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Naturally occurring enzymes are highly selective and efficient catalysts but given their intricate and
fragile structure, wide application of their extraordinary catalytic potential in industrial and biomedical
settings is highly desirable yet challenging. In this work we demonstrate this possibility using a facile,
single-step technique for metal-organic framework (MOF) biomimetic mineralisation of three different
enzymes of industrial interest; glucose oxidase (GOx), organophosphate degrading enzyme A (OpdA)
and a-chymotrypsin. We investigate the thermal stability of the resulting ZIF-8@enzyme composites
at temperatures in the industrially relevant range of 50-80 °C with time ranging from minutes to
hours. In situ thermal stabilisation analysis was performed at the small angle X-ray scattering (SAXS)
beamline to understand the effect of temperature on the ZIF-8@GOx composite. Furthermore, we
illustrate the electrochemical operational stability of a ZIF-8@GOx modified electrode at challenging
elevated temperatures validating its potent application in electrochemical devices. The resulting
optimized and ultra-stable amperometric glucose biosensor demonstrates a clinically relevant wide
linear range of 1-10 mM glucose with a detection limit of 0.05 mM. The biosensor demonstrates
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1. Introduction

Nature has generated remarkable structures and functions
through billions of years of evolution." One such class of bio-
macromolecules, naturally occurring enzymes, are polymers of
amino acids that fold into complex structures forming highly
specific and selective catalytic sites. Given the exceptional
selectivity (chemo-, regio- and stereo-), efficiency and environ-
mental friendliness of enzymes, translating enzymatic processes
into field applications and industry is increasingly sought after;
however, commercial use is currently limited due to, among
other factors, stability issues, particularly at high temperatures
or during long-term storage. The ability to stabilise enzymes at
high temperatures (>40 °C) will allow them to be readily
adopted for use in the fields of biocatalysis, diagnostics and
sensing.’? The rationale for high operational temperatures is the
resulting higher process rates with nearly a 100 fold increase in
reaction rates for a temperature increase from 25 to 75 °C.* The
industrial demands of an enzyme can range from 60 to 80 °C for
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the detergent industry, 45 to > 100 °C for food processing, 45 to
75 °C in electrochemical applications and 80 to 90 °C for the
textile industry.*” Industrial applications can last from hours to
days and in many of these cases, enzymes are used despite their
relative instability. Thus, industry is always looking for techno-
logies to enhance enzyme thermostability for their extended use
at high temperatures.

Furthermore, the push to develop sustainable and resilient
societies has garnered significant interest in biosensing tech-
nologies for environmental monitoring, food safety, quality
control and clinical diagnostics. Electrochemical biosensors
integrate both the advantages of an expedited electrochemical
response and specificity of enzymes as biorecognition elements,
making them particularly attractive for performing rapid ana-
lyses with high sensitivity and selectivity. But as with other
industrial applications, the key demands of enzymes for such
analytical methods are their thermal and electrochemical opera-
tional stability, recovery, and re-usability. This requires the
development of smart host matrices for enzyme immobilization
without limiting the electrical communication between the
enzyme and the electrodes and the mass-transfer efficiency of
the analytes.

Metal-organic frameworks (MOFs) with their porous struc-
ture made of metal clusters co-ordinated with organic ligands
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Table 1 Studies demonstrating the thermal stability advantage of the biomimetic mineralisation technique

MOF Enzyme Storage Temp. Time Activity Ref.
ZIF-8 GOx + HRP PBS (pH 7.4) Room temp. 7d 80% 19
ZIF-8 Glucoamylase PBS (pH 7.0) 30 °C 25d 91% 20
ZIF-8 Thermophilic lipase Dry 70 °C 50 min 50% 21
50 °C 5 min 63%
37 °C 5d ~100%
60 °C 5d 76%
ZIF-8 Orange-peel peroxidase PBS (pH 7.4) 40-60 °C 18d 88% 22
ZIF-8 B-Galactosidase + GOx + HRP PB (pH 7.4) Room temp. 3 wk >95% 23
ZIF-8 AlcDH + NAD + LacDH PB (pH 7.4) Room temp. 3 wk >95% 23
ZIF-8 Laccase — 70 °C 2h 60% 24
4°C 20d >80 °C
HKUST-1/CF GOx PBS (pH 7.4) 40 °C 1h 98% 25
80 °C 1h 80%
ZIF-8 GOx Tris Buffer (pH 8.0) 45-80 °C 5, 10 min 100% (45 °C:) This work
>42% (75 °C)
ZIF-8 GOx 55 °C 6h >88% This work
ZIF-8 OpdA Tris Buffer (pH 8.0) 60 °C 6h >95% This work
ZIF-8 a-Chymotrypsin Tris Buffer (pH 8.0) 80 °C 10 min 60% This work

Temp.: storage or treatment temperature; GOx: glucose oxidase; PBS: phosphate buffered saline; HRP: horseradish peroxidase; PB: phosphate
buffer (without saline); AlcDH: alcohol dehydrogenase; NAD+: nicotinamide adenine dinucleotide; LacDH: lactate dehydrogenase; OpdA:

organophosphate degrading enzyme A.

traditionally make exceptional materials for storage and separa-
tion applications.® The last decade has seen an explosion in the
number of applications for MOFs in the fields of bio-catalysis
and sensing.””® The versatility of their chemistry has proved
their usefulness in many more applications, including enzyme
immobilization and preservation.>*'® Due to the availability of
characteristic high surface areas, early studies focused on the
immobilization of enzymes on MOF surfaces."’ ™ Enzyme
loading into MOFs (post-synthetic encapsulation) via pore
infiltration is another attractive method particularly due to
the porous nature of the MOF.""'*'> However, these techni-
ques encounter the common challenge of limited loading due
to poor attachment or adsorption, difficult absorption and the
pore size limitation of the infiltration technique. An innovative
technique developed for protecting enzymes uses a co-precipitation
method in which the MOF self-assembles around the enzyme
(de novo encapsulation) in a bio-mimetic type approach.””*® Some
of the studies demonstrating the advantages of the later approach
for enzyme storage and thermal stability are as shown in Table 1.

