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HIGHLIGHTS

o Cyt c@ZIF-8 samples with different
sizes and morphologies were pre-
pared via a one-step facile co-
precipitation method.

e Cyt c@ZIF-8 of decreased size gener-
ated an increase in substrate affinity
with a 50% decrease in the Michaelis
constant Kpy,.

e The improved Cyt c@ZIF-8 presented
a 6.26-fold enhancement in the
enzymatic electrochemical detection
sensitivity of H,0,.
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ABSTRACT

Metal-organic frameworks (MOFs) hold a great promise as immobilization carriers for enzymes and
other biomolecules, owing to their enhanced stability, selectivity and controllability. However, enzyme-
MOF complexes usually lead to a decrease in the apparent enzyme activity and apparent substrate af-
finity as a result of the constrained structure of the enzyme and the mass transfer limitation of the
substrate, respectively. These results consequently impede the applications of enzyme-MOF complexes
in biocatalysis and biosensing. In this study, zeolitic imidazolate framework-8 (ZIF-8) was synthesized to
immobilize cytochrome ¢ (Cyt c¢) via a one-step co-precipitation process under mild conditions. By
adjusting the molar ratio of precursors, enzyme-MOF composites with different sizes from 100 nm to
1.3 um were prepared. The decreased size of the prepared MOFs generated an increase in substrate af-
finity (with an over 50% decrease in the Michaelis constant Ky,) and a 6.4-fold improvement in the
apparent enzyme activity with a 6.26-fold increase in the enzymatic electrochemical detection sensi-
tivity compared with native Cyt c. The enzyme-MOF composites were coated on a screen-printed elec-
trode for the sensitive and fast detection of H,0,, which is the most common representative of reactive
oxygen species in cellular environments, showing the potential for the construction of efficient bio-
sensors with applications in biomedicine.
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1. Introduction

Metal-organic frameworks (MOFs), a broad class of excellent
porous hybrid nanomaterials assembled with metal ions or clusters
and organic ligands [ 1], have exhibited high promise for application
in various fields, including gas storage, catalysis, separation, drug
delivery and biosensing [2—5]. Due to their high porosity, enhanced
stability, structural controllability and biocompatibility, MOFs
possess potential advantages for biological applications with bio-
macromolecules, such as DNA, RNA and enzymes [6—8]. In recent
years, MOFs with specific functional sites and biomacromolecules
have been increasingly studied for the application in biosensors. For
instance, Zhang and Yan reported a novel lanthanide functionalized
MOF enzyme composite that could be utilized for urine fluores-
cence detection as a point-of care detector [9]. Muppidathi et al.
reported a single-strand DNA-MOF composite for the efficient and
specific recognition of harmful arsenate ions with a fluorescence
quenching method [10].

The biosensors combined of enzymes and MOFs have been
widely studied, which have expanded the ex vivo applications of
enzyme in multifarious process [11,12]. To date, most studies
related to enzyme-MOF biosensors have focused on employing
fluorescence or chemiluminescence as the response signal, with
limited examples in electrochemical detection [13,14] because of
the poor conductivity, low electron transfer efficiency and low
apparent enzyme activity of enzyme-MOF composites. To enhance
the detection sensitivity of enzyme-MOF electrochemical bio-
sensors, most researchers have been devoted to improving the
electronic conductivity of MOF materials or increasing the electron
transfer efficiency between the enzyme and electrode by doping
guest molecules [3,15]. Nevertheless, less attention has been paid to
increasing the apparent enzyme activity and the substrate affinity
of the enzyme-MOF composite, which could be another strategy to
enhance the detection performance.

In general, two methods are used to immobilize enzymes on
MOFs. One is synthesizing MOFs and then absorbing enzyme
molecules [16—18], the other is the one-pot co-precipitation
method which can encapsulate enzyme molecules directly in one
step during the formation of MOFs [19,20]. Both strategies can
improve the stability of enzyme efficiently due to the rigid struc-
ture of MOFs, but the immobilization carriers also impose re-
strictions on substrate mass transfer, leading to a decrease in the
apparent enzyme activity and substrate affinity [16,19,20]. Ge and
co-workers introduced polystyrene (PS) nanospheres during the
synthesis of MOFs to generate mesopores, which could be one way
to facilitate the substrate mass transfer [14].

