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Abstract: In this study, we fabricated platinum nanoparticles (PtNP)-decorated, porous reduced
graphene oxide (rGO)–carbon nanotube (CNT) nanocomposites on a PtNP-deposited screen-printed
carbon electrode (PtNP/rGO–CNT/PtNP/SPCE) for detection of hydrogen peroxide (H2O2), which
is released from prostate cancer cells LNCaP. The PtNP/rGO–CNT/PtNP/SPCE was fabricated by
a simple electrochemical deposition and co-reduction method. In addition, the amperometric
response of the PtNP/rGO–CNT/PtNP/SPCE electrode was evaluated through consecutive additions
of H2O2 at an applied potential of 0.2 V (vs. Ag pseudo-reference electrode). As a result,
the prepared PtNP/rGO–CNT/PtNP/SPCE showed good electrocatalytic activity toward H2O2

compared to bare SPCE, rGO–CNT/SPCE, PtNP/SPCE, and rGO–CNT/PtNP/SPCE. In addition,
the PtNP/rGO–CNT/PtNP/SPCE electrode exhibited a sensitivity of 206 µA mM−1

·cm−2 to H2O2 in a
linear range of 25 to 1000 µM (R2 = 0.99). Moreover, the PtNP/rGO–CNT/PtNP/SPCE electrode was
less sensitive to common interfering substances, such as ascorbic acid, uric acid, and glucose than
H2O2. Finally, real-time monitoring of H2O2 released from LNCaP cells was successfully performed
by this electrode. Therefore, we expect that the PtNP/rGO–CNT/PtNP/SPCE can be utilized as
a promising electrochemical sensor for practical nonenzymatic detection of H2O2 in live cells or
clinical analysis.

Keywords: hydrogen peroxide; screen-printed carbon electrode; reduced graphene oxide-based
nanocomposite; platinum nanoparticles; real-time monitoring; live cells

1. Introduction

Prostate cancer is the most commonly diagnosed malignancy and a major cause of cancer-related
death in men [1,2]. It can progress into a more advanced stage via generation of oxidative stress,
which can cause the formation of reactive oxygen species (ROS), as well as activation of the androgen
receptor [3]. ROS, including hydrogen peroxide (H2O2), superoxide (O2•

−), and hydroxyl radical
(•OH), have been involved in the mediation of apoptosis and other modes of programmed cell
death [4,5]. In particular, overproduction or dysregulation of H2O2 in vivo can cause damage to the
brain or other tissues, and it can trigger various diseases, such as cardiovascular disease, Alzheimer’s
disease, and cancer [6–9]. Cancer cells produce an enhanced ROS level compared to normal cells [4],
and the concentration of H2O2 in cancer cells increases as the tumor grows [10]. The H2O2 level is
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also related to the aggressive phenotype of prostate cancer cells [11]. Therefore, endogenous H2O2

can be utilized as a biomarker of cancer diagnosis. Furthermore, it is necessary to understand the
changes in H2O2 concentration during apoptosis of cancer cells induced by drugs in order to chemically
control cancer. H2O2 also has a wide range of applications in other fields, such as food industry,
environmental science, and pharmaceuticals. Thus, a simple, cheap, and sensitive detection method of
H2O2 is required.

During the past decade, various analytical methods, including spectrophotometry [12,13],
fluorescence analysis [14,15], and electrochemical sensors [16,17], have been developed for detection
of H2O2. Among them, electrochemical sensors received significant attention due to many practical
advantages, including high sensitivity, rapid response time, portability, low cost, and ease of
operation [17–19]. In particular, an amperometric sensor can be very useful in biological applications
because of its ability to provide reliable responses in real time, even in complex biological systems.
Hence, it can provide precise kinetic information on the exocytotic process [20]. However, most of the
conventional electrochemical H2O2 sensors utilize natural enzymes with high sensitivity and selectivity,
although enzyme-based sensors have drawbacks including their high cost, complicated immobilization
process, and poor stability response to changes in environmental conditions, such as temperature, pH,
humidity, and toxic materials, because of the intrinsic nature of enzymes [21]. In addition, hemoglobin
(HB)-containing electrochemical biosensors for detecting H2O2 require appropriate immobilization
biopolymers for HB such as chitosan, silk fibroin, and zein [22]. To solve this problem, non-enzymatic
sensors based on noble metal nanoparticles (NPs), such as gold (Au), silver (Ag), platinum (Pt),
and Pt/Au bimetallic nanostructure, have received much more attention due to their unique advantages,
such as rapid response and high stability [22–26]. Among them, PtNPs exhibit good electrocatalytic
property toward H2O2, as well as convenience of electron transfer and biocompatibility [27]. It has
been demonstrated that they decrease the oxidation/reduction overvoltage in the determination of
H2O2, which can easily avoid the interferents, like ascorbic acid (AA) and uric acid (UA) [28,29].