In this work, we adapted the facile and versatile technique of
biomimetic mineralisation using a one-pot process for MOF
encapsulation and demonstrated its protective ability at elevated,
industrially relevant temperatures and extended durations with
three different enzymes, glucose oxidase (GOx) from Aspergillus
niger, organophosphate degrading enzyme A (OpdA) from Agro-
bacterium radiobacter and a-chymotrypsin from bovine pancreas.
Demonstrating the exceptional protective effect of biomimetic
mineralized MOF encapsulation of enzymes, we probed the role
of the MOF in improving the stability of ZIF-8@GOx at elevated
temperatures using synchrotron X-ray scattering. Further, we
demonstrated the advantage of MOF protected enzyme compo-
sites for ultrastable electrochemical biosensing.

MOFs, due to their porosity and large surface areas, as well
as tuneable structures and functions, are considered one of

7678 | J Mater. Chem. C, 2021, 9, 7677-7688

the most promising matrices to immobilize enzymes for
electrochemical sensing applications.>'*** As shown in
Table 2, a number of MOF@enzyme based amperometric
sensing applications have been reported, with most of them
applying MOF@enzyme composites synthesised via the surface
adsorption"**"* and pore-infilteration®*~*® routes. The introduc-
tion of the in situ encapsulation strategy extends the application to
utilize enzymes without any size restrictions. In addition, this
approach has the added advantage of largely preventing any
encapsulated enzyme leaching, thereby improving recyclability
and the maintenance of enzymatic activity. Furthermore, with
MOF mediated enzyme protection, we postulate good ampero-
metric performance and operational stability of the ZIF-8@GOx
composite in the presence of interference agents and at higher
temperatures in an electrochemical environment. A few recent
studies have investigated this methodology demonstrating good
performance and linear response at low glucose levels.>*™*
However, for their real-world application, sensors need
to demonstrate a wide linear range to cater clinically relevant
glucose concentrations and the more important higher
concentrations in hyperglycemic patients. The recommended
normal glucose levels are set within the 3.9 to 7.2 mmol L™*
range for fasting glucose measurement.”> We have used this
as the target range to optimize the analytical performance of
the ZIF-8@GOx electrochemical biosensor demonstrated in
this work.

Herein, the novelty of combining MOF encapsulation
and thermal stabilisation of enzymes with the application of
electrochemical sensing is presented. Given the exceptional ther-
mal and operational stability of MOF@enzyme composites,
an ultra-stable proof-of-concept MOF based biosensor is fabri-
cated which demonstrates a clinically relevant wide linear range
to cater for normal adult target glucose concentrations for the
first time.

This journal is © The Royal Society of Chemistry 2021
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Table 2 Summary of the reported MOF@enzyme composites for amperometric biosensing applications

MOF Enzyme Analyte Linear range (LM) LOD (uM) Ref.
Surface adsorption

ZIF-7 GDH Glucose 100-2000 — 13
Zn-TSA GOx Glucose 2.0-1022 0.8 27
Zn-TSA Myoglobin Nitrite (NO*") 1.3-1660 0.5 27
Zn-TSA Myoglobin H,0, 0.3-20 000 0.08 27
MIL-100(Fe) GOx Glucose 5.00-1400 5.0 28
ZIF-67/MWCNT HRP H,0, 1.86-1050 0.11 29
Co-TCPP Cyt C Nitrite (NO*7) 3.5-2800 1.1 30
Cu(BDC)(ted)o s Tyrosinase BPA 0.05-3.0 0.013 31
Cu(BDC)(ted)o 5 Tyrosinase BPB 0.05-3.0 0.015 32

ZIF-8 Lipase MP 0.1-38 0.28 33
An-ZIF-8 Lipase MP 0.1-25 0.51 33
Fe-MIL-88@hemin GOx Thrombin 1077-0.03 6.8 x 10°° 34

Pore infiltration

ZIF-8 Cyt C H,0, 90-3600 — 35
PCN-333(Al) HRP H,0, 0.387-1725 0.127 36
PCN-333(Fe) MP-11 H,0, 0.5-1500 0.09 37
Tb-mesoMOF MP-11 H,0, 3.02-640 0.996 38

In situ encapsulation

ZIF-8 GOx Glucose 1-1200; 1200-3600 0.333 39

ZIF-8 (NiPd) GOx Glucose 100-1700 — 40

ZIF-8 GOx Glucose 10-1555 2.2 41

ZIF-8 GOx Glucose 1000-10 000 50 This work
ZIF-8 GOx Glucose 200-2000 10 This work
ZIF-8 GOx Glucose 20-200 10 This work

LOD: limit of detection; GOx: glucose oxidase; GDH: glucose dehydrogenase; Zn-TSA: zinc thiosalicylate or Zn(C,;H,0,S); MWCNT: multiwall
carbon nanotubes; Cyt C: cytochrome C; BDC: 1,4-benzene dicarboxylic acid; ted: triethyldiamine; BPA: bisphenol A; BPB: bisphenol B; An-ZIF-8:

aminated ZIF-8; MP: methyl parathion; NiPd: nickel-palladium.

2. Results and discussion

2.1. Biomimetic mineralisation and characterization of ZIF-
8@GOx

Conventional MOF synthesis is performed using high tempera-
tures, pressures and organic solvents. For the inherent fragile
nature of biomolecules, they are unlikely to sustain these
synthesis conditions. Post-synthesis MOF biomolecule adsorp-
tion and infiltration are the common approaches; however,
they are restricted by the pore size and thereby limit the
molecules that can be loaded. However, in this work we have
used the process of biomimetic mineralisation wherein the
presence of enzymes initiates the MOF self-assembly and
growth around them via a rapid (seconds to minutes) single
step requiring aqueous and ambient conditions.'®*® The repre-
sentative schematic, Fig. 1a shows the biomimetic mineralised
growth of ZIF-8 around the enzymes. The surface chemistry of
an enzyme influences the biomimetic mineralisation process."®**
Negatively charged proteins are postulated to increase the local
concentration of precursors, facilitating prenucleation cluster
formation of ZIF-8 around the biomacromolecules leading to
controlled crystal formation."®** To study the mechanism of
biomimetic mineralisation of proteins in detail, Kang et al. inves-
tigated bovine serum albumin (BSA) protein encapsulation within
ZIF-8 forming a ZIF-8@BSA composite in situ on the SAXS
beamline.'® Their work demonstrates the presence of mesopores
with a radius of 3.5 = 0.5 nm within the ZIF-8 which allows at
least 1 nm radial spacing for dynamic movement of the guest
molecule'® and perhaps an interaction with the substrate and
resulting enzyme activity as performed for the assays in this work.