In this study, we proposed an alternative method to improve the
apparent enzyme activity and substrate affinity of enzyme-MOF
composites. We immobilized cytochrome c¢ (Cyt c), which is a
low-cost protein possessing the properties of peroxidase, in zeolitic
imidazolate framework-8 (ZIF-8) under mild conditions through a
one-step co-precipitation process. ZIF-8 is a representative MOF
constructed with zinc ions and imidazolates, which is suggested to
be capable of increasing the thermal and chemical stabilities of
enzymes [21,22]. We explored the size effect under different con-
ditions and utilized the structural controllability of MOFs to adjust
the morphology of the nanoparticles, in order to improve the per-
formance of the enzyme-MOF composites for electrochemical
detection. Additionally, ZIF-8 possesses intrinsic biodegradability
and good biocompatibility [23,24], making it a promising material
for use in biosensors. The prepared Cyt c@ZIF-8 composite can be
employed for the fast electrochemical detection of H,0,, which is
the most common representative of reactive oxygen species (ROS),
regulating various metabolic processes of humans and other or-
ganisms, including protein synthesis, cell apoptosis, and DNA
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damage [25,26]. Excessive amount of H,O, accumulation in or-
ganisms may cause pathological events, such as autoimmune dis-
eases, neurodegeneration and cancer [27]. Therefore, the fast and
accurate determination of H,O, with high sensitivity is of vital
importance and has perspectives to be applied in multifarious
fields, including food monitoring, pharmaceutical monitoring,
clinical diagnosis and environmental analysis [28].

2. Materials and methods
2.1. Materials

2-methylimidazole  (2-Melm) and  2,2’-azino-bis  (3-
ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS)
were purchased from Sigma-Aldrich. Cytchrome ¢ (Cyt c) from
bovine heart was purchased from Biotopped. Zinc nitrate hexahy-
drate (99.998%) was purchased from Alfa Aesar. Bovine serum al-
bumin was purchased from Solarbio. Hydrogen peroxide was
purchased from Xilong Scientific Co., Ltd. The screen-printed elec-
trode was composed of polyethylene terephthalate in 1 cm x 3 cm,
the working electrode as well as the counter electrode were carbon
electrodes and the reference electrode was a Ag/AgCl electrode.
Other reagents were of analytical grade.

2.2. Synthesis of Cyt c@ZIF-8

Typically, 250 mM of zinc nitrate hexahydrate in 10 mL of
deionized water and 781.25 mM 2-methylimidazole in 8 mL of
deionized water were prepared respectively and subjected to ul-
trasonic treatment for 15 min. Cytochrome c (Cyt c) was dissolved
in deionized water at a concentration of 10 mg/mL. The synthesis of
the Cyt c@ZIF-81.,5 composite was performed by mixing 2-
methylimidazole solution (1.6 mL, 781.25 mM), zinc nitrate solu-
tion (0.2 mL, 250 mM) and Cyt ¢ solution (50 pL, 10 mg/mL) and
stirring them at room temperature for 30 min. Then, the product
after the reaction was collected by centrifuging at 12,000 rpm for
5 min and washing with deionized water for 3 times. To further
investigate the size effect of the Cyt c@ZIF-8 composites on the
apparent enzyme activity and effective electrochemical detection,
the composites of Cyt c@ZIF-81.59 and Cyt c@ZIF-81.75 were syn-
thesized by adjusting the molar ratio of 2-Melm/Zn to 50 and 75
respectively.

2.3. Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) analysis

The morphology of the samples was characterized by SEM
(JSM7401; Japan) and TEM (JEM2010; Japan). Samples after
lyophilization were coated on the conducting resin with an accel-
erating voltage of 3 kV for SEM. For TEM, the samples were pre-
pared by suspending the composites in deionized water and adding
a well-dispersed droplet on a carbon support film. After drying at
room temperature for 24 h, the samples were observed under a
JEM-2010 high-resolution TEM with an accelerating voltage of
120 kV.