Recently, reduced graphene oxide (rGO) and its nanocomposites have been widely used
in preparing electrochemical sensors to improve their performance [16,30–32]. In particular,
the interconnected networks of rGO have several advantages, including greater surface area, faster
charge transfer, and lower mass transport resistance [33]. In addition, metal NP-dispersed graphene
networks show enhanced catalytic activity and faster electron transfer rate because they can allow
various electroactive ions or target analytes to easily access and diffuse across individual graphene
sheets [34,35]. Therefore, some electrochemical sensors utilizing NP-embedded rGO have been
developed to catch the signal of cell-released H2O2. Yu et al. [36] reported an ITO electrode modified
with electrodeposited graphene oxide (GO) and gold nanoclusters for the detecting the release of
H2O2 from bupivacaine-injured neuroblastoma cells. The method was further applied to evaluate the
cell toxicity of bupivacaine and the antibiotic effect of lipoic acid, but it did not show a wide linear
dynamic range due to its 2D structure. Zhang et al. [37] reported a freestanding nanohybrid paper
electrode assembled from 3D functionalized graphene frameworks for the real-time monitoring of
H2O2 secreted from different breast cells. They can distinguish the normal breast cell from the cancer
breast cells MDA-MB-231 and MCF-7 cells by comparing the relative responses of the secreted H2O2.
Wang et al. [38] reported hierarchical NiCo2O4-CoNiO2 hybrids embedded in a partially rGO electrode
for H2O2 released from human lung cancer H460 cells. Long et al. [39] suggested co-embedded
N-doped hierarchical carbon arrays with boosting electrocatalytic activity for in situ electrochemical
detection of H2O2 in human breast cancer MDA-MB-231 and human cervical cancer HeLa cells.
Yang et al. [40] reported a 3D monolithic and metallic form (Ag-wire foam) electrode to detect H2O2 in
three cancer cells such as human leukemia K562, HeLa, and MCF-7 cells. Although they showed a
low limit of detection and broad linear detection range, these 3D materials required the complicated
chemical processes or harsh experimental conditions such as high temperature during the synthesis
process. Therefore, it is necessary to develop a simple, facile, and sensitive amperometric sensor for
H2O2 detection.



Chemosensors 2020, 8, 63 3 of 13

Jiao et al. [41] utilized a one-pot and cost-effective method for preparing poly
(diallyldimethylammonium chloride)-capped AuPtAg/rGO nanohybrids. Rasas et al. [42] proposed
an enzyme-free carbon black–Prussian Blue-based electrochemical sensor for H2O2 sensing in
neuroblastoma cells. In our previous study, we prepared an ultrasensitive and stable sensing platform
based on AuNP-decorated three-dimensional rGO–carbon nanotube (CNT) nanocomposites by a one-pot
electrochemical synthesis for detection of tryptase as a potential biomarker of allergic rhinitis [33].

In this study, we introduce a facile and sensitive non-enzymatic electrochemical sensor based on
the PtNP-embedded rGO–CNT nanocomposite (PtNP/rGO–CNT) on a PtNP-modified screen-printed
carbon electrode (SPCE) for detection of H2O2 released from live prostate cancer cells, LNCaP.
To increase the effective area of the working electrode, PtNPs were electrodeposited onto the surface
of SPCE (PtNP/SPCE). The rGO–CNT nanocomposite was then prepared on PtNP/SPCE by a simple
electrochemical deposition and co-reduction method (rGO–CNT/PtNP/SPCE). Small amounts of
CNTs were utilized as spacers to form interconnected rGO networks. Finally, PtNPs were decorated
onto the surface of rGO–CNT nanocomposites (PtNP/rGO–CNT/PtNP/SPCE). We investigated the
analytical performance of these PtNP/rGO–CNT/PtNP/SPCEs, including their sensitivity, selectivity,
and reproducibility as a non-enzymatic H2O2 sensor. Moreover, the concentration of H2O2 released
from LNCaP cells by phorbol 12-myristate 13-acetate (PMA) stimulation was successfully measured,
indicating that this sensor might be promising for practical application in real-time monitoring of
H2O2 in vitro and in vivo. A schematic illustration of the fabrication and sensing protocol of the
PtNP/rGO–CNT/PtNP/SPCE sensor for detection of H2O2 released from live LNCaP cells is shown
in Figure 1.
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Figure 1. Schematic illustration of the fabrication process and sensing protocol of the
PtNP/rGO–CNT/PtNP/SPCE sensor for detection of H2O2 released from live LNCaP cells.

