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ABSTRACT: The protection effect of metal—organic framework (MOF)
provides high stability for immobilized enzyme. The small cavities of MOFs,
however, usually result in decreased apparent substrate affinity and enzymatic
activity of immobilized enzyme, compared to native enzyme. We synthesized
zeolitic imidazolate framework-8 (ZIF-8) with a combination of mesoporous
and microporous channels for cytochrome ¢ (Cyt ¢) immobilization.
Compared with native Cyt ¢, the immobilized Cyt ¢ displayed increased
apparent substrate affinity (Michaelis constant K,, reduced by ~50%), ~128%
increased enzymatic activity, and 1.4-fold increased sensitivity in the
enzymatic electrochemical detection of H,O,. The immobilized Cyt c-coated
screen-printed electrode was applied for the fast detection of residual H,0O, in
microliter food samples such as milk and beer, making it promising for the

Increased substrate affinity
AR el Ry ey
R

>

&

o o O
."’, .;’, g s27
* e * » e M
ety e ,“.’.ln‘ et
2000 T Tt A

Increased electrochemical detection sensitivity

development of efficient biosensors.
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biosensor based on enzymatic electrochemical analysis is
convenient and easily operated for highly sensitive and fast
detection of targets in many application fields.'~* To improve
the sensitivity of enzymatic electrochemical detection,
researchers have majorly focused on enhancing the electron
transfer efficiency between enzyme and electrode.’™® Little
attention has been paid to increasing the apparent affinity
between substrates and the immobilized enzymes on electrode.
Theoretically, increasing the apparent substrate affinity
(indicated by a reduced apparent Michaelis constant K, of
enzymatic reaction) of the immobilized enzyme should be
another effective route to improving detection sensitivity.
However, although immobilized enzymes have enhanced
stability,”'® they usually display lower apparent substrate
affinity compared to native enzymes, largely due to the mass-
transfer limitations imposed by immobilization carriers.
Designing nanosized and porous carriers is an effective route
to overcome the above limitation."”'” On the basis of this
consideration, metal—organic frameworks (MOFs) as a type of
excellent porous nanomaterials'”'* have been investigated for
enzyme immobilization by excellent pioneering research.">~>*
One strategy for immobilizing enzyme on MOFs is using
special ligands to synthesize MOFs with large cavities (large
enough for accommodating protein molecules), followed by the
adsorption of enzyme.'>~"*%**** The other strategy is the
direct encapsulation of enzyme in zeolitic imidazolate frame-
works (ZIFs), which can be achieved by the coprecipitation or
biomimetic mineralization procedure.'”'**"** In both cases,
because of the protection effect of the rigid frameworks of
MOFs, the stabilities of immobilized enzymes are greatly
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enhanced.”® ™' At the same time, the small cavities of MOFs,
especially when using ZIFs, result in the unsmooth traffic of
substrate to encapsulated enzyme and thus the decreased
apparent substrate affinity of immobilized enzyme, which
remains a challenge for enzyme immobilization on MOFs.

In this study, we reported the synthesis of zeolitic imidazolate
frameworks-8 (ZIF-8) crystals with both mesoporous and
microporous channels to immobilize enzyme with an improved
apparent substrate affinity (Scheme 1). Previously, ZIF-8 has
been reported as a promising carrier for enzyme immobilization
because enzymes encapsulated in ZIF-8 usually have greatly
increased enzyme stabilities.'®*' Enzyme was located in the
mesoporous channels, while the combination of mesoporous
and microporous structure facilitated the substrate trans-
portation. We immobilized cytochrome ¢ (Cyt c), a low-cost
protein compared to other peroxidases, on the ZIF-8, which
can be oxidized by H,O, and subsequently reduced by the
electrode to achieve the electrochemical detection of H,O,.
Detection of H,O, is required in the food, pharmaceutical, and
textile industries and in environmental protection.””*® As an
additive for inhibiting the growth of microorganisms or
bleaching in processing, H,O, has been widely used in the
food industry.”” Because of the toxic effects of residual H,0,,
the presence of H,0O, is not permitted in food under European
Union and Japanese regulations.” A regulation of the Food and
Drug Administration (FDA) limits residual H,O, to 0.5 ppm.
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Scheme 1. Synthesis of Cyt c@mesoZIF-8 and the Detection
of H,0, with Cyt c@mesoZIF-8/Screen-Printed Electrode
(SPE)
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in finished food packages.”” In this immobilization, the
nanocarrier increases the substrate affinity and sensitivity of
the enzymatic electrochemical analysis.

