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a  b  s  t  r  a  c  t

Single-walled  carbon  nanotubes  (SWCNTs),  horseradish  peroxidase  (HRP),  and  1-butyl-3-
methylimidazolium  tetrafluoroborate  (BMIM·BF4)  were  employed  to construct  a cellular  H2O2 sensor
based  on  direct  electron  transfer.  At a working  potential  of  −0.35 V,  HRP-BMIM·BF4/SWCNTs/CFUME
showed a dynamic  range  of up to  10.2  �M with  a low  detection  limit  of  0.13  �M (S/N  = 3)  and  a  high
sensitivity  of 4.25  A/M  cm2. The  apparent  Michaelis-Menten  constant  (Km,app)  was  estimated  to  be
as  low  as  15.4  �M, which  suggested  that  HRP  molecules  entrapped  in  the  BMIM·BF4 and  SWCNTs
immobilized  at the  carbon  fiber  ultramicroelectrode  maintained  a very  high  affinity.  Because  of  the
extremely  small  dimension  and  low  working  potential,  HRP-BMIM·BF4/SWCNTs/CFUME  enabled  direct
amperometric  real-time  monitoring  of H2O2 in  HeLa  cells  treated  with  the  anticancer  drug,  camp-
tothecin,  without  requiring  complex  data  processing  and extra  surface  coatings  to  prevent  interference.
HRP-BMIM·BF4/SWCNTs/CFUME  testing  clearly  showed  that the  H2O2 level  significantly  increased  in
eal-time monitoring HeLa  cells  under  camptothecin  stress.  When  HeLa  cells  were  cultured  in  medium  without  camptothecin,
the  H2O2 level  remained  stable  during  the whole  measurement  process.  These  results  indicate  that
HRP-BMIM·BF4/SWCNTs/CFUME  could  be  a powerful  tool  for real-time  investigation  of  cellular  H2O2

level,  especially  under  anticancer  drug  stress.  This  method  could  provide  in-depth  insights  regarding
the  occurrence,  development,  and  apoptosis  of  tumors.

©  2017  Published  by  Elsevier  B.V.
. Introduction

Mounting evidence suggests that compared to normal cells,
ydrogen peroxide (H2O2) levels are greatly increased in many
ypes of cancer cells [1]. H2O2 helps cancer cells to infiltrate
nd metastasize to other tissues [2] and is an important signal
olecule regulating the entire process of tumor cell survival, pro-
iferation, and apoptosis [3]. As cancer cells are under increased
ntrinsic oxidative stress, they are more vulnerable to further oxida-
ive insults induced by H2O2-generating agents or by compounds

∗ Correspondence to: Department of Biomedical Engineering, Xinxiang, Henan,
hina.

E-mail addresses: xxmu2008lzx@163.com (Z.-X. Li), xxmu2010yy@163.com
Y. Yu).

ttp://dx.doi.org/10.1016/j.snb.2017.02.001
925-4005/© 2017 Published by Elsevier B.V.
that abrogate the key antioxidant systems in cells. Chemotherapy
drugs widely used in the clinic such as paclitaxel, arsenic trioxide,
luteolin, and doxorubicin increase the intracellular H2O2 content
directly or indirectly to induce apoptosis [4].

The World Health Organization (WHO) reported that the inci-
dence of death from cancer was  8.2 million people in 2012. Effective
prevention and control of cancer depend on an in-depth under-
standing of the occurrence, development, and apoptosis of tumors.
Understanding the changes in H2O2 levels during apoptosis of can-
cer cells induced by drugs is important in for chemical control of
cancer.