2. Materials and Methods

2.1. Reagents

GO (≥95.0%), multi-walled CNT (MWCNT, ≥98.0%), chloroplatinic acid hexahydrate
(H2PtCl6·6H2O), potassium chloride (KCl), potassium hexacyanoferrate(III) (K3Fe(CN)6), potassium
hexacyanoferrate(II) trihydrate (K4Fe(CN)6·3H2O), potassium phosphate monobasic (KH2PO4),
potassium phosphate dibasic (K2HPO4), H2O2 (30 wt % in H2O), ascorbic acid (AA), uric acid (UA),
glucose, PMA, and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). RPMI 1640 supplemented with L-glutamine was obtained from Corning (Glendale, AZ, USA).
Fetal bovine serum (FBS), penicillin, and streptomycin were purchased from Gibco (Grand Island, NY,
USA). Whatman lens cleaning tissue 105 was purchased from GE Healthcare Life Sciences (Pittsburgh,
PA, USA). All reagents were of analytical grade and were used without further purification. All aqueous
solutions were freshly prepared using deionized water (DW) of 18.2 MΩ·cm resistivity.
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2.2. Apparatus

The surface morphology of the modified working electrode was characterized using a field emission
scanning electron microscope (FE-SEM; S-4700, Hitachi, Tokyo, Japan). All electrochemical experiments,
including cyclic voltammetry (CV) and chronoamperometry (CA), were carried out with a Compactstat
(Ivium Technology, Eindhoven, The Netherlands) at room temperature. The SPCE containing a carbon
working electrode (4 mm in diameter) was purchased from DropSens (DRP-C110, Oviedo, Asturias,
Spain). The electrodes consisted of a carbon counter electrode and an Ag pseudo-reference electrode.

2.3. Preparation of PtNP/rGO–CNT on PtNP/SPCE

The bare SPCE was first activated by placing it in a 0.5 M H2SO4 solution and scanning by CV
for 10 cycles with a scanning potential range from −0.2 to 1.0 V and a scanning rate of 100 mV/sec.
Then, PtNPs were deposited onto the activated SPCE using 1 mM H2PtCl6·6H2O in 0.02 M phosphate
buffered saline (PBS, pH 7.4) at a constant potential of −0.2 V for 600 s, after N2 gas purging for
600 s. The PtNP/SPCE was cleaned with DW and dried. The rGO–CNT nanocomposite was prepared
using a previously described method [33]. Briefly, the MWCNT powder (0.15 mg/mL) was added in
potassium phosphate buffer (PB, 0.067 M, pH 7.4) and dispersed in the solution for 10 min using an
ultrasonic liquid processor (STH-500S; Sonictopia, Cheongju, Korea). After filtering the dispersed
CNT solution using the lens cleaning tissue, GO solution in DW (final concentration 1.35 mg/mL)
was mixed with the prepared solution (GO:MWCNT mixing ratio = 9:1, wt/wt) and then sonicated for
60 min to a homogeneous dispersion. Afterwards, the resultant mixture was saturated by bubbling
with N2 gas for 10 min to remove the dissolved oxygen. Next, a single-step electrochemical deposition
and co-reduction on the PtNP/SPCE was carried out using CV for six cycles in a potential range from
0.3 to −1.5 V (vs. Ag pseudo-reference electrode) and at a scan rate of 50 mV/sec under constant
bubbling of N2. Subsequently, the resultant rGO–CNT on the PtNP/SPCE was washed repeatedly with
DW to remove the physically adsorbed nanocomposites. Finally, PtNPs were re-deposited onto the
rGO–CNT/PtNP/SPCE in 1 mM H2PtCl6·6H2O in 0.02M PBS solution at room temperature under a
constant potential of −0.2 V for 600 s. The resulting PtNP/rGO–CNT/PtNP/SPCE was washed and
stored in DW before use.

