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Electron spin resonance and fluorescence imaging
assisted electrochemical approach for accurate
and comprehensive monitoring of cellular
hydrogen peroxide dynamics†

Qi Xin,‡a Qian Liu,‡a,b Hameed Shaha,b and Jian Ru Gong*a

Dynamic alteration in the levels of cellular hydrogen peroxide (H2O2) is closely related to a variety of

human diseases, as well as signal transduction pathways that regulate cell survival and death. Although

qualitative or quantitative methods are available for measuring either intra- or extra-cellular H2O2 levels,

accurate and comprehensive in situ detection of the real-time H2O2 dynamics of living cells remains a

significant challenge. To solve this problem, a novel multi-dimensional in situ cell assay platform combin-

ing electrochemistry, electron spin resonance (ESR) and optical imaging is designed. In this platform, the

real-time concentration of extracellular H2O2 released from stimulated cells can be accurately detected

by ESR assisted chronoamperometry, while the level of intracellular H2O2 is simultaneously monitored

via the incorporated fluorescence imaging. Accurately and simultaneously analyzing the level variations of

extra- and intra-cellular reactive oxygen species based on our assay platform can complement each

other for further precise and in-depth investigation of their membrane transport and related cellular sig-

naling, which will benefit disease diagnosis and treatment.

Introduction

Reactive oxygen species (ROS), such as hydrogen peroxide
(H2O2), superoxide anion, and hydroxyl radical, are mainly pro-
duced from the intracellular mitochondrial electron transport
chain and function as important mediators in a variety of bio-
logical events.1 As a non-radical, uncharged oxidant, H2O2 is
chemically more stable than other ROS and can penetrate
through the cell membrane to accumulate extracellularly in the
surrounding tissues.2 Under endogenous or exogenous stimuli,
the intra-/extra-cellular H2O2 concentration is ever-changing due
to its continuous generation and degradation, resulting in
different physiological and pathological consequences.3

Excessive H2O2 can result in oxidative damage which is related
to aging4,5 and many deadly human diseases such as cancer,6

neurodegenerative disorders,7 and inflammation.8 On the other
hand, emerging evidence suggests that H2O2, at low concen-
trations, can act as a secondary messenger in cellular signal
transduction, playing crucial roles in mitogen-activated protein
kinase and nuclear factor-kappa B pathways that affect cell pro-
liferation and death.9–11 Therefore, it is of great significance to
accurately and comprehensively detect in situ the cellular H2O2

dynamics for fully understanding its physiological roles and
reliably diagnosing pathological symptoms.12

Current methods for qualitative or quantitative detection of
cellular H2O2 levels mainly include electron spin resonance
(ESR),13,14 fluorescence imaging,15,16 electrochemistry,17–21

and chemiluminescence.22,23 Each method has its own charac-
teristics, advantages, as well as inherent shortcomings. ESR
spectroscopy, a sensitive technique for detecting free radicals,
can also be applied to quantitative analysis of H2O2,

18 by
which H2O2 is first converted to a hydroxyl radical upon ultra-
violet (UV) irradiation and then captured by using a spin trap
agent 5,5-dimethyl-1-pyrroline N-oxide (DMPO) to form a
stable nitroxide radical and generate the corresponding ESR
signal directly related to the concentration of H2O2, providing
application in accurate quantitative determination of H2O2.

14

Nevertheless, ESR is not suitable for in situ and real-time
detection of cellular H2O2 of living cells. Fluorescence imaging
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is usually used for detecting intracellular H2O2 dynamics
using a chemo-selective probe; while it lacks the ability to
monitor the released extracellular H2O2 levels.15 Among these
techniques, the electrochemical method, especially the one
based on the enzyme and nanomaterial co-modified elec-
trode,20,21 is distinguished for its good sensitivity, rapid
response, and superior biocompatibility, enabling it to quanti-
tatively analyse the dynamics of extracellular H2O2. At a certain
potential, the redox current generated by electrochemical
reduction or oxidation of H2O2 is directly related to its concen-
tration.24 However, there is an accuracy issue in this single-
dimensional electrochemical detection system involving living
cells because the currently available calibration curve, which
reflects the quantitative relationship between the current
intensity and the H2O2 concentration of the standard solu-
tions, is made on the working electrode either before or after
living cells are anchored17,25 and is unreliable due to the fol-
lowing limitations in each of the cases. In the first case, the
electrical conductivity and the electrochemically active surface
area of the working electrode would change after the ancho-
rage of living cells in the actual analytical system26,27 and thus
causes an inconsistency between the test conditions of cali-
bration and actual detection, resulting in the inaccuracy in the
measured concentrations of H2O2. In the second case, the
added standard H2O2 solution would partly diffuse into the
cells grown on the electrode and subsequently be metabolized
by intracellular peroxidases and catalases,26 making the
obtained H2O2 concentrations higher than the actual one.
Therefore, a more reliable calibration curve should be estab-
lished to accurately reflect the quantitative relationship
between the current intensity and the H2O2 concentration for
monitoring the level of extracellular H2O2 released from living
cells. Meanwhile, effort should also be made to achieve simul-
taneous monitoring of the concentration of the intra- and
extra-cellular H2O2 for comprehensively analysing the spatial
dynamics of H2O2.

