. In contrast, the IC50 values for H,0, inhi-
bition at the ABTS/HRP@ZIF-8 bioelectrode ranged from 1.96 +
0.35 mmol L' at RT to 1.94 + 0.16 mmol L™ " at 37 °C, and 1.77
+ 0.44 mmol L™ " at 50 °C. The biomineralised architecture of
ABTS/HRP@?ZIF-8 therefore significantly reduces the potency of
the peroxide inhibitor across the different temperatures, and
especially at 50 °C under harsh thermal conditions. While IC50
values have been reported for diverse HRP inhibitors, reported
1C50 values with H,O, as the inhibitor were not identified. For
comparison, we estimated an IC50 based on the biocatalytic
assay data reported in the study of Nicell and Wright.”* The
estimated IC50 with H,0, as the inhibitor is ca. 1.4 mmol L™ * at
25 °C at pH 7.4.” The estimated literature IC50 is higher than
the values we obtained here for the classical ABTS-HRP bi-
oelectrode but lower than the protected ABTS/HRP@ZIF-8 bi-
oelectrode. It's not straightforward to compare owing to the
difference in reaction mechanism e.g. biocatalytic vs. bi-
oelectrocatalytic, which implies different reactivity between
immobilised and diffusional enzymes and the different co-
substrate/mediators used (e.g. phenol vs. ABTS), for example.
The ABTS/HRP@ZIF-8 system may also provide some
specific advantages for electrochemical biosensing. Fig. 5D-F
shows linear calibration curves for H,O, sensing, obtained from
the concentration-current plot data in Fig. 5A-C. In this context,
the sensitivity and linear dynamic ranges were determined and

31708 | J Mater. Chem. A, 2025, 13, 31699-31713

(500 rpm) at (A and D) RT, (B and E) 37 °C, and (C and F) 50 °C.

recorded in Table S3. For the control ABTS-HRP bioelectrodes,
the linear detection range was 0.005 to 0.1 mmol L " across the
three temperatures. For the ABTS/HRP@ZIF-8 bioelectrodes,
the linear dynamic ranges were 0.005 mmol L' to either
0.5 mmol L' (RT, 37 °C) or 0.25 mmol L ™" (50 °C). The bi-
omineralisation strategy therefore permits a temperature-
dependent 2.5 to 5-fold increase in the upper limit of the
linear calibration range for peroxide biosensing. The increase in
linear dynamic range is characteristic of the flux-limiting
behavior of the ZIF-8 matrix, where the ZIF-8 matrix functions
effectively as an alternative membrane to classical polymers
such as polycarbonate or nanocellulose.'®** The ability to also
expand the upper limit of the sensor range beyond 0.1 mmol
L' is promising for environmental, industrial and even bio-
logical applications. While H,0, is typically found at relatively
low pumol L™ levels in vivo, concentrations exceeding 0.1 mmol
L~ are found in cellular environments, for example, in the
context of cancer therapy monitoring.”” The HRP/ABTS@ZIF-8
bioelectrode maintains a reasonable level of sensitivity but is
nevertheless less sensitive vs. the classical layer-by-layer elec-
trode, at least in part due to flux-limiting effects. For example, at
37 °C, the analytical sensitivity for the ABTS-HRP bioelectrode
was 400.2 + 13.8 pA mmol * em ™2, which compares to 93.4 +
1.1 pA mmol ! em ™2 at the HRP/ABTS@ZIF-8 bioelectrode. The
sensitivities are not the highest reported; HRP-based biosensors
employing redox-active Os polymers exhibited a higher sensi-
tivity of 297 A mmol ™" cm™>.7® Elsewhere, mediatorless HRP-
modified CNT bioelectrodes exhibited a sensitivity of 5.1 &+ 0.2
pA mmol ! em 277 Overall, the wide linear range and reason-
able sensitivity observed here are promising with respect to

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Relative fixed potential amperometric current versus time to assess storage stability over 10 days for (i, black) CNT-ABTS—HRP and (ii, red)
CNT-ABTS/HRP@ZIF-8 bioelectrodes. Currents obtained from chronoamperograms recorded for 600 s at E,p, = 0.1V vs. Ag/AgCl (sat. KCI) in
50 mmol L™t PB pH 7 under stirring at 500 rpm at (A) RT, (B) 37 °C, and (C) 50 °C.

biosensing, especially with a view to sensing in strongly dosed
or contaminated aqueous matrices, for example.

