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a b s t r a c t

Determination of cellular ROS (reactive oxygen species) could lead to a better understanding of the
clinical consequences of the enhancement in ROS concentration, and assisting in studies of the biological
effect of ROS in cells. This work developed an electrochemical approach for measuring the flux of H2O2

(a major ROS in living organisms) releasing from RAW 264.7 macrophage cells. This approach is based
on the electrocatalytic reduction of the releasing H2O2 at the biosensor of HRP-attapulgite/GC, which
was fabricated by depositing the horseradish peroxidase-attapulgite nanohybrids on the glassy carbon
(GC) electrode. The biosensor exhibited a rapid response, a wide linear range, a high sensitivity, a low
detection limit, as well as good stability and repeatability due to using the natural mineral (attapulgite)
as the enzyme immobilization substrate. In addition, some common coexisting ROS and compounds in
biological system such as hypochlorite (OCl−), nitric oxide (NO•), peroxynitrite (ONOO−), and ascorbic
acrophage cells acid (AA) etc., did not cause any interference due to the use of a low operating potential (−400 mV,
versus SCE). Moreover, the developed approach can also be used for studying the effects of the stimulator
loading and a variety of stimuli on the generation of H2O2 in cells and the release flux of H2O2 from cells.
Therefore, this work has demonstrated a simple and effective sensing platform for detection of cellular
H2O2 released from cells such as RAW 264.7 cells, which has potential utility to cellular biology and
pathophysiology.
. Introduction

In biology, signal transduction initiated by complex
rotein–protein interactions between ligands, receptors, and
inases is a mechanism that converts a mechanical/chemical sti-
ulus to a cell into a specific cellular response (Simons and Toomre,

000). It has become increasingly evident that reactive oxygen
pecies (ROS) including superoxide anion (O2

•−), hydroxyl radical
•OH), hydrogen peroxide (H2O2), hypochlorous acid (HOCl), and
eroxynitrite (ONOO−), etc.) participate in the signal transduction
rocesses in a concentration dependent manner (Finkel, 2000). At
low concentration, they act as a second messenger in cellular
ignal transduction and signal amplification, playing an important
ole as the regulator for a number of oxidative stress-related states.

hereas at a high concentration, they can damage major cellular
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constituents and harm to living organisms, causing a number
of pathological events ranging from aging (Droge and Schipper,
2007), neurodegeneration (DiMauro and Schon, 2008), to cancer
(Finkel et al., 2007; Rossi et al., 2008). Therefore, the quantitative
determination and mediation of cellular ROS concentration could
lead to a better understanding of the clinical consequences of the
enhancement in ROS concentration as well assisting in studies
designed to elucidate the biological effect of ROS in cells.

H2O2, a major ROS in living organisms, affects cell prolifera-
tion and cell death (Chang et al., 2004), leading to the diverse
downstream biological effects connected with lipid peroxidation
(Sevanian and Hochstein, 1985), DNA damage (Troll and Wiesner,
1985), tumor promotion (Ohshima et al., 2003), etc. It is the most
common representative of ROS studied in cellular environments
due to its stability and penetration through cellular membranes. A
variety of techniques, including colorimetry (Kojima et al., 1998),
electrochemical methods (Luo et al., 2009; Li et al., 2010), chemi-

luminescence (Wang et al., 2010; Ye et al., 2010), and fluorescence
(Miller et al., 2007; Dickinson et al., 2010; Kim et al., 2010), elec-
tron spin resonance (Bartosz, 2006), etc., have been developed
for analyzing cellular H2O2. Among these methods, enzyme-based

dx.doi.org/10.1016/j.bios.2011.03.018
http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
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lectrochemical biosensors have received considerable attention
nd become an attractive method for in vivo and ex vivo biological
pplication. Moreover, compared with other methods, the biosen-
or can offer the direct, rapid, and real-time measurements with
o need for using the poor stability and easy photobleaching fluo-
escent probe molecule, adding chemiluminescence reagents, or
etecting under rigorous environment conditions (Xu et al., 2002;
hen et al., 2010; Wu et al., 2010).