28

Herein, we report a multi-dimensional analytical system
(Scheme 1) combining electrochemistry, ESR spectroscopy,
and fluorescence imaging for accurately and comprehensively
measuring the temporal and spatial H2O2 dynamics of living
cells. ESR spectroscopy, which is independent of the electrode
and thus avoids the aforementioned drawbacks of the single-
dimensional electrochemical method, was coupled with
electrochemistry to establish a more reliable calibration curve
for accurate detection of extracellular H2O2. Meanwhile, fluo-
rescence imaging for visualization of intracellular H2O2 is per-
formed on the transparent modified working electrode in the
electrochemical cell for more comprehensive monitoring of
the dynamic variation of cellular H2O2.

Experimental
Materials and reagents

Graphite powder, horseradish peroxidase (HRP), HAuCl4·H2O,
phorbol 12-myristate-13-acetate (PMA), L-phenylalanine, and

L-cysteine were purchased from Sigma-Aldrich, Inc. (USA) and
used without further purification. A cyclic peptide sequence:
arginine-glycine-aspartic acid-phenylalanine-cysteine (RGDFC)
was purchased from Beijing Scilight Biotechnology, LCC
(China). 30% H2O2 solution was purchased from Shanghai
Lingfeng Chemical Reagent Co., Ltd (China), and a fresh solu-
tion of H2O2 was prepared daily. 1-Ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide hydrochloride (EDC) and
N-hydroxysuccinimide (NHS) were purchased from Fluka
Chemical Corp. (USA). Sylgard 184 silicone elastomer and
curing agent were obtained from Dow Corning Corp. (USA).
5,5-Dimethyl N-oxide pyrroline (DMPO) was purchased from
Radical Vision Inc (France). ITO-coated (150 nm thickness and
resistance of 10 Ω per square) glass was purchased from HIVAC
Technology Co., Ltd (China). All other chemicals were of
analytical grade and used as received. The 0.1 M phosphate
buffer solutions (PBS) were prepared with 0.1 M KH2PO4, 0.1 M
Na2HPO4, 0.1 M H3PO4, and 0.1 M NaOH. All aqueous solutions
were prepared using ultrapure water (Milli-Q 18.2 MΩ cm−1,
Millipore system).

Characterization

The contact angle measurements were performed using a DSA
100 system. The Fourier transform infrared spectra (FTIR) of
the samples were recorded between 500 and 2000 cm−1 on an
IRAffinity-1 FTIR spectrometer. Raman spectroscopy was per-
formed using a Renishaw inVia Raman microscope with an
excitation line of 514 nm provided by an argon laser.
Transmission electron microscopy (TEM) images were

Scheme 1 Schematic of the setup of the multi-dimensional in situ cell
assay platform in which ESR assists the electrochemical (EC) method for
accurate detection of the levels of extracellular H2O2 and the incorpo-
rated fluorescence imaging is performed on the transparent working
electrode to simultaneously visualize the intracellular H2O2 variation. In
the three-electrode system, a modified indium tin oxide (ITO) glass with
cultured living cells was used as the working electrode (WE) with a plati-
num wire electrode as the counter electrode (CE) and a Ag/AgCl elec-
trode (saturated KCl) as the reference electrode (RE).
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obtained on a Tecnai G2 20 S-TWIN electron microscope (FEI
Co.), using a 200 kV accelerating voltage. X-ray photoelectron
spectroscopy (XPS) data were obtained by using an
ESCALab220i-XL electron spectrometer from VG Scientific
using 300 W Al Kα radiation. The base pressure was about 3 ×
10−9 mbar. The binding energies were referenced to the C 1s
line at 284.8 eV from adventitious carbon. ESR measurements
were performed using a JEOL JES-FA 200 ESR spectrometer at
X-band frequencies (ν ≈ 9.4 GHz). The phase-contrast and fluo-
rescence images of Hela cells were obtained on a Nikon
Eclipse Ti-S inverted fluorescence microscope.

