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In this study, we present a novel zeolitic imidazolate framework-8 metal-organic framework
/polysulfone (PSF) stereostructure with glucose oxidase (GOx) and horseradish peroxidase (HRP)
encapsulated in ZIF-8 as nanoreactors. This work links the high biocatalytic activity and great stability
of the enzymes encapsulated in ZIF-8 with the large surface area and mass transport of the three-
dimensional microporous PSF and highlights the pore structure of PSF, which blocks cells during whole
blood testing. The prepared ZIF-8 capsule/PSF structure exhibits a 1.2-fold and 2.4-fold increase in
sensitivity compared with the ZIF-8 capsule powder and bulk mixture of GOx and HRP, respectively.
The modified ZIF-8 capsule/PSF glucose biosensor exhibited a 0-18 mM linear range and good
selectivity. Furthermore, the prepared sensor attenuated less than 10% after 50 replicate whole blood
tests. These advanced properties give the novel biocatalytic cascade ZIF-8 capsule/polysulfone
stereostructure promising applications in whole blood monitoring.

Keywords: ZIF-8; nanostructure; glucose oxidase; horseradish peroxidase; glucose biosensor.

1. INTRODUCTION

Blood glucose monitoring, as an important part of whole blood monitoring, is critically needed
for the management of both type I and type II diabetes. Although disposable blood glucose detection
strips are widely used, there is a considerable need for the development of whole blood detectable
glucose biosensors with highly repeatability and a wide-linear-range[1, 2]. The microporous metal
organic framework (MOF) represents one of the most promising materials in biosensors. In addition to
its applications in gas storage and separation[3-5], substantial research has been directed towards the
development of MOF carriers due to its controllable pore size and surface functionality[6-8]. Enzymes,
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as important functional proteins, are popular substances that researchers want to load into MOFs[8-10].
Recently, Chen[11] capsulated a multienzyme system into ZIF-8 as a microcapsule reactor instead of
using normal surface adsorption. The integration of this two-enzyme system (glucose oxidase, GOx and
horseradish peroxidase, HRP) in ZIF-8 led to enhancements in the activity of the catalytic cascade.
However, Chen discussed the ZIF-8 reactor as a powder but did not mention its applications in 3D
structure.

Porous polysulfone (PSF) is a widely used porous polymer support that has flexible, asymmetric
properties. The submicropores on the surface can easily separate red blood cells[12, 13]. Due to its
organic character, a MOF can interact with PSF more easily than inorganic substrates. Different kinds
of MOFs were synthesized on porous PSF supports, such as ZIF-8[14], ZIF-90[15] and Bio-MOF-1[16].
However, the porous structure of PSF with MOF loaded has mostly been used for gas separation or
storage and has rarely been used as a filter membrane for blood.

In the present work, we report a novel ZIF-8 capsule/PSF stereostructure with GOx and HRP
encapsulated in ZIF-8 and explore its applications as an amperometric glucose biosensor. The prepared
ZIF-8 capsule/PSF structure exhibits higher sensitivity compared with the ZIF-8 capsule powder, and
the modified ZIF-8 capsule/PSF glucose biosensor showed a great linear range and good selectivity.
Furthermore, the prepared sensor showed great performance in the whole blood repeatability test. The
results demonstrated that the novel biocatalytic cascade ZIF-8 capsule/polysulfone stereostructure has
promising applications in whole blood monitoring.

2. EXPERIMENTAL

2.1 Reagents and equipment

All chemicals used were of analytical grade and were used as received without any further
purification. Modified polysulfone (PSF) porous membranes were obtained from Harvest company as
commercial products. The carbon slurry was purchased from the Acheson colloids company (Product:
Electrodag 423SS). Glucose oxidase (GOx, EC 232-601-0, from Aspergillus niger) and horseradish
peroxidase (HRP, RZ 2.9, from horseradish) were purchased from Aladdin. Glucose, glutaraldehyde
(GA), zinc acetate (Zn(CHsCOOQ)2), 2-methylimidazole, paraffin wax, 2,2'-azino-bis(3-ethylbenzo-
thiazoline-6-sulfonic acid) diammonium salt (ABTS), o-dianisidine, Nafion® 117 solution, sodium
phosphate (Na2zHPQO4), sodium dihydrogen phosphate (NaH2POa), sodium hydroxide (NaOH), ascorbic
acid (AA), uric acid (UA) and ProClin 300 were supplied by Sigma-Aldrich (China). The supporting
electrolyte used for the electrochemical studies was a 0.05 M phosphate buffer solution (PBS), prepared
using NazHPO4 and NaH2PO4 and adjusting the pH with either HCI or NaOH. The glucose solution was
stored at 26°C for 24 h for mutarotation before use. Aqueous solutions were prepared in deionized water
(DI). Fresh blood samples were provided from two healthy volunteers and two diabetic patients.