Generally, enzyme-based biosensors are developed by immo-
ilizing enzymes on the surface of the suitable materials or on the
lectrode surface because the direct use of enzymes in solution suf-
ers the poor stability (Meng et al., 2009a; Miao et al., 2010). To
eep the intrinsic secondary structure of the enzyme and enhance
he efficiency of the biosensor, it is critical to choose a biocompa-
ible material for immobilizing the enzymes. Attapulgite, a natural
anostructure clay, was employed in this work as an enzyme immo-
ilization material to develop a H2O2 biosensor. Attapulgite has a
pecial laminated chain structure with specific fibrous morphology,
igh surface area, good thermal resistance, moderate absorptive
apacity, and fine biological affinity, providing much potential
or diverse applications such as catalyst supports, nanocomposi-
es, pharmaceutical industry and environmental absorbents (Yang
t al., 2010). However, there are few reports concerning the use
f this natural mineral for the assembly of the enzymes. Horsera-
ish peroxidase (HRP) was selected as a model enzyme to fabricate
he H2O2 enzyme-based biosensor due to its high electrocataly-
ic activity toward the reduction of H2O2, known structure, and
ommercial availability (Cai and Chen, 2004; Peng et al., 2009;
han et al., 2010). The preparation and characteristics of the HRP-
ttapulgite biosensor are presented herein. The monitoring the flux
f H2O2 released from RAW 264.7 macrophage cells using the bio-
ensor is also demonstrated.

. Experimental

.1. Chemicals

Horseradish peroxidase (HRP, E.C. 1.11.1.7, Type VI, lyophi-
ized powder, 250–330 U mg−1, Sigma), catalase (E.C. 1.11.1.6,
rom bovine liver, lyophilized powder, 2000–5000 U mg−1,
igma), phorbol 12-myristate 13-acetate (PMA, ∼99%, Sigma),
-formylmethionyl-leucylphenylalanine (fMLP, ≥97%, Sigma),
denosine 5′-diphosphate (ADP, ≥95%, Sigma), ascorbic acid
AA, ≥99.0%, Sigma), 3-(aminopropyl)-1-hydroxy-3-isopropyl-2-
xo-1-triazene (NOC-5, Sigma), and 3-morpholinosydnonimine
SIN-1, Sigma) were used as received. Prior to use, attapulgite
Jiuchuan Clay Company, Xuyi, China) was treated according to
he reported procedures (Yang et al., 2010). Solutions of H2O2
ere freshly diluted from the 30% solution, and their concen-

rations were determined using a standard KMnO4 solution.
.1 M phosphate buffer solution (PBS, pH 7.4) was employed as
he supporting electrolyte. All other chemicals were of analy-
ical grade. All solutions were prepared with double distilled
ater.

.2. Instruments and procedures

Transmission electron microscopic (TEM) images were obtained
ith a JEOL-2010 transmission electron microscope operating at an

ccelerating voltage of 120 kV. UV–vis spectra were recorded using
Cary 5000 UV–vis-NIR spectrophotometer (Varian, USA). Circular

ichroic (CD) measurements were made on CD Chirascan (Applied
hotophysics Ltd.) in a 1 cm quartz cuvette. The FT-IR spectrum
as recorded on a Nexus 670 FT-IR spectrophotometer (Nicolet

nstruments) using a KBr disk at a resolution of 4 cm−1. The value of
tronics 26 (2011) 4012–4017 4013

Zeta potential (�) of the attapulgite nanostructures was measured
using a Zeta potential analyzer (Zetasizer Nano, Malvern).

The electrochemical experiments were performed with a
CHI 760B electrochemical workstation (CH Instruments). A two-
compartment three-electrode cell with the sample volume of 10 mL
was employed. A coiled Pt wire and a saturated calomel electrode
(SCE) were used as the counter electrode and the reference elec-
trode, respectively. Buffers were purged with high purity nitrogen
for at least 30 min prior to experiments and the nitrogen envi-
ronment was then kept over the solution to prevent oxygen from
reaching the solution. Amperometric measurements were perfor-
med under a constant potential of −400 mV (versus SCE). The
solution was continuously stirred using a magnetic bar at a rate
of 250 rpm.