Electrochemical experiments

Electrochemical experiments such as cyclic voltammetry,
differential pulse voltammograms, and chronoamperometry
were carried out on a CHI-660b electrochemical workstation
(Chenhua Instrument Company of Shanghai, China) with a
conventional three-electrode system at room temperature. The
working electrode was the modified ITO prepared by a layer-by-
layer method. An Ag/AgCl electrode (saturated KCl) and a plati-
num wire worked as the reference electrode and the counter
electrode, respectively. KCl (0.1 M) and Fe(CN)6

3−/4− were used
as the supporting electrolyte solution and a redox couple,
respectively, for cyclic voltammetry. PBS (0.1 M) was used as
the supporting electrolyte solution for DPV and chrono-
amperometry. Chronoamperometry was carried out with an
applied potential of −0.35 V.

Preparation of the working electrode

The working electrode was prepared by using the transparent
ITO glass as a substrate with consecutive modification of the
phenylalanine (F) and cysteine (C) functionalized graphene
(F–C-graphene), gold nanoparticles (AuNPs), HRP, and RGDFC
cyclic peptide on the ITO surface. First, the ITO glass was
cleaned by ultrasonication sequentially in acetone, alcohol,
and ultrapure water for 20 min, and treated with oxygen
plasma to enhance the hydrophilic property by providing a
good spreading effect for further modification. Second, 10 μL
of the F–C-GO aqueous solution was initially cast on the
oxygen-plasma treated ITO substrate and then exposed to
hydrazine vapor at 60 °C for 10 h for in situ reduction of
F–C-GO to form a high-quality homogeneous F–C-graphene
layer. Next, 10 μL of AuNP (with an average size of about
10 nm in diameter) solution was dropped onto the F–C-gra-
phene/ITO electrode and dried at room temperature to obtain
the AuNP/F–C-graphene/ITO. The detailed method for prepa-
ration of F–C-GO and AuNPs can be found in the ESI.† The
prepared AuNP/F–C-graphene/ITO was sterilized with UV light
irradiation for 30 min. In the following step, a homemade tem-
plate (a round bottle cap) was applied for poly(dimethyl-
siloxane) (PDMS) cylinder fabrication. A 10 : 1 (v : v) mixture of
PDMS-Sylgard Silicone Elastomer 184 and Sylgard Curing
Agent 184 (Dow Corning Corp.) was poured into the cap. Then
a pipe with a flat bottom (the diameter of the pipe is smaller
than the cap) was inserted into the mixture and the template
with the mixture was put under vacuum to remove the bubbles

and cured at 70 °C for about 3 h or until the polymer was
rigid. After cooling to room temperature, PDMS was carefully
peeled from the master. And a hollow PDMS cylinder was
obtained and fixed on the prepared AuNP/F–C-graphene/ITO
using silicone gel. To decorate HRP on the electrode, AuNP/
F–C-graphene/ITO was incubated in a 2 mg mL−1 HRP solution
at 4 °C for at least 24 h, followed by carefully rinsing with
0.1 M pH 7.4 PBS to remove the unadsorbed HRP. Then, 10 μL
of 2 mg mL−1 RGDFC cyclic peptide was dropped on the elec-
trode and dried at 4 °C to avoid denaturation of the protein
and the peptide. After that, Hela cells were inoculated on the
modified ITO electrode via specific binding between the inte-
grin receptor on cells and the RGD sequences contained in
RGDFC to act as the WE.

ESR measurement

Oxidation of the spin trap 5,5-dimethyl N-oxide pyrroline
(DMPO), to form 5,5-dimethyl-1-pyrrolidone-N-oxyl (DMPOX),
was monitored by ESR spectrometry to determine the extra-
cellular H2O2 released from Hela cells. All reactions were per-
formed in 0.1 M phosphate buffer (pH 7.4) containing 50 mM
DMPO at ambient temperature. First, we used UV light to
irradiate H2O2 to produce a hydroxyl radical which could be
trapped by DMPO to form DMPOX, a stable nitroxide radical.
And the amount of the produced H2O2 was detected as an ESR
signal of the nitroxide radicals. Thus, the ESR spectra of a
series of standard H2O2 solutions with known concentrations
were measured to create the calibration curve. Meanwhile, the
ESR signal of the solution from the electrochemical analytical
system at different time points upon PMA stimulation was
measured to detect the extracellular H2O2 released from living
cells.