Initial bioelectrocatalytic stability experiments were per-
formed at the CNT-HRP/ABTS@ZIF-8 and control CNT-ABTS-
HRP bioelectrodes to provide preliminary insight into non-
substrate inhibition related protection effects. Amperometric
currents were periodically recorded on different days at 0.1 Vvs.
Ag/AgCl (sat. KCI) in 50 mmol L™ PB pH 7 with 0.2 mmol L™*
H,0, for operational periods of 600 s. The recorded currents
were obtained after each operational period of 600 s. The
normalized currents were plotted as a function of storage time
(days) over a 10-day period, as shown in Fig. 6. First, we can
observe that the relative stabilities are consistently higher for
the HRP/ABTS@ZIF-8 bioelectrodes across the 10 day period
and for all 3 temperatures. This confirms a significant MOF-
induced stabilising effect at mild and harsher temperatures.
Focusing on the 10-day stability performance, which corre-
sponds to 1800 s of operational testing, only 11%, 4% and
<0.1% of the initial catalytic activity remained for the classical
ABTS-HRP bioelectrode. The bioelectrodes are clearly unstable,
even for tests at mild ambient temperature. For the series at 50 ©
C, complete deactivation was observed after 10 days in line with
a higher level of thermal deactivation. On the other hand, the
ABTS/HRP@ZIF-8 bioelectrodes permitted the retention of 66%
(RT), 23% (37 °C) and 4% (50 °C) of the initial catalytic activity
after 10 days.

While the protection offered by the ABTS/HRP@ZIF-8
material is promising for periodic measurements over several
days at RT and physiological temperature, the system is poorly
practical for experiments involving temperatures of 50 °C
beyond 2 days. We note that a high overpotential of 0.1 V vs. Ag/
AgCl (sat. KCl) was also used for these experiments and that
a more moderate overpotential could help reduce activity
degradation. These first storage stability experiments are
promising; for example, we previously reported average stabil-
ities of 39% to 67% at RT after 7 days for a HRP/polymer CNT
bioelectrode system.”* The improved storage stabilities are
accounted for, at least in part, by flux-limiting effects. The
substrate inhibition and thermal inactivation protection may

This journal is © The Royal Society of Chemistry 2025

also benefit from chemical and/or physical stabilising interac-
tions between the ZIF and the enzyme that facilitate improved
geometry, compactness and/or retention of the protein.