2.3. Assembly of HRP on attapulgite and fabrication of
HRP-attapulgite/GC electrode

Several experimental parameters were optimized to obtain the
best voltammetric response. For immobilization of HRP, attapulgite
powder (2 mg) was dispersed into HRP solution (1 mL, 5 mg mL−1

in pH 7.4 PBS) by continuously stirring at 4 ◦C for 2 h. After that,
the mixture was centrifuged and the HRP-attapulgite nanohybrids
were collected by removing the supernatant. The nanohybrids were
thoroughly washed with PBS to remove the loosely assembled
enzyme molecules.

To fabricate the HRP-attapulgite/GC electrode, the HRP-
attapulgite nanohybrid was dispersed into PBS (pH 7.4) to form a
homogeneous suspension (5 mg mL−1). Then, the suspension (5 �L)
was cast onto the surface of the glassy carbon (GC, 3 mm in diame-
ter, CH Instruments) electrode with a microsyringe, and solvent
was allowed to be evaporated before use. The HRP-attapulgite/GC
electrode was stored at 4 ◦C when not in use.

By similar procedures, the attapulgite/GC and HRP/GC electro-
des were also fabricated, and their electrocatalytic characteristics
were compared with those of the HRP-attapulgite/GC electrode.

2.4. Cell culture

RAW 264.7 macrophage cells were grown at 37 ◦C in DMEM
(Dulbecco’s Modified Eagle Medium) supplemented with 10% (v/v)
fetal bovine serum (FBS), 100 U mL−1 penicillin, and 100 mg mL−1

streptomycin in a 5% CO2 environment. After growing to 90% con-
fluence, the cells were then washed three times with PBS (0.145 M
NaCl, 1.9 mM NaH2PO4, 8.1 mM K2HPO4, pH 7.4) and the cell num-
ber was estimated by a hemocytometer.

2.5. Measuring the flux of H2O2 releasing from RAW 264.7 cells

The release flux of H2O2 from RAW 264.7 cells was measu-
red with the use of the HRP-attapulgite/GC electrode. RAW 264.7
cells (∼1 × 107 cells) were centrifuged to obtain a cell-packed
pellet with diameter of ca. 0.5 cm and 1 mL PBS was added for
the electrochemical experiments. Before measurements, the buffer
was deoxygenated by gently shaking the cells under a humidi-
fied nitrogen stream. The HRP-attapulgite/GC electrode, which
was carefully adjusted to near the cell pellet under a micros-
cope (AxioObserver A1, Carl Zeiss), was biased at −400 mV (vs.
SCE). After a steady state background was attained, 100 �L PMA
(with the final concentration of 100 ng mL−1) was injected into
buffer, and response current corresponding to the electrocataly-

tic reduction of H2O2 releasing from the cells was recorded under
the physiological pH and temperature (pH 7.4 and 37 ◦C). PMA
is a well-established ROS stimulator to induce the production
of H2O2 in macrophages by activating protein kinase C (PKC)
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Fig. 1. Panel A: UV–vis spectra of attapulgite nanostructures (a), HRP in solution
014 P. Wu et al. / Biosensors and B

nd triggering respiratory burst (Amatore et al., 2008; Lin et al.,
008).

The effects of PMA concentration on the release of H2O2
rom the cells were also evaluated. Various concentrations of
MA (ranging from 50 to 400 ng mL−1) were injected into the
uffer to induce the generation of H2O2 in the cells, and the
ux of H2O2 from the cells was measured using the developed
lectrode.

To study the stimulus type-dependent characteristics of the
2O2 releasing from the RAW 264.7 cells, fMLP, ADP, and AA
as added into the buffer, respectively, with each concentration

f 400 ng mL−1. fMLP, ADP, and AA have also been demonstra-
ed to be able to induce the generation of H2O2 in the RAW
64.7 cells (He et al., 2008; Kim et al., 2010). The release pro-
ess and the release flux of H2O2 were monitored by recording
he change of the reduction current of H2O2 at the electrode with
ime.