In a typical experiment, a water suspension of polystyrene
(PS) nanospheres (50 nm, 1 g/mL, SO L), a methanol
solution of zinc nitrate hexahydrate (25 mM, 50 mL), and a
methanol solution of 2-methylimidazole (25 mM, SO mL) were

mixed at room temperature, followed by sonication for 1 h. The
mixture was then incubated at room temperature for 24 h
without stirring. The PS/ZIF-8 composites were obtained after
3 cycles of centrifugation and washing with methanol. The
mesoporous ZIF-8 (mesoZIF-8) was then obtained by
calcinating the PS/ZIF-8 composites at 350 °C for 3 h to
remove PS nanospheres. Finally, the Cyt c@mesoZIF-8
composites were prepared by adsorbing Cyt ¢ (1 mg/mL) on
mesoZIF-8 (S mg/mL) in phosphate buffer (50 mM, pH 7.4,
0.3 mg/mL polyvinylpyrrolidone). The immobilized enzyme
was obtained by centrifugation and washing with water.

The scanning electron microscope (SEM) images (Figure 1a,
b) proved the incorporation of PS nanospheres in ZIF-8. The
loading percentage of PS nanospheres was about 9.3 wt %,
determined by thermal gravimetric analyses (TGA) (Figure
S1). The calcination generated mesopores (~5S0 nm) in ZIF-8
(Figure 1c). Protein molecules were observed to occupy the
mesoporous channels of mesoZIF-8 on the surface (Figure 1d).
The transmission electron microscope (TEM) images (Figure
le—g) further confirmed the creation of mesoporous structures
(the light electron density regions in Figure lg indicated the
mesoporous channels). The energy dispersive X-ray spectros-
copy (EDS) mapping (Figure 1li, j) under TEM showed the
existence and well-distribution of the S element (from amino

Figure 1. SEM images of (a) pure ZIF-8, (b) PS@ZIF-8 composites, (c) mesoZIF-8, (d) Cyt c@mesoZIF-8. TEM images of (e) pure ZIF-8, (f)
PS@ZIF-8 composites, (g) mesoZIF-8, (h) Cyt c@mesoZIF-8. EDS mapping of elemental distributions of Cyt c@mesoZIF-8 for (i) Zn, (j) S. (k)
Confocal laser scanning microscopy images of 12 continuous layers across 4.8 ym for FITC-labeled Cyt c@mesoZIF-8.
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acids of protein) in Cyt c@mesoZIF-8, proving the successful
immobilization of Cyt c.

By labeling Cyt ¢ with fluorescein isothiocyanate (FITC) and
then immobilizing Cyt ¢-FITC on mesoZIF-8, the existence of
Cyt ¢-FITC in the interior of mesoZIF-8 was observed under
confocal laser scanning microscopy with different depths along
z direction (Figure 1k). Because the micropores of mesoZIF-8
were much smaller than the size of Cyt ¢, the presence of
protein in the interior of mesoZIF-8 suggested the mesopores
might be connected, allowing protein molecules to transfer into
the inside of mesoZIF-8. In addition, the BET analysis further
demonstrated that after immobilization of Cyt ¢, most of the
micropores and mesoporous channels of mesoZIF-8 cannot be
detected because of the occupation by protein (Table S1 and
Figure S11).

The PS@ZIF-8 composites, mesoZIF-8, and Cyt ¢@
mesoZIF-8 displayed similar X-ray diffraction (XRD) patterns
(Figure 2a) compared to pure ZIF-8, indicating the crystallinity
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Figure 2. (a) XRD patterns of pure ZIF-8, PS@ZIF-8 composites,
mesoZIF-8, and Cyt c@mesoZIF-8. (b) DFT pore size distributions
for pure ZIF-8 (black), PS@ZIF-8 composites (blue), and mesoZIF-8
(red).

was well-preserved. And after incubating in 0.3 wt % H,O, for
15 min, the XRD pattern of Cyt c@mesoZIF-8 remained
unchanged (Figure S2), indicating that H,O, did not destroy
the crystallinity of Cyt c@mesoZIF-8. The density functional
theory (DFT) pore size distribution analysis of mesoZIF-8
gained by N, isotherms again revealed theco-existence of both
micropores of ZIF-8 and mesopores (around 30—50 nm)
generated by PS nanospheres (Figure 2b). The size of Cyt c is
less than 10 nm, much smaller than the mesopores of mesoZIF-
8, and thus it can easily be adsorbed into the mesoZIF-8.

