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Abstract

A high sensitive and selective hydrogen peroxide (H,0O,) biosensor was fabricated on the basis of reduced hemoglobin (Hb) and
single-walled carbon nanotubes (SWCNTSs) for detecting the release of H,O, from living HepG2 cancer cells in the process of the
in situ biosynthesis of ZnO quantum. The modification of carbon fiber microelectrode (CFME) was carried out by physical
adsorption. By the scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS), the dense cover of
surface and successful immobilization were characterized. Electrochemical investigation demonstrates that the as-prepared
modified microelectrode showed a quasi-reversible process toward the reduction of H,O,, which exhibited a linear range from
0.51 to 10.6 uM, with a limit of detection of 0.23 uM. This microelectrode biosensor was applied for the quantification of the
change of H,O, concentration released from HepG2 cells through the in situ biosynthesis of ZnO quantum dots, which was

further confirmed by the fluorescence staining.
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Introduction

Reactive oxygen species (ROS) known as one of significant
intracellular signaling molecules [1], mainly regulating poten-
tial biological process, including DNA damage, proteins syn-
thesis, and cell apoptosis [2, 3]. The excessive amount of ROS
usually leads to oxidative stress that causes various patholog-
ical such as cancer [4], Alzheimer’s disease [5, 6], Parkinson’s
disease [7, 8], and heart disease [9]. Therefore, the measure-
ment of intracellular ROS can lead to a deeper cognition of the
clinical manifestations of the enhanced ROS concentration
and provide an opportunity to elucidate its biological effect.
Hydrogen peroxide (H,0,), as a particularly interesting com-

P4 Xuemei Wang
xuewang @seu.edu.cn

State Key Laboratory of Bioelectronics, National Demonstration
Center for Experimental Biomedical Engineering Education, School
of Biological Science and Medical Engineering, Southeast
University, Nanjing 210096, China

Institute of Experimental Physics, Ulm University, Albert Einstein
Allee 45, 89069 Ulm, Germany

Published online: 24 May 2018

ponent of ROS, has been widespread concerned due to its
importance for the growth, development, and health of living
organisms [10, 11]. Imbalances in H,O, generation can lead to
oxidative stress that cause DNA damage and inhibit the activ-
ity of cellular enzymes to influence apoptosis and prolifera-
tion, and promote tumorigenesis [12]. Therefore, it is impor-
tant to explore the quantitative and selective detection of H,O,
and measurement of its dynamic release process from living
cells in order to understand the role of H,O, in various path-
ological conditions, though this is often hindered by the diffi-
culties associated with the determination of concentrations of
intracellular H,O, due to the limited permeability across the
plasma membrane [13]. Therefore, a fast and accurate method
for the detection of intracellular HO, will have profound
applications in clinical, environmental analysis, and other
fields [14]. Although some analytical methods have been
employed for the detection of H,O, such as chemilumines-
cence [15], fluorescence [16], and spectrophotometry [17],
they are often restricted to the requirements of tracers or insta-
ble chemical probes. Meanwhile, the detection of H,O, by
electrochemical sensors has attracted much attention in vari-
ous research areas due to their simplicity, rapidity, and high
spatial resolution since H,O, is an electroactive molecule
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[18]. Moreover, the sizes of electrochemical biosensors can be
fabricated extremely small so that high spatial resolution mea-
surement can be obtained [19].

For the monitoring of intracellular H,O,, carbon fiber mi-
croelectrode (CFME) was widely used due to their tip size
comparable with cells size (i.e., normally 20 pm in diameter)
so that it can readily detect the activity in the cellular micro-
environments with minimized damage. Meanwhile, biocom-
patibility and outstanding electrical properties make CFME an
ideal tool for the real-time measurements [20]. CFME has
been reported to safely realize the in vivo H,O, measurement.
Sanford et al. [21] fabricated a bare CFME for the detection of
H,0, in rat striatum slices by the method of fast scan cyclic
voltammetry (FSCV). Besides, it was found that the sensitiv-
ity for H,O, detection could be improved through modifica-
tion of the naked CFME with horseradish peroxidase (HRP)
[22], Nafion [23], carbon nanotubes [24], graphene [25, 26],
metal nanoparticles [27], etc.