Conclusion

In conclusion, this work demonstrates the ability of biomimetic
mineralised zeolitic imidazolate framework MOFs containing
an oxidoreductase and a redox mediator to shuttle electrons for
a bioelectrocatalytic reduction reaction at carbon nanotubes.
Thanks to the intimate inclusion of both the enzyme and
a molecular redox mediator during the biomineralisation ZIF-8
synthesis process, electron transfer involving an important
density of electron acceptors became possible. Neither direct or
mediated electron transfer bioelectrocatalysis could be ach-
ieved with a biomineralised crystalline enzyme@?ZIF-8 layer at
CNTs, or via an alternative strategy using a new type of
mediator@ZIF-8 material. The synthesis protocols were devel-
oped such that the enzyme and mediator loadings could be
modulated, to a certain extent. Enhanced bioelectrocatalytic
outputs were observed for the enzyme/mediator@ZIF-8
compared to equivalent control systems due to substrate inhi-
bition protection effects. Significant bioelectrocatalytic activity
enhancements were observed but only under substrate inhib-
iting conditions at =0.2 mmol L " H,0, and up to 5 mmol L7,
hence the enhancement mechanism is directly related to inhi-
bition shielding. At 50 °C, the catalytic current enhancement is
dramatic, reflecting also thermal deactivation protection
effects. Initial stability studies performed over 10 days at low
(non-inhibiting) peroxide concentration highlighted beneficial
protection effects due to the MOF besides substrate inhibition
protection. Together, the results emphasise significant benefits
of the biomineralisation strategy, especially under deactivating
conditions. This report also introduces bioelectrochemical IC50
for H,0, inhibition that may act as benchmark values for
comparisons between peroxidase and other types of inhibited
enzymatic electrodes. The practical utility of the ABTS/
HRP@ZIF-8 system was demonstrated for proof-of-concept
electrochemical biosensing of H,0,. A reasonable sensitivity
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was observed although sensor sensitivity was negatively
impacted compared to a classical layer-by-layer fabricated
electrode. On the other hand, an important 2.5 to 5-fold
increase in the linear dynamic range of the biosensor was
observed, as well as improved 10-day stability over a wide range
of temperatures. The biomineralised enzyme/mediator@ZIF-8
system could in principle be used with any other oxidoreduc-
tase, with a suitable redox mediator/cofactor, to improve the
catalytic activity and stability for diverse bioelectrochemical
applications. Based on this study, such redox biomineralised
materials are especially adapted for operation under inhibiting
and/or deactivating conditions, and are well suited for heavily
dosed or contaminated sample analysis rather than trace level
detection. Future work is necessary to better understand the
spatial arrangement and interactions of the encapsulated
enzyme and mediator within the MOF structure (e.g. via
computational and more advanced spectroscopic methods),
and to precisely elucidate the charge transfer process. Besides
electrochemical sensors, such MOF-enzyme hybrids should be
exploited to benefit biofuel cell and electro-enzymatic reactors
where the use of high (deactivating) substrate concentrations
and eventually temperatures are desired, or even necessary, for
practical use.

Experimental

Chemicals and materials

Sodium phosphate dibasic (Na,HPO,, =99%), sodium di-
hydrogen phosphate (NaH,PO,, =99%), hydrogen peroxide
(30% w/w in H,0), zinc nitrate hexahydrate (Zn(NO;),-6H,0,
crystallised, =99%), 2-methylimidazole (2-MeIm, 99%), 1-
methyl-2-pyrrolidone (NMP, =99%), and horseradish peroxi-
dase (HRP) from Armoracia rusticana were purchased from
Sigma Aldrich and used as received without further purification.
The enzyme was stored at —4 °C when not in use. 2,2’-azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid (ABTS, 98%) was
purchased from Thermo Scientific Chemicals. Distilled water
(DI water) was purified to a minimum resistivity of 15 MQ cm ™"
using a Millipore Ultrapure system. Commercial grade thin
multi-walled carbon nanotubes (CNTs, =95%) were obtained
from Nanocyl and used as received without purification.

Electrochemistry

Cyclic voltammetry experiments were performed using a Bio-
logic VMP3 Multi Potentiostat with EC-lab software. Fixed
potential chronoamperometric measurements were performed
using a Princeton Applied Research PARSTAT-MC-PMC1000
potentiostat controlled by Versastudio software, operating in
a Faraday cage. Hydrodynamic experiments were performed
using an IKA C-mag magnetic stirrer at 500 rpm with a magnetic
stirrer bar placed in the electrolyte. All experiments were per-
formed with a three-electrode cell comprising a working elec-
trode based on a carbon nanotube film-modified glassy carbon
(GC with g = 3 mm), a silver-silver chloride reference electrode
(Ag/AgCl with saturated KCl), and a Pt wire counter electrode.
GC electrodes were polished using a Presi polishing cloth with 1
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um alumina then sonicated for 5 min in distilled water prior to
use. Electrochemical experiments were performed in 50 mmol
L~ phosphate buffer (pH 7). Amperometric data was recorded
at E,pp = 0.1 Vvs. Ag/AgCl (sat. KCI) unless stated otherwise. For
the inhibition study, the first peroxide addition was made after
300 s, followed by subsequent additions every 100 s. For stability
experiments, bioelectrodes were stored in fresh buffer solution
at 4 °C between measurements. The surface concentration of
electroactive ABTS, denoted I' (in mol cm 2) was calculated
according to the following equation:

T = QInFA (1)

where Q is the average charge obtained from the anodic peaks of
the redox mediator (in coulombs), 7 is the number of electrons
(1 electron), F is Faraday's constant (96 485 C mol '), and 4 is
the geometric surface area of the electrode (in cm?®). The charge
was calculated as the integral of the peaks associated with the
oxidative faradaic process normalised by the scan rate (10 mV
s ).

