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e Untreated  multi-walled  carbon
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carrier to accelerate the electron
transfer of HRP.

e The addition of NH,-MIL-53(Fe) had
a good synergistic effect on the elec-
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had a great influence on the peak
current.

e The stability of NH,-MIL-53(Fe) and
HRP was studied by SEM, XRD and
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o This work developed a new platform
for direct detection of H,0, released
from Hela and HepG2 cells.

ARTICLE INFO

Article history:

Received 23 July 2020

Received in revised form

16 September 2020

Accepted 23 September 2020
Available online 25 September 2020

Keywords:

Hydrogen peroxide
Cancer cells

Metal organic framework
Horseradish peroxidase
Biosensors

GRAPHICAL ABSTRACT
. Fer* XHRP(FeZ+) x

= []
Cancer cells H,0,

ABSTRACT

Multi-walled carbon nanotubes (MWCNTs) were used as conductive carrier on the glassy carbon elec-
trode (GCE), and the hybrid of metal organic framework [NH,-MIL-53(Fe)] and horseradish peroxidase
(HRP) was prepared by simple physical mechanical mixture. The GCE modified by the above material
with immobilization, namely NHy-MIL-53(Fe)/HRP/MWCNTs/GCE, was used to construct an electro-
chemical biosensor toward H,O,. The results indicated that the addition of NH,-MIL-53(Fe) had a good
synergistic effect on the electron transfer of HRP and the detection of H,0,. Under the optimized con-
dition, the biosensor exhibited excellent electrochemical performances such as low detection limit, high
sensitivity, good stability and so on. The H,0; biosensor showed two linear ranges of 0.1—1 uM and 1
—600 pM with a calculated detection limit of 0.028 uM (signal-to-noise ratio, S/N = 3). In addition, the
stability of the hybrid of NH,-MIL-53(Fe) and HRP were discussed by SEM, XRD and UV—vis methods.
Furthermore, the reported biosensors were practically used in direct detection of H,0O, released from
Hela and HepG2 cells successfully. Thus, this work provides a new strategy to fabricate electrochemical
biosensors using MOFs and biomolecules.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Hydrogen peroxide (H,03), a kind of typical reactive oxygen
species (ROS) and strong oxidant, has certain physiological func-
tions. For instance, H,0; in granulocytes and phagocytes can oxidate
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and kill the invading bacteria [1,2]. However, if the concentration of
H,0, is beyond the physical scope of cells, human body may be
harmed because of excessive oxidative stress and damage to cells
[1,3]. Therefore, the human body contains a variety of antioxidant
enzymes, small molecule antioxidants and other antioxidants,
which form a significant defense system to combat the side effects of
ROS [4]. H203, as a by-product of various enzymatic reactions in the
process of oxidative metabolism, is an important cellular metabolite
and a biological/disease marker, playing a crucial role in the medical
field [5,6]. Cancer cells have an altered mitochondrial redox state,
typically characterized by the high levels of ROS such as H,0; [7], it is
of great significance to develop a platform that can be directly used
for the determination of H,O released from cancer cells.

The common methods for detecting H,O, include titrimetry [8],
colorimetry [9], fluorescence [10,11], chemiluminescence [12], elec-
trochemical luminescence [13], electrochemical sensing [14—16],
photoelectrochemical sensing [17] and so on. Among these methods
mentioned above, some method operation is simple but only for
macro analysis, some method detection limit is low but sensitivity is
not enough, some method with high sensitivity but has poor selec-
tivity or instrument is expensive and so on. Electrochemical sensors
have attracted the interest of many researchers due to their advan-
tages such as low cost, simple operation and quick reaction. Mean-
while, some electrochemical sensors can be designed as portable
devices. Therefore, it is a good choice to construct an electrochemical
sensor for the determination of H,0; released from cancer cells.

H,0, electrochemical sensors can generally be divided into two
categories: involving enzymes and non-enzymes. The electrochemical
sensors involving enzymes are used by researchers quickly because
this kind of sensors are based on biological recognition for high
selectivity and possess electrochemical transduction process for good
sensitivity [5]. Enzymes, known as proteins, usually have large and
complex structure, where the redox centers are deeply immersed in
the bodies, and three-dimensional structures hinder interaction with
the electrode, the adsorptive denaturation of proteins onto electrodes
and the unfavorable orientations at the electrode. However, the suc-
cessful preparation of enzymes-based biosensors with direct electron
transfer without electronic media will provide higher selectivity. And
there will be less interference reactions because they can operate in a
potential window closer to the redox potential of the enzymes [18].