2.4. Powder X-ray diffraction (XRD)

The powder X-ray diffraction (XRD) analysis was measured on a
Bruker D8 Advance X-Ray diffractometer with a Cu Ka line
(A = 0.15406 nm) at 40 kV and 40 mA. XRD patterns were collected
with the scanning speed of 2°/min and the diffraction angle range
of 5-50°.
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2.5. Thermal gravimetric analysis (TGA)

Thermal gravimetric Analysis (TGA) was performed on a TA
Instruments TGA 2050 Thermogravimetric Analyzer. The sample
was heated in air atmosphere from room temperature to 700 °C at
the rate of 10 "C/min.

2.6. Enzymatic activity assay of Cyt c@ZIF-8

In a typical experiment, 900 puL of ABTS aqueous solution
(2.74 mg/mL), 50 pL of hydrogen peroxide (0.3%) in 200 mM
phosphate buffered saline solution (pH 7.4) and 20 pL of Cyt c@ZIF-
8 suspension were well mixed in a quartz cuvette, followed by
monitoring the increase in absorbance at 415 nm for 15 s in an
ultraviolet spectrophotometer. The same protocol was applied to
determine the enzymatic activity of free Cyt c at the same protein
concentration.

2.7. Preparation of the Cyt c@ZIF-8 on the screen-printed electrode
(SPE)

10 pL of ABTS aqueous solution (2.74 mg/mL) was dropped on
the working electrode of the SPE and dried at 40 °C for 20 min,
followed by dropping 10 pL of Cyt c@ZIF-8 suspension solution
(1 mg/mL) on the working electrode and drying at 40 °C for 20 min.
At last, 2 pL of Nafion (1%) as a protective layer was coated on the
working electrode and dried at room temperature.

2.8. Electrochemical detection

The electrochemical experiments were performed on a Refer-
ence 600+ electrochemical workstation (Gamry, America). A
typical cyclic voltammogram (CV) curve was measured with a
voltage sweep range of —0.1 V—0.7 V and a scan rate of 0.1 V/s.
Besides, the typical chronoamperometric response was recorded at
a constant potential of 0.2 V within 100s. 100 pL of H,0; in phos-
phate buffer saline (PBS) solution (0.1 M, pH 7.4) was applied on the
prepared SPE to immerse all the three electrodes before each round
of detection.

3. Results and discussion

Our strategy to synthesize the Cyt c@ZIF-8 composites was a
one-pot co-precipitation method in aqueous phase. By adjusting
the molar ratio of the MOF precursors, that is, the molar ratio of Zn/
2-Melm, Cyt c@ZIF-8 composites with micro-to nanoscale sizes
were obtained. The molar ratios of Zn/Melm were set as 1:25, 1:50
and 1:75 respectively, which are labelled at the bottom right of Cyt
c@ZIF-8. With the molar ratio of 2-Melm/Zn higher than 75, the
structure of Cyt c@ZIF-8 will be less robust and hard to collect.
Scanning electron microscopy (SEM) images and transmission
electron microscopy (TEM) images exhibited the morphologies of
the Cyt c@ZIF-8 composites at different molar ratios of Zn/Melm
(Fig. 1). Nano Measurer 1.2 software was employed to calculate the
size distributions of the different Cyt c@ZIF-8 nanoparticles, the
results of which were inset in each SEM image. The mean size of Cyt
C@ZIF-81.25 was around 1.3 um; the surface was rough and rela-
tively irregular with a relatively low level of crystallinity (Fig. 1a and
d). With the increase in the 2-Melm/Zn molar ratio, the size of the
Cyt c@ZIF-8 composites decreased conspicuously. The average sizes
of the Cyt c@ZIF-81.50 and Cyt c@ZIF-81.75 nanoparticles were
around 240 nm and 110 nm respectively, with more uniform and
regular shapes and surfaces (Fig. 1b, ¢, 1e and 1f). The SEM images of
pure ZIF-8 at different Zn/Melm molar ratios revealed that the
addition of Cyt c had little impact on the morphology of the MOF
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nanoparticles (Figs. S1—-S3).