Cell culture

The Hela cells obtained from the human epithelial carcinoma
cell line, acting as a cancer cell model for the production of
cellular H2O2 under stimulation, were cultured in RPMI
1640 medium (Gibco, Grand Island, NY) supplemented with
10% fetal bovine serum (FBS, Gibco, Grand Island, NY), peni-
cillin (100 μg mL−1), and streptomycin (100 μg mL−1) in an
incubator (5% CO2, 37 °C). The cell number was determined
using a Petroff–Hausser cell counter. The Hela cells for fluo-
rescence detection were washed with buffer solution and incu-
bated with a cell-permeable specific H2O2 probe BES–H2O2–AC
(30 μM) for 30 min at 37 °C. After incubation, the stained cells
were rinsed three times with buffer.

Results and discussion
Preparation and characterization of the working electrode

As the most critical component of electrochemical detection, a
biointerface of the working electrode possessing high sensi-
tivity, good selectivity, and strong cell adhesion was fabricated
by combining F–C-graphene, AuNPs, HRP, and the RGDFC
cyclic peptide via a layer-by-layer method21 (Fig. 1, see detailed
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procedures in the Experimental section and Fig. S1†). The
amino acid decorated F–C-graphene layer on the transparent
ITO substrate not only possesses excellent electrical conduc-
tivity but also is a suitable platform for cell growth.21,29–31

AuNPs further enhance the electrical conductivity and thus
promotes detection sensitivity because the small-sized AuNPs
can act as a conducting wire or an electron-conducting
tunnel.21 HRP was selected as a model enzyme since it can
catalyze the electrochemical reduction of H2O2 on the elec-
trode to generate larger electrical current compared to that of
the bare ITO.32,33 The RGDFC cyclic peptide can enhance the
attachment of the living cells on the electrode via specific
binding between the integrin receptor on cells and the RGD
sequences contained in the RGDFC peptide34,35 and facilitate
the subsequent in situ measurement of cellular H2O2.

The amount of the modified graphene was tuned to obtain
an optimal electrochemical performance of the working elec-
trode. The cyclic voltammograms of the ITO modified with
different concentrations of F–C-GO (0–1 mg mL−1) showed that
the redox peaks of the Fe(CN)6

3−/4− couple increased gradually
with the increasing concentration of F–C-GO in the range of
0–0.06 mg mL−1, and it began to decrease when the concen-
tration of F–C-GO was higher than 0.06 mg mL−1 (Fig. 2a).
This is because the effect of F–C-GO on the electrochemical
performance of the electrode is related to its thickness. When
the F–C-GO layer is relatively thin, i.e. the concentration of F–
C-GO is less than 0.06 mg mL−1, the GO in the thin F–C-GO
layer could be sufficiently reduced by hydrazine vapor, leading
to the formation of graphene. Owing to its good conductivity
and superior electrocatalytic activity, this graphene-contained
layer can not only enhance the transport of electrons but also
increase the effective active surface of the working electrode,
eventually increasing the redox peaks of the Fe(CN)6

3−/4−

couple in this case.36,37 But when the number of the F–C-GO
layers is further increased, i.e. the concentration of F–C-GO
exceeds 0.06 mg mL−1, only the GO from the upper surface of
the F–C-GO layers can be reduced, leaving the electrocatalytic

active surface and the F–C-GO layers under the surface
unchanged. And, due to the low conductivity of the GO-
contained inner layers, the transport of electrons will be certainly
hindered, finally causing the decrease of the redox peak of the
Fe(CN)6

3−/4− couple.38 The electrode modified with F–C-GO at
a concentration of 0.06 mg mL−1 achieved the highest redox
peaks, indicating its high sensitivity for electrochemical detec-
tion, and thus was used for the preparation of our working
electrode (Fig. S2, ESI†). Further decoration of AuNPs onto the
F–C-graphene/ITO electrode dramatically elevated the peak
current (Fig. 2b) due to the effective electron transfer of
AuNPs.39 Meanwhile, the decoration of AuNPs facilitated the
modification of HRP through the formation of the Au–S bond.
As shown in Fig. 2c, a pair of well-defined redox peaks at −0.20
and −0.35 V in PBS (pH 7.4), which corresponded to the redox
reactions of HRP,32 was observed for HRP/AuNP/F–C-graphene/
ITO, indicating that HRP retained high catalytic activity after
immobilization. Differential pulse voltammograms (DPV) with
high sensitivity and low background noise was applied to
investigate the H2O2 detection of the modified electrode. Upon
addition of H2O2, the HRP/AuNP/F–C-graphene/ITO electrode
exhibited an increased peak cathodic current at −0.35 V
(Fig. 2d), which was a typical representation of the catalytic
reduction of H2O2, indicating that the immobilized HRP pre-
served a good electrocatalytic response to the reduction of
H2O2. Furthermore, we investigated the selectivity of the
working electrode towards H2O2 over some common coexisting
ROS and redox compounds in biological systems such as
hydroxyl radical, peroxynitrite, hypochlorous acid, ascorbic
acid, glutamic acid, glutathione, and cysteine. The response
current of RGDFC/HRP/AuNP/F–C-graphene/ITO greatly
changed after the addition of H2O2 with an applied potential
of −0.35 V, while nearly no current change could be observed
by the addition of other biologically relevant ROS and redox
compounds (Fig. S3, ESI†). This suggests that the working elec-
trode in our work has a high selectivity toward H2O2, which
could be ascribed to the H2O2-specific catalysis of HRP used in