The precipitate of the experimental ZIF-8 was centrifuged with an Ohaus Frontier FC5816
laboratory centrifuge. The morphology of the ZIF-8 capsule/PSF was observed by field-emission
scanning electron microscopy (SEM) (Hitachi SU8010). Crystal composition was identified by EDS and
SEM mapping. Fourier transform infrared (FT-IR) spectra were recorded with an AVATAR 370
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spectrophotometer between 4000 and 500 cm™. The crystalline structures of the samples were
characterized by X-ray diffraction (XRD) via a Rigaku D/max 2400. The wavelength of the radiation
source was 1.54 A. The absorbance values were measured at 450 nm using a microplate reader
(Multiskan FC, Thermo, Waltham, MA, USA). UV-Visible absorption spectra were collected using a
double beam spectrophotometer (UV-2600, Shimadzu, Japan) with a 1 ml quartz cell. Amperometric
measurements were performed using a CHI660E electrochemical workstation (Shanghai Chenhua,
China) with a standard three-electrode system by applying a Ag/AgCl (1.0 M KCI) electrode and a
platinum net (geometric area, 0.96 cm?) as the reference and counter electrodes, respectively. The serum
glucose analyses were conducted using a YSI 2300 STAT PLUS (Yellow Springs Instruments, Ohio,
USA). An ultrasonic cleaner (JPS-80A, USA Lab) was used for the ultrasonic cleaning of the cells and
proteins attached to the sensor’s surface. All of the experiments were conducted at room temperature.

2.2 Synthesis of two-enzyme encapsulated ZIF-8 nanoparticles

Two-enzyme encapsulated ZIF-8 nanoparticles were prepared according to a previous report[11].
Typically, 1 ml of zinc acetate (20 mM) containing 100 pg GOx and 100 ng HRP was stirred gently at
room temperature for 30 min. Afterwards, an equal volume of a 1.4 M 2-methylimidazole solution was
quickly poured into the mixture and stirred with a magnetic stirrer for 30 min. Then, the obtained opaque
solution was kept in an oven at 40°C for 30 min and centrifuged (5000 rpm, 10 min). The white sediment
was filtered, washed thoroughly with deionized water, and dried in air for 24 h. For comparison, a similar
ZIF-8 sediment was prepared without GOx and HRP using the same method.

2.3 Synthesis of ZIF-8 capsule/PSF stereostructure

Before the immobilization of the ZIF-8 capsule, hydrophilic porous PSF membranes were
washed by immersion in deionized water for 24 h and dried overnight at room temperature.

For the synthesis of the ZIF-8 capsule in the porous PSF membranes, a self-assembling reaction
was carried out as follows (Scheme, Fig. 1). (I) Two microliters of 5% GA solution was dropped and
dried under air at room temperature for 30 min, and the resulting membrane was rinsed 3 times with
deionized water and dried in a drying oven at 40°C for preparation. (IT) The prepared membranes were
soaked in a 20 mM Zn(CH3COO)2 mixture solution containing 100 pg ml™* GOx and 100 pg ml™ HRP
and bubbled with a peristaltic pump (100 rpm) for 15 min. Then, the treated membrane was gradually
immersed into a 1.4 M 2-methylimidazole solution and bubbled with the pump (100 rpm) for 30 min.
(IIT) After bubbling, the membrane was kept in an oven at 40°C for different times, from 5 min to 1 h.
(IV) The obtained membrane was carefully washed 3-4 times with deionized water and then dried in air
for 24 h.