The Cyt c@ZIF-81.35, Cyt c@ZIF-81.509 and Cyt c@ZIF-81.75 com-
posites presented similar X-ray diffraction (XRD) patterns
compared with simulated ZIF-8 pattern, demonstrating the well-
preserved polymorph of the Cyt c@ZIF-8 composites when
embedding protein and adjusting the molar ratio of Zn/Melm
(Fig. 2a). Moreover, the XRD pattern of Cyt c@ZIF-8;.5 exhibited the
decreased crystallinity when 2-Melm/Zn was relatively low, which
corresponded with the SEM images, demonstrating that regulating
the molar ratio of metal ions and organic ligands can adjust and
control the crystallinity of MOFs. Thermal gravimetric analysis
(TGA) in air confirmed around 10 wt% of protein was immobilized
in the Cyt c@ZIF-8 composites (Fig. 2b, Figs. S4 and S5).

To explore the effect of different size distributions of ZIF-8, the
Brunner—Emmet—Teller (BET) characterization method was taken.
The nitrogen adsorption curves and DFT pore size distributions are
shown in Fig. 2c and d. The corresponding specific surface areas and
pore volumes of ZIF-81.55, ZIF-81.59 and ZIF-81.75 are displayed in
Table 1. As the size of ZIF-8 decreased by adjusting the molar ratio
of Zn/Melm, the specific surface area of ZIF-8 increased conspicu-
ously, which provided more surface area for the interaction be-
tween substrates and enzymes immobilized in ZIF-8. Additionally,
the pore volume of ZIF-81.75 was 1.6-fold higher than that of ZIF-
8150 and 4.4-fold higher than that of ZIF-81.,5. The enhanced pore
volume was conducive to improving the efficiency of the immo-
bilization of bio-macromolecules in MOFs.

The enzymatic activities of Cyt c@ZIF-8 composites and native
Cyt ¢ were measured by referring to a standard method [29] with
hydrogen peroxide (H,0,) (0.3%) as the oxide substrate and 2,2’-
azinobis (3-ethylbenzthiazoline-6-sulfonate) (ABTS) (2.74 mg/mL)
as the chromogenic substrate in phosphate buffered saline solution
(200 mM, pH 7.4). The encapsulation efficiency of Cyt c in the co-
precipitation process was calculated as around 60% utilizing a
Bradford assay kit. As shown in Fig. 3a, compared with native Cyt c,
the enzymatic activities of the Cyt c@ZIF-8 composites were
enhanced significantly. Meanwhile, the relative activities of the Cyt
c@ZIF-8 composites were improved with the increase in the 2-
Melm molar ratio, that is, the decrease in the particle size, from a
4.3-fold increase to a 6.4-fold increase compared with native Cyt c,
demonstrating the successful regulation of enzymatic catalytic ef-
ficiency by utilizing structural controllability. In addition, the
apparent Michaelis constant Ky, decreased by over 50% as the size
of the composites decreased, from 489 mM of Cyt c@ZIF-
81:25—234 mM of Cyt c@ZIF-81.75 (Figs. S6—S8). The apparent
Michaelis constant represented the affinity between the substrates
and enzyme-MOF composites, the decrease of which indicated the
increase in substrate affinity. It was proven that the reduction in
composite size could provide an increase in the specific surface area
and porosity of enzyme-MOF nanoparticles, generating a signifi-
cant improvement in substrate affinity, thereby providing another
way to improve the performance of enzyme-MOF composites.

During the immobilization or encapsulation process of protein, a
loss of enzymatic activity often occurs, which is mainly caused by
the increased mass transfer resistance and the change in protein
conformation related to the microenvironment of the active site
within the immobilization carriers [20]. In this study, the mecha-
nism behind the significant enzymatic activity increase of Cyt
c@ZIF-8 composites needs to be explored. The active site of Cyt c is
mainly derived from the heme group. Native Cyt ¢ exhibits a six-
coordinate low spin state with two axial ligands in the Fe center,
leading to a compact structure which is difficult for enzyme-
substrate reactions [30]. When Cyt c is embedded in MOFs, the
microenvironment around the active site changes, generating
partial protein unfolding and exposing the heme groups. Utilizing
solid-state UV—Vis, paramagnetic resonance spectroscopy and
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Fig. 1. SEM images of (a) Cyt c@ZIF-8;.,5, (b) Cyt c@ZIF-81.50 and (c) Cyt c@ZIF-8,.75. The size distributions of different Cyt c@ZIF-8 nanoparticles were calculated with Nano
Measurer 1.2 and inset in each SEM image. TEM images of (d) Cyt c@ZIF-8.3s, (e) Cyt c@ZIF-8;.50 and (f) Cyt c@ZIF-81.7s.
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Fig. 2. (a) XRD patterns of simulated ZIF-8 (black), Cyt c@ZIF-8.»5 (blue), Cyt c@ZIF-8.50 (pink) and Cyt c@ZIF-8,.75 (red). (b) TGA curves of Cyt c@ZIF-8;.75 and pure ZIF-81.75 in air.
(c) Nitrogen adsorption curves of ZIF-8.,5 (black), ZIF-8.5¢ (blue) and ZIF-8.75 (red). (d) DFT pore size distributions of ZIF-8.,5 (black), ZIF-8.5¢ (blue) and ZIF-8,.75 (red). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 1