2.4. Electrochemical Detection of H2O2 Utilizing PtNP/rGO–CNT/PtNP/SPCE

The CV technique was used to evaluate the sensing capability of the PtNPs/rGO–CNT/PtNP/SPCE
toward H2O2 and to compare it with that of bare SPCE, rGO–CNT/SPCE, and rGO–CNT/PtNP/SPCE.
To demonstrate the importance of preformation of PtNPs on the electrode, the comparison was also
made with PtNP/SPCE and PtNP/rGO–CNT/SPCE. CV measurements were performed using 2.5 mM
H2O2 in 0.1 M PBS (pH 7.4) containing 0.1 M KCl with a scanning range from −0.7 to 0.3 V (vs. Ag
pseudo-reference electrode) at a scan rate of 50 mV/sec. Detection for various concentrations of H2O2

was performed by the CA technique at an applied potential of −0.2 V with PtNP/rGO–CNT/PtNP/SPCE
as the working electrode. Calibrations were performed by successive addition of H2O2 to attain final
concentrations of 25, 50, 75, 100, 200, 300, 400, 500, 600, 700, 800, 900, and 1000 µM to 15 mL of 0.1 M PBS
containing 0.1 M KCl under magnetic stirring and by measuring the current intensity after stabilization.

2.5. Detection of H2O2 in Live Prostate Cancer Cells

LNCaP cells were obtained from the Korea Cell Line Bank (Seoul, South Korea). LNCaP cells
were routinely maintained in complete growth media consisting of RPMI 1640 supplemented with
L-glutamine, 10% heat-inactivated FBS, and 1% penicillin/streptomycin in a 5% CO2 incubator at 37 ◦C
under a humidified atmosphere. To measure the endogenous H2O2 level released from live LNCaP
cells, cells (1 × 106, 2 × 106, and 5 × 106 cells) were seeded in a 24-well plate and incubated for 24 h.
After changing media into PBS within the plate, the PtNP/rGO–CNT/PtNP/SPCE was placed in the
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plate for amperometric detection. After a steady-state background was obtained, 0.2 mg/mL of PMA
dissolved with DMSO was injected within the cell culture plate to stimulate the release of H2O2 in cells.

3. Results and Discussion

3.1. Preparation and Characterization of PtNP/rGO–CNT/PtNP/SPCE

The rGO has received significant attention in electrochemical sensors due to the high electrical
conductivity, excellent physical and chemical properties, and good stability [30,33]. It can provide a lot
of active defect sites with significant turbulence and enlarge layer spacing that can effectively trap active
species [43]. Furthermore, rGO is an excellent carrier to assist other NPs to obtain rapid electrochemical
kinetics during electrocatalytic reactions, resulting in a faster and more sensitive current response [31].
However, due to the strong π–π stacking interaction layer-by-layer of each rGO sheet, restacking and
aggregation can easily occur in the rGO [44], thus reducing the effective surface area and diffusion of
analytes or electrolytes [45]. Therefore, it is necessary to prepare interconnected rGO networks that
allow various electroactive ions or target analytes to easily access and diffuse across individual graphene
sheets. In the previous report, we introduced a simple and facile method for rGO nanocomposites
by one-pot electrochemical synthesis (electrochemical deposition and co-reduction), using a small
amount of CNTs as spacers. Therefore, in this study, interconnected rGO–CNT nanocomposites
by electrochemical synthesis were utilized as a scaffold for PtNPs, showing good electrocatalytic
property toward H2O2 because they have large active surface area, high conductivity and stability,
and unhindered substance diffusion. Figure S1 shows the effect of the mixing ratio between GO and
CNT on the current response of the electrode to H2O2. From the CV results of the rGO–CNT electrode
in PBS solution (0.1 M, pH 7.4) containing 2.5 mM H2O2, the 9:1 ratio between GO and CNT exhibited
the highest ∆Ipc to H2O2.