Various techniques have been developed for analysis of cellu-

lar H2O2, including chemiluminescence [5], colorimetry [6], and
fluorescence [7]. However, these methods are difficult for in vivo
and in vitro real-time and dynamic studies of H2O2 because they
require tracers or instable chemical probes. In contrast, electro-

dx.doi.org/10.1016/j.snb.2017.02.001
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2017.02.001&domain=pdf
mailto:xxmu2008lzx@163.com
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hemical techniques are more suitable for continuous real-time
2O2 measurement because of their simplicity, rapidity, and label-

ree detection capability. Moreover, electrochemical sensor can be
ade extremely small such that high spatial resolution can be

chieved [8].
Carbon fiber ultramicroelectrodes (CFUMEs) are an ideal tool

or electrochemical monitoring of biological samples because of
heir favorable biocompatibility, easy fabrication, good electron
ransfer properties, and extremely small dimensions, which could

atch the biological microenvironment in cells or tissues with min-
mal perturbation or damage [9]. Single-walled carbon nanotubes
SWCNTs) present a high surface-to-volume ratio, high conductiv-
ty, and electrocatalytic activity, which increases the sensitivity
f sensors by promoting electron transfer to biomolecules and

nhibiting surface fouling by biomolecules [10]. There are sev-
ral catalytic enzymes for heme proteins such as catalase (CAT),
ytochrome c (Cyt c), horseradish peroxidase (HRP), microperoxi-
ase (Mp), and myoglobin (Mb). HRP is one of the heme enzymes,
hich contain iron-centered porphyrins as their prosthetic group

nd easily undergo oxidation and reduction over a wide range
f potentials [11]. HRP based electrodes have high sensitivity for
2O2 [12]. Room-temperature ionic liquids (RTILs) are ion com-
ounds that remain in the liquid state at room temperature. RTILs
ossess unique properties such as high thermal stability and vis-
osity, good conductivity, and solubility, which make them novel
olvent (electrolyte) systems with great potential in electrochemi-
al applications [13]. The direct electron-transfer reaction between
edox proteins or enzymes and RTIL-based composite electrodes
as received considerable attention in recent years. These com-
osite materials provide a suitable microenvironment to maintain
he enzymatic activity and facilitate electron-transfer rate between
he active center of redox proteins or enzymes and the underlying
lectrode [14]. However, not all RTILs are suitable for biocatalysis.
ark and Kazlauska [15] reported that enzymes are usually active

n RTILs that contain BF4
−, PF6

−, and Ntf2
− anions. In this study, 1-

utyl-3-methylimidazolium tetrafluoroborate (BMIM·BF4), which
s soluble in water, was chosen to fabricate the HRP-RTIL compos-
tes.

In this study, a step-by-step immobilization of HRP-BMIM·BF4
nd SWCNTs on the surface of CFUMEs was performed
or real-time in vitro detection of cellular H2O2. The HRP-
MIM·BF4/SWCNTs/CFUMEs were electrochemically characterized
nd their sensitivity and selectivity were investigated. HeLa
ells, which generate H2O2 endogenously under stimulation
y ascorbic acid (AA) [16], were chosen as model cells to
emonstrate the electrochemical detection ability of the HRP-
MIM·BF4/SWCNTs/CFUMEs. The change in cellular H2O2 levels
aused by camptothecin stress, which induces cancer cell apopto-
is, was also measured.

. Materials and methods

.1. Chemicals

HeLa cells were from the China Center for Type Culture Col-
ection (CCTCC, Wuhan, China). Camptothecin, glutathione (GSH),
lucose (GLU), ascorbic acid (AA), dopamine (DA), glycine (Gly),
ric acid (UA), and hexadecyltrimethyl ammonium bromide (CTAB)
ere purchased from Sigma-Aldrich (St Louis, MO,  USA). SWCNTs

purity >95 wt%, outer diameter of 10–20 nm,  length of 5–15 �m)
ere bought from Nanoport (Shenzhen, China) and used as
eceived. HRP and 1-butyl-3-methylimidazolium tetrafluoroborate
ere purchased from Aladdin (Shanghai, China). H2O2 (30 wt%),

lucose, and all other reagents were purchased from Sinopharm
Shanghai, China). Carbon fiber (diameter 7 �m)  was  purchased
tors B 245 (2017) 615–621

from Goodfellow Co. (Oxford, UK). Borosilicate glass capillaries
(inner diameter 0.9 mm,  outer diameter 1.1 mm)  were purchased
from West China Medical Instrument Inc. (Chengdu, China). All
solutions used in the experiments were prepared with deionized
water (18 M� cm,  Millipore, Billerica, MA,  USA). To eliminate dis-
solved oxygen, the solutions were purged with high purity argon
(99.99%, Minghui Gas Inc., Wuhan, China) for 20 min. An argon
atmosphere was maintained over the solutions during the anaero-
bic electrochemical investigations.