2.4 Preparation of the modified biosensor

The prepared ZIF-8 capsule/PSF membrane was modified with 5% Nafion twice. To prepare the
easily fabricated amperometric glucose biosensors, an appropriate amount of carbon slurry was brushed
on the bottom surface of the membrane. After the carbon slurry dried overnight at room temperature,
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paraffin was coated onto it to prevent direct contact with the solution. The biosensor was stored in the
fridge at 4°C when not in use.
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Figure 1. Schematic for the fabrication of the ZIF-8 capsule/PSF stereostructure membranes.
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Figure 2. (A) Top view SEM image of the modified porous PSF membrane; (B) An enlarged image of
the porous PSF membrane cross-section; (C) Top view image of the ZIF-8 capsule/PSF
membrane; (D) An enlarged image of the ZIF-8 capsule/PSF membrane cross-section.
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Figure 3. SEM mapping image and EDS analysis of the ZIF-8 capsule/PSF membrane.
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Figure 4. XRD spectra of simulated ZIF-8, experimental ZIF-8 and ZIF-8 capsules.
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Figure 4. FT-IR spectra of simulated ZIF-8, experimental ZIF-8 and ZIF-8 capsules.
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Figure 6. SEM images of ZIF-8 capsule/PSF membrane cross-section morphologies formed by the
heating time of (A) 5 min, (B) 20 min, (C) 40 min, and (D) 1 h.

3. RESULTS AND DISCUSSION

3.1 Characterization of the ZIF-8 capsule/PSF stereostructure

Previously, different kinds of MOFs[17, 18] were immobilized in the three-dimensional
macroporous matrix. Here, GOX/HRP enzymes encapsulated in ZIF-8 were immobilized in the PSF
structure. Fig. 2C, D shows the SEM images of the ZIF-8 capsule/PSF stereostructure. The average size
of the ZIF-8 capsule is 100 nm, as calculated with ImageJ software. Fig. 2A shows that the PSF film has
a network-type morphology with microsized pores. Fig. 2B indicates that these micropores are
interconnected, which could facilitate mass transport [19-21] and provide a large surface area for the
reaction. Moreover, this cross-linked structure could also act as a filter blocking red blood cells with a
diameter of 7 um.

ZIF-8 capsules were formed in this PSF matrix through a spontaneous reaction between
Zn(CH3COO0)2 and 2-methylimidazole with GOx and HRP confined, as Chen published[11]. Fig. 3A
shows the SEM image of the modified PSF with SEM mapping. According to the SEM mapping picture,
Zn was apportioned uniformly throughout the structure. As ZIF-8 was the only zinc source, this result
demonstrates that ZIF-8 was evenly immobilized in the stereostructure. The EDS analysis and zinc
concentration revealed that the film was composed of 6.98% wt Zn (Fig. 3B), which indicated that the
mass ratio of the immobilized ZIF-8 capsule was approximately 24% wt.
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XRD was used to study the crystalline structure of the synthesized particles. Fig. 4 shows the
XRD spectra of experimental ZIF-8 and the ZIF-8 capsules in comparison with the simulated ZIF-8.
Most of the characteristic diffraction peaks agree quite well with the simulated result in the database
(information card for 602542) [4], indicating that the simulated ZIF-8, ZIF-8 capsule and comparison
experimental ZIF-8 have a highly crystalline structure and an isostructural ZIF-8 framework. The small
peaks observed at approximately 22 degrees and 25 degrees can be related to a change in
crystallinity[22]. The peak at 17.8 degrees in each spectrum corresponds to the (0 1 3) plane, and the
obvious shift of the peak to lower angles can be attributed to the enlarged interlayer spacing[23].
Evidently, this result suggested that the ZIF-8 capsules were successfully formed.

The FT-IR spectra of simulated ZIF-8, experimental ZIF-8 and ZIF-8 capsules in the range of
4000-500 cm* are presented in Fig. 5. Adsorption peaks at 1477 and 998 cm™ are associated with the
stretching and plane bending of the imidazole ring, respectively[24]. The strong band in the spectral
region of 3000 cm™ could be ascribed to the C-H, N-H and O-H stretching vibrations of the methyl,
hydroxy and amine groups on the ZIF-8 nanoparticles[25].