The loading percentage of Cyt ¢ on mesoZIF-8 was
determined as 7.1 wt % by TGA (Figure S2), which agreed
well with the percentage (7.5 wt %) calculated from inductively
coupled plasma mass spectrometry (ICP-MS). Since Cyt ¢ has
Fe element at its active site, the analysis of ICP-MS was based
on the determination of Fe in Cyt c@mesoZIF-8 (see
Supporting Information for standard curves and detailed
results, Figures S16—S17, Table S2). In addition, the well
agreement between TGA and ICP-MS suggested that there was
no obvious adsorption of polyvinylpyrrolidone on Cyt c@
mesoZIF-8 due to the washing step after synthesis.
Polyvinylpyrrolidone utilized in the immobilization procedure
served as a surfactant to better dissolve the relatively
hydrophobic protein Cyt c. No leakage of protein was observed
after keeping Cyt c@mesoZIF-8 in phosphate buffer solution
for 1 week. In contrast, Cyt ¢ adsorbed on native ZIF-8 crystals
(without mesopores) exhibited a fast leakage in several hours,
and after 36 h almost all Cyt ¢ was unbound from ZIF-8 (Figure
S4). Cyt ¢ molecules can be physically adsorbed on the surface
of ZIF-8 due to the electrostatic interaction. However, when
incubating in aqueous solution, the physically adsorbed protein
molecules were easily leaked from the surface of ZIF-8. In
contrast, Cyt ¢ immobilized on mesoZIF-8 were restricted in
the mesoporous channels without an obvious leakage.
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Figure 3. (a) Cyclic voltammograms for native Cyt ¢/SPE in PBS without ABTS (black), PBS in the presence of ABTS (red), PBS containing H,0,
and in the presence of ABTS (blue). (b) Cyclic voltammograms for Cyt c@mesoZIF-8/SPE in PBS without ABTS (black), PBS in the presence of
ABTS (red), PBS containing H,0, and in the presence of ABTS (blue). (c¢) Chronoamperometric response of Cyt c@mesoZIF-8/SPE with
successive addition of 0.45 mM H,0, at a constant potential of —0.05 V. (d) Calibration curve of the steady-state currents against concentrations of
H,0, for native Cyt ¢/SPE (black) and Cyt c@mesoZIF-8/SPE (red). (e) Selectivity of Cyt c@mesoZIF-8/SPE obtained at —0.05 V with the
addition of H,0,, glucose (Glu), dopamine (DA) or bovine serum albumin (BSA). (f) Determination of H,0, with the concentration of 0.8 mM

(black) and 0.3 mM (red) in water, milk, and beer.
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The peroxidase activity of Cyt c@mesoZIF-8 was examined
by the standard method using H,O, and 2,2'-azino-bis (3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) as substrates (see
the Supporting Information for details). Compared with native
Cyt ¢, Cyt c@mesoZIF-8 showed 128% activity, whereas ZIF-8
or mesoZIF-8 has no catalytic activity for H,O,, which was also
proved by a previous study.'® The apparent Michaelis constant
K, of Cyt c@mesoZIF-8, which indicated the affinity of the
immobilized enzyme toward H,0O,, was decreased to 7.4 mM
from 13.7 mM for native Cyt ¢ (Figures SS and S6). Please note
the decreased apparent K, of Cyt c@mesoZIF-8 indicated that
due to the porous structure of mesoZIF-8, the immobilized
enzyme has a higher apparent affinity toward the substrate
H,0, compared to native Cyt c. In addition to the high activity
and high substrate affinity, Cyt c@mesoZIF-8 displayed
enhanced stability in the presence of H,0,. After incubation
in 45 mM H,0, for 15 min, native Cyt ¢ lost almost all its
original activity (Figure S7), whereas Cyt c@mesoZIF-8 still
reserved more than 20% of activity.

The high activity and high apparent substrate affinity of Cyt
c@mesoZIF-8 ensured its application in electrochemical
detection of H,0,. Ten uL of ABTS water solution (5 mM),
10 L of Cyt c@mesoZIF-8 water solution (10 pg Cyt c) and
2.5 puL of 1% Nanfion were coated on the screen-printed
electrode (SPE) successively, to prepare the Cyt c@mesoZIF-
8/SPE. As a control, native Cyt ¢/SPE was prepared using the
same amount of protein and the same protocol. Typical cyclic
voltammograms (CVs) (Figure 3a, b) were obtained by
applying 100 uL of phosphate buffer saline (PBS) solution
(with/without H,O, or ABTS) on the electrode at a scanning
rate of 0.5 V/s. The CVs of Cyt ¢/SPE and Cyt c@mesoZIF-8/
SPE in pure PBS gave no redox peaks, indicating a poor
electron transfer between the electrode and Cyt c¢. In the
presence of ABTS, obvious peaks were observed, proving that
ABTS can serve as an electron mediator. The CVs of Cyt c@
mesoZIF-8/SPE and Cyt ¢/SPE with ABTS as the electron
mediator in PBS containing 0.9 mM H,O, showed cathodic
peaks at 0.36 V. The cathodic peaks were responsible for the
electrochemical reduction of Cyt ¢ mediated by ABTS; the Cyt
¢ molecules were previously oxidized by H,0,.**