. Results and discussion

.1. Assembly of HRP on attapulgite surface

The mineral attapulgite, a hydrated magnesium silicate, con-
ists of a double chain of Si–O tetrahedral running parallel to
he long axis. Upper and lower parts of each double chain are
inked by a layer of octahedral magnesium atoms in 6-fold coor-
ination. The chains form a network of strips that are joined
ogether only along the edges. Significantly, the natural mineral has
variable composition because of partial replacement of magne-

ium by aluminum, iron, calcium, and other elements (Yang et al.,
010). The TEM image indicates that the nanostructures have a
eedle-like morphology with an average size of 20–50 nm in width
nd 0.5–1 �m in length (Fig. S1, Electronic Supplementary Infor-
ation, ESI). They can be individually separated and uniformly

istributed on the electrode surface. This feature is very useful
or the nanostructures being used for substrate to immobilize
he enzymes because the uniform nanostructure can significan-
ly increase the effective surface of the electrode and enhance
he enzymes loading and therefore, improving the electrochemi-
al response. The isoelectric point of attapulgite is 4–4.5 (Neaman
nd Singer, 2000), suggesting that the nanostructures have a net
egative surface charge in PBS (pH 7.4). This can be further veri-
ed by the analysis of Zeta potential (�) since the value of � for
he nanostructures is ca. −(28 ± 2) mV. HRP is positively char-
ed in pH 7.4 PBS because its isoelectric point of the enzyme is
a. 8.9 (Welinder, 1979). Therefore, HRP could be assembled on
he negative charged surface of attapulgite based on electrostatic
nteraction forming the HRP-attapulgite nanohybrids as verified
y UV–vis spectra (Fig. 1). The UV–vis spectrum of attapulgite
hows a feature-less curve (curve a, panel A, Fig. 1), however,
RP-attapulgite shows the Soret band at 403 nm (curve c, panel
, Fig. 1), indicative of the effective assembly of HRP on the atta-
ulgite nanostructures. The features of the peak are identical with
hose of native HRP dissolving in solution (403 nm, curve b, panel
, Fig. 1), demonstrating that no significant denaturation occurred

o the enzyme after being assembled onto the surface of the nanos-
ructures.

This conclusion can be further supported by CD spectra. The
pectrum in the far-UV region (200–250 nm) corresponds to the
eptide n → �* electronic transition and it is sensitive to the con-
ormational changes of proteins (Carlsson et al., 2005). The spectra

f HRP aqueous solution in this region exhibit two negative peaks
t ca. 207 and 222 nm (curve a, panel B, Fig. 1), respectively, which
re the characteristic features of heme proteins (Xhattopadhyay
nd Mazumdar, 2000; Meng et al., 2009b). The CD spectrum of
(0.5 mg mL−1 (b), and the HRP-attapulgite nanohybrids (c). Panel B: CD spectra of
HRP in solution (a) and HRP-attapulgite nanohybrids (b) in the far-UV region. Curve
(a) is displayed by two units’ shifts for clarity.

HRP-attapulgite (curve b, panel B, Fig. 1) in this region is also charac-
terized by two negative peaks, whose positions are almost the same
as those depicted in curve a (panel B), indicating that the structure
and the conformation of HRP after being confined on the surface of
attapulgite nanostructures are essentially the same as those in its
natural state. This conclusion is also verified by IR spectra presented
in Fig. S2 (Electronic Supplementary Information, ESI). These results
show good biocompatibility of the attapulgite nanostructures.

3.2. Electrocatalytic reduction of H2O2 at the HRP-attapulgite/GC
electrode

The aim of this work is to develop a biosensor for monitoring
the release process and measuring the flux of H2O2 from cells.
To evaluate the possibility of the biosensor used in this purpose,
the voltammetric responses of the HRP-attapulgite/GC electrode
toward the reduction of H2O2 were studied. At the absence of H2O2,
the voltammetric response of the electrode is characterized by a
pair of well-defined redox peak with the cathodic (Epc) and anodic
(Epa) peak potential of ca. −350 and −300 mV (at 100 mV s−1, in N2-
saturated PBS), respectively (curve a, panel A, Fig. 2), which can be
ascribed to the direct electron transfer (DET) reaction of HRP assem-
bled on the nanostructures (Huang and Tsai, 2009; Wang et al.,
2009; Yang et al., 2008) (please refer to detailed analysis presen-
ted in the ElectronicSupplementary Information, ESI, Fig. S3). This
result indicates that attapulgite can facilitate the effective DET bet-
ween HRP and the electrode surface in spite of the large molecular
structure of HRP.