This journal is © The Royal Society of Chemistry 2021

First, we studied the biomimetic mineralisation of the
enzyme GOx using the ZIF-8 MOF forming a ZIF-8@GOx
composite. GOx is one of the most widely studied enzymes
(160 KDa, pI 4.2, dimeric, ellipsoid structure) that catalyses the
oxidation of B-p-glucose to gluconic acid with the simultaneous
production of hydrogen peroxide.** Further, we assessed the
stabilisation of enzymes a-chymotrypsin and OpdA using this
technique. OpdA (35 KDa, Tim barrel structure) is a phopho-
triestarase that hydrolyses shorter side chain organophosphate
compounds.*>*® o-chymotrypsin (25 kDa, pI 8.76, P-barrel
structure) is a digestive enzyme which hydrolyzses the peptide
bonds leading to the breakdown of proteins into smaller
peptides or amino acids.”” The three enzymes are of varied
industrial interest, with GOx having a broad range of applica-
tions with most demand for biosensing and diagnostics. OpdA
has been extensively tested for environmental sensing and
bioremediation applications whilst chymotrypsin is sought
after for its application in the food and detergent industry.
The ZIF-8@GOx composite was prepared using aqueous medium
and ambient conditions by adapting the method previously
described by Kang et al.'®*®

The scanning electron microscopy (SEM) images in Fig. 1b(i)
and (ii) show the spherical morphology of the ZIF-8@GOx
composite ranging between 2-10 um in size along with the
presence of some small nanometer sized dodecahedral crystals.
Fig. 1b(iii) shows nanometer sized dodecahedral ZIF-8 (control)
crystals formed using methanol and Fig. 1b(iv) shows spherical
‘flower-like’ clusters formed when the precursor solutions
(aq.) were mixed in absence of GOx. Energy dispersive X-ray

J. Mater. Chem. C, 2021, 9, 7677-7688 | 7679
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Fig. 1 (a) Schematic representing the biomimetic mineralised growth of

ZIF-8 on enzymes. Physicochemical characterization of ZIF-8@GOx;
(b) SEM images; (i) and (ii) show the spherical morphology of ZIF-8@GOx
with individual particles ranging 2-10 pm in size (scale - 2 pm); (iii) shows
control ZIF-8 crystals with dodecahedron morphology and nearly 200 nm
in size (scale - 2 um), inset is a higher magnification image for ZIF-8
crystals (scale - 200 nm); (iv) shows flower-like clusters formed when
ZIF-8 precursors (ag.) were mixed in the absence of GOx and left stirring
for 24 h. (c) FTIR spectra for ZIF-8 (blue), ZIF-8@GOx (red) and GOx (green)
confirming the encapsulation and (d) X-ray diffraction (XRD) patterns for
ZIF-8 (blue) and ZIF-8@GOx (navy blue).

spectroscopy (EDS) analysis (ESL+ Fig. S1), indicates similar
elemental composition for both ZIF-8 and ZIF-8@GOx samples.
Fourier transform infrared spectroscopy (FTIR) (Fig. 1c) for
the ZIF8@GOx shows the typical ZIF-8 absorption peaks at
1584 cm™ ' corresponding to the -C=N- stretching of imida-
zole and at 1417 cm ™' corresponding to the imidazole ring
stretching. In addition, it also exhibits absorption peaks at
1656 cm ™' and in the range 1510-1540 cm ™' corresponding to
amide I and amide II bands of protein, respectively. Fig. 1d
shows X-ray diffraction (XRD) patterns for synthesized ZIF-8
and that of ZIF-8@GOx which remains largely amorphous with
less than 10% crystallinity. This is consistent with other studies
that demonstrate the aqueous synthesis of ZIF-8 at a low molar
ratio of precursors favours the formation of an amorphous
material.”® To assess the porosity of the ZIF-8@GOXx composite,
nitrogen adsorption was measured. Brunauer-Emmett-Teller
analysis showed a surface area of 205 m> g~ " for ZIF-8@GOx
compared to 1565 m”> g~ " for the pure ZIF-8 crystals (ESI,1 Fig. S3).

7680 | J Mater. Chem. C, 2021, 9, 7677-7688
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The water-based synthesis for ZIF-8@GOx rendering an amor-
phous composite and the presence of enzyme (approx. 30 wt%)
are the contributing factors for the much lower surface area.
This is consistent with previous work by Wu et al which
demonstrates that the amorphous ZIF-8@GOx is likely to be
more mesoporous compared with the microporous ZIF-8 MOF
and this leads to lower specific surface and thus low nitrogen
sorption capacity.® Determined by protein quantification
assay, more than 95% of the GOx added in the synthesis
co-precipitated with the MOF; however, the non-encapsulated
and surface adsorbed GOx was removed in the washing steps.
The specific activity of GOx in ZIF-8@GOx was measured to
be 16.3 umol mg™" min " compared to the specific activity of
20.0 pmol mg™" min~" for GOx alone in our test conditions.
Therefore, the resulting encapsulation efficiency of this process
was 81.5%. Both the encapsulation process as well as a diffu-
sion barrier to the substrate when the enzyme is in its encap-
sulated form, could contribute to this net loss in specific
activity for the enzyme. Herein, encapsulation efficiency (ee)
is defined by the ratio of the specific activities of the enzyme in
the ZIF-8@GOx composite and the free GOx, i.e. encapsulation
efficiency (%)

_ GOx activity in ZIF8@GOx
"~ GOx activity in starting solution

The ZIF-8@GOx composite had an enzyme loading of
30-34% (w/w). Herein, enzyme loading is defined by mass of
GOx present per unit mass of the ZIF-8@GOx composite,
i.e. enzyme loading (%)

__ Amount of GOx derived from GOx activity in ZIF8@GOx
N Amount of ZIF8§@GOx

Both encapsulation efficiency and loading were determined
using a colorimetric biochemical assay to assess GOx activity
(ESL Fig. S2 and Table S1).