Horseradish peroxidase (HRP) is an ideal substance to research
direct electron transfer of enzymes. Non-electronic media of
peroxidase-based sensors for low concentration H,0, lack enough
sensitivity, because the direct electron transfer process between the
common electrode materials and peroxidase is slower [19]. To accel-
erate electron transfer between the enzyme and the electrode surface,
materials with excellent conductivity can introduced such as multi-
walled carbon nanotubes (MWCNTs). MWCNTs characterize high
conductivity, chemical stability, large surface area and high mechan-
ical strength which have been widely used in electrochemical bio-
sensors. In MWCNTs, each CNT can act as a nano-electrode that
facilitates the electron transfer without any mediators [20]. MWCNTs
have previously been reported in relevant literature for accelerating
electron transfer between HRP and the electrode surface [21,22].

Based on the realization of promoting electron transfer between
HRP and the electrode surface, in order to further improve the elec-
trochemical catalytic activity of the sensor and reduce the cost, we can
introduce peroxidase-like nanometer materials. It's no doubt that
metal organic frameworks (MOFs) are good introduction objects,
because MOFs generally have large specific surface area, tunable
porosity, uniform distribution of the metal centers and so on [23].
Many literatures have reported some peroxidase-like MOFs, such as
Fe-MOF [23,24], Co-MOF [25,26], Ni-MOF [27,28], Cu-MOF [29—31],
Zr-MOF[32]. Because HRP has Fe(IIl)/Fe (II) active center, we will prefer
to choose the MOFs with iron metal center. Up to now, only limited
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Fe(Ill)-based MOFs, namely Fe-MIL-88NH;, PCN-222(Fe) with por-
phyrinic Fe(Ill) centers, MIL-53(Fe), MIL-68(Fe) and MIL-100(Fe) were
reported to exhibit intrinsic peroxidase-like catalytic activity [23].
MIL-53(M) is a kind of typical MOFs series, with the flexible structure,
stable chemical properties and stable breathing characteristics, etc. In
addition, the high-valence metal ion Fe>* center and the most used
carboxylate-type ligands can be easily used to synthesize water stable
MOFs [33]. In order to make the MOFs and HRP mixed more evenly in
the water solution, introducing hydrophilic functional groups such as
—NHj to the ligands of MIL-53(Fe) can synthesize amino functional
MIL-53(Fe), namely NHp-MIL-53(Fe).

In this work, an electrochemical H,0, biosensor has been
designed simply by first modifying a layer of MWCNTs as a
conductive substrate and carrier on the surface of glassy carbon
electrode (GCE) for promoting the rate of electron transfer, then
casting the mixture solution of NH,-MIL-53(Fe) and HRP when the
DMF solution of MWCNTs was semi-dry. Finally, the NH,-MIL-
53(Fe)/HRP/MWCNTs/GCE was prepared by fixing the above modi-
fied materials with Nafion. The results suggest that the introduction
of NH,-MIL-53(Fe) can achieve a good synergistic effect between
Fe(III)/Fe(Il) redox activity center of MOF and that of HRP. The opti-
mization of experimental conditions was studied in detail. At the
same time, the synergistic effect between NH,-MIL-53(Fe) and HRP
was also explored. The electrochemical biosensor under optimal
conditions had good electro-catalytic and analytical properties for
H>0,. And the biosensor could directly detect H,O; released from
HelLa and HepG2 cells, which had a practical application value.

2. Experimental
2.1. Preparation of NH,-MIL-53(Fe)

The reagents and apparatus used in this work are listed in the
supporting information (Tables S1 and S2). NH,-MIL-53(Fe) was
synthesized by reference to the method reported in literature [34]
with some modifications. Firstly, 0.4040 g Fe(NOs)s3-9H,0 (1 mmol),
0.1818 g 2-Aminoterephalic acid (H,ATA, 1 mmol), 10 mL DMF were
added into a Teflon autoclave (50 mL). Then the above solution was
vigorously stirred at ambient temperature to reach transparency
before thermal treatment at 150 °C for 6 h. When the autoclave and
its container were cooled to room temperature, the as-synthesized
particles were isolated by centrifugation with DMF and methanol
each for at least three times successively until the supernatant liquid
was clear. Finally, the samples were collected and vacuum treated at
60 °C for 12 h. The obtained powder is named as NH,-MIL-53(Fe).