The specific surface area and pore volume of ZIF-8.;5, ZIF-81.59 and ZIF-8;.75.

Samples Specific Surface Area (m?/g) Pore Volume (cm?/g)
ZIF-81.25 262 0.145
ZIF-81.50 844 0.297
ZIF-81.75 1141 0.784

molecular dynamics simulation, Chen et al. recently discovered that
when Cyt c is encapsulated, the structure around its active center
changes with a loss of low spin heme species and a perturbation of
the iron coordination environment, leading to increased accessi-
bility between reaction substrates and Cyt c active center [31].
Furthermore, as the particle size of the Cyt c@ZIF-8 composite
decreased from micro-to nanoscale, the specific surface area and
porosity of the composite increased significantly, leading to easier
contact between the substrate and Cyt c active site, which
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amperometric response of different analytes, including H,05, glucose (Glu), NaHCO3 and BSA. (d) Concentration curve of the chronoamperometric response at 40 s against different
H,0, concentrations for Cyt ¢/SPE (black), Cyt c@ZIF-8+.,5/SPE (green), Cyt c@ZIF-8.50/SPE (blue) and Cyt c@ZIF-8,.75/SPE (red). (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

presented a further increase in the apparent enzyme activity and
substrate affinity.

The Cyt c@ZIF-8 composites with improved apparent enzyme
activity and substrate affinity were employed for the fast electro-
chemical detection of H,0;, the most common representative of
ROS. The determination process was realized through a portable
screen-printed electrode (SPE) and Gamry Reference 600+ elec-
trochemical workstation. Cyclic voltammetry (CV) studies were
implemented to examine the redox behavior of the Cyt c@ZIF-8/SPE
electrode. Typical CV curves were obtained at a scan rate of 0.1 V/s
by adding 100 uL of phosphate buffered saline (PBS) solution (with
and without H,0-) to the SPE, immersing all the three electrodes.
ABTS served as the micromolecular electron mediator in the elec-
tron transfer process. As depicted in Fig. 3b, the CV curve of Cyt
c@ZIF-8/SPE without ABTS in pure PBS presented no redox peak
and weak current, revealing a poor electron transfer efficiency
between Cyt ¢ and the electrode. The Cyt c@ZIF-8/SPE with ABTS
exhibited a couple of obvious redox peaks, indicating the effective
electron transfer among the substrate, Cyt c and the electrode with
the assistance of ABTS. The cathodic peak potential (Ec) and anodic
peak potential (Ep,) were located at 0.46 V and 0.50 V (vs. Ag/AgCl)
respectively, with a peak-to-peak separation (AEp) of 40 mV. With
ABTS served as the electron mediator, the principle of catalyzing
H,0, could be described using the following equation.

Cyt c-Fe(Ill) + e~ — Cyt c-Fe(Il) (1)

2Cyt c-Fe(Il) + Hy05 + 2H" —2Cyt c-Fe(Ill) + 2H,0 2)

From the electrochemical mechanism equation, it was indicated
that the cathodic peak of the cyclic voltammetry curve reflected the
reduction of Cyt c that was oxidized by H,0, molecules in solution.