2.2. Understanding the thermal stabilisation of ZIF-8@GOx
composites

The intrinsic stability of the MOF scaffolds including their
chemical, thermal and mechanical stability, contributes to
the resulting performance and stability of the MOF-enzyme
composite.”" To date, zeolitic imidazolate frameworks (ZIFs),
are the most widely explored MOFs for enzyme encapsulation
using the biomimetic mineralisation route.”” Park et al. studied
twelve ZIFs (ZIF-1-12) and of these, ZIF-8 demonstrated the
highest stability with permanent porosity, thermal stability up
to 550 °C, and extraordinary chemical resistance to treatment
such as boiling alkaline water and organic solvents over a
period of at least 1 week.>® Therefore, due to its exceptional
chemical and thermal stability and further good resistance to
degradation in water,>>”* ZIF-8 was chosen as a favourable
candidate to investigate the thermal stabilisation of enzymes.

In order to determine the stability of ZIF-8@GOX, the enzymatic
activity was tested with an exposure (to thermal treatment) time (z.)

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Thermostability of GOx and ZIF-8@GOx; (a) GOx and ZIF-8@GOx
samples (in Tris-buffer, 50 mM, pH 8.0) were subjected to increasing
temperatures and incubated for an effective duration (t;) of 5 min and
10 min each. Results indicate residual activity (%) of GOx and ZIF-8@GOx
normalised to their activity measured in Tris Buffer (50 mM, pH 8.0) at
25 °C, respectively, (b) in situ SAXS/WAXS analysis of change in ZIF-8@GOx
structure (freshly prepared, stored in water) with increasing temperature.
(c—e) show the time resolved enzymatic activity measurements of GOx
and ZIF-8@GOx after their thermal treatment at (c) 55 °C, (d) 70 °C and
(e) 80 °C, respectively.

of 5 min and 10 min at temperatures ranging from 45 °C to 80 °C.
For comparison, the initial enzymatic activity for GOx and
ZIF-8@GOx, respectively were normalised. Fig. 2a shows that
following incubation at 45 °C, free enzyme lost 30% of its starting
activity while ZIF-8@GOx retained (100%) activity. Free GOx had a
residual activity of only 7% and 16% after incubation for 10 min
and 5 min at 70 °C, respectively. ZIF-8@GOx retained more than
80% activity at this temperature and demonstrated residual activity
of more than 42% at 75 °C before degradation at 80 °C.
These results demonstrate the significant protective ability of the
MOF encapsulation. We postulate that the framework supports the
enzyme at higher temperatures, preventing the proteins from
unfolding and denaturing.>

To study the interactions and structural changes in the
ZIF-8@GOx composite with increasing temperature more
closely, we freshly prepared an aqueous dispersion of ZIF-8@GOx
composite. This was then placed in a quartz capillary and heated
in situ using the same thermal profile that we investigated before,
ie. a stepwise increase from 20 °C to 80 °C with an effective
duration, t, of 5 minutes, at the SAXS/WAXS beamline (Australian
Synchrotron). Confirming our PXRD data, the SAXS/WAXS spectra
(Fig. 2b), showed that the freshly prepared ZIF-8 framework is
initially in an amorphous state dispersed in an aqueous medium

This journal is © The Royal Society of Chemistry 2021
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in the capillary. However, as we started heating, the ZIF-8@GOx
began to crystalize at 45 °C and remained crystalline at 80 °C. This
crystallisation of the ZIF structure at higher temperatures, offering
a more stable framework might be a contributing factor to the
enhanced protective nature of the MOFs at these temperatures.
We postulate that the increase in temperature reduces the water
content leading to a more crystalline, tightly packed structure
around the enzyme with higher thermal stability. Carraro et al.
have recently demonstrated that the crystalline ZIF-8@BSA com-
posites have a slower dissolution profile compared to the amor-
phous counterparts indicating higher stability of the crystalline
ZIF-8 phase.’® To better represent industrial catalytic reactions
that run for hours we monitored the protective ability of the
ZIF-8@GOx systems in preserving GOx enzymatic activity for up
to6 hat 55 °C, 70 °C and 80 °C, respectively. It is important to note
that herein, we performed specific enzymatic assays rather than
a general protein quantification technique because the specific
assays confirm the secondary and tertiary structural integrity and
the inferred catalytic functionality of the enzyme. Fig. 2¢ shows
that after 6 h of incubation at 55 °C, ZIF-8@GOx still retained 90%
of its initial activity while the free GOx almost lost all its activity.
At 70 °C (Fig. 2d), the free enzyme lost 96% of its activity after
10 min while ZIF-8@GOx lost 36%. While GOx nearly lost all its
activity in 10 min, ZIF-8@GOx had a more extended profile, with
77% of residual activity at 10 min decaying to 7% residual activity
after 1 h, showing significant protective abilities at elevated
temperatures. Fig. 2e shows that the ZIF-8@GOx offered no
protection at 80 °C as both the free and the encapsulated GOx
lost their activity within 5 min of thermal stress.

2.3. Biomimetic mineralisation and thermal stabilisation of
OpdA and a-chymotrypsin

We further investigated if other structurally diverse proteins
can be biomimetically-mineralised and if the encapsulation
technology offers similar thermal stabilisation effect while
facilitating size-selective transport of the substrates to these
proteins. It is known that the surface chemistry of the enzymes
influences the biomineralisation process. Enzymes with lower
isoelectric points (pI) are net negatively charged in neutral pH
conditions. This promotes local concentration of positively
charged metal ions and thereby the organic ligands to initiate
the biomineralisation by facilitating prenucleation clusters of
the MOF around the biomacromolecules."®*” Chemical surface
modification has been suggested as a general strategy to
facilitate biomimetic mineralisation of higher pI proteins®” such
as a-chymotrypsin. However, we have applied a co-encapsulation
approach, MOF encapsulating OpdA and a-chymotrypsin with BSA
to avoid any chemical modifications to these natural enzymes.
Encapsulation of OpdA was investigated in the form of its com-
mercial landguard™ preparation while a-chymotrypsin was pre-
pared as a 50% (w/w) mixture with BSA to enable its encapsulation.
OpdA hydrolyses organophosphates, such as the pesticide methyl
parathion, therefore making it an important enzyme for environ-
mental remediation. Stable immobilization of such enzymes is
important for using it in industrial applications such as water
remediation. The specific activity of OpdA in its free form was

J. Mater. Chem. C, 2021, 9, 7677-7688 | 7681
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Fig. 3 (a) Residual enzyme activity of OpdA (blue) and ZIF-8@OpdA (red)
in Tris, 50 mM, pH 8.0 for 5 h at 60 °C, normalised to their activity
measured at 25 °C, respectively. (b) Residual enzyme activity of
a-chymotrypsin in the presence of Ca®* (grey), a-chymotrypsin in Tris
Buffer, 50 mM, pH 8.0 (blue), and ZIF-8@a-chymotrypsin (red) Tris-buffer
(50 mM, pH 8.0) at 80 °C.