Fig. 1 Schematic of the preparation procedure of the Hela/RGDFC/HRP/AuNP/F–C-graphene/ITO layered film. A PDMS cylinder was positioned on
the ITO glass to form an electrochemical cell.
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our electrochemical system.40 It is noteworthy that the data pre-
sented in Fig. 2 is the representative of the entire data set. The
repeatability and reproducibility of the working electrode were
evaluated by three repetitive measurements on three independent
working electrodes prepared by the same layer-by-layer method.
The variation coefficients (relative standard deviation) were about
5% for these assays, which showed good repeatability and repro-
ducibility of the working electrode. Thus, the obtained HRP/
AuNP/F–C-graphene/ITO electrode could offer a suitable interface
with good catalytic activity and selectivity towards H2O2 pro-
duction and electron transfer promoting ability.

For in situ monitoring of cellular H2O2, a biocompatible
interface is required for good cell adhesion to facilitate cell
growth and regulation of cellular functions.41 The transparent
property of the modified electrode allows the direct imaging of
the grown cells by an optical microscope. It was observed that
Hela cells could adhere and proliferate normally from 0 to even
72 h on RGDFC/HRP/AuNP/F–C-graphene/ITO (Fig. S4, ESI†),
suggesting that this interface can capture Hela cells and efficien-
tly retain the viability of immobilized cells owing to its good bio-
compatibility. Two additional experiments including scanning
electron microscopy (SEM) and fluorescence staining studies,
which can respectively analyze the cell surface morphology and
the cell and nuclear shape, were also carried out. The SEM
images of Hela cells showed that the captured cells were flat or
elongated, and had numerous filopodia-like structures (Fig. S5a

and S5b, ESI†), which was consistent with the normal surface
morphology of Hela cells as reported by Francisco Lazaro–
Dieguez.42 Hela cells were stained with rhodamine–phalloidin
for F-actin (red) and DAPI for the nucleus (blue) and analyzed
with confocal laser scanning microscopy. No obvious morpho-
logical change was observed for the Hela cells on the working
electrode as compared with the Hela cells in the culture dish
(Fig. S5c, ESI†). The results demonstrate that the electro-
chemical cell has little effect on the morphology of Hela cells.
Collectively, our obtained RGDFC/HRP/AuNP/F–C-graphene
interface not only possesses a good electrochemical perform-
ance but also displays an excellent biocompatibility for cell
adhesion, proliferation, and morphology, which is essential for
electrochemical monitoring of H2O2 released from living cells.

As we discussed in the introduction part, cell adhesion
could change the electrical conductivity and electrochemically
active surface area of the working electrode and cause an in-
accurate relationship between the current intensity and the H2O2

concentration in the single-dimensional electrochemical detec-
tion system involving living cells. Here, the influence of cell
adhesion on the electrical conductivity and electrochemically
active surface area of the working electrode was evaluated and
demonstrated by cyclic voltammetry using Fe(CN)6

3−/4−, which
is sensitive to the surface electrochemistry of electrodes, as the
redox probe. The peak potential difference (ΔEp = 170 mV) for
the working electrode with cell adhesion (Hela/RGDFC/HRP/

Fig. 2 (a) Cyclic voltammograms of the modified electrode with different concentrations of F–C-graphene. (b) Cyclic voltammograms of bare ITO,
F–C-graphene/ITO, and AuNP/F–C-graphene/ITO. Cyclic voltammograms in (a) and (b) were carried out in a solution of 1 mM Fe(CN)6

3−/4− and 0.1 M
KCl at 200 mV s−1. (c) Cyclic voltammograms of HRP/ITO and HRP/AuNP/F–C-graphene/ITO in a solution of 0.1 M PBS solution (pH = 7.4) at
100 mV s−1. (d) DPV of HRP/AuNP/F–C-graphene/ITO from 0.0 to −0.6 V in 0.1 M PBS solution (pH 7.4) without (a) and with (b) 0.5 mM H2O2 addition.
(e) Cyclic voltammograms of the working electrode with (Hela/RGDFC/HRP/AuNP/F–C-graphene/ITO) and without (RGDFC/HRP/AuNP/F–C-
graphene/ITO) cell adhesion in a solution of 1 mM Fe(CN)6