To obtain better electrocatalytic performance of the electrode, we optimized the concentration
of H2PtCl6·6H2O for PtNP/rGO–CNT on the SPCE. Figure 2a indicates the change in the cathodic
current response of PtNP/rGO–CNT/SPCE and PtNP/SPCE at −0.2 V according to the concentration
of H2PtCl6·6H2O (0.25, 0.5, 1 and 2 mM) solution, using 2.5 mM H2O2 in PBS containing 0.1 M KCl.
As shown in Figure 2a, the maximum current of the PtNP/rGO–CNT/SPCE was observed with 1 mM
H2PtCl6·6H2O. Although the current of PtNP/SPCE increased with an increase in the H2PtCl6·6H2O
concentration, the current difference between PtNP/rGO–CNT/SPCE and PtNP/SPCE showed a
maximum value at 1 mM H2PtCl6·6H2O. Therefore, 1 mM H2PtCl6·6H2O was selected as the optimal
concentration for PtNP/rGO–CNT on SPCE. The surface morphology of the PtNP/rGO–CNT/PtNP/SPCE
was characterized by SEM. As shown in Figure 2b, PtNPs were well-dispersed on the surface of the
rGO–CNT nanocomposite and SPCE. It was possible to distinguish the spherical nanostructure of
PtNPs on rGO–CNT/SPCE from a highly magnified SEM image (Figure 2c).
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Figure 2. (a) Changes in cathodic current of PtNP/rGO–CNT/SPCE and PtNP/SPCE at −0.2 V (vs. Ag
pseudo-reference electrode) according to the concentration of H2PtCl6·6H2O in N2-saturated PBS (0.1 M,
pH 7.4) solution containing 2.5 mM H2O2 and 0.1 M KCl. (b) SEM images of PtNP/rGO–CNT/PtNP/SPCE
and (c) higher magnification image of (b).
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The electrochemical characterization of differently modified SPCEs was investigated by CV.
Figure 3a shows the CV curves of bare SPCE, rGO–CNT/SPCE, and PtNP/rGO–CNT/PtNP/SPCE
electrodes in N2-saturated PBS (0.1 M, pH 7.4) solution containing 2.5 mM H2O2 and 0.1 M KCl.
To investigate if the active sites for detection of H2O2 were mainly from PtNPs, the CV curves of bare
SPCE and rGO–CNT/SPCE toward H2O2 were recorded. As a result, the cathodic current response
of the bare SPCE or rGO–CNT/SPCE to H2O2 was negligible. Compared to the bare SPCE and
rGO–CNT/SPCE, a remarkable reduction current of −153.7 µA peak was observed at −0.28 V for the
PtNP/rGO–CNT/PtNP/SPCE.
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Figure 3. (a) CV curves of bare SPCE, rGO–CNT/SPCE, and PtNP/rGO–CNT/PtNP/SPCE in N2-saturated
PBS solution (0.1 M, pH 7.4) containing 2.5 mM H2O2 and 0.1 M KCl at a potential range from
−0.7 to 0.3 V (Ag pseudo-reference electrode) and at a scan rate of 50 mV/sec. (b) CV curves
of PtNP/SPCE, rGO–CNT/PtNP/SPCE, PtNP/rGO–CNT/SPCE, and PtNP/rGO–CNT/PtNP/SPCE in
N2-saturated PBS solution (0.1 M, pH 7.4) containing 2.5 mM H2O2 and 0.1 M KCl at a potential
range from −0.7 to 0.3 V (Ag pseudo-reference electrode) and at a scan rate of 50 mV/sec. (c) CV
curves of PtNP/rGO–CNT/PtNP/SPCE at different scan rates (10–100 mV/sec) in N2-saturated PBS
solution (0.1 M, pH 7.4) containing 2.5 mM H2O2 and 0.1 M KCl at a potential range from −0.7 to 0.3 V
(Ag pseudo-reference electrode). (d) The corresponding plot of cathodic peak current (Ipc) versus the
square root of scan rate (v1/2).

We compared the reduction current response of PtNP/rGO–CNT/PtNP/SPCE toward H2O2 with
that of PtNP/SPCE, rGO–CNT/SPCE, and PtNP/rGO–CNT/SPCE, in order to investigate the effect of
the rGO–CNT nanocomposite scaffold for PtNPs. As shown in Figure 3b, the cathodic peak current
(Ipc) and peak potential (Epc) of PtNP/SPCE were −112.9 µA and −0.36 V, respectively. After deposition
of rGO–CNT on PtNP/SPCE, the Ipc decreased to −83.2 µA and the Epc increased to −0.47 V. Because
PtNPs possessed better electrocatalytic property toward H2O2 [27], the Ipc of rGO–CNT/PtNP/SPCE
was lower than that of PtNP/SPCE, and the Epc of rGO–CNT/PtNP/SPCE was shifted to a more
negative potential due to slow electron transfer kinetics between rGO–CNT nanocomposite and H2O2,
compared to PtNP/SPCE. This result indicates that the rGO–CNT nanocomposite was successfully
deposited onto the surface of PtNP/SPCE. The Ipc and Epc of PtNP/rGO–CNT/SPCE were−152.8 µA and
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−0.28 V, respectively. Although the Ipc and Epc of PtNP/rGO–CNT/SPCE were very similar to those of
PtNP/rGO–CNT/PtNP/SPCE (−153.7 µA and −0.28 V), the peak width of PtNP/rGO–CNT/PtNP/SPCE
was narrower than that of PtNP/rGO–CNT/SPCE. This might be attributed to the fact that PtNPs
electrodeposited onto the surface of SPCE would increase the effective area of the working electrode,
resulting in fast electron transfer. In general, the peak potentials, peak widths, and relative peak
height enables the characterization of the electrode kinetics. The peaks become smaller and broader
(larger half-peak width) as the electrode reaction is irreversible [46]. In addition, the differences of Ipc