16 pmol ™" mg min~ " while in the encapsulated form, ZIF-8@OpdA
measured 15.6 pmol mg ™' min ™" resulting in a 97.5% encapsula-
tion efficiency using the biomimetic mineralisation technique.
OpdA and ZIF-8@OpdA samples were incubated in a water bath
at 60 °C. Fig. 3a shows that ZIF-8@OpdA retained more than 95%
enzymatic activity after 5 h at 60 °C while the free OpdA lost 98% of
its activity over this time.

Proteolytic enzymes are of extensive interest in various
industrial sectors such as detergent, food processing, pharma-
ceutical, leather and waste management and account for nearly
40% of the total enzyme sales in various industrial market
sectors.*®® These applications suggest their industrial utility is
subject to stability at much higher temperatures. a-Chymotrypsin
is an expensive serine-protease with very low operational stability
which is why it has been widely investigated for immobilisation
using natural and synthetic polymers and other novel systems
such as single-enzyme nanoparticles.® We successfully encapsu-
lated o-chymotrypsin (50% w/w mixture with BSA) using bio-
mimetic mineralisation, to give ZIF-8@a-chymotrypsin. The
specific enzyme activity for o-chymotrypsin was 8 umol mg ™' min ™"
while it measured 7.4 pmol mg ' min ' for the ZIF-8@a-
chymotrypsin composite, resulting in 92.5% encapsulation effi-
ciency for a-chymotrypsin. The thermal stability of this composite
was assessed at 80 °C against free a-chymotrypsin (Tris-buffer)
and the a-chymotrypsin stabilised using a calcium salt.®® Fig. 3b
shows that while the free a-chymotrypsin lost almost all its activity
within the first 10 min of exposure to heat, the presence of
calcium stabilised o-chymotrypsin which retained 58% of its
activity and the MOF encapsulation performed best with
ZIF-8@oa-chymotrypsin retaining 73% of its initial activity for
this time period. While o-chymotrypsin in the free and the
calcium stabilised form lost 50% of its activity within 5 to
7 min, ZIF-8@a-chymotrypsin retained 50% of its activity for
15 min which could possibly benefit its present application in
laundry detergents, to be used for a more efficient, quick, high
temperature wash cycle. It is interesting to observe that the
three enzymes, GOx, OpdA and a-chymotrypsin were stabilised
to different degrees by ZIF-8. The extent of thermostabilisation
of each MOF-enzyme could be a factor of the physiochemical
properties of both the MOF and the enzyme and thereby
governed by several kinds of interactions such as hydrogen
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bonding, van der Waals forces, coordination and possibly
covalent bonding with the organic and inorganic components
of the MOF. A recent report by Liang et al. highlights this by
demonstrating the importance of the chemistry (hydrophilicity)
of the ZIF and at the ZIF/biointerface in facilitating and
preserving the activity of encapsulated enzymes.®'

2.4. Progress towards electrochemical biosensing devices

2.4.1. Electrochemical operational stability of ZIF-8@GOx.
Biomimetic mineralisation of enzymes is an unexplored, inter-
esting approach for facile deposition of MOF thin films on an
electrode surface for a multitude of applications such as
electrochemical biosensing and micro-patterning devices, sur-
passing the challenges encountered with other techniques such
as electrochemical deposition.®® In addition, the presence of
MOF protected enzymes with high operational stability could
lead to the next-generation self-powered biofuel cells.>*®* In
order to demonstrate the operational stability of ZIF-8@GOx for
such applications in challenging conditions, as shown in the
representative schematic in Fig. 4a, the ZIF-8@GOx composite
was applied to the GC electrode surface and coated with Nafion.
The electrode was incubated at room temperature, 55 °C and
70 °C for different periods of time as shown in Fig. 4b-d,
respectively.

Following incubation, electrochemical measurements were
performed at room temperature by applying a fixed potential
of 0.4 V vs. the Ag/AgCl reference electrode under stirring
conditions. A clinically relevant blood glucose concentration
of 4 mM was used in the solution.®* At room temperature, the
ZIF-8@GOx modified electrode shows very good stability upon
storage in Tris-buffer by retaining more than 75% activity after
storage for 240 h (Fig. 4b). While the control electrode lost more
than 65% of its activity after 27 h of storage under similar
conditions. At 55 °C, the ZIF-8@GOx modified electrode
showed higher stability by retaining 83% activity after 1 h,
40% activity after 5 h and 15% activity after 10 h of storage in
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€ 80
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Fig. 4 Thermal stabilisation assessment as an electrochemical sensor of
ZIF-8@GOx (a) and GOx modified GC electrodes at (b) room temperature,
(c) 55 °C and (d) 70 °C for different periods of time. Applied potential
+0.4 V (vs. Ag/AgCl), 4 mM glucose, 0.1 M Tris-HCl buffer (pH 7.4).
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Tris-buffer at 55 °C (Fig. 4c). Whereas the control GOx coated
electrode retained only 19%, 5% and 1% activity after storage
for 1, 5 and 10 h, respectively, under similar conditions. Finally,
the electrodes were assessed at an even higher temperature of
70 °C where again the ZIF-8@GOx modified electrode demon-
strated higher thermal stability compared to the control elec-
trode as shown in Fig. 4d. The ZIF-8@GOx modified electrode
retained more than 50% of its activity after storage at this
temperature for 1 h while the control electrode lost most of the
activity within the hour. In addition, the ZIF-8@GOx modified
electrode was still active even after 6 h of storage at this high
temperature reflecting good protection of the enzyme against
thermal stress because of encapsulation inside the ZIF-8 MOF.
Comparing Fig. 2¢ and 4c, we see a marked difference in the
thermal stability imparted by ZIF-8 to GOx at 55 °C. It should be
noted that for electrochemical analysis, a single electrode was
used ie. tested and retained in the test temperature storage
conditions for the duration of the entire experiment. The
encapsulated GOx shows excellent thermal resistance despite
the repeated electrochemical potential application which would
also have a destabilisation effect on the enzyme and the
ZIF-8@GOx composite.