3−/4− and 0.1 M KCl at 50 mV s−1. (f ) Plots of the peak current against the square root of scan
rate (υ1/2) for the working electrode with and without cell adhesion.
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AuNP/F–C-graphene/ITO) is much larger than that (ΔEp =
98 mV) for the working electrode without cell adhesion
(RGDFC/HRP/AuNP/F–C-graphene/ITO) (Fig. 2e). The larger
ΔEp suggests the decreased electron transfer kinetics,43 which
could be ascribed to the lower electrical conductivity after
anchorage of Hela cells on the working electrode.

To evaluate the changing degree of the electrochemically
active surface area, the peak current ip of the cyclic voltamme-
try curve was compared with that for the working electrode
with and without cell adhesion because the peak current ip
has a quantitative relationship with the electrochemically
active surface area in a diffusion-controlled electrochemical
redox reaction according to the Randles–Sevcik equation:21,44

ip ¼ ð2:99� 105Þα 1=2n3=2ACD 1=2υ1=2

where α, n, A, C, D and υ are the charge transfer coefficient,
number of electrons involved in the reaction, electrochemically
active surface area, concentration of the reactant in the bulk
solution (mol cm−3), diffusion coefficient of the reactant
species in solution (cm2 s−1), and scan rate of the potential
perturbation (V s−1), respectively. As the cyclic voltammogram
tests for the working electrode with and without cell adhesion
were both conducted using the Fe(CN)6

3−/4− redox couple with
a concentration of 1 mM in the electrolyte of 0.1 M KCl, the
parameters α, n, D, and C are the same for the two electrodes.
Therefore, the peak current ip is mainly affected by the electro-
chemically active surface area A at the same scan rate. At a
scan rate of 50 mV s−1, the redox current of Fe(CN)6

3−/4− for
the working electrode with cell adhesion (anodic peak current:
14.7 μA) is obviously lower than that for the working electrode
without cell adhesion (anodic peak current: 21.3 μA) (Fig. 2e).
We further quantitatively evaluated the extent of cell adhesion
influence on the electrochemically active surface area of the
working electrode by plotting the peak current against the
square root of scan rate. The slope of the peak current versus
the square root of scan rate for the working electrode without
cell adhesion is about 2 times larger than that for the working
electrode with cell adhesion (Fig. 2f), indicating that ancho-
rage of Hela cells can decrease the true electrochemically
active surface area of the working electrode by about 50%.
Collectively, both the electrical conductivity and the electro-
chemically active surface area of the working electrode decrease
after cell adhesion. Therefore, it is necessary to introduce
another technique to assist the electrochemistry for accurate
quantitative analysis as the amperometric current/concen-
tration curve established before cell adhesion is unreliable for
measuring the dynamics of the extracellular H2O2 diffused
from the anchored cells.

Accurate quantitative detection of extracellular H2O2 of living
cells

The quantitative evaluation of the dynamics of extracellular
H2O2 released from living cells grown on the well-designed
RGDFC/HRP/AuNP/F–C-graphene/ITO interface was explored by
the chronoamperometric response (an electrochemical detec-

tion technique measuring the current–time curve) with the
assistance of ESR. In the electrochemical analysis, the Hela cell
line was employed as a model of human cells, and phorbol
12-myristate-13-acetate (PMA)—a diacylglycerol analogue activat-
ing protein kinase C to trigger H2O2 production in human cells
—was used as the stimulus.45 As shown in Fig. 3a, a continu-
ously increased cathodic current was observed for Hela cells
grown on the electrode under PMA stimulation (cyan curve) for
60 min, while no meaningful response was observed for the
electrode without cultured cells under PMA stimulus (pink
curve) or that with cultured cells in the absence of PMA stimu-
lus (black curve), indicating that the observed cathodic current
was ascribed to the PMA-induced H2O2 released from cultured
cells and the increase in current intensity was directly related to
the continuous release of H2O2 from living cells.