2.2. Apparatus

All electrochemical measurements were performed with a
three-electrode system, including CFUME, Pt wire (diameter
0.1 mm), and AgCl coated Ag wire (diameter 0.1 mm),  as working,
counter, and reference electrodes, respectively. A computer-
controlled CHI660A electrochemical workstation was used for
all electrochemical experiments. A scanning electron microscope
(SEM) (Nova 450, FEI Inc. Holland) was  used to investigate the
morphology of CFUMEs.

2.3. Fabrication and modification of CFUMEs

CFUMEs were fabricated as previously described [10]. In brief,
a glass capillary was pulled to obtain a tip size of 20 �m.  A carbon
fiber was glued to a copper wire using conducting silver paste and
the carbon fiber-copper wire was  carefully inserted through the
tip from the other end of the pulled glass capillary. Approximately
1 cm of the carbon fiber was exposed from the tip. Then, the copper
wire was  fixed with epoxy in the capillary. The tip of capillary was
fused on a flame to seal the carbon fiber. The length of the protruded
carbon fiber was cut to 300 �m with a scalpel under the inverted
microscope. CFUMEs were then ultrasonically rinsed in acetone and
double distilled water sequentially. Then, the CFUMEs were elec-
trochemically activated by potential cycling in PBS (pH = 7.0) in a
potential range from −0.2 to +1.2 V at 100 mV/s until stable cyclic
voltammograms were obtained.

SWCNTs (3 mg)  were dispersed in 1 mL  of CTAB (10 mg/mL), and
the mixture was agitated in an ultrasonic bath for 1 h to obtain a
homogeneous black suspension. CFUME was  soaked in 1 mL  of the
SWCNTs-CTAB mixture under an infrared lamp until the solvent
was completely evaporated. HRP-BMIM·BF4/SWCNTs/CFUME was
fabricated by soaking SWCNTs/CFUME in 10 mg/mL HRP (dissolved
in 5% BMIM·BF4 (v/v)) for 12 h at 4 ◦C. HRP/SWCNTs/CFUME and
HRP/CFUME were prepared accordingly. HRP was  dissolved in PBS
to fabricate the HRP/SWCNTs/CFUME.

2.4. Cell culture

HeLa cells (cervical cancer cell line) were cultured in RPMI-
1640 medium containing 10% fetal bovine serum (Gibco, Carlsbad,
CA, USA) and 100 U/mL penicillin-streptomycin at 37 ◦C with 5%
CO2 in water vapor-saturated air atmosphere. HeLa cells growing
in 25-cm2 cell culture flasks were subcultured in 20-mm dishes
for 24 h for electrochemical experiments. The culture medium
was removed and the cells were washed three times with PBS
(136.7 mM NaCl, 2.7 mM KCl, 9.7 mM Na2HPO4, 1.5 mM  KH2PO4,
pH 7.4), and then 1 mL  of PBS containing 50 mM glucose was added
for electrochemical measurements.

2.5. Electrochemical measurements of H2O2 released from HeLa
cells
Amperometric detection of the release of H2O2 from HeLa cells
was performed with HRP-BMIM·BF4/SWCNTs/CFUME, which were
placed in the cells that adhered to the dish. After a steady state
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FUME (D), HRP/SWCNTs/CFUME (E), and the tip of HRP-BMIM·BF4/SWCNTs/CFUME (F).
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Fig. 2. Cyclic voltammograms of CFUME (a), HRP/CFUME (b), HRP-
Fig. 1. SEM of CFUME (A), HRP/CFUME (B), HRP-BMIM·BF4/CFUME (C), SWCNTs/C

ackground was obtained, 5 �M AA or camptothecin was  injected
nto the buffer, and the amperometric responses to the electrocat-
lytic reduction of H2O2 released from the cells was recorded under
n applied potential of −0.35 V.