between PtNP/rGO–CNT/PtNP/SPCEs were smaller than those of PtNP/rGO–CNT/SPCEs (Figure S2),
so we thought that PtNPs on SPCE might help rGO–CNT nanocomposites form on the working
electrode homogeneously. Consequently, PtNP/rGO–CNT/PtNP/SPCE showed the highest Ipc with the
lowest standard deviation and the lowest Epc. This result indicates that PtNP/rGO–CNT/PtNP/SPCE
possessed excellent catalytic activity toward H2O2. In addition, different electrochemical behavior of
PtNP/SPCE and PtNP/rGO–CNT/PtNP/SPCE can be explained by the PtNP dispersion and surface
properties. The interconnected structure of the rGO–CNT nanocomposite can facilitate the dispersion
of PtNPs on their surface, increasing the specific area of these materials, and it can improve the
catalytic efficiency [27,47]. Furthermore, owing to the high electronic conductivity of the rGO–CNT
nanocomposite, charge might be easily transmitted along the rGO–CNT networks toward the dispersed
PtNPs where the electrocatalytic reaction occurs [27].

In addition, the effect of the scan rates on the sensitivity of the PtNP/rGO–CNT/PtNP/SPCE was
investigated; thus, the CVs of the PtNP/rGO–CNT/PtNP/SPCE response to H2O2 at different scan rates
from 10 to 100 mV/sec were recorded. As shown in Figure 3c and d, the Ipc showed a linear relationship
with the square root of scan rate in the range of 10~100 mV/sec (R2 = 0.9905). The result indicates that
a diffusion-controlled electron process occurred for H2O2 reduction, which is the ideal situation for the
quantitative determination.

3.2. Analytical Performance of PtNP/rGO–CNT/PtNP/SPCE toward H2O2

Prior to the evaluation of the analytical performance, we optimized the potential applied on
the PtNP/rGO–CNT/PtNP/SPCE for the detection of H2O2 from the CA experiments. As shown in
Figure S3, the potential of −0.2 V showed the maximum slope (0.0259) and R2 (0.990). Consequently,
an applied potential of −0.2 V was chosen as the working potential in subsequent experiments.

We investigated the performance of the PtNP/rGO–CNT/PtNP/SPCE for detection of H2O2.
The sensitivity and detection limit of PtNP/rGO–CNT/PtNP/SPCE for H2O2 were estimated
by amperometric measurements. Under optimized conditions, the current response of the
prepared PtNP/rGO–CNT/PtNP/SPCE was recorded for successive addition of H2O2 with different
concentrations in PBS (0.1 M, pH 7.4) at an applied potential of −0.2 V. As shown in Figure 4a,
the cathodic current of PtNP/rGO–CNT/PtNP/SPCE increased with an increasing H2O2 concentration.
PtNP/rGO–CNT/PtNP/SPCE responded very rapidly to the addition of H2O2, producing steady-state
current within 10 s. However, bare SPCE did not respond to the addition of H2O2 and PtNP/SPCE
showed very small changes in cathodic current with an increasing H2O2 concentration. Figure 4b shows
the calibration curve of the PtNP/rGO–CNT/PtNP/SPCE for detection of different concentrations of
H2O2. The response of the PtNP/rGO–CNT/PtNP/SPCE was linear with respect to H2O2 concentration
up to 1000 µM (R2 = 0.993), with a detection limit of 4.3 µM based on the signal-to-noise ratio of three
(S/N = 3, according to the ICH Q2B guidelines) [48] and a detection sensitivity of 206 µA·mM−1