To achieve the reliable quantitative evaluation of the extra-
cellular H2O2 with high accuracy, ESR spectroscopy was intro-
duced to establish the calibration curve of ESR signal intensity
versus H2O2 concentration as well as the relation curve of ESR
signal intensity versus current intensity. In another duplicated
electrochemical cell inoculated with the same number of Hela
cells for electrochemical tests, a small amount (10 μL) of solu-
tion was taken out after the cultured cells were stimulated with
PMA for different time periods and transferred to a capillary
for ESR measurement. It should be noted that 10 μL of PBS solu-
tion containing the same concentration of PMA was added into
the electrochemical cell to keep the total volume unchanged
during ESR analysis. As shown in Fig. 3b, the obtained ESR
spectra displayed four peaks with a signal intensity ratio of
1 : 2 : 2 : 1 and the hyperfine coupling constants (aH = aN =
1.49 mT) corresponding well to the previously reported values of
DMPO–OH, indicating that the signal results from trapped
•OH.46 It was calculated that the ESR signal intensity reached
the highest value at around 40 min and then remained stable.
Thus, we chose the current–time curve in the range of 20 to
40 min as a linear analysis range for quantitative detection of
extracellular H2O2 levels, which might be a main process of con-
tinuous H2O2 generation and diffusion by the cells.47 And we
found that the ESR signal intensity (ΔIESR) at 20, 25, 30, 35, and
40 min showed a linear relationship with the cathodic current
(Δip) at the same time points (inset of Fig. 3d):

ΔIESR ¼ 60:3þ 731:5Δip ðIÞ

where the correlation coefficient is 0.995 (n = 5). In addition,
we measured the ESR spectra of a series of standard H2O2

solutions with known concentrations. The ESR signal intensity
increased with the increasing concentration of H2O2 standard
solution (Fig. 3c). A calibration curve of the ESR signal inten-
sity as a function of the logarithmic value of H2O2 concen-
trations in the range of 1 × 10−6–5 × 10−5 M was plotted in
Fig. 3d. And a linear regression equation of this calibration
curve was obtained as follows:

ΔIESR ¼ 1995:3þ 273:0log CH2O2 ðIIÞ

where the correlation coefficient is 0.997 (n = 5).
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For accurate quantitative determination of the dynamics of
extracellular H2O2 released from the Hela cells, we first read
the current intensity at different time points as shown in
Fig. 3a. Second, we calculated the corresponding ESR signal
intensity according to eqn (I) as shown in the inset of Fig. 3d.
Finally, by using the H2O2 calibration curve obtained by ESR
spectroscopy (eqn (II)), we obtained the concentration of the
extracellular H2O2(CH2O2

) released from Hela cells after PMA
stimulation (Table 1). Thus, with the assistance of the sensitive
ESR technique, we avoided the unreliable accuracy of the cali-
bration curve obtained from the single-dimensional electro-
chemical method, providing a more accurate quantitative
detection of H2O2 in living systems.

As shown in Table 1, with a known electrolyte volume (V) of
200 μL and the Avogadro constant (NA) of 6.02 × 1023, the total

number of extracellular H2O2 molecules (ntot(H2O2)) was calcu-
lated to be about 1015 (ntot(H2O2) = CH2O2

× V × NA). In our
analytical system, the total number of Hela cells grown on the

Table 1 Quantification of extracellular H2O2 at different time points

Time/min Δip/μA ΔIESR CH2O2
/M ntot(H2O2) nave(H2O2)

20 0.539 459.562 2.34 × 10−6 2.82 × 1014 2.82 × 109

25 0.712 570.563 6.04 × 10−6 7.27 × 1014 7.27 × 109

30 0.818 665.375 1.34 × 10−5 1.62 × 1015 1.62 × 1010

35 0.907 718.000 2.10 × 10−5 2.53 × 1015 2.53 × 1010

40 0.977 779.875 3.53 × 10−5 4.25 × 1015 4.25 × 1010

The data in this table is the average value from three replicate
experiments.

Fig. 3 (a) The cyan curve is the chronoamperometric response of Hela cells (5 × 105 cells per mL) on RGDFC/HRP/AuNP/F–C-graphene/ITO under
PMA (10 μg mL−1) stimulation at −0.35 V in 0.1 M PBS (pH = 7.4). The pink and black curves are the control experiments of the electrodes without
cultured cells under PMA stimulus and with cultured cells in the absence of PMA stimulus, respectively. Then the chronoamperometric response
of the working electrode was tested in a miniature well containing 200 μL of PBS (pH 7.4) under the optimized operating electrode potential of
−0.35 V. PMA was added into the electrochemical cell at the starting time point (0 s) (b) ESR spectra of H2O2 released from Hela cells (5 × 105 cells
per mL) with PMA (10 μg mL−1) stimulation for different time periods. (c) ESR spectra of standard H2O2 solution with known concentrations. It should
be noted that 1% (v/v) DMSO (solvent for the PMA) was added into the standard solution to remain consistent with the testing conditions for the real
analytical solution. (d) Calibration curve of the intensity of ESR signal vs logarithm of the H2O2 concentration. The inset shows the linear relationship
between the amperometric current and the ESR signal intensity. Δip was defined as the difference between the current intensity at a certain time
point and that at the starting time point. ΔIESR was defined as the average intensity of the two centered peaks in the ESR spectrum. The data points
and error bars represent the mean and the standard deviation, respectively, of at least three independent experiments.
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working electrode was 105 via multiplying the inoculated con-
centration of Hela cells (5 × 105 cells per mL) by the inoculated
volume (200 μL). Therefore, the average number of extracellu-
lar H2O2 molecules released per cell (nave(H2O2)) was calculated
to be about 1010, slightly lower than that reported by Li et al.
(1011).21