. Results and discussion

.1. SEM characterization

The surface morphologies of bare CFUME (A),
RP/CFUME (B), HRP/BMIM·BF4/CFUME (C), SWCNTs/CFUME

D), HRP/SWCNTs/CFUME (E), and the tip of HRP-
MIM·BF4/SWCNTs/CFUME (F) were investigated by SEM. Fig. 1
hows the bare CFUME surface, which has humps and concaves
n the scale of 1 �m.  The flame-etching treatment in the capillary
ip sealing step caused this slightly rough morphology of the
are CFUME [17]. As shown in Fig. 1B and C, the HRP/CFUME and
RP-BMIM·BF4/CFUME surfaces showed negligible differences

ompared to the bare CFUME. In comparison, the SWCNTs/CFUME
urface was decorated with SWCNTs, which showed as tangled
WCNTs, as depicted in Fig. 1D. This morphology suggests that
WCNTs immobilized on the CFUME surface would greatly increase
he specific surface area for HRP and BMIM·BF4 immobilization.
fter soaking of SWCNTs/CFUME in BMIM·BF4 or HRP (dissolved

n 5% BMIM·BF4 (v/v)), there was no obvious difference in the
orphology of the surface because of the small amount of HRP or

MIM·BF4 adsorbed in the vacant spaces of the SWCNT sheets.

.2. Electrochemical characterization of
RP-BMIM·BF4/SWCNTs/CFUME
The electrochemical behavior of the immobilized HRP
as characterized by cyclic voltammetry in 0.01 M deoxy-

enated PBS (pH = 7.0). The CVs of bare CFUME (a),
BMIM·BF4/CFUME (c), SWCNTs/CFUME (d), BMIM·BF4/SWCNTs/CFUME (e),
HRP/SWCNTs/CFUME (f), and HRP-BMIM·BF4/SWCNTs/CFUME (g) in 0.01 M
deoxygenated PBS, pH 7.0, at a scan rate of 100 mV/s.

HRP/CFUME (b), HRP-BMIM·BF4/CFUME (c), SWCNTs/CFUME
(d), BMIM·BF4/SWCNTs/CFUME (e), HRP/SWCNTs/CFUME (f),
and HRP-BMIM·BF4/SWCNTs/CFUME (g) is presented in Fig. 2.
No obvious redox peaks were identified for the bare CFUME,
HRP/CFUME, HRP-BMIM·BF4/CFUME, SWCNTs/CFUME, and
BMIM·BF4/SWCNTs/CFUME in the potential range of −0.8–0.2 V.
This can be explained by the fact that HRP could hardly be
absorbed on the bare CFUME without the aid of SWCNTs. After
the SWCNT-modified CFUME was  inserted in the HRP solution for
12 h, a pair of small redox peaks with an anodic peak potential

(Epa) of −0.25 V and a cathodic peak potential (Epc) of −0.35 V
were observed. In contrast, after incorporation of BMIM·BF4 in
the HRP solution, the redox peaks obviously increased at the
same potentials. The formal potential (Eo′