Combining the SEM, EDS, XRD and FT-IR results (Figs. 2, 3, 4 and 5), a layer of well-dispersed
ZIF-8 capsule particles became uniformly anchored in the PSF stereostructure instead of undergoing
traditional bulk deposition. The average size of these particles was approximately 100 nm. During
preparation, the GOx and HRP may have two functions. First, the GOx and HRP provide insufficient
nucleation for the crystallization process to generate ZIF-8 capsules with a small size and improved
dispersity. This result may be explained by the nonclassical seed-mediated growth theory[26]. This was
confirmed by the fact that no obvious emulsion was formed without GOx and HRP in the precursor
solution, and a milky solution formed as soon as GOx and HRP were added to the precursor solution.
Second, the GOx and HRP biocatalytic cascade system can provide great selectivity and sensitivity to
the prepared glucose sensors (Figs. 6-8).

3.2 Effects of heating time on ZIF-8 capsule generation

To optimize the formation of the ZIF-8 capsule layer, the membranes were produced with
different heating times (ranging from 5 min to 1 h) as shown in Fig. 6. ZIF-8 starts with 50 nm particles,
and 100 nm crystals were shown in Fig. 6A, which is relatively small for ZIF-8 particles (average 134-
288 nm[27]). As the heating time increases, ZIF-8 particles grow and aggregate. Obvious ZIF-8 blocks
can be found with a 20 min heating process (Fig. 6B). A ZIF-8 capsule layer with micropores was formed
when the heating time increased to 40 min (Fig. 6C). With a 1 h heating process, the synthesized ZIF-8
layer almost blocked the whole PSF structure. This phenomenon proved that the heating time
successfully controlled the aggregation of the ZIF-8 capsule and that the size of the synthesized ZIF-8
capsule particles remained relatively small.

3.3 Catalytic activity comparison of the enzymes, ZIF-8 capsule and ZIF-8 capsule/PSF stereostructure

The as-prepared ZIF-8 capsule/PSF stereostructure may have great potential in glucose sensor
fields. As an important indicator, the activity of the ZIF-8 capsule/PSF stereostructure for glucose
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catalytic reduction was evaluated. With the GOx and HRP biocatalytic cascade system encapsulated,
aerobic oxidation of glucose by GOx yields H202 and gluconic acid, and the generated H20: acts as a
substrate for HRP, which catalyzes the oxidation of ABTS, generating a green-colored product (Fig. S1).

Table 1 shows the absorbance values of the enzymes ZIF-8 capsule and ZIF-8 capsule/PSF
stereostructure with 4 mM glucose as the substrate at 450 nm using a microplate reader. For comparison,
the ZIF-8 capsule powder used was 24% wt of ZIF-8 capsule/PSF stereostructure membrane, according
to the EDS. The concentrations of GOx and HRP were 4% wt and 2.6% wt of the ZIF-8 capsule,
respectively, according to the loading mass ratio as published by Chen[11]. The biocatalytic cascade in
the ZIF-8 capsule showed an approximately 1-fold enhancement compared with the mixture of the two
enzymes, and the ZIF-8 capsule/PSF stereostructure showed an approximately 0.2-fold enhancement
compared with the ZIF-8 capsule. This difference is most likely because the stereostructure of PSF
provides better dispersion and a larger reaction area. In addition, these values prove the existence of GOx
and HRP in the ZIF-8 capsule and ZIF-8 capsule/PSF stereostructure.

Table 1. Time-dependent absorbance values of enzymes, ZIF-8 capsule and ZIF-8 capsule/PSF
stereostructure at 450 nm with 4 mM glucose as substrate.