Upon addition of H2O2 (0.2 mM), the shape of the cyclic voltam-
mogram of the electrode changes significantly, being characterized
by a large cathodic peak at ca. −410 mV (curve b, panel A) and
complete disappearance of the anodic peak. The increase of H2O2
concentration leads to the enhancement of the cathodic current
(not shown here). These characteristics are the typical features of
electrocatalytic reactions. The reduction of H2O2 starts at a poten-
tial of ca. −100 mV, and the observed reduction current increases
quite rapidly during negative potential scanning and reaches the
highest catalytic current at ca. −410 mV. The results presented in
panels B, C, and D (Fig. 2) show that the reduction current can only
be observed at the potential more negative than −400 mV, demons-

trating that electrocatalytic activity of bare GC, attapulgite, or HRP
immobilized on the GC electrode toward the reduction of H2O2 is
low. Therefore, it can be concluded that HRP-attapulgite nanohy-
brids presents a good electrocatalyst for the reduction of H2O2,
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Fig. 2. Voltammetric responses of the HRP-attapulgite/GC (panel A), bare GC (panel
B
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Fig. 3. Amperometric responses of the HRP-attapulgite/GC electrode to the succes-
sive addition of H2O2 in PBS (0.1 M, pH 7.4) at an applied potential of −400 mV. The
), attapulgite/GC (panel C), and HRP/GC electrodes (panel D) in N2-saturated PBS
0.1 M, pH 7.4) with (curve b) and without (curve a) 0.2 mM H2O2. Scan rate was
00 mV s−1.

ndicating that HRP assembled on the attapulgite nanostructures
etains its intrinsic and good electrocatalytic activities toward its
ubstrates. The postulated elecrocatalytic mechanism involving in
his case is based on DET between HRP and the electrode surface.
uch an electrochemical behaviour could be consistent with the
ollowing reactions (Cao et al., 2008; Gorton et al., 1992; Lindgren
t al., 2000; Ledru et al., 2006):

RP-(FeIII) + H2O2 → Compound-I + H2O (1)

ompound-I + e−→ Compound-II (at electrode) (2)

ompound-II + 2H+ + e−→ HRP-(FeIII) + H2O (at electrode) (3)

he protein contains the heme as active site and the heme-iron
xidation state is FeIII in the resting state. The catalytic reaction
tarts on the rapid reaction of HRP-(FeIII) with H2O2 to produce an
xidized form, called compound-I, in which the active site contains
n oxyferryl center (FeIV = O) and a porphyrin � − cation radical.
he compound-I can get one electron from electrode to produce
ompound-II, an intermediate form of HRP. The compound-II can
urther be reduced at the electrode surface to regenerate the HRP-
FeIII) ground state, forming a catalytic cycle.

Fig. 3 depicts the typical steady state amperometric response
f the HRP-attapulgite/GC electrode to the successive addition of
2O2 in PBS (pH 7.4) solution at a detection potential of −400 mV,
hich was selected by considering the voltammetric response of
2O2 at the electrode and the noise at different detection potentials

Fig. S4, Electronic Supplementary Information, ESI). Immediately
fter the addition of H2O2, the response increases and reaches
5% of the steady state value within ca. 2 s. The response time is
horter than those obtained at other electrodes (Table S1, Electro-
ic Supplementary Information, ESI), suggesting that the electrode
esponds rapidly to the change of the substrate concentration.

he electrode linearly responds to H2O2 at lower concentration
nd attains a saturation level at a higher concentration, represen-
ing a typical Michaelis–Menten enzymatic reaction characteristic
inset A, Fig. 3). The response displays a good linear range from
insets show the dependence of the response of the electrode on H2O2 concentration
under the optimal conditions (inset A), and the relationship of the signal-to-noise
ratio at S/N of 3 (inset B).