), obtained by averaging
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F RP/SWCNTs/CFUME (B), BMIM·BF4/SWCNTs/CFUME (C), SWCNTs/CFUME (D), HRP-
B , pH 7.0, in the absence of H2O2 (a) and presence of 30 �M H2O2 (b). Scan rate = 100 mV/s.
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Fig. 4. Calibration curve of the faradic current to the concentration of H2O2 in air-
ig. 3. Cyclic voltammograms of the HRP-BMIM·BF4/SWCNTs/CFUME (A), H
MIM·BF4/CFUME (E), HRP/CFUME (F), and CFUME (G) in 0.01 M deoxygenated PBS

otential values of the anodic and cathodic peaks (Epa and Epc), was
0.3 V with a peak potential separation of approximately 100 mV,

ndicating a quasi-reversible process [18]. The reversible redox
eaks resulted from the FeIII/FeII couple of the heme proteins.
his is substantiated by comparing the observed values to those
or the heme protein formal potentials measured in solution [19].
he enlarged interface area and good conductivity of SWCNTs,
hich provide many efficient paths for direct electron conduction

etween HRP and the CFUME, enhanced the current signals of
RP/SWCNTs/CFUME and HRP-BMIM·BF4/SWCNTs/CFUME [20].
ompared with HRP/SWCNTs/CFUME, the BMIM·BF4 entrapped in
he three-dimensional HRP-BMIM·BF4/SWCNTs/CFUME could pro-
ide a favorable microenvironment to facilitate electron transfer
etween the HRP and CFUME [21].

.3. Electrocatalytic reduction of H2O2 on
RP-BMIM·BF4/SWCNTs/CFUME

CVs were initially used to investigate the electro-
atalytic properties of the modified microelectrodes
or H2O2 reduction. The response to the presence and
bsence of 30 �M H2O2 on HRP-BMIM·BF4/SWCNTs/CFUME,
RP/SWCNTs/CFUME, BMIM·BF4/SWCNTs/CFUME, SWC-
Ts/CFUME, HRP-BMIN·BF4/CFUME, HRP/CFUME, and CFUME
ere recorded in deoxygenated 10 mM pH 7.0 PBS, as shown

n Fig. 3. Upon addition of H2O2, the cathodic currents of
RP-BMIM·BF4/SWCNTs/CFUME and HRP/SWCNTs/CFUME

howed an obvious increase, indicating that H2O2 was  cat-
lytically reduced on the electrodes. Additionally, HRP-Fe(II)
as oxidized to HRP-Fe(III). BMIM·BF4/SWCNTs/CFUME, SWC-
Ts/CFUME, HRP-BMIN·BF4/CFUME, HRP/CFUME, and CFUME

howed negligible changes, suggesting that these five electrodes
rovided almost no electrocatalysis to reduce H2O2. Compared
o BMIM·BF4/SWCNTs/CFUME, the much higher cathodic current
f HRP-BMIM·BF4/SWCNTs/CFUME indicated that HRP greatly
romoted the catalytic reduction of H2O2. Moreover, HRP-
MIN·BF4/SWCNTs/CFUME exhibited a much higher response to
hanges in the reduction peak current than HRP/SWCNTs/CFUME.
ompared to the direct electrochemical reduction of H2O2 by
he HRP/SWCNTs/CFUME (from approximately −0.2 V, curve
 in Fig. 3B), the HRP-BMIN·BF4/SWCNTs/CFUME reduced the
eduction onset potential of H2O2 by at least 0.4 V (from approx-
mately +0.2 V, curve b in Fig. 3A). The experimental results
ndicate that HRP retains its excellent bioactivity in the HRP-
saturated 0.01 M PBS buffer. Inset: the Lineweaver-Burk plot. Applied potential:
−0.35 V vs. Ag/AgCl sat. KCl.

BMIM·BF4/SWCNTs/CFUME. Additionally, these results indicate
that BMIM·BF4 absorbed on SWCNTs also contributes to the electro-
chemical reduction of H2O2 by HRP-BMIM·BF4/SWCNTs/CFUME.
The good conductivity of BMIM·BF4 facilitates electron transfer
in the three-dimensional HRP-BMIM·BF4/SWCNTs film. Thus, the
HRP-BMIM·BF4/SWCNTs/CFUME has better bioelectrocatalytic
activity than HRP/SWCNTs/CFUME toward H2O2.