Time (min) 0 5 10 20 30
GOx/HRP 0.0470 0.1198 0.1684 0.3878 0.6122
ZIF-8 capsule 0.0484 0.1654 0.2523 0.6970 1.1287
ZIF-8 capsule/PSF 0.0481 0.1815 0.2768 0.8341 1.3920

To enlarge the linear range of the sensor, the ZIF-8 capsule/PSF stereostructure was modified
twice with 5% Nafion. The glucose catalytic activity of the modified ZIF-8 capsule/PSF stereostructure
was also evaluated spectrophotometrically with an o-dianisidine indicator in 0.05 M PBS (pH 6.5, room
temperature, including 0.1 M KCI) incubated for 15 min at room temperature. According to Fig. 7, the
ZIF-8 capsule/PSF stereostructure showed good linearity for the glucose reaction.
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Figure 7. The figure A displays the responses of the ZIF-8 capsule/PSF stereostructure to glucose from
0 mM to 14 mM in 0.05 M PBS (pH=6.5, room temperature, including 0.1 M KCI). The figure
B displays the corresponding calibration curve for glucose from 0 mM to 14 mM.
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Figure 8. The figure A indicates the amperometric responses of the modified ZIF-8 capsule/PSF
biosensor to successive injection of 2 mM glucose from 0 mM to 18 mM in 0.05 M PBS (pH=6.5,
room temperature, including 0.1 M KCI) at 0.33 V. The figure B displays the corresponding
calibration curve for glucose from 0 mM to 18 mM.

3.4 Electrocatalytic response to glucose on the ZIF-8 capsule/PSF sensor

As described in 2.4, ZIF-8 capsule/PSF glucose biosensors were fabricated to evaluate their
analytical performance by amperometric measurements in 0.05 M PBS (pH 6.5, room temperature,
including 0.1 M KCI) at an applied potential of 0.33 V (vs. Ag/AgCl) according to published studies[6,
28]. The amperometric response curve for the ZIF-8 capsule/PSF glucose biosensor with the successive
addition of glucose (2.0 mM/step) is shown in Fig. 8A.

Table 2. Comparison of the performance of various glucose biosensors.

Modifiers Sensitivity Linear range Ref.
(LA mM™) (mM)

ZIF-8 capsule/PSF 0.07 2-18 This work
GOx-HRP-PDMS - 0.3-4.8 [29]
Pin-GOx-HRP-PAA 1.44 0.05-1 [30]
Silica-GOx-HRP-PAA - 0-0.02 [31]
Carbon-GOx-HRP 1.13 0.3-15 [32]
SnO: fibers-GOx-HRP - 0.005-0.1 [33]
3D graphite-PB-GOx- 27.5 0.2-20 [34]

HRP

Paper-GOx-HRP - 0.1-2 [35]
ZIF-8/GOx - 0.1-1.7 [36]
Au-Fes0s-GOx 2.52 0.2-9 [37]

-, not mentioned; PDMS, polydimethylsiloxane; PAA, poly(acrylic acid); PB, Prussian blue.

Each injection was followed by stirring (200 rpm with a magnetic stirrer) for 3 min to
homogenize the solution, which corresponds to the sharp decline and rebound at the beginning of each
step in the curve. To verify the steady-state current for each step, each concentration was measured for
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at least 10 min. As the glucose concentration increased, the response current of the biosensor increased
up to 18 mM with a linear response. The corresponding calibration curve for the glucose response is
shown in Fig. 8B. A linear relationship between the current and glucose concentration was obtained in
the range of 0-18mM, with an RZ?value of 0.99, according to equation |il
(LA)=0.07 Cglucose (mM)+0.04. Compared with previously reported glucose biosensors (Table 1), the
biosensor linear range is sufficient to meet the needs of diabetic patients.

As an enzyme-based biosensor, the ZIF-8 capsule/PSF glucose biosensor also followed
Michaelis-Menten kinetics. The Michaelis-Menten constant, Kwm, was calculated from the amperometric
response curve and the visible absorption spectra with GraphPad prism 5.0 software; the values of Kwm
were found to be 10.14 mM and 12.7 mM, respectively.

3.4 Anti-interference test

AA and UAare common GOx-based glucose biosensor-interfering species in real blood
samples[38]. The selectivity of the ZIF-8 capsule/PSF biosensor was evaluated by measuring
amperometric responses due to an initial addition of 0.1 mM of each interfering species and then two
2.0 mM glucose injections (Fig. 9). The results proved that the ZIF-8 capsule/PSF biosensor had good
anti-interferent abilities.
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Figure 9. Amperometric response for 0.1 mM AA, 0.1 mM UA and 2.0 mM glucose on the ZIF-8
capsule/PSF biosensor in 0.1 M PBS (pH=6.5, including 0.1 M KCI). Applied potential: 0.33 V.