2.4.2. Analytical performance of the ZIF-8@GOx electro-
chemical biosensor. Besides stability, it is important for a
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Fig. 5 (a) Current—time recordings of successive 1 mM additions of
glucose at the GC/MW/PB/ZIF-8@GOx measured at —0.05 V (vs. Ag/AgCl)
and followed with the addition of 0.1 mM ascorbic acid (AA), uric acid (UA)
and acetaminophen (AC) with its corresponding calibration curve (inset);
(b) Current—time recordings of successive 20 uM additions of glucose at
the GC/MW/PB/ZIF-8@GOx measured at —0.05 V (vs. Ag/AgCl) and inset
is the corresponding calibration curve. Supporting electrolyte; 100 mM
Tris-HCL (pH 7.4).
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reliable glucose biosensor to selectively detect glucose with
minimal or no effect of coexisting, naturally occurring interfer-
ing compounds such as ascorbic acid and uric acid and
common medications such as acetaminophen which can be
oxidised at relatively low potentials. Operating the ZIF-8@GOx
biosensor at 0.4 V (vs. Ag/AgCl) would make it highly suscep-
tible to strong interference from these compounds even if they
are present at concentrations as low as 0.1 mM compared to
glucose. Hence it is desirable to lower the detection potential of
hydrogen peroxide generated from the enzymatic reaction to
minimise such interference. Herein Prussian blue (PB) was
used to modify the CNT modified electrode to enable the
detection of hydrogen peroxide at —0.05 V with high sensitivity
as shown in Fig. 5a. We demonstrate that after the addition of
10 mM glucose, the biosensor is not responsive to the addition
of uric acid and acetaminophen, respectively and only slightly
responsive to 100 pM ascorbic acid due to the high catalytic
activity of the carbon nanotube film towards ascorbic acid.
Furthermore, we demonstrate the operation of the biosensor in
the presence of up to 20% calf serum (FBS) with only slight
diminishing of the measured current (ESL, Fig. S4).

Fig. 5b shows that as prepared, the ZIF-8@GOx biosensor
had a very limited glucose linear range of 20-200 uM (7> = 0.999)
and a limit of detection (LOD) of 10 pM (S/N = 3) using a 100 mM
Tris buffer (pH 7.4). This limited linear range could be arising
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Fig. 6 (a) Current—time recordings of successive 200 uM additions of
glucose at the GC/MW/PB/ZIF-8@GOx measured at —0.05 V (vs. Ag/AgCl)
with the corresponding calibration curve (inset). Supporting electrolyte;
0.05 M Tris-HCl (pH 6.0); (b) Current—time recordings of successive 1 mM
additions of glucose at the GC/MW/PB/ZIF-8@GOx measured at 0.3 V
(vs. Ag/AgCl) with the corresponding calibration curve (inset). Supporting
electrolyte; 0.05 M Tris-HCl (pH 6.0) containing 1 mM 1,4-benzoquinone.
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from the low oxygen concentration in the Tris buffer at this pH.*>
In addition, the use of a lower electrolyte pH is also important to
maintain a stable PB coating as has been reported earlier.%®
Therefore, to improve the detection linear range, a 50 mM Tris
buffer (pH 6.0) was used as shown in Fig. 6a. Under the new
measurement conditions, the linear range was improved by 10
fold from 200 to 2000 uM (r> = 0.999) and a LOD of 10 uM (S/N =
3). Further improvement in the linear range was achieved by using
1 mM 1,4-Benzoquinone (BQ) in the electrolyte as shown in
Fig. 6b. In the presence of this redox mediator, it was possible
to get a wide linear response from 1 to 10 mM glucose (> = 0.999)
and LOD of 0.05 mM. The use of BQ is well known to support
glucose detection especially in environments with deficient or
variable oxygen content.®” Overall, the biosensor shows good
reproducibility for successive measurements of 4 mM glucose
with an RSD of <2% for more than 5 measurements. The
electrode preparation was also reproducible and was found
to have an RSD of <5% using 4 mM glucose for 5 different
electrodes.

3. Conclusions

In conclusion, we have demonstrated the MOF bio-encapsulation
technique for a range of enzymes and their enhanced thermo-
stability compared with the free enzyme counterparts. ZIF-8 is a
porous and crystalline framework that assembles efficiently
around the enzymes at room temperature and in water and the
bio-mimetic encapsulation technology shows a lot of promise for
the protection of enzymes at high temperatures which makes it a
viable immobilization technique for industrial catalysis. Having
confirmed the thermal stabilisation of enzymes, we investigated
this encapsulation technology to modify and test a ZIF-8@GOx
electrochemical biosensor at challenging elevated temperatures.
The results corroborate our claims for the suitability of this set-up
for applications like electrochemical biosensing, micro-array and
high-powered biofuel-cell device fabrication. Furthermore, the
ultra-stable biosensor also demonstrates good sensitivity in the
presence of serum and common interference agents at high
concentrations. The analytical performance shows a wide linear
range and detection limits which are ideal for clinical glucose
levels in biological samples. Here we demonstrated the complexity
typically associated with enzyme stability and its spatial confine-
ment using biomimetic mineralisation forming a protective and
porous MOF around the enzymes. This enabled superior func-
tionality and reusability of enzymes and the fabrication of a
robust amperometric glucose biosensor for biomedical applica-
tions particularly for diagnosis of symptoms associated with
disease like diabetes mellitus.