In the past decades, enzyme-based electrochemical biosen-
sors for the detection of H,O, have received considerable
attention through the immobilization of enzymes or protein
because of their remarkable selectivity [28]. Hence, an enzy-
matic sensor is highly appreciated for the high sensitive and
selective detection of intracellular HO, by the strategy of
direct electron transfer, without requirements for an interme-
diary mediator between the electrode and substrate. Single-
walled carbon nanotubes (SWCNTs) have attracted great in-
terest in the field of biosensors due to their outstanding prop-
erties such as high electrical conductivity, high surface area,
and excellent chemical stability [29]. The increasing sensitiv-
ity of SWCNTs-based biosensor is attributed to the facilitation
of electron transfer from biomolecules to electrodes and the
mitigation of the surface fouling effects by biomolecules [30,
31]. Meanwhile, hemoglobin (Hb) as one of the renowned
heme proteins has four iron-centered porphyrin structures with
reversible redox activity [32, 33]. The redox potential change
depends on the microenvironment surrounding the heme
groups, allowing its wide used for construction of various
biosensors [34]. Therefore, we used the SWCNTs as a robust
scaffold for the immobilization of Hb to construct an enzyme-
based biosensor. It is quite attractive for the measurement of
intracellular H,O, based on the modified CFME.

Here, in order to explore the possibility of using electro-
chemical method for detecting the H,O, in the process of the
in situ biosynthesis of ZnO quantum dots based on the recent
report that Fe** and Zn** could target some diseased sites and
provide a multiple mode self-imaging of cancerous cells via
the formation of multi-functionalized nanoclusters including
fluorescent ZnO quantum dots and iron oxide clusters that was
involving in the participation of H,O, in the cell [35].
Therefore, quantitative detection of intracellular H,O, is of
great value in elaborating its regulation in the relevant biolog-
ical process. Based on the above considerations, a sensitive
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hydrogen peroxide (H,0,) microelectrode biosensor was fab-
ricated through the modification of the reduced Hb and
SWCNTs, whose sensitivity and selectivity were electrochem-
ically characterized, and further applied for the measurements
of H,O, dynamic release process from HepG2 cells
(Scheme 1). The excellent performance of the as-prepared
biosensor was further confirmed by intracellular fluorescence
staining in the process of in situ biosynthetic ZnO quantum
dots.

Materials and methods
Chemicals and instrumentation

Hb and hexadecyltrimethyl ammonium bromide (CTAB)
were purchased from Sigma-Aldrich. SWCNTs (purity >
75 wt%, 1-2 nm in outer diameter, 5—15 pm in length) were
bought from Macklin (Shanghai, China) and used as received.
All other reagents were purchased from Sinopharm Chemical
Reagen Co., Ltd. (Shanghai, China). Carbon fiber (diameter
of 7 um) was purchased from Goodfellow Co. (Oxford, UK).
Glass capillary (inner diameter of 0.9 mm, the outer diameter
of 1.1 mm) was obtained from West China Medical
Instrument Inc. (Chengdu, China). All solutions used in the
experiments were prepared with deionized water
(18.2 MQ cm, Millipore). To eliminate dissolved oxygen,
the solutions were purged with high purity nitrogen
(99.99%, gas supply Inc., CETC 14, Nanjing) for 30 min.
The nitrogen atmosphere was maintained over the solutions
during the electrochemical measurements.

A scanning electron microscope (SEM; Hitachi Ltd.,
Japan) were used to characterize the morphology. EDS

Physical
deposition .

Scheme 1 Schematic illustration of the as-prepared modified CFME for
measuring the H,O, released from the stimulated HepG2 cells
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analysis was carried out by using a SEM equipped with an
energy-dispersive X-ray detector. All electrochemical mea-
surements were carried out by using a 3-electrode system in-
cluding a modified CFME, a platinum wire (CHI
Incorporation, USA), and an Ag/AgCl wire (CHI
Incorporation, USA) as the working, counter, and a reference
electrode, respectively. A computer-controlled CHI660A elec-
trochemical workstation (CHI Incorporation, USA) was used
for all electrochemical experiments. A confocal laser scanning
microscope (Nikon C-2, Japan) was applied to confirm the
successful staining of the cells.