For comparison, we synthesized MIL-53(Fe) by replacing the
ligand H,ATA into terephthalic acid (H,BDC) and keep the reaction
temperature at 120 °C for 8 h according to the reported work [35].
The molar ratio of all the above reactants and other steps were the
same as those in the preparation process of NH,-MIL-53(Fe). The
as-prepared sample is denoted as MIL-53(Fe).

2.2. Preparation of stock solutions

Firstly, 1 mg MWCNTs were dispersed in 1 mL DMF with ultra-
sonication (Power display, 100%) for 30 min. Subsequently, 1 mg HRP
and 1 mg NH,-MIL-53(Fe) were dispersed in 200 pL 0.1 M phosphate
buffer solution (PBS, pH = 7.0) with ultrasonication (Power display,
40%) for 30 min and then shaking on the shaker at 1000 rpm for 1 h.
For comparison, other stock solutions were prepared in the same
manner as above, including 5 mg/mL HRP, 5 mg/mL NH,-MIL-53(Fe)
and 5 mg/mL MIL-53(Fe). In addition, 0.05 wt% Nafion stock solution
was obtained by diluting the stoste which mass concentration is 5%.
The solutions above were stored at 4 °C in the refrigerator.
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2.3. Preparation of NH>-MIL-53(Fe)/HRP/MWCNTs/GCE

2.3.1. Pre-treatment

Prior to use, the bare GCE was carefully polished with alumina
powder (1.0, 0.3 and 0.05 um in order) on wet chamois leather and
then thoroughly cleaned ultrasonically in ethanol and water. All the
as-prepared stock solutions were ultrasonic-treated for 10 min
(Power display, 40%) every time before use.

2.3.2. Electrode modification

Firstly, 3 pL MWCNTs/DMF stock solution (1 mg/mL) was
transferred to the surface of the GCE. Then when the MWCNTs/DMF
was semi-dry at 37 °C in the air oven (about 10 min), the mixture of
NH,-MIL-53(Fe)/HRP stock solution (3 pL, 5 mg/mL) and 2 uL
0.05 wt% Nafion/water solution were added onto the surface of
MWCNTs/GCE. Finally, the electrode was dried at 37 °C until the
wet modified materials were totally dry. For comparison, other
modified electrodes were prepared in a similar way.

2.4. Procedure for the electrochemical determination of H0,

The NH,-MIL-53(Fe)/HRP/MWCNTs/GCE was prepared as a
working electrode and tested by.

Amperometric i-t Curve (i-t) technique, which was applied
in —0.4 V vs. SCE from 0 to 100 s in 0.1 M PBS (pH = 7.0) until the
signal was stable. Then, H,0, solutions with different concentra-
tions were added quantitatively to the blank buffer solution. After
each sample addition, record the current response at 60 s when the
current was stabilized again.

2.5. Cell culture

The complete medium was usually prepared by using RPMI 1640
medium to fix the volume to 50 mL at the present of 5 mL 10% fetal
bovine serum (FBS) and 0.5 mL 1% penicillin-streptomycin. Human
cervical carcinoma HelLa cells and human hepatoma HepG2 cells
were grown in the aseptic culture flasks containing 4 mL complete
medium. Then the culture flasks were placed at 37 °C in the incu-
bator under an atmosphere containing 5% CO,. Before the cells
were passaged by trypsin digestion, the number of cells should be
observed by the microscope. The cells could be sub-cultured when
the number of cells was about 80%, the cell morphology is adherent
growth at the moment. All the cell cultivation solutions that had
been dumped during the sub-culture were collected, which were
detected as real samples without any further treatment.

2.6. The investigation of the changing cell environment on H,0»
released from cells

Herein, we conducted two groups of HeLa or HepG2 cell culture,
one was as the control group, which maintained normal cell culture
process. Another was co-cultured with 100 uM ART (DMSO) after
the normal culture for 24 h. Then the two above cell culture sam-
ples were continued to be cultured for another 24 h. We respec-
tively collected the culture solutions and conducted
electrochemical analysis toward H,0, immediately.