·cm−2.
Even so, the slope of the calibration curve of the PtNP/rGO–CNT/PtNP/SPCE was about 52 times
greater than that of PtNP/SPCE. Actually, it seemed that there were two linear ranges, 0~100 µM and
100~1000 µM. The response of the PtNP/rGO–CNT/PtNP/SPCE was very linear with respect to H2O2

concentration from 100 to 1000 µM (R2 = 0.999), but the linearity in the concentration range from 0
to 100 µM decreased to R2 = 0.973. It might be attributed to the difference of diffusion at the low
concentration of H2O2.
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Figure 4. (a) Amperometric response of the PtNP/rGO–CNT/PtNP/SPCE with successive addition of
H2O2 in 0.1 M PBS containing 0.1 M KCl at −0.2 V (vs. Ag pseudo-reference electrode). Inset shows the
amperometric responses of bare SPCE (blue line) and PtNP/SPCE (orange line) at the same conditions.
(b) The corresponding calibration curve of the current change (∆I) vs. the concentration of H2O2 for the
PtNP/rGO–CNT/PtNP/SPCE. Inset shows the resulting calibration curve for the PtNP/SPCE (orange
line). (c) Current response of the PtNP/rGO–CNT/PtNP/SPCE with successive addition of 500 µM H2O2

and 1 mM AA, UA, and glucose in 0.1 M PBS containing 0.1 M KCl at −0.2 V (vs. Ag pseudo-reference
electrode). (d) Reproducibility test result of PtNP/rGO–CNT/PtNP/SPCE electrodes with different
fabrication dates, using a current response to 500 µM H2O2 in 0.1 M PBS containing 0.1 M KCl at −0.2 V
(vs. Ag pseudo-reference electrode).

Table 1 compares the sensing performance of our PtNP/rGO–CNT/PtNP/SPCE non-enzymatic
biosensor with that of other PtNPs or GO-modified electrodes for detection of H2O2. Our sensor
demonstrated good performance in terms of applied potential and wide linear range, together with a
proper sensitivity. This might be attributed to good electrocatalytic activity by well-dispersed PtNPs
and rapid electron transfer of the interconnected rGO–CNT nanocomposite.



Chemosensors 2020, 8, 63 9 of 13

Table 1. Comparison of the analytical performance of our non-enzymatic biosensor with that of other
PtNPs or GO-modified SPCEs for detection of H2O2.

Electrode 1 Applied
Potential (V)

Sensitivity 5

(µA·µM−1·cm−2)
Linear Range

(µM) LOD (µM) Ref.

aSPCE 1 0.7 230 10–120 _ [49]
Pt NFs 2/SPCE −0.7 64 100–20,000 15.8 [50]

Poly(azure A)-PtNPs/SPCE 0.1 204.7 0–300 0.052 [27]
rGO-PT 3-Pt/SPCE −0.4 780 1–100 0.26 [31]

GO-Cys-GNR 4/SPCE 0.35 648 0–40 2.9 [51]
PtNP/rGO–CNT/PtNP/SPCE −0.2 206 25–1000 4.3 This work

1 aSPCE: highly activated SPCE; 2 NFs: nanoflowers; 3 PT: persimmon tannin; 4 GO-Cys-GNR: 3D layer-by-layer
graphene-gold nanorods; 5 sensitivity was calculated using the geometrical electrode area.

Selectivity is a major important challenge of a non-enzymatic electrochemical biosensor [21,52].
Hence, the selectivity of the PtNP/rGO–CNT/PtNP/SPCE non-enzymatic biosensor was investigated
by comparing the current responses of 500 µM H2O2 with that of other potential interfering substances
(1 mM), including AA, UA, and glucose. As shown in Figure 4c, the current response obviously
increased after the addition of H2O2. However, the interference currents caused by AA, UA, and glucose
were negligible, in particular because the physiological level of AA is no more than 0.1 mM [21],
it seems that the small interference current caused by AA (1 mM) is not significant in physiological
conditions such as live cells or body fluid. The current obviously increased again after H2O2 was
added for the second time. These results indicate that the PtNP/rGO–CNT/PtNP/SPCE non-enzymatic
biosensor has good selectivity for detection of H2O2 without any effect caused by possible interferents.