Fabrication and modification of CFME

Single carbon fiber was attached to a copper wire with con-
ducive silver adhesives. After drying, it was inserted into a
glass capillary (Iength of 10 cm and inter diameter of 0.5 mm)
until the carbon fiber was located in the middle of the capil-
lary. After that, the capillary was pulled with the microelec-
trode puller to expose the carbon fiber. Then, the copper wire
was fixed with paraffin in the capillary. The length of the
protruded carbon fiber was cut to 100 um with a scalpel under
an inverted microscope for an initial CFME. Before electro-
chemical etching, the tip was cleaned by dipping in acetone
for about 30 s to dissolve extra paraffin. Then, the CFME
pretreatment for electrochemical activation was performed in
a 0.5 M sulfuric acid solution by potential cycling in the po-
tential range from — 1.0 to + 1.0 V at a scan rate of 50 mV s '
until a stable cyclic voltammogram was obtained.

The microelectrode modification was promoted as de-
scribed below. In brief, 3 mg of SWCNTs were ultrasonically
dispersed in 1 mL aqueous solution of CTAB (10 mg mL™)
for 1 h to obtain a homogeneous black suspension. Then,
10 mg of Hb was dissolved in the above suspension under
stirring for 10 min. The CFME was soaked in 1 mL mixture
under an infrared lamp. After the solvent evaporation, a uni-
form Hb/SWCNTs film was formed on the surface of CFME.

Cell culture and electrochemical detection

The HepG2 cells (human liver carcinoma cells) were pur-
chased from Shanghai Institute of Biological Sciences,
Chinese Academy of Science. The cells were cultured in a
Dulbecco’s modified eagle medium (DMEM) replenished
with 10% FBS and 1% streptomycin/penicillin at 37 °C with
5% CO, under a 95% humidified atmosphere. After a conve-
nient incubation time, the cells were equally divided into three
groups and respectively treated as follows: (a) treatment with
20 uM zinc gluconate and 10 uM ferrous chloride, (b) treat-
ment with 20 uM zinc gluconate, and (c) control group with-
out any further treatment. After 12 h incubation, the cells were
washed three times with PBS. To capture H,O, molecules
released from target cells, the modified CFME was held in

the proximity of the HepG2 cells. When the baseline was
stabilized, camptothecin (CPT) was injected to the solution,
which can motivate cells generation of H,O, [36], and have
no interference to the detection of H,O,. The fast diffusion of
H,0, molecules toward the microelectrode makes it possible
to realize the accurate quantification study. At the potential of
—0.35 V (vs Ag/AgCl), the amperometric current response
was recorded at modified CFME. The experiments were con-
ducted in the deoxygenated PBS at 37 °C. Every measurement
was repeated at least three times during all experimental
studies.

Fluorescence staining measurement

The procedure of cells preparation was the same as described
above. Before detection, the target cells of each group were
stained with specific fluorescent dyes of DCFH-DA for about
30 min. The cells samples were cultured in glass bottom cell
dishes before imaging. Afterwards, the medium was removed,
and the adherent cells were rinsed and washed three times with
PBS (pH = 7.4). Finally, the whole cell fluorescent images
were recorded by a confocal laser scanning microscope.

Results and discussion
SEM characterization

SEM images were utilized to investigate the surface morphol-
ogy of the as-prepared CFME. As shown in Fig. 1la, it is
evident that the bare CFME surface was smooth and clean.
In comparison with the bare CFME surface, the modification
of SWCNTs provides the sheets which largely increase the
specific surface area for immobilization of Hb. As shown in
Fig. 1b, a dense surface covering is observed. Besides, the
EDS observation indicates the co-existence of N and Fe ele-
ments since the bare microelectrodes contains only C element
[37], confirming the existence of Hb (Fig. 1c).