The chronoamperometric experiment was carried out to determine
the electrocatalytic response of the Cyt c@ZIF-8/SPE towards H,0;
at different concentrations. The amperometric current responses of
Cyt ¢, Cyt c@ZIF-81.25/SPE, Cyt c@ZIF-81.50/SPE and Cyt c@ZIF-8;.75/
SPE were detected respectively. The amperometric current
response curves showed that the current values reached a steady
state rapidly, which had potential to conveniently achieve quick
electrochemical detection (Figs. S9—S12). As the increase of Hy0,
concentration, it took a slightly longer time for the current signal to
be stable. Finally, the current value at 40 s was selected to plot the
calibration curve graph. It was revealed that the four kinds of
electrodes presented a linear response from ~0.1 to ~5 mM H0,
(Fig. 3d). The detection sensitivity, that is the slope of the H,0;
concentration curve, of Cyt c@ZIF-81:75/SPE showed a 1.55-fold
increase compared with that of Cyt c@ZIF-8;.5/SPE and an
approximately 1.27-fold increase compared with that of Cyt c@ZIF-
81.50/SPE (Fig. 3d). Moreover, compared with native Cyt c¢/SPE, the
detection sensitivities of Cyt c@ZIF-8/SPEs were enhanced from
4.04 fold of Cyt c@ZIF-81:25/SPE to 6.26 fold of Cyt c@ZIF-81:75/
SPE (Fig. 3d). The amounts of protein were consistent between
native Cyt ¢ and Cyt c@ZIF-8 on the SPE. The performance of ZIF-8
modified enzymatic electrode was improved due to the enhanced
enzymatic activity of immobilized Cyt c@ZIF-8 instead of the
intrinsic catalytic activity of pure ZIF-8. As shown in Figs. S13—S15,
the amperometric current response remained close to zero as the
increase of H,O, concentration on ZIF-8/SPE, demonstrating that no
catalytic events occurred with pure ZIF-8 on the SPE. In addition to
the improvement of enzymatic activities, this porous immobiliza-
tion material may play a vital role in gathering the substrates,
which could be another way of increasing the property of the
enzymatic electrode. The experimental results indicated that the
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increased sensitivity of enzymatic reaction could be realized by
regulating the structure and size of MOF particles, which generated
the enhancement of substrate affinity and apparent enzymatic ac-
tivity, as demonstrated before. This result also verified our previous
hypothesis that the detection performance of enzyme electrodes
could be improved by increasing the apparent enzyme activity and
substrate affinity, which was achieved by utilizing the structural
controllability of MOFs. The interference experiment was con-
ducted to prove the high selectivity of Cyt c@ZIF-81.75/SPE. As
shown in Fig. 3¢, the amperometric response of H,O, was much
higher than that of other interferences, including glucose, NaHCO3
and BSA, although these interferences are at much higher con-
centration, that is, 2-fold—10-fold concentrations. The results above
demonstrated that Cyt c@ZIF-81.75/SPE had both excellent sensi-
tivity and selectivity.

This study provided a novel strategy to improve the detection
sensitivity of enzymatic electrodes, that is to enhance the substrate
affinity except for increasing the electron transfer efficiency. In
most cases, immobilized enzymes as sensitive elements presented
increased stability while displaying decreased apparent substrate
affinity due to the restricted mass-diffusion rate of substrates
[14,32,33], which meant the substrates were exhausted before
accumulating. This work took full advantage of the structure
controllability of MOFs to increase the porosity of the immobili-
zation carriers by conveniently adjusting the molar ratio of metal
ions and organic ligands, leading to lower mass transfer resistance
and generating improved apparent substrate affinity. This
improved Cyt c@ZIF-81.75/SPE shows application potential for the
fast detection of H,O, and other ROS in food industry, environ-
mental analysis or medical detection fields.

4. Conclusion

In conclusion, a series of Cyt c@ZIF-8 composites with different
sizes and morphologies were synthesized. The mechanism of the
size effect was investigated in depth. By utilizing the structural
controllability and size effect of MOFs, the specific surface area and
the porosity of the enzyme immobilization carrier were increased
significantly, generating a 50% decrease in the Michaelis constant
Ky and a 6.4-fold increase in the apparent enzymatic activity. Cyt
Cc@ZIF-81.75/SPE presented a 1.55-fold increase compared to Cyt
C@ZIF-81:25/SPE and 6.26-fold increase compared to Cyt ¢/SPE in the
detection sensitivity of H,0,, meanwhile excellent specificity
remained. The size-optimized composite exhibited its potential
application perspectives in the construction of efficient biosensors
for the fast detection of H,O, and other ROS in environmental
analysis, food industry and medical detection.
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