3. Results and discussion
3.1. Characterization of the materials

Scanning electron microscopy (SEM) or Transmission electron
microscope (TEM), X-ray power diffraction (XRD) and X-ray

photoelectron spectroscopy (XPS) were used to characterize the
morphology, crystal structure and valence state of the materials.
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Compare Fig. 1A with Fig. S1A, the main diffraction peaks of syn-
thesized MOFs are consistent with those reported in the literature
[34], which suggests that MIL-53(Fe) and NH,-MIL-53(Fe) were
successfully synthesized. In order to determine the groups in the
MOFs, the Fourier transform infrared (FT-IR) analysis of MIL-53(Fe)
and NH;-MIL-53(Fe) was carried out. As shown in Fig. 1B, since the
ligand of the two MOFs are terephthalic acid and its derivatives, it
can be seen from the FT-IR spectra that both materials contain the
infrared characteristic peaks of Ar-(O—C—0) (~1580 cm-
1-1375cm™ 1), Ar C—H (~750 cm ™), Ar C—C (~1500 cm ') and C=0
(~1680 cm~!) [34]. In addition, both spectra have the infrared
characteristic peak of Fe—O bond near 560 cm™ !, but the infrared
peak of Fe—O bond of MIL-53(Fe) is stronger and sharper. The dif-
ference between the infrared spectra of the two MOFs are that:
MIL-53(Fe) has a characteristic wide peak of —OH between
3400 cm~! and 3500 cm~ !, but there of NH,-MIL-53(Fe) splits into
two weak peaks, which are asymmetric stretching vibration (v,
~3500 cm~ ') and symmetric stretching vibration (vs, ~3300 cm™!)
corresponding to N—H bond, respectively [36]. The two weak peaks
together with the C—N bond near 1250 cm™~! confirm the presence
of —NH3 [37]. To sum up, NH,-MIL-53(Fe) is a MOF formed by the
coordination of Fe3* and O of —COOH. As seen in Fig. 1C and
Figs. S1B—C, the prepared NH,-MIL-53(Fe) is fusiform, which with a
diameter of about 300 nm along the long axis and about 200 nm
along the short axis. On the other hand, MIL-53(Fe) has a rod-like
structure with a size significantly larger than that of NH-MIL-
53(Fe). And the average length of the rod is about 1.5 pM. The XPS
analysis of NH,-MIL-53(Fe) was performed and the survy spectrum
is shown in Fig. 2A. In the Fe 2p spectrum (Fig. 2B), the binding
energies at 711.8 eV and 725.4 eV are contributed to Fe 2p12 and Fe
2p3)z, respectively. And the doublet separation is 13.6 eV, which
indicates the presence of Fe>* [34,38]. The O 1s signal of NH,-MIL-
53(Fe) (Fig. 2C) at 531.7 eV and 532.5 eV is ascribable to Fe—O and
carboxylate groups, respectively [34,39,40]. The N 1s peak (Fig. 2D)
can be fitted to two components centered at 399.3 eV and 400.3 eV,
which belong to C—N bond and NH; groups, respectively [34,39]. In
the C 1s spectrum (Fig. 2E), by deconvolution, the phenyl bond,
C—N bond and C=0 bond are at 284.8 eV, 285.8 eV and 288.7 eV
[34,41]. The XPS results further provide evidence for the successful
introduction of amino groups into the MIL-53(Fe). All the data of
characterization above are mainly uniform with the reported
literature [34], so that we can go on the next research.

3.2. Electrochemical synergistic effect between HRP and NHy- MIL-
53(Fe)

Fig. S2A and B show the SEM and TEM characterization of the
hybrid of NH,-MIL-53(Fe) and HRP after storing in PBS (0.1 M,
pH = 7.0) for 15 days. Compare Fig. 1C with Fig. S2A, the fusiform
morphology and the size of NH,-MIL-53(Fe) have not changed
significantly. But after adding HRP, HRP will be adsorbed on the
surface of NH,-MIL-53(Fe) due to electrostatic adsorption. In the
early stage of exploration, many attempts were made to promote
the electron transfer between HRP and the surface of the electrode.
Finally, we found that MWCNTs were favorable for improving the
rate of electron transfer, but the peak is not obvious as shown in
Fig. 3B. Then, when the mixture of NH,-MIL-53(Fe) and HRP was
modified on a semi-dry GCE coated with MWCNTs, the current
response of NH»-MIL-53(Fe)/HRP/MWCNTs/GCE was approxi-
mately twice as strong as the CV current response of the original
HRP/MWCNTSs/GCE in a 0.1 M PBS with a pH of 7.0, which is shown
in Fig. 3C. This indicates that the Fe3* jons of NH,-MIL-53(Fe) has a
good synergistic effect with the electrochemical active center Fe
(1IT)/Fe (II) of HRP. In the early stage of research (Fig. 3D), with the
addition of H,0,, the oxidation peak of the electrode gradually
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Fig. 1. (A) XRD patterns of NH,-MIL-53(Fe); (B) FT-IR spectra; (C) SEM image of NH,-MIL-53(Fe).
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Fig. 3. (A-C) Cyclic voltammograms of the (a) GCE, (b) MWCNTs/GCE, (c) HRP/GCE, (d) NH,-MIL-53(Fe)/GCE, (e) HRP/MWCNTSs/GCE and (f) NH,-MIL-53(Fe)/HRP/MWCNTs/GCE in
0.1 M PBS (pH = 7.0) at a scan rate of 150 mV/s. (D) CV curves of the NH,-MIL-53(Fe)/HRP/MWCNTs/GCE in 0.1 M PBS buffer solution (pH = 7.0) with different concentrations of