Synthesis of redox MOFs

ZIF-8. First, 92.5 mg of Zn(NO3), - 6H,0 was dissolved in 4 mL
of DI water. In a second flask, 4.1 g of 2-methylimidazole was
dissolved in 40 mL of DI water. The solution of the second flask
was added to the first flask Zn(NO3),-6H,0. This mixture was
left to react under stirring at room temperature (RT). After
stirring for 30 min, the product was collected by three centri-
fugation and DI water rinsing steps (12 000 rpm; 20 min, 4 °C),
then the product was dried overnight in an oven at 40 °C.

HRP®@ZIF-8. First, 92.5 mg of Zn(NO3),-6H,0 was dissolved
in 4 mL of DI water. In a second flask, 5.0 mg of HRP was di-
ssolved in 4 mL of DI water, then this volume was added to the
first flask. The volume of a third flask containing 4.1 g of 2-
Melm dissolved in 40 mL of DI water was rapidly added to the
mixture. The mixture was left to react under stirring at room
temperature (RT) for 30 min. After stirring for 30 min, the
reaction mixture was aged under static conditions in the fume
hood for a further 18 h. The product was collected by three
centrifugation and DI water rinsing steps (12 000 rpm; 20 min, 4
°C), then the product was dried overnight in an oven at 40 °C.

ABTS/HRP@ZIF-8. The standard synthesis (Method B) was
the same as the protocol for HRP@ZIF-8 except that the volume
of a fourth flask containing 50 mg of ABTS in 0.25 mL of DI
water was rapidly added after the addition of the 2-MeIm to the
mixture of Zn(NOj3),-6H,0O and HRP. The reaction time and
purification was otherwise the same as for HRP@ZIF-8. The
alternative syntheses of Method A (ABTS"°/HRP™'@ZIF-8) and
Method C (ABTS™/HRP™'@ZIF-8) were prepared in the same
manner except that the HRP and ABTS amounts were 4.2 mg
and 8.3 mg (Method A) and 15 mg and 50 mg (Method C).

ABTS@ZIF-8. The synthesis was performed using the same
protocol as for HRP@ZIF-8 except that 50 mg of ABTS in
0.25 mL was rapidly added to the mixture containing 2-MeIm
and Zn(NOj;),-6H,0, as opposed to the addition of the HRP
solution. The reaction time and purification was otherwise the
same as for HRP@ZIF-8.

This journal is © The Royal Society of Chemistry 2025
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Preparation of electrodes

Multiwalled carbon nanotube electrodes. 2.5 mg of the
multiwalled carbon nanotubes (CNTs) were first added to 1 mL
of NMP in a sealed glass vial and the resulting suspension
sonicated for 120 min to achieve a homogeneous dispersion. 20
uL of the CNT dispersion (2.50 mg mL ™) was subsequently
drop-casted onto the GC electrode to obtain a densely and
homogeneously coated MWCNT layer after drying, based on our
previously reported method.** The modified electrode was dried
under vacuum for 2 h then rinsed with 50 mmol L™ phosphate
buffer (pH 7) prior to use.

Modified carbon nanotube bioelectrodes with enzyme,
mediator, (bio)mineralised ZIF-8 layers. The control CNT-
ABTS-HRP bioelectrodes were prepared from mediator and
enzyme solutions prepared at 0.13 mg mL ™" and 0.02 mg mL "
in 50 mmol L' PB pH 7, respectively. First, 20 uL of the ABTS
solution was drop-casted on the electrodes and left to react for
60 min at RT. The electrodes were lightly rinsed with the
50 mmol L™' PB pH 7 buffer solution, then immersed in a 20 L
volume of the HRP solution, then left to reactive overnight in
the refrigerator (5 °C). The electrodes were lightly rinsed with
the buffer solution prior to analysis. The control CNT-ABTS/
HRP bioelectrodes were prepared by immersion in a 20 pL of
a pre-mixture of ABTS and HRP at 0.13 mg mL ™" and 0.02 mg
mL " in 50 mmol L™ PB pH 7. The pre-mixture containing both
enzyme and mediator was left to react overnight in the refrig-
erator (5 °C), then lightly rinsed with the buffer solution prior to
analysis.