Electrochemical behavior of the modified CFME

Cyclic voltammetry was applied to characterize the electro-
chemical behavior of modified CFME in 0.1 M deoxygenated
PBS (pH = 7.4) (Fig. 2a). After the incorporation of SWCNTs
and Hb onto the surface of CFME, a pair of well-defined redox
peaks and an enhanced current signal were observed, with an
cathodic peak potential (E,) at about —0.35 V and anodic peak
potential (E,) at about —0.27 V, as shown in Fig. 2a, c. These
observations illustrate that the peak potential separation was
about 80 mV, indicating a quasi-reversible process [38]. This
electrochemical behavior has been attributed to Fe(I)/Fe(III)
redox couple in Hb, while the enhanced current signal was
attributed to the enlarged interface area of modified CFME with
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Fig. 1 The SEM images of a bare CFME and b the as-prepared modified CFME. ¢ The EDS observation on the surface of this modified CFME

SWCNTs, which provided many effective paths for direct elec-
tron transfer between Hb and CFME [39]. Meanwhile, as
shown in Fig. 2b, it is observed that anodic and cathodic peak
currents increase linearly as the scan rates varied from 100 to
500 mV s ', with a correlation coefficient of 0.99, suggesting a
typical surface-controlled process [40]. The above results show
that Hb was adsorbed effectively and reliably at the surface of
SWCNTs and the electron transfer was mediated efficiently
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from Hb to CFME. Figure 2c, d shows the responses to the
presence and absence of 0.5 mM H,O, on bare and modified
CFME, respectively. Upon addition of H,O,, the cathode cur-
rent of the modified CFME obviously increased, while the bare
CFME showed little changes. Furthermore, under the identical
experimental conditions, the specific response of the as-
prepared biosensor to the same concentration of H,O, was
more than 100 times larger when compared with the CFME
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Fig. 3 a Influence of pH on cyclic voltammograms of the as-prepared CFME, the pH values are 9, 8, 7, 5 respectively (from left to right). b The

relationship of the formal potential (E) with pH, scan rate = 100 mV s~

modified with SWCNT alone (data not shown), indicating that
the as-prepared modified CFME was more sensitive to H,O,
change and applicable to detect the relevant H,O, released
from the stimulated HepG2.

Meanwhile, the pH of buffer solution was an important
factor for the direct electrochemistry of the modified
CFME. As shown in Fig. 3a, with the increase of pH, a
negative shift of both reduction and oxidation peak poten-
tials was observed. In the pH range from 5.0 to 9.0, all the
cyclic voltammograms showed a quasi-reversible redox
process. A good linear relationship was found between
the formal potential and pH value as shown in Fig. 3b.
The slope value was calculated as —30.4 mV pH ', which
was smaller than the theoretical value of 57.6 mV pH '
for one-electron transfer coupled with one-proton trans-
portation [41]. It may be attributed to the protonation of
trans-ligands or the protonation of water molecule
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Fig. 4 Influence of applied potential on amperometric response of the as-
prepared CFME in the presence of 3 uM H,0,

and central iron. Therefore, based on the consideration of
performance from the above observational data, we have
selected pH = 7.4 phosphate buffer for the subsequent
working media solution. For biosensor, it is also a very
significant factor to work under right circumstance of po-
tential. We investigated the influence of applied potential
on response of the biosensor to H,O, by the method of
amperometric detection. Figure 4 displays the cathodic
peak current at different applied potential. The results
show as the voltage increases from —250 to — 650 mV
the steady-state current gradually increases, which is sim-
ilar to that of cyclic voltammetric characterization. In this
study, —0.35 V was chosen as the working potential for
the amperometric determination of H,O,, where the risk
for interfering reactions of other electroactive species was
minimized [42].

Figure 5a illustrates the dependence of the electrochemical
catalysis current on the concentration change of H,O,. The as-
prepared biosensor could achieve the maximum peak current
within 4 s. It was found that the apparent steady-state current
had a good linear relationship with the corresponding H,O,
concentration in the range of 0.51-10.6 uM (R*>=0.998) hav-
ing sensitivity of 9.95 uA mM ' with a limit of detection of
0.23 uM (S/N=3). The apparent Michalis-Menten constant
(Kin,app)> Which is an indicator of the affinity between enzymes
and substrates, can be calculated from the improved formula
of the Lineweaver-Burk equation [43]:

1 /1 _ (1 /I.m.x) + (Knamgy )1 /e

Here, I is the steady-state current, C is the bulk concen-
tration of the substrate, and [, is the maximum current.
While Fig. 5b shows the linear relationship of Y=
0.73758X + 0.36492 (R*>=0.9987), the value of K app Can
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Fig. 5 a Calibration curve of the faradic current to the concentration of H,O, in air-saturated 0.01 M PBS buffer. b The Lineweaver-Burk plot. Applied
potential: —0.35 V vs. Ag/AgCl sat. KCI. Error bars are the standard error of the mean (n =5 electrodes)

be obtained as 20.2 pM. The value is smaller than some pre-
vious reports [44, 45]. A comparison of detection potential,
linear range, and detection limit for the enzymatic biosensor
with other H,O, biosensors reported in the literature are
shown in Table 1, indicating that some analytical parameters
are comparable and even better than those reported in previous
literatures. Meanwhile, since the intracellular H,O, from the
biological stimulation could reach micromolar level, the as-
prepared CFME could readily realize the detection of intracel-
lular H,O, [46].

Reproducibility and stability of the modified CFME

Reproducibility and storage stability are quite essential for
H,O, biosensor. The relative standard deviation (RSD) was
2.35% for eight successive measurements. For the reproduc-
ibility of six independently as-prepared CFME, an acceptable
relative standard deviation of 3.11% was observed for the
sensitivity to H,O,. When the as-prepared CFME was not in

use, it was stored in PBS (pH = 7.4) at 4 °C. The storage
stability of the as-prepared biosensor was studied by measur-
ing the amperometric response to 0.01 mM H,0, once a day.
The results showed an excellent stability that the response
decreased to about 95% of its initial value in the first 3 days
and still remained about 86% of the initial value in 10 days.
These results may be attributed to the stability of SWCNT and
good biological activity of Hb in CTAB. Thus, the modified
CFMEs have been excellent reproducibility and stability.

Interference from electroactive substances

Ascorbic acid (AA) [47] and glutathione (GSH) [48] in cells
are the main electrochemically active substances which may
interfere with cellular analysis. Figure 6 illustrates the amper-
ometric response of the as-prepared CFME upon successive
addition of H,O, (1.5 uM), GSH (15 uM), AA (15 uM),
H,0, (1.5 uM) in 0.1 M PBS, respectively. It was found that
both of AA and GSH yielded little current response at this

Table 1 Comparison of the ]
performance of various hydrogen Electrode materials
peroxide sensors

Detection potential Linear range Detection limit
V) (uM) (uM)
Pt nanoparticles/HRP [22] —0.3 (vs. Ag/AgCl) 0.35-3600 0.35
Carbon nanotube/Pt nanoparticle [24] —0.1 (vs. Ag/AgCl) 160-11,500 55
Graphene/Pt-nanocomposite [25] —0.08 (vs. Ag/AgCl)  0.5-3475 0.2
Graphene/Cul [26] 0 (vs. Ag/AgCl) 0.5-3000 0.2
Se/Pt nanocomposite [27] 0 (vs. Ag/AgCl) 10-15,000 3.1
DNA/Hb [28] —0.75 (vs. Ag/AgCl)  10-120 0.4
Nafion/Nano-CaCO3/Hb film [44] —0.28 (vs. SCE) 8.0-240 5
Hb/single-wall carbon nanotube (this —0.35 (vs. Ag/AgCl)  0.51-10.6 0.23

work)
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Fig. 6 Amperometric response of the as-prepared CFME to successive
addition of 1.5 uM H,0,, 15 uM GSH, 15 uM AA, and a second 1.5 uM
H,0,. Applied potential: —0.35 V vs. Ag/AgCl sat KCl

modified CFME under the applied potential. The current re-
sponse of H,O, was not affected in the presence of the other
electroactive compounds. These observations demonstrate
that the as-prepared CFME could have good specificity and
selectivity to detect intracellular H,O, released from the stim-
ulated cells.