H,0, at a scan rate of 100 mV/s.

decreased, while the reduction peak gradually increased, indicating
that NH,-MIL-53(Fe)/HRP/MWCNTs/GCE has good electrocatalytic
performance for H,0,.

Electrochemical impedance spectroscopy (EIS) can be used to
characterize the resistance of different electrodes. As illustrated in
Fig. 4A, we study EIS of different modified electrodes in
2.5 mM KsFe(CN)g/K4Fe(CN)g solution containing 0.1 M KCl. Specific
setting of relevant parameters was as follows: the initial potential
was the open circuit potential, the frequency range was
0.01 Hz—100000 Hz, the ac amplitude is 0.005 V and the mode was
single frequency. Fig. 4B—D shows electrodes modified by HRP, NH;-
MIL-53(Fe), NH,-MIL-53(Fe)/HRP in the absence and presence of
MWCNTs as carriers, it can be seen that the charge transfer resis-
tance is greatly reduced due to the addition of MWCNTs, indicating
that the MWCNTs material with good electrical conductivity can
significantly enhance the electron transfer capacity of the electrode
surface. Compare Fig. 4B and E, although the charge transfer resis-
tance of HRP in potassium ferricyanide solution has been decreased
by the addition of MWCNTs in a certain extent, then the addition of
NH,-MIL-53(Fe) can further reduce the electron transfer resistance.
The result can be consistent with the cyclic voltammograms (CV),
namely the CV current response of the direct electron transfer of
NH,-MIL-53(Fe)/HRP/MWCNTs/GCE is obvious higher than that of
HRP/MWCNTs/GCE. Thus, the addition of NH,-MIL-53(Fe) has sig-
nificance in promoting HRP direct electrochemical current response.
As evident in Fig. 4F, the charge transfer resistance of NH;-MIL-
53(Fe) is smaller than that of MIL-53(Fe), indicating the necessity of
using terephthalic acid with amino group as the ligand for preparing
the MOF in this experiment.

Asillustrated in Figs. S3A and B, we investigate the effect of scan
rate on the response of NH,-MIL-53(Fe)/HRP/MWCNTs/GCE. We can
find that both anodic and cathodic peak currents increase linearly
with the scan rate, which implies that the electrode reaction is a
surface adsorption-controlled redox process. As shown in Figs. S3C
and D, the apparent formal peak potential has a linear relationship
with pH from pH 5.0 to 9.0 with a slope of —50.25 mV/pH. This slope
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is close to the theoretical value for a reversible, one proton coupled
with one-electron redox reaction process at 298.15 K [42].

3.3. The optimization of experimental conditions

Herein, we discuss the optimization of the experimental con-
ditions, including the shaking time of NH,-MIL-53(Fe)/HRP stock
solution (Fig. S4), drying temperature of the modified electrodes
(Fig. 5), the mass concentration ratio of HRP and MOF (Fig. S5),
modification amount of the mixture of the MOF and the enzyme
(Fig. S6), modification amount of MWCNTs (Fig. S7), the pH and the
variety of buffer solution (Fig. S8) and the applied potential of i-t
(Fig. 6A). More details can be seen in the supporting information.

A series of optimizations were made for the drying temperature
of the electrodes here: 4, 20, 37, 50, 60 and 70 °C. As shown in Fig. 5,
the peak shape measured by CV is symmetrical and the current can
reach a high level at 37, 50 and 60 °C. Considering the possibility of
damage to the electrode due to excessive temperature, 37 °C is
finally selected as the optimal drying temperature.