Simultaneous detection of intracellular and extracellular H2O2

Although H2O2 possesses the ability to cross cell mem-
branes,48 there might be a difference between the concen-
trations of intracellular and extracellular H2O2 because some
intracellular enzymes such as catalase and other peroxidases
can efficiently break down H2O2, that is, the intracellular H2O2

concentration depends on its generation rate, as well as its
consumption rate.49 And it is not suitable to only use the extra-
cellular H2O2 level for comprehensively investigating the

related cellular activity. Therefore, simultaneous detection of
the dynamics of both intra- and extra-cellular H2O2 is essential
for more comprehensive monitoring of cellular activity.50 Our
prepared working electrode not only displays high electro-
chemical performance but also possesses good optical trans-
parency, allowing simultaneous detection of extracellular H2O2

with chronoamperometry and visualization of intracellular
H2O2 by fluorescence microscopy. Prior to experiments, Hela
cells were stained with a cell-permeable specific H2O2 probe
BES–H2O2–AC.

51

Upon PMA stimulation, the fluorescence intensity in the
cytoplasm of Hela cells continued to increase in the range of 0
to 50 min (Fig. 4a), corresponding to the changing trend of the
extracellular H2O2 concentration in the aforementioned result
of electrochemical detection. In contrast, no fluorescence
could be detected in the control experiment without stimu-
lation, indicating that the constant intracellular H2O2 pro-
duction was induced by PMA. When the incubation time
becomes longer than 50 min, a decrease in fluorescence inten-
sity was observed. The normalized data displayed that the fluo-
rescence intensities were 9%, 28%, 65%, 73%, 100%, and 48%
at 10, 20, 30, 40, 50, and 60 min, respectively (Fig. 4c),
suggesting that the intracellular H2O2 concentration reached
the highest level at about 50 min and began to decrease. The
decrease of the intracellular H2O2 concentration in the range
of 50 to 60 min could be due to the decrease in cellular H2O2

production caused by the negative feedback regulation of H2O2

signaling through intracellular sensor proteins under the con-
dition of a relatively high level of H2O2,

52 and continuous con-
sumption of H2O2 in the presence of intracellular scavenger
catalase.4,53 Simultaneous real-time detection of intra- and
extra-cellular H2O2 generation offers an advantage to verify
and compare their measured signals, thus avoiding false posi-
tive detections and ensuring the accurate evaluation of cellular
activities.

Conclusions

The accurate and comprehensive in situ detection of the real-
time dynamics of cellular H2O2 was realized by a combination
of electrochemical, ESR, and fluorescence methods. In this
multi-dimensional analytical system, a reliable quantitative
electrochemical detection of extracellular H2O2 released from
living cells was achieved by the assistance of ESR calibration,
avoiding the unreliable accuracy of calibration curves obtained
from the single-dimensional electrochemical method. And the
transparent property of the graphene-based electrode allows
the efficient penetration of excitation and emission light to
realize simultaneous high-resolution optical detection of intra-
cellular H2O2, enabling a more in-depth and comprehensive
analysis towards H2O2 related cellular activities. This will be
helpful to thoroughly understand the redox changes associated
with cell expansion and malignant transformation. Our multi-
dimensional approach can also be extended to other dynamic
monitoring platforms, and be applied to analysis of the key

Fig. 4 (a) Fluorescence images of Hela cells (5 × 105 mL−1) under PMA
(10 μg mL−1) stimulation at 10, 20, 30, 40, 50, and 60 min respectively.
Excitation wavelength: 488 nm. Scale bars, 25 μm. (b) Bright field image
of Hela cells. Scale bar, 25 μm. (c) Normalized fluorescence intensity histo-
gram of the fluorescence images in (a). Relative values normalized to the
maximum amount (set to 100) across fluorescence intensity for H2O2 are
shown.
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biological processes in living systems, which is potentially
useful in cancer diagnosis and progress.
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