4. Experimental
4.1. Materials

All materials including 2-methylimidazole (Sigma cat# M50850),
Zinc acetate dihydrate (Chem Supply cat# ZA001), Glucose
oxidase (GOx, Sigma cat# G7141), BSA (Sigma cat# A7030, 98%),
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B-o-Glucose (VWR catf# 101174Y), HRP (Sigma cat# P8250),
O-Dianisidine (Sigma cat#f D3252), o-chymotrypsin (Sigma cat#
C7762), and Tris (Sigma cat# T1503) were obtained commercially
and used as received. Multiwalled carbon nanotubes (MWCNT)
(95%, L: 0.5-2 pm, OD: 20-30 nm, ID: 5-10 nm) were purchased
from Nanostructured & Amorphous Materials, Inc. (NanoAmor,
NM, USA). Nafion 20% w/v was purchased from Ion power (USA).
Palladium chloride was from Alfa-aser. All solutions were pre-
pared using milliQ water. MilliQ water was used throughout
the work.

4.2. Preparation of standard ZIF-8

Separate solutions of 2-methylimidazole (160 mM, 525.2 mg)
and zinc acetate dihydrate (40 mM, 351.2 mg) were each
prepared in 40 mL of methanol at room temperature, respec-
tively. The two solutions were mixed by agitation for about 20 s
and left to sit at room temperature ageing over a period of 24 h
to grow ZIF-8 crystals. ZIF-8 crystals were then collected using
centrifugation at 5000 g for 10 min and washed 3 times with
methanol.

4.3. ZIF-8 encapsulated GOx synthesis

GOx was dissolved in 2-methylimidazole solution (10 mL,
160 mM in water) at 2 mg mL~". Upon full solubilisation, a
small aliquot (i.e. 0.1 mL) of the solution was removed and
added to 0.9 mL of phosphate buffer (0.1 M, pH 6.0, 1 mg mL ™"
BSA) for GOx activity determination. To the remaining GOx
solution, an equal volume of zinc acetate solution (40 mM in
water) was added while stirring, resulting in immediate floccu-
lation which was left to precipitate. The solution was left to
stir for 30 min at room temperature and then centrifuged at
3000 g for 5 min in a swing rotor centrifuge to pellet the ZIF-8
encapsulated GOx. The supernatant was removed and kept for
GOx activity and protein determination. The pellet was washed
once by resuspending in water and centrifuged again as above.
It was then resuspended in 50 mM Tris buffer, pH 7.4 at
2 mg mL™' GOx protein and stored at 4 °C until further
analysis. To note that some recent reports have suggested low
stability of ZIF-8 in common buffers including PBS.®® In the
absence of GOx, when only the precursor solutions are mixed
together, no precipitation was observed in the 30 min reaction
time. However, when left stirring over a period of 24 h, a small
amount of precipitate formed. We collected this precipitate for
analysis. Control ZIF-8 crystals were prepared using HmIm
and ZnAc solutions prepared in methanol as described above.
ZIF-8@O0pdA and ZIF-8@u-chymotrypsin were also prepared
using a similar method to ZIF-8@GOx. For ZIF-8@OpdA, OpdA
(landgaurd™) protein was dissolved at a 10 mg mL™~ " concen-
tration in a 2-methylimidazole solution (10 mL, 160 mM in
water) followed by addition of an equal volume of zinc acetate
solution (40 mM in water). This led to immediate flocculation
and gradual precipitation. The solution was centrifuged and post-
processing was performed as described above for ZIF-8@GOx. For
ZIF-8@o-chymotrypsin, an 8 mg mL ™" protein solution contain-
ing 4 mg mL " of BSA and 4 mg mL ™' of a-chymotrypsin was
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prepared in the 2-methylimidazole solution following a method
identical to that for ZIF-8@GOx.

4.4. GOx activity assay

All GOx and ZIF-8@GOx solutions were prepared and kept on
ice. GOx activity was determined spectrophotometrically. The
assay is based on GOx catalysed oxidation of glucose to give
hydrogen peroxide which further oxidises dianisidine in the
presence of horse radish peroxidase to a coloured product
which was monitored at 460 nm.

B-D-Glucose + O, + H,O SN D-Glucono-1, 5-Lactone
+ H,0,

H,0; + O-Dianisidine(reduced)

Peroxidase
—

O-Dianisidine(oxidized) (Abs. 460 nm)

The assay was performed by addition of a 20 puL aliquot of
the test sample, GOx or ZIF-8@GOx (dispersed in Tris buffer pH
7.4) in 980 pL of the following assay buffer: 100 mM phosphate
buffer (pH 6.0), 10 mM glucose, 0.2 mM O-Dianisidine, 2.5 units
of HRP, 1 mg mL ™" BSA that had been equilibrated to room
temperature (20-21 °C). The reactions were initiated as soon as
we added the aliquot of soluble GOx or ZIF-8@GOx, and the
absorbance was read at 460 nm after 4 min of incubation.

4.5. Estimation of encapsulation efficiency

The standard GOx assay was used to estimate the enzyme
encapsulation efficiency of the MOF@enzyme biomimetic
mineralisation process. Herein, encapsulation efficiency is
defined by the fraction of GOx added in the synthesis that
was actually encapsulated inside the resulting ZIF-8@GOx
composite i.e. encapsulation efficiency (%)

_ GOx activity in ZIF8@GOx
"~ GOx activity in starting solution

To estimate encapsulation efficiency, upon ZIF-8@GOx
synthesis and post centrifugation, the GOx activity of the
supernatant and the wash solution (unencapsulated enzyme)
were used as an indirect measure of the encapsulated enzyme.

4.6. Estimation of GOx loading

GOx loading in the composite is defined by mass of GOx
present per unit mass of the ZIF-8§@GOx composite. To esti-
mate loading, the GOx activity in a known amount of ZIF-
8@GOx pellet was estimated using the standard assay. The
activity was correlated with the amount of GOx using a GOx
standard curve at 460 nm. The amount of GOx and the total
amount of ZIF-8@GOx composite were used to derive the
loading% using the given equation: Loading (%)

_ Amount of GOx derived from GOx activity in ZIF8@GOx
n Amount of ZIF8@GOx
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4.7. OpdA activity assay

The OpdA assay was prepared as described in the literature.
Methyl parathion was used as the substrate for the OpdA
activity assay, which was hydrolysed by the enzyme to form
para-nitrophenol, which is yellow under alkaline conditions
and quantified spectrophotometrically at 405 nm. ZIF-8@OpdA
(20 pL) in Tris buffer (pH 7) was added to 980 pL of the assay
buffer (100 mM Tris, pH 8.0, 0.25 mM methyl parathion). After
4 minutes at 20 °C, the absorbance was read at 405 nm.