We can observe from the data in Fig. 6A that the current
response difference of NHy-MIL-53(Fe)/HRP/MWCNTs/GCE toward
the blank and 100 pM H;0; is the largest at —0.40 V, so —0.40 V is
selected as the best i-t applied potential. Moreover, Fig. 6B indicates
that the addition of NH,-MIL-53(Fe) has a good synergistic effect on
the detection of H,O; as well.

3.4. Electrochemical performance of NHy-MIL-53(Fe )/HRP/
MWCNTs/GCE toward H»02

The analytical performance of NH,-MIL-53(Fe)/HRP/MWCNTs/
GCE toward H,0, were studied by i-t technique at a potential
of —0.40 V. Fig. 7 shows the i-t responses and the corresponding
calibration curves for the electrochemical biosensor toward H,0,.
As shown in Fig. 7B, D and F, the biosensor indicates two linear
dynamic ranges of 0.1—1 pM (I = —0.4313C-0.1875, R? =0.9974) and
1-600 uM (I = —0.01132C-0.7441, R? = 0.9921). The limit of
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electrodes with NH,-MIL-53(Fe) or not. (F) Nyquist plots of electrodes modified by different MOFs with —NH; or not.
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Fig. 5. (A) CV curves and (B) The bar graph of NH,-MIL-53(Fe)/HRP/MWCNTs/GCE in 0.1 M PBS (pH = 7.0) at different drying temperatures of electrodes:4, 20, 37, 50, 60 and 70 °C.

(Scan rate of CV curves: 100 mV/s)

detection (LOD) is estimated to be 0.028 M (signal to noise ratio, S/
N = 3). Comparison of analytical performance of NH,-MIL-53(Fe)/
HRP/MWCNTs/GCE with the other electrochemical biosensors is
summarized in Table 1. The electrochemical biosensor reported in
this work shows a low detection and high sensitivity.

To investigate the affinity between the immobilized HRP with
H,0,, we used i-t method and Lineweaver—Burk equation 1/Iss=(Ky/
Imax) (1/C)+(1/Imax) [52] to calculate the apparent Michaelis—Menten
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constant (Ky) of immobilized HRP. Herein, I is the steady-state
current after the addition of substrate, C is the bulk concentration of
the substrate and Iy, is the maximum current measured under
saturated substrate conditions. The Ky value was obtained by analysis
of the slope and intercept for the linear calibration equation of I' vs.
C~!(Fig. S14). The Ky value of the developed electrochemical sensor is
0.22 mM, which is much smaller than majority of the HRP-based
electrodes (Table S3). The smaller Ky value suggests that HRP
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(D) and (F) The corresponding calibration curve of I-C obtained by i-t to (A), (C) and (E), respectively.

immobilized on the NH,-MIL-53(Fe) presents higher affinity. We can
suppose from the result that NH,-MIL-53(Fe) provides a better
microenvironment for HRP immobilization, so it brings a synergistic
electrocatalytical effect on Hy0». Moreover, as detailed in Figs. S15 and
S16, the average peroxidase activity retention value of HRP immobi-
lized on the electrodes obtained by TMB method is calculated as
60.59%, which indicates that the immobilized HRP can maintain
certain peroxidase activity even after electrode drying at 37 °C for a
long time.
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3.5. Selectivity of NHa-MIL-53(Fe)/HRP/MWCNTs/GCE

Selectivity or anti-interference ability is one of the important per-
formances of electrochemical sensors. We selected many interfering
substances, which are common in human body or cell cultivation so-
lutions, including glucose, L-Ascorbic acid (AA), dopamine (DA), uric
acid (UA), L-Lysine (Lys), L-Glycine (Gly), L-Glutamic acid (Glu) and L-
aspartic acid (Asp). After the blank current is stabilized, adding
100 uM H,0, and the current change is relatively obvious (Fig. 8A).
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Table 1