For Cyt c@mesoZIF-8/SPE, the amperometric response (at
the potential of —0.05 V) for successive addition of 0.45 mM
H,0, gave a linearly increase of absolute value (Figure 3c)
upon each addition of H,0,. The amperometric response of
Cyt c@mesoZIF-8/SPE and Cyt ¢ /SPE in the detection of
different concentrations of H,O, was investigated (Figures S8
and S9). The detection linear ranges of both electrodes were
extended from ~0.09 mM to ~3.6 mM H,0, (Figure 3d). The
sensitivity (represented by the slope of calibration curve) of Cyt
c@mesoZIF-8/SPE was increased by 1.4 fold compared to that
of native Cyt ¢/SPE (Figure 3d). Please note that the apparent
K., of Cyt c@mesoZIF-8 was significantly decreased compared
to native Cyt ¢, which was described above. The decreased
apparent K, indicated an increased apparent substrate affinity
of the immobilized enzyme. Here the increased apparent
substrate affinity of Cyt c@mesoZIF-8/SPE toward H,0, and
high enzymatic activity resulted in the increased detection
sensitivity. This result proved our hypothesis that the improved
apparent substrate affinity of immobilized enzyme by MOFs
increased the detection sensitivity of the enzyme electrode.
Prepared by a polymer-assisted coprecipitation process in
methanol,'® the Cyt ¢ embedded in ZIF-8 crystals had a similar
decreased K, indicating an increased substrate affinity for

H,0,. However, a further study of preparing various enzyme-
encapsulated ZIF-8 composites in aqueous solution resulted in
dramatically increased Km values suggesting the unsmooth
traffic of substrates with relatively large molecular weights to
the encapsulated enzymes.'” In this study, because ABTS,
which served as the electron mediator between the active site of
Cyt ¢ and the electrode, has much larger molecular weight than
H,0,, small cavities of ZIF-8 restricted the contact of ABTS
with encapsulated Cyt ¢ and a combination of mesoporous and
microporous channels of mesoZIF-8 enhanced the electro-
chemical detection. Compared with other immobilized Cyt c-
modified electrodes reported in literature, Cyt c@mesoZIF-8/
SPE showed a wide detection range, but its sensitivity was not
as high as the electrodes modified with carbon nanotubes,
graphene or nanogold (Table S3), which might be due to the
low conductivity of ZIF-8 compared to nanostructured carbon
or gold materials.

The Cyt c@mesoZIF-8/SPE displayed a high selectivity. The
response current for glucose (Glu), dopamine (DA) and bovine
serum albumin (BSA) with 50- and 25-fold high concentrations
compared to H,0, was given in Figure 3e. The response
current of H,0, was much higher than that of other
interferences (even they were at much higher concentrations),
demonstrating the good selectivity for H,O,. To demonstrate
the application of the immobilized Cyt c-coated screen-printed
electrode, we further tested the detection capability of Cyt c@
mesoZIF-8/SPE in real food samples such as beer and milk.
Beer or milk containing specific amounts of H,O, was prepared
by adding certain amounts H,O, in the samples. Then, 100 uL
of beer or milk containing H,O, with different concentrations
was dropped on the working area of Cyt c@mesoZIF-8/SPE.
After applying a working potential of —0.05 V for 1 min, the
response current was measured. As shown in Figure 3f, the
concentrations of H,0O, in these food samples were accurately
determined, agreeing well with the theoretical values and also
fitting well with that of water solution containing the same
amount of H,0,. Moreover, because the deactivation of Cyt ¢
on electrode is very slow at room temperature, to investigate
the storage stability of the enzyme electrode, we carried out the
aging test of the enzyme electrode at 80 °C. As shown in Figure
S10, after 1 h at 80 °C no obvious drop in the capability of
electrochemical detection of H,O, was observed for the Cyt c@
mesoZIF-8/SPE. However, Cyt ¢/SPE lost half of its detection
capability at the same condition. It is possible that the
encapsulation of Cyt ¢ in mesoporous channels well protected
the protein configuration of Cyt ¢, resulting in a high enzyme
stability.

In conclusion, mesoporous ZIF-8 was synthesized for Cyt ¢
immobilization. The Cyt ¢ on mesoporous ZIF-8 displayed
128% activity and much increased apparent substrate affinity,
compared to native Cyt c. The high apparent substrate affinity
made the immobilized enzyme ideal for fabrication of enzyme
electrode with a high senility. The immobilized Cyt c-coated
screen-printed electrode exhibited a 1.4-fold increased
sensitivity in the detection of H,0,, compared to native Cyt
c-coated electrode. The fast and accurate determination of
H,0, amount in food samples such as milk and beer
demonstrated the appealing application of immobilized Cyt c-
coated screen-printed electrode as an efficient biosensor.
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