The reproducibility of the PtNP/rGO–CNT/PtNP/SPCE biosensor was also assessed by
detecting the amperometric responses to 500 µM H2O2 utilizing ten electrodes on different
fabrication dates. Because the relative standard deviation of our biosensor was 2.6% (Figure 4d),
the PtNP/rGO–CNT/PtNP/SPCE biosensor was highly reproducible. Furthermore, the short-term
stability of our PtNP/rGO–CNT/PtNP/SPCE biosensor was examined by current responses to 500 µM
H2O2 once a day after eight days of storage in DW at 4 ◦C. A 6.13% decrease in the current response
was observed after eight days, and the prepared sensor exhibited an acceptable stability.

3.3. The Electrochemical Detection of H2O2 in Prostate Cancer Cells LNCaP

The PtNP/rGO–CNT/PtNP/SPCE was applied to detect H2O2 released from prostate cancer
cells LNCaP, in order to verify the feasibility of PtNP/rGO–CNT/PtNP/SPCE for cell-based analysis.
Real-time monitoring of H2O2 release was investigated using PMA, which is known to trigger H2O2

production from human cells [53]. As shown in Figure 5a, the LNCaP cells without any stimulation
generated no significant change in current (gray line), but the current decreased gradually. The reason
might be that H2O2 naturally released from cells was either consumed or diffused away from the
electrode surface [54], and no significant current response was observed from the electrode with
cells under DMSO injection as a solvent for PMA (black line). There was almost no change in the
current from the sensor without cells (data not shown), but the current significantly increased after
PMA injection according to the cell number. The maximum change in current was 0.18 ± 0.02 µA at
1 × 106 cells, 0.24 ± 0.03 µA at 2 × 106 cells, and 0.45 ± 0.05 µA at 5 × 106 cells, respectively (Figure 5b).
Although the data in this study provided the relative change of cellular H2O2 under PMA stress, not the
absolute cellular H2O2 content, this electrode might be useful for further physiological and pathological
applications, for instance, cancer and inflammatory processes, which release H2O2. In the future,
we will plan to use the PtNP/rGO–CNT on PtNP/SPCE as both a scaffold for cell culture and electrode
for real-time monitoring of H2O2. We expect that they can be utilized for the real-time monitoring of
cellular behaviors under 3D in vivo-like microenvironments to reflect in vivo cell functions.
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Figure 5. (a) Amperometric responses of the PtNP/rGO–CNT/PtNP/SPCE electrode for H2O2 released
from LNCaP cells (1 × 106 cells) without any treatment (gray line) and after addition of DMSO (black
line), as well as different cell numbers such as 1 × 106 cells (blue line), 2 × 106 cells (yellow line), and 5
× 106 cells (red line) after the addition of PMA at −0.2 V. (b) The maximum current change by H2O2

release in LNCaP cells according to the cell number.

4. Conclusions

In summary, we introduced a facile and sensitive non-enzymatic H2O2 sensor based
on PtNP-embedded rGO–CNT nanocomposites on the PtNP/SPCE electrode. The rGO–CNT
nanocomposites were simply fabricated by one-pot electrochemical synthesis (electrochemical
deposition and co-reduction). They provided not only efficient charge transport pathways, but
also rapid diffusion and mass transport of the analytes. Therefore, they facilitated the dispersion of
PtNPs on their surface, increasing the specific area of PtNPs, and they improved catalytic efficiency.
Thus, the prepared PtNP/rGO–CNT/PtNP/SPCE showed good sensing performance for H2O2, including
good sensitivity, wide linear range, high selectivity, and good reproducibility. Furthermore, our sensor
could successfully detect H2O2 released from live LNCaP cells, showing potential for application in
physiological and pathological H2O2 detection in vitro.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9040/8/3/63/s1,
Figure S1: Changes in cathodic peak current (Ipc) of CNT/rGO on GCE according to the mixing ratio between GO
and CNT (wt/wt) in PBS solution (0.1 M, pH 7.4) containing 2.5 mM H2O2 and 0.1 M KCl, Figure S2: The cathodic
peak current (Ipc) of PtNP/rGO–CNT/SPCE and PtNP/rGO–CNT/PtNP electrodes (n = 4, respectively) from the CV
curves in N2-saturated PBS solution (0.1 M, pH 7.4) containing 2.5 mM H2O2 and 0.1 M KCl at a potential range
from −0.7 to 0.3 V (Ag pseudo-reference electrode) and at a scan rate of 50 mV/sec, Figure S3: Effect of the applied
potentials on the current response according to the H2O2 concentration.
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