Comparison of analytical performance of NH,-MIL-53(Fe)/HRP/MWCNTs/GCE with other electrochemical biosensors.
Working electrode Methods Linear range (uM) LOD (uM) Sensitivity (WA mM~! cm™2) References
Taurine-functionalized graphene foam cv 0.5—-300, 2000-10000 0.1 NR [43]
3D rGO foam-hemin/GCE DPV 0.005—-5000 0.003 50.5 [44]
CMC@Pd/Al-LDH/GCE DPV 1-120 0.3 16.27 [45]
HRP/C-Dots/LDHs/GCE i-t 0.1-23.1 0.04 470 [46]
MgsFe-Hb/GC i-t 0.07-2.51 0.036 390.66 [47]
MIL-53-Cr'5s/GCE DPV 25-500 ~3.52 168.44 [48]
MIL-100(Fe)@LMC/GCE i-t 1-5000 12 298 [49]
Cu MOF/SPE i-t 10-1000, 1400-6800 41 NR [50]
Zn-MOF/rGO/CPE i-t 1-625 0.05 401 [51]
NH,-MIL-53(Fe)/HRP/MWCNTs/GCE i-t 0.1-1, 1-600 0.028 6149.2, 155.74 This work

Then adding different kinds of interfering substances (1 mM) every
50s, we can easily find that all the interfering substances with 10 times
of H,0, concentration has no significant impact on the i-t stabilized
current. However, when we changed another way, which was as same
as how to obtain the calibration curves, to study the anti-interference
ability (Fig. 8B), we can find that AA has a larger influence on the
control experiment. Thus, when the buffer solution contains
100 uM H,0, and 1 mM AA simultaneously, the completely stable i-t
current response is 17.24% lower than that of only 100 uM H,05. The
main reason may be that AA has strong reducibility, a large amount of
AA can accelerate the reduction of HyO; as time goes on. To sum up, the
interference of 10 times H,0, concentration of interfering substances
is within a controllable range, and the overall anti-interference ability
of the electrode is good.

3.6. Reproducibility of NH,-MIL-53(Fe )/HRP/MWCNTs/GCE

The reproducibility of NH,-MIL-53(Fe)/HRP/MWCNTs/GCE to
blank, 100 uM H;0, and the difference between 100 uM H,0; and
blank responses were investigated by means of the parallel modi-
fication of five GCEs. As shown in Fig. S12, the relative standard
deviation (RSD) of the i-t current value of the blank of the five
electrodes is 6.62%, the RSD of the i-t current value of 100 uM H»0;
is 2.16%, and the RSD of the i-t current difference between the blank
and 100 uM H,05 is 2.13%. Note that each data here is plotted with
the absolute value of the original data. In general, the electro-
chemical biosensor has great reproducibility.

3.7. Stability of NHo-MIL-53(Fe)/HRP and NH»-MIL-53(Fe)/HRP/
MWCNTSs/GCE biosensor

Stability experiment is divided into two parts: one is the sta-
bility of the modified material itself; another is the stability of the

electrochemical biosensor sensing performance. Combine SEM,
XRD and UV—vis data as shown in Figs. S10—S12, we can find that
NH,-MIL-53(Fe) has good water stability for about a week, but
long-term storage has a great impact on the stability of HRP. So
NH,-MIL-53(Fe)/HRP stock solution had better be used within a
week, otherwise it will affect the performance of the sensor.

To investigate the stability of the sensing performance of the
electrochemical biosensor, two NH,-MIL-53(Fe)/HRP/MWCNTs/
GCEs were modified in parallel, one in the refrigerator (approx.
4 °C) and one at room temperature (approx. 15 °C). The i-t current
response difference between the blank and 100 uM H;0, in 18 days
of cold storage and room temperature storage (41 is 100% on the
day of electrode preparation) is recorded in Figs. S13A and B,
respectively. The results show that cold storage is not optimistic for
the stability of electrode sensing performance, and 41 is reduced to
57.80% at 18 days. Meanwhile, the stability of the electrode sensing
performance stored at room temperature is better than that stored
at 4 °C, it maintains more than 90% of the original within a week
and more than 70% of the original on the 18th day.

In conclusion, NH;-MIL-53(Fe)/HRP material can maintain water
stability for about a week, and the sensing performance of NHj-
MIL-53(Fe)/HRP/MWCNTs/GCE at room temperature (approx.
15 °C) can reach more than 90% stability within a week, and
gradually decrease to less than 80% after two weeks. Overall, this
electrochemical biosensor has good stability.