3.5 Human blood sample analyses

The electrochemical reaction of whole blood on ZIF-8 capsule/PSF biosensors was carried out
as follows (Scheme, Fig. 10). (I) Dissolved oxygen in the blood penetrated into the PSF layer. (II) The
blood glucose infiltrated into the ZIF-8 capsules with a consecutive series of enzymatic reactions. First,
glucose was catalyzed by GOXx inside the capsule to produce gluconolactone and H202. As H202 was
produced, the HRP inside the capsule immediately catalyzed the H202 to H20, and the catalysis also


https://www.sciencedirect.com/topics/engineering/linear-relationship

Int. J. Electrochem. Sci., Vol. 14, 2019 8847

caused the loss of electrons between the ZIF-8 capsule and the electrode. (IIT) The cells in the blood
were blocked outside the PSF layer due to the PSF micropores.
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Figure 10. Schematic for the blood glucose electrochemical detection mechanism of ZIF-8 capsule/PSF
biosensors.

Glucose I

To further assess the performance of the ZIF-8 capsule/PSF biosensors in whole blood samples,
we measured the glucose concentrations in fresh human blood samples. All detected glucose
concentrations of the blood samples were derived from the former standard curve and regression
equation. A serum sample from one healthy volunteer was used for single point calibration. Bias values
were determined by comparing the glucose concentration estimated by the ZIF-8 capsule/PSF biosensors
and YSI 2300, which supports the whole blood test (Table 2). The results show that the error between
the sensor and the YSI calibration value was less than 5% and the RSD was less than 3%, which indicates
that the ZIF-8 capsule/PSF biosensor measurements have potential for whole blood glucose

determination.

Table 2. Analysis results in serum samples (N = 3).

Sample  Measured by YSI 2300 Measured by ZIF-8 capsule/PSF %RSD Bias

No (mM) biosensors (mM) (mM)
1 5.75 5.54 2.39 -0.21
2 7.82 7.63 2.86 -0.19

3 8.30 8.09 1.11 -0.21
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3.7 Repeatability tests

Furthermore, the repeatability of the modified ZIF-8 capsule/PSF biosensors towards the whole
blood samples was tested. Whole blood samples from one healthy volunteer were used for the
repeatability tests. ProClin 300 was added to the samples as preservative. The biosensors were repeatedly
and carefully washed with ultrasonic cleaner for 5 min at room temperature after each test. The standard
curve and regression equation were corrected by single point calibration before use. Fig. 11 shows the
measurements of the samples during a 50-point repeatability test. After the 50-point repeatability test,
the bias of the calculated blood glucose concentration and YSI calibration value was still less than 10%.
This result exhibits the great repeatability of the modified ZIF-8 capsule/PSF biosensors.
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Figure 11. Measurements of one blood sample from a healthy volunteer during the 50-point repeatability
test (pH=6.5, room temperature, including 0.1 M KCI) at 0.33 V.

Figure S1. Time-dependent catalytic activity comparison of the enzymes, ZIF-8 capsule and ZIF-8
capsule/PSF stereostructure with ABTS indicator.
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Figure S2. Glucose catalytic activity of modified ZIF-8 capsule/PSF stereostructure with the o-
dianisidine indicator.

4. CONCLUSIONS

In conclusion, a novel ZIF-8 capsule/PSF stereostructure with GOx and HRP encapsulated in
ZIF-8 was fabricated, and a glucose biosensor with good performance was developed based on this
structure. Characterized by XRD, FT-IR, SEM and visible absorption spectra, the structure with uniform
ZIF-8 capsules loaded exhibits higher sensitivity than does the ZIF-8 capsule powder, and 40 min of
heating time was proven to be optimal for forming immobilized ZIF-8 capsules. The experiments
revealed that the modified ZIF-8 capsule/PSF glucose biosensor exhibited a great linear range and good
selectivity. Furthermore, the prepared sensor shows great performance in the repeatability testing of
whole blood. The novel biocatalytic cascade in the ZIF-8 capsule/polysulfone stereostructure may have
promising applications in whole blood monitoring.
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