The dependence of the catalytic current on the addition of H2O2
is shown in Fig. S3. The enzyme electrode reached 95% of the
steady state current within 6 s, suggesting that the response of
the electrode to H2O2 should be a quick responsive process [22].
The linear range of H2O2 was  from 0.49 �M to 10.2 �M (R2 = 0.999;
p = 3.7 e−14) with a sensitivity of 4.25 A/M cm2, and the detection
limit was  0.13 �M at a signal-to-noise ratio of 3, according to
the calibration curve presented in Fig. 4. The apparent Michaelis-
Menten constant (Km,app), which is an indicator of the affinity
between the enzyme and substrate, can be derived from the mod-
ified Lineweaver–Burk equation 1/Iss = (Km,app/Imax)(1/C) + (1/Imax),
where Iss is the steady-state current after the addition of sub-
strate, C is the bulk concentration of the substrate, and Imax is

the maximum current measured under saturated substrate con-
ditions. The Km,app was  determined by analysis of the slope and
intercept for the plot of the reciprocals of the steady state current
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Fig. 5. Amperometric responses of the HRP-BMIM·BF4/SWCNTs/CFUME for H2O2
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Fig. 6. Amperometric responses of the HRP-BMIM·BF4/SWCNTs/CFUME for H2O2

released from HeLa cells after addition of 5 �M camptothecin (a), HeLa cells after
addition of 2.7 �M H2O2 (b), HeLa cells after addition of PBS alone (c), and PBS alone
with addition of 5 �M camptothecin (d).
eleased from HeLa cells after addition of 5 �M AA (a), HeLa cells after addition
f  1.4 �M H2O2 (b), HeLa cells after addition of PBS alone (c), and PBS alone with
ddition of 5 �M AA (d).

ersus H2O2 concentration. The smaller Km,app value represents a
igher enzyme affinity for H2O2 [23]. From the Lineweaver–Burk
lot in Fig. 4 inset, the Km,app value of the H2O2 sensor was 15.4 �M,
hich is much smaller than the values of the HRP-SG/CNT/GC

lectrode (1.35 mM)  [24], HRP/Tb-MWCNT-modified graphite elec-
rode (0.16 mM),  MB-HRP/NME/MWCNTs/GC electrode (0.12 mM),
nd HRP/SGCCN film-modified GC electrode (23.85 mM)  [25]. These
esults suggest that HRP molecules entrapped in the BMIM·BF4
nd SWCNTs immobilized at the carbon fiber ultramicroelectrode
resent high affinity.

In addition, the long-term stability of HRP-
MIM·BF4/SWCNTs/CFUME was investigated. There was nearly
o decrease in the H2O2 catalytic current after the modified
lectrode was maintained for 10 days at 4 ◦C. The long lifetime
f the biosensor may  be attributed to the biocompatibility and
tability of the HRP-BMIM·BF4/SWCNTs film [25]. This feature is
deal for in vivo real-time detection.

The reproducibility of the HRP-BMIM·BF4/SWCNTs/CFUME was
lso investigated. The electrode-to-electrode reproducibility was
haracterized by a low relative standard deviation (R.S.D.) of 4.8%
n = 5) in response to 0.98 �M H2O2. The R.S.D. of 1.5% (n = 5) for
.98 �M H2O2 obtained using the same electrode demonstrated
ood intra-electrode reproducibility.

.4. Real-time in vitro detection of H2O2 released from HeLa cells

The HRP-BMIM·BF4/SWCNTs/CFUME was used for the real-time
n vitro detection of H2O2 in cells. HeLa cells, which generate

2O2 endogenously under AA stimulation, were chosen as model
ells to demonstrate the electrochemical detection ability of the
RP-BMIM·BF4/SWCNTs/CFUME. Before detection, HeLa cells were
rown at 37 ◦C in 5% CO2 in 25-cm2 flasks containing Dulbecco’s
odified Eagle medium with 10% fetal bovine serum and 1% antibi-

tics. The culture medium was removed and the cells were washed
hree times with PBS, and then 1 mL  of PBS containing 50 mM glu-
ose was added for electrochemical measurements (as shown in
ig. S5). Without AA stimulation, these cells generated no measur-
ble signal. Upon the addition of 5 �M AA, a significant increase
n currents was observed (Fig. 5a). The maximum current change