4.8. o-Chymotrypsin assay

An esterolytic activity of the enzyme was used as a measure to
assess its activity, using N-benzoyl-i-tyrosine ethyl ester as the
substrate. The enzyme hydrolyses the substrate to N-benzoyl-t-
tyrosine which can be detected at 256 nm. ZIF-8 encapsulated
a-chymotrypsin (20 pL) in milliQ water was added to 980 pL of
the assay buffer (38 mM Tris pH 7.8, 0.55 mM N-benzoyl-i-
tyrosine ethyl ester, 30% (v/v) methanol, 53 mM CacCl,, 0.03 mM
HCI). After 4 minutes at 20 °C, 100 puL was removed from the
assay and mixed with 1 mL of 1 M Na,CO; before reading the
absorbance.

4.9. GOx, OpdA and a-chymotrypsin thermostability studies

ZIF-8@GOx, ZIF-8@OpdA and ZIF-8@a-chymotrypsin were
tested for their thermal stability in comparison with the free
enzymes GOx, OpdA and o-chymotrypsin, respectively. Ali-
quoted GOx (2 mg mL™" in Tris buffer), OpdA (10 mg mL ™"
in Tris buffer), a-chymotrypsin (8 mg mL ™" in Tris buffer and
standard stabilising medium: Tris-HCl and 0.1 M CaCl,) and
ZIF-8@GOx, ZIF-8@0pdA and ZIF-8@a-chymotrypsin samples
(in Tris buffer) were incubated in a water bath at different
temperatures ranging from room temperature (RT) to 80 °C.
At regular time intervals, samples were removed in triplicate
and tested for their remanent enzyme activity using the stan-
dard GOx, OpdA and o-chymotrypsin enzyme assay (Section
2.4-2.6). Activity was normalised to the starting enzymatic
activity of each enzyme at ¢t = 0.

4.10. Physicochemical characterisation

4.10.1. SEM. Images of samples were taken on a Zeiss
MERLIN SEM at an accelerating voltage of 3.0 kV. Samples
were prepared by pipetting sample solution onto a silica wafer.
After all the solvent was evaporated, the silica wafer was
attached to a carbon paste and then sputter-coated with a thin
conductive iridium layer to improve the electrical conductivity.

4.10.2. FTIR. Spectra were obtained using ATR mode on
Thermo Nicolet 6700 FTIR.

4.10.3. PXRD. Dry samples were briefly ground in an agate
mortar and pestle prior to being loaded onto zero background
plate sample-holders for data collection. A Bruker D8 Advance
X-ray Diffractometer operating under CuKo radiation (40 kv,
40 mA) equipped with a LynxEye detector was employed to
obtain the XRD pattern. The sample was scanned over the 20
range of 5-85° with a step size of 0.02° and a count time of
3.2 seconds per step. 178/192 of the sensor strips on the
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LynxEye detector were used, to give an equivalent count time of
569.6 seconds per step.

4.10.4. Spectrophotometry UV-vis. Absorbance measurements
were performed using a Thermo Evolution 220 UV-vis spectro-
photometer and a quartz cuvette.

4.10.5. SAXS/WAXS. Data were collected at the Small Angle
X-ray Scattering beamline of the Australian Synchrotron. Raw
data were averaged from four repeat scans between 0.18-1.12 A™*
using the SAXS detector (Pilatus 1 M 11-12 keV, 0.6 m camera
length). Background scattering was subtracted from sample data.
Scatterbrain software was used for both the averaging and the
background subtraction process.

4.11. Electrochemical testing

4.11.1. Electrode preparation. Prior to electrode modifica-
tion with MWCNT, glassy carbon (GC) electrodes were polished
successively using 1.0, 0.3 and 0.05 um alumina powders
followed by washing and sonication for 1 minute in milliQ
water and then in ethanol followed by drying with a stream of
nitrogen. 20 pL of 1 mg ml~' MWCNT dispersed in dimethyl-
formamide (DMF) was drop cast on the electrode surface and
allowed to dry for 1 h at 50 °C. A palladium film was deposited
on the MWCNT modified GC electrode through electroplating
Pd by cycling between 0 V and —0.8 V for 6 cycles at a scan rate
of 50 mV s™' in a 1000 ppm palladium in 5% HCIl. The
electrodes were washed with milliQ water and allowed to dry
at room temperature. The electrodes were further modified by
casting 20 pL of ZIF-8 encapsulated GOx dispersion containing
2 mg ml~! of GOx and allowed to dry at room temperature.
Finally, the electrodes were coated with 20 UL of 0.5% Nafion in
0.1 M Tris-HCI (pH 7.4) by drop casting and allowed to dry at
room temperature. Control electrodes were prepared in a
similar fashion but using a 2 mg ml~" solution of glucose
oxidase prepared in 0.1 M Tris-HCI (pH 7.4). Electrodes were kept
in a dry state at 4 °C prior to electrochemical measurements.

4.12. Electrochemical apparatus

Amperometric and cyclic voltammetry measurements were
performed using a computer-controlled Autolab PGSTAT302N
potentiostat (Ecochemie, NL) with a three-electrode configu-
ration. The ZIF-8-GOx/Pd/MWCNT modified electrode was used
as the working electrode, Ag/AgCl was used as the reference
electrode (Model RE-5B, MF-2079 Bioanalytical Systems Inc.
(BASi), West Lafayette, IN 47906, USA), and a platinum wire was
used as the counter electrode. All three electrodes were inserted
into a 20 mL glass cell (Amber glass, homemade) through holes
in its Teflon cover.

4.13. Electrochemical testing

For thermal stability assessment, electrodes were kept in 0.1 M
Tris-HCl (pH 7.4) buffer and subjected to different tempera-
tures for different periods of time. Then electrochemical
measurement was performed at room temperature by applying
a fixed potential of 0.4 V vs. the Ag/AgCl reference electrode
under stirring conditions. Glucose solution was added after

7686 | J Mater. Chem. C, 2021, 9, 7677-7688

View Article Online

Journal of Materials Chemistry C

allowing the transient baseline current to decay to a steady-
state value.
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