Unless stated otherwise, the CNT-ABTS/HRP@ZIF-8 modi-
fied bioelectrodes were prepared by immersion in a 20 pL
volume of the ABTS/HRP@ZIF-8 modifier dispersion prepared
at the equivalent concentration as for the individual ABTS and
HRP solutions, then left to react at room temperature overnight
in the refrigerator (5 °C). The ABTS"°/HRP™@ZIF-8 modifier
solution was prepared at 0.02 mg mL™ " and 0.18 mg mL~" HRP.
The electrodes were lightly rinsed with the buffer solution prior
to analysis. The alternative MOF-modified electrodes prepared
with additional ABTS or enzyme layers were prepared according
to the above immersion protocol for the enzyme solution and
MOF dispersions, and drop-casting for the ABTS solutions, with
rinsing with buffers solution between each step.

Materials characterisation

UV-vis protocols. Calibration curves for ABTS and HRP were
prepared from stock solutions in distilled water and established
based on the absorption intensities at A = 339 and 402 nm,
respectively. The calibration curves were used to estimate the
loading amounts in the MOF samples by analysis of the di-
ssolved species in the supernatant solutions and considering
the initial enzyme amount used for each synthesis. The enzyme
activities of the enzyme and MOF composites were determined
according to the classical enzymatic assay of HRP with ABTS
and H,O, with continuous spectrophotometric detection of the
oxidized light green product, ABTS", at A = 402 nm.”® The
experiments were performed at fixed temperature in 50 mmol
L' PB at pH 7 on a temperature controlled stage. Solutions

This journal is © The Royal Society of Chemistry 2025
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were warmed to the desired temperature prior to addition into
the quartz cuvette in the absence of BSA and Triton X-100.

PXRD. The XRD patterns were collected at room temperature
(22 °C) in the Bragg-Brentano geometry using an X'Pert PRO
MPD diffractometer (PANalytical (now Malvern Panalytical),
Almelo, Netherlands) with a copper anode, using the K, wave-
length (A = 1.5419 A), and a PIXcel 1D Silicon Strip Detector.
Samples were prepared for XRD measurement by filling the
cavity of a Silicon Zero Background Holder.

BET. Surface area and pore size were obtained from nitrogen
sorption measurements using a Micromeritics ASAP2020Plus
instrument. Powders were first outgassed at 60 °C for 12 h. N,
adsorption/desorption isotherms were obtained at 77 K. The
specific surface area of the powders was calculated from the N,
isotherm using the Brunauer-Emmet-Teller (BET) equation in
the 0.03 = P/P, = 0.08 interval of relative pressure and using
a cross-sectional area of 16.2 A for molecular N,. Micropore size
distributions were determined using the Horvath-Kawazoe
method.

FT-IR and Raman spectroscopy. Infrared spectra were
collected on a Thermo Scientific Nicolet iS10 FT-IR spectrom-
eter equipped with an ATR module for surface analysis. Raman
spectra were collected using a WITec alpha300 RA system
equipped with a He/Ne laser (A = 633 nm) and a Zeiss 50x
objective.

SEM. High resolution imaging of was performed using a FEI/
Quanta FEG 250 scanning electron microscope (SEM, Hillsboro,
OR, USA) with an accelerating voltage of 2.5 kV.

EPR. A Bruker EMX plus spectrometer (Bruker Biospin,
Rheinstetten, Germany) equipped with an ESR-900 Helium flow
cryostat (Oxford Instruments, Oxfordshire, UK) and an ER
4122SHQE Bruker cavity operating at 9.39 GHz was used. CW X-
band EPR spectroscopy was performed on ABTS@ZIF-8, ABTS/
HRP@ZIF-8, and the HRP alone in both solid state and in
a 10 mmol L™" phosphate buffer at pH = 7. Samples were
inserted in an X band quartz sample holder and placed in a He
atmosphere. No degassing was attempted.
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