3.8. Real samples analysis

The complete medium used in cell culture and the culture me-
dium of the two types of cancer cells collected during cell passage
were divided into three centrifuge tubes. After the blank current of
PBS (pH = 7.0, 5 mL) was measured by the NH,-MIL-53(Fe)/HRP/
MWCNTs/GCE, 10 uL complete medium was transferred with a micro

-100uM H,0,

1mM Gly MM Asp
1mMMAA 1MMUA { 4<100uM H,0,

Current / pA
P

1mM Glucose

N
o
T T T T T T T T T T T T T

Time / Sec

0 . s s s s s s
0 100 200 300 400 500 600 700 800 900 1000

98.34% 105.86%

100%g7 770, 100.92% 95.02%
94.14%

Ctrl Glucose AA DA UA Lys Gly Glu Asp

Fig. 8. (A) The amperometric response of the NH,-MIL-53(Fe)/HRP/MWCNTs/GCE to 1 mM different interfering substances such as Glucose, AA, DA, UA, L-Lysine (Lys), L-Glycine
(Gly), L-Glutamic acid (Glu) and L-Aspartic acid (Asp) (The concentration of H,0, is 100 uM, the applied voltage is -0.4 V vs. SCE). (B) The bar graph of i-t current responses to the
difference of blank and 100 pM H,0, with 1 mM different interfering substances in 0.1 M PBS (pH = 7.0). (Ctrl = Control, which represents the i-t response difference of blank and

100 uM H,0,.)
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Table 2
Concentration comparison of H,0, released from cancer cells treated with ART or
not.

Cell culture solutions Control uM ART-treated uM
Hela 36.14 +3.42 43.50 +5.28
HepG2 55.17 + 4.59 62.36 + 6.03

syringe and added to the buffer solution above. Experimental data
were recorded when the current values obtained by i-t method were
stable, we found that the current values ware almost unchanged
from the original blank current, indicating that there was no HO, in
the complete medium without cell culture (data not shown). The
response current values of NHy-MIL-53(Fe)/HRP/MWCNTs/GCEs to
Hela cell and HepG2 cell cultivation solutions were recorded using
the same experimental method, the concentration of H,0; in the
electrolytic cell solution was obtained by comparing the average
value of the three parallel measurements with the linear relation-
ship between i-t current and H0, concentration. When we multi-
plied the concentrations obtained above by the diluted multiple, we
could finally get the actual concentrations of H,O; in the original
cultivation solutions collected. The actual H,O, concentrations of
the two samples are calculated in Table S4. In order to verify the
accuracy of this electrochemical sensor, we used the detection re-
sults of the UV—vis method (detailed in the supporting information)
as the control. The results of the two methods are not significantly
different, indicating that the electrochemical sensor can be suc-
cessfully used to directly detect the concentration of H,O, released
by cancer cells.

Evidence is accumulating that extracellular environments
comprising growth factors and cytokines operate through complex
intracellular signal transduction networks that ultimately control
cellular fates [ 53]. Responses of cells to extracellular environments are
implicated in cell survival, proliferation, differentiation, and death to
progress normal development and maintain tissue homeostasis in
multicellular organisms [54]. Artemisinin (ART) and its derivatives are
considered as promising drugs for the treatment of cancer, and their
main action seems to be directed toward stalling tumor cell prolif-
eration through cell cycle arrest mediated by reactive oxygen species
(ROS) [55]. By comparing H0, generated from cells along with the
cell environment changing caused by the co-culture of 100 uM ART
(Table 2), we can know whether the proliferation of cancer cells is
inhibited by anticancer drugs. According to literature [56—58], the
addition of ART-related drugs can induce the production of ROS, so the
H,0, concentration in the cell culture solution treated with ART is
higher. Our experimental data are consistent with the literature re-
ported before, so our electrochemical sensor has certain practical
application value.

4. Conclusions

The electrochemical biosensor presented in the work was pre-
pared by simply using untreated MWCNTs as conductive carrier,
which could maintain its structure and properties to the maximum
extent. Then, the electrode through a simple physical mixing
method to combine NH,-MIL-53(Fe) with HRP and showed a good
synergistic effect between the Fe (III)/Fe (I) redox active center. In
the supporting information, we detailed the conditional optimi-
zation to obtain an electrochemical sensor with excellent rate of
electron transfer. And the analytical performance of the biosensor
was satisfactory due to its low detection limit, high sensitivity and
good stability. In addition, the stability of NH,-MIL-53(Fe) and HRP
were discussed by three methods. To get a reliable performance of
the electrochemical biosensor, considering the short-term water
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stability of materials, the stock solutions were supposed to be used
in a week. This work also developed a new platform for direct
detection of Hy0; released by cancer cells and has been demon-
strated to be meaningful for monitoring the change of cell gener-
ated H0; along with the cell environment changing.
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