0.2 to 150 �M with a correlation coefficient of 0.997 and a slope
of (3.8 ± 0.2) �A mM−1. Therefore, the sensitivity is calculated to
be (55.8 ± 2.9) �A mM−1 cm−2. The apparent Michaelis–Menten
constant (Kapp

M ) is estimated to be (0.09 ± 0.02) mM. The detec-
tion limit is estimated to be ca. (0.05 ± 0.01) �M (at a signal/noise
of 3, inset B, Fig. 3), which is much lower than those reported
previously (Table S1, Electronic Supplementary Information, ESI).
Therefore, it can conclude that the value of Kapp

M is much lower
than those previous reported models (Table S1, Electronic Supple-
mentary Information, ESI), implying that attapulgite can provide a
good biocompatible microenvironment for maintaining enzymatic
activity. This is an advantage of the developed biosensor compared
with those reported previously.

The selectivity and anti-interference advantages of the biosen-
sor are demonstrated by recording the response of some common
coexisting ROS and compounds in biological system such as OCl−,
NO•, ONOO−, and AA, at the biosensor and compared with that of
H2O2 (Fig. S5, Electronic Supplementary Information, ESI). While a
well-defined H2O2 response is observed at the biosensor, biologi-
cal relevant ROS and compounds result a negligible signal, largely
due to the use of low operating potential in the detection. Further
results demonstrate that there is an acceptable repeatability in the
construction of the biosensor and a good stability in the detection of
H2O2 (please refer to the evaluation of the repeatability, assay pre-
cision, and stability of the electrode in Electronic Supplementary
Information, ESI). Hence, a highly selective response to H2O2 is
obtained without the use of a perm-selective membrane or enzy-
matic preoxidation. This is another advantage of the developed
biosensor. These results indicate that the suitability of the biosen-
sor to monitor the release process and measure the flux of H2O2
from cells.

3.3. Measuring the flux of H2O2 releasing from RAW 264.7 cells

Macrophages are key cells in the immune system playing an
important role in host protection against a wide range of tumors
and microorganisms by phagocytosis, antigen presentation, and the
production of cytokines, nitrogen species (RNS), and ROS involved
in the destruction of pathogens (Amatore et al., 2010). When the

cells were stimulated, respiratory burst occurred with H2O2 as the
end product. The endogenous generation of H2O2 in the RAW 264.7
cells induced by PMA was evaluated and the flux of H2O2 relea-
sing from the cells was measured with the use of the developed



4016 P. Wu et al. / Biosensors and Bioelectronics 26 (2011) 4012–4017

Fig. 4. (Panel A), typical amperometric responses of the HRP-attapulgite/GC elec-
trode for the reduction of H2O2 released from RAW 264.7 macrophage cells induced
by PMA (100 ng mL−1) with (curve b) and without (curve a) addition of 50 �L of cata-
lase (300 U mL−1). (Panel B), the time course of H2O2 released from the cells induced
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Fig. 5. The time course (panel A) and the flux of H2O2 (panel B) released from
y 50 (a), 100 (b), 200 (c), and 400 ng mL−1 of PMA (d). (Panel C) Dependence of the
ux of H2O2 releasing from the cells on the concentration of PMA.

lectrode by amperometry since this technique can provide much
ore precise kinetic information on the exocytotic process itself

nd allows evaluation in real-time of the whole efficiency of the
xocytotic process (Amatore et al., 2008; Borgmann, 2009).

Curve (a) in Fig. 4 (panel A) depicts amperometric response
btained at the HRP-attapulgite/GC electrode located near the cell
n PBS (pH 7.4) at a detection potential of −400 mV. After a very
hort period (less than 2 s) upon injection of PMA, the response
ncreases suddenly (curve a, panel B in Fig. 4), indicative of a large
mount of H2O2 releasing from the cells through the expansion of
he fusion pore (Chow et al., 1992; Amatore et al., 2005; Amatore

t al., 2008). Then a stable current reaches featuring the end of the
vent. The current decays gradually to zero within ca. 200 s (not
hown here), indicating H2O2 releasing from the cells has been
the cells induced by 400 ng mL−1 ADP, AA, fMLP, and PMA, respectively. The arrow
indicates the addition of stimuli.