The detection of H,0, release from the stimulated
HepG2 cells

The detection of H,O, released from HepG2 cells was per-
formed to explore the bio-application of the as-prepared
CFME. Our previous studies found that the biosynthesized
nanoclusters could be formed from the relevant interaction
between Zn>* and hydroxyl radicals from H,0, via the
Fenton reaction, which could accelerate the process of the

Current / nA

Time /s

Fig. 7 Amperometric responses of the as-prepared modified CFME for
H,0, released from HepG2 cells with different pretreatment through
adding CPT: cells treated with a Zn>*, b Zn>*/Fe**, and ¢ control
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Fig. 8 a Confocal fluorescence images of intracellular H,O, staining, b
corresponding quantitative analysis

in situ biosynthetic ZnO quantum dots [35]. However, quan-
titative evaluation of intracellular H,O, changes remains to
be further exploited. The dynamic H,O, release from the
HepG2 cells which had different pretreatments were mea-
sured in this study by using the as-prepared modified
CFME, where the HepG2 cells were stimulated by injecting
CPT to induce H,O, generation. Figure 7 illustrates instan-
taneous current before and after injection of CPT to the cul-
ture media of HepG2 cells with various pretreatments. It is
obvious that H,O, could readily cross the lipid bilayer of
membrane from the target cells [49]. The rapid change of
relevant peak current could be obviously observed, which
is consistent with that previously reported [50]. It is noted
that control group (c¢) has the maximum current change of
about 21.6 nA, which was corresponding to 1.98 uM of
H,0,. In the treatment groups, the results show 11.78 (a)
and 8.84 nA (b) for the target HepG2 cells treated with Zn**
and Zn**/Fe**, respectively, with a corresponding concen-
tration of 1.08 and 0.81 uM of H,O,. These observations
suggest that H,O, has been heavily consumed during the in
situ biosynthesis process of ZnO quantum dots in target
HepG2 cells. In addition, the subsequently decreased current
indicates that H,O, released from the stimulated cells dif-
fuses into the solution. Moreover, it is evident that the addi-
tion of exotic ferrous ion apparently promotes the process of
the in situ biosynthesized ZnO quantum dots and thus con-
sumes much more intracellular H,O,. The relevant varia-
tions of H,O, released from different treatment groups could
be attributed to Fenton reaction, where Fe** and H,O, react
to hydroxyl ions that also promote the reaction with Zn>*,
which is consistent with those previously reported [35, 51].
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Fluorescence study of intracellular H,0, staining

Based on the above observations, the fluorescence staining
study was further explored to confirm the above studies of
different groups. The traditional staining method of
DCFH-DA is suitable for assessing the general intracellu-
lar ROS status, though it only gives qualitative results,
whereas the electrochemical sensor could easily quantify
the real-time data like the release of electrochemically ac-
tive species versus time. As shown in Fig. 8, after dying
with DCFH-DA, the intensity of green fluorescence was
measured to indicate the intracellular H,O, level. The re-
sults show that the ration of fluorescence intensity between
the control group and the treatment groups for the target
HepG2 cells treated with Zn** and Zn**/Fe** is 1.83 and
2.44, respectively, indicating that that H,O, has been
heavily consumed during the in situ biosynthesis process
of ZnO quantum dots in target HepG2 cell, and the addi-
tion of exotic ferrous ion apparently promotes the process
of the in situ biosynthesized ZnO quantum dots, thus con-
suming much more intracellular H,O,. These observations
are highly consistent with the electrochemical results about
the intracellular concentration of H,O,.

Conclusions

In summary, we have explored a new strategy in this con-
tribution to fabricate an enzymatic biosensor through fab-
ricating the reduced Hb and SWCNTs modified CFME.
Our studies demonstrate that the as-prepared modified
CFME exhibited high sensitivity, selectivity, and affinity
for H,O, detection. The linear range from 0.51 to 10.6 uM
was observed for this enzymatic biosensor, with a relevant
detection limit of 0.23 uM. The relatively low detection
limit and high sensitivity will be applicable for detecting
H,O, dynamic release from the stimulated living cells.
More importantly, we have introduced the enzymatic bio-
sensor to detect H>O, of the in situ biosynthetic ZnO quan-
tum dots, and attempted to preliminarily study the concen-
tration change of H,0, in this process, which was further
confirmed with fluorescence staining. These results not
only provide a basis for the future work for studying its
kinetic process, but raise the possibility to use the
microelectrode-based enzyme biosensor to monitor in
real-time other important biological process in future bio-
medical applications.
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