completely consumed or diffused away from the electrode sur-
face. To verify the response depicted in curve a (panel A, Fig. 4)
is only due to the response of H2O2 releasing from the cells, 50 �L
of catalase solution (300 U mL−1), which was known as a selective
scavenger of H2O2 (Szymczyk et al., 2006), were injected into the
solution before the addition of PMA. The response of H2O2 at the
electrode disappears (curve b, panel A in Fig. 4) since the releasing
H2O2 was scavenged by catalase, demonstrating that the addition
of PMA can only induce the release of H2O2 from the RAW 264.7
cells and cannot lead to the release of other ROS or RNS. Otherwise,
the response of the electrocatalytic reduction of other ROS such as
O2 at the electrode should be observed because catalase cannot sca-
venge O2. A maximum current of (47.3 ± 1.6) nA is obtained at ca.
17 s after injection of PMA. This current corresponds to the H2O2
amount of (8.2 ± 0.5) nmol, which was calculated based on the cali-
bration curve depicted in inset (A) of Fig. 3. Therefore, the mean
flux of H2O2 releasing from the cells is evaluated to be (48.2 ± 2.9)
amol cell−1 s−1. These results suggest that the developed biosensor
could be useful in determination of cellular H2O2.

The effects of PMA loading on the amount of H2O2 genera-
ted in RAW264.7 cells and the flux of the H2O2 releasing from
the cells can also be studied using the developed method. Panel
B in Fig. 4 depicts the time course of H2O2 releasing from the
cells induced by different concentration of PMA. The release rate
of H2O2 is enhanced by the increase of PMA loading as reflec-
ted by the slope of the curve (a) to (d) (panel B) in the rising
periods, demonstrating the exocytosis develops rapidly with sti-
mulation of large amount of PMA. Moreover, the amount of

H2O2 releasing from the cells significantly increases with enhan-
cement of the PMA loading. The mean flux of H2O2 from the
cells also increases with the increasing of PMA concentration
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panel C in Fig. 4), showing a PMA concentration-dependent man-
er.

The developed electrode can be also used for measuring the flux
f H2O2 releasing from the cells induced by a variety of stimuli such
s fMLP, ADP, and AA, which were reported to induce the genera-
ion of H2O2 in cells (He et al., 2008; Kim et al., 2010). The amount of
2O2 generated in the cells and the flux of H2O2 from the cells are

ignificantly dependent on the stimuli (Fig. 5). The amount of H2O2
enerated in the cells increases in the order of ADP, AA, fMLP, and
MA (each at the concentration of 400 ng mL−1, panel A in Fig. 5).
he results presented in Fig. 5 also demonstrate that the cells res-
onse rapidly to the stimulation, and the generation and the release
f H2O2 from the cells are fast. Accordingly, the flux of the H2O2
rom the cells is also dependent on the stimuli. The maximum flux
s obtained when PMA is used as a stimulator, and the flux is the
owest in the case of ADP (panel B in Fig. 5). Therefore, the developed
lectrode could be used for studying the H2O2 generation in cells
s well as quantifying the flux of H2O2 releasing from cells. These
bservations substantially demonstrate that the developed elec-
rode represents a new biosensing platform for a reliable collection
f kinetic information of cellular H2O2 release and could be poten-
ially useful for oxidative stress biosensors in study of downstream
iological effects of various stimuli in physiology and pathology.

. Conclusions

In summary, a new amperometric H2O2 biosensor based on
he assembly of HRP on the surface of natural mineral attapul-
ite nanostructures has been developed. The biosensor exhibited
fast response, a broad linear range, a low detection limit with

atisfactory stability and repeatability and could be used for the
tudying the kinetic of the release process and measuring the
ux of H2O2 from the cells. The fabrication method of the bio-
ensor has many advantages such as use of natural mineral as
mmobilization substrate, ease of fabrication, enhanced electro-
atalysis, efficiently preserving the activity of enzyme molecules,
nd effective discrimination to the common coexisting ROS and
NS.
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