as approximately 16.3 nA, corresponding to 1.4 �M H2O2 as cal-
ulated from the calibration curve in Fig. 4. The current change

as equal to that obtained by injecting 1.4 �M H2O2 in PBS in

he HeLa cell culture (Fig. 5b). The current decreased gradually,
ndicating that H2O2 was either consumed or diffused away from
he electrode surface. As controls, the currents were also mea-
sured when PBS without AA was  injected on the HeLa cell culture
(Fig. 5c) and when AA was  injected in PBS alone (Fig. 5d), and
no current change was  observed. These results suggest that the
HRP-BMIM·BF4/SWCNTs/CFUME could be used for detection of
H2O2 released from cells and that its potential functions could be
exploited for physiological and pathological studies.

The HRP-BMIM·BF4/SWCNTs/CFUME was  also applied to detect
the H2O2 increase in HeLa cells under injection of camptothecin in
real-time. Camptothecin-induced generation of H2O2 is mediated
by NADPH oxidase, which is activated by caspase-3(-like) proteases
[26]. After a steady state background was  attained, 5 �M camp-
tothecin was injected into the solution. As shown in Fig. 6a, after
injection of camptothecin, the current significantly increased and
reached a maximum value of 29.5 nA at 2.5 min. The corresponding
H2O2 concentration was 2.70 �M,  and the current then decreased
slowly to the baseline after 10 min, which was consistent with pre-
vious reports [27,28]. The effluxed H2O2 may  re-enter the cells or
may be scavenged by secreted enzymes [29,30]. The peak value of
the current response indicates the maximum H2O2 efflux. The cur-
rent change was  equal to that observed after injecting 2.7 �M H2O2
in PBS to the HeLa cell culture (Fig. 6b). As controls, the currents
were also measured when injecting PBS without camptothecin into
the HeLa cell culture (Fig. 6c) and when injecting camptothecin in
PBS alone (Fig. 6d), and no current change was observed.

In this study, the HRP-BMIM·BF4/SWCNTs/CFUME was first
placed in cells that adhered to the dish and a potential of −0.35 V
was applied. After a steady state background was obtained, 50 �M
AA or camptothecin was  injected into the buffer. The experiments
were repeated more than 10 times. A significant increase in the cur-
rents was observed less than 10 s after AA addition, and the interval
time between current increase and camptothecin addition was
10 ± 1 min, which was  consistent with previous research [31,32].
This biosensor is the first to use carbon fiber modified with enzymes
coupled with CNTs and ionic liquid to detect H2O2 released by can-
cer cells under camptothecin stress. When compared with similar
sensors, the sensor used in this study achieved better results in
terms of the limit of detection (Table 1) [33–38]. However, lim-
itations exist in the use of HRP-BMIM·BF4/SWCNTs/CFUMEs. The
electrode was  not small enough to detect H2O2 in a single cell. The
electrochemical data in this study provided the relative change of
cellular H2O2 under camptothecin stress, but not the absolute cel-

lular H2O2 content. In the future, the carbon fiber electrode should
be etched in the nanometer range for in vivo applications.
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Table 1
Comparison of analytical the performance of H2O2 biosensors.

H2O2 biosensor Detection limit (�M) Refs.

HRP-BMIM·BF4/SWCNTs 0.13 This work
HRP-AuNP-PEG 1 [33]
HRP/TTF–TCNQ/MWCNTs 0.5 [34]
Hb/SWCNTs 4 [35]
HAP-�-zirconium phosphate/GC 1.2 [36]
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HRP-nano-Au-carbon ceramic 6.1 [37]
HRP-DNA/GC 0.3 [38]

. Conclusion

HRP-BMIM·BF4/SWCNTs/CFUME was successfully fabricated
nd employed for electrochemical monitoring of the cellular H2O2
evel under camptothecin stress in real-time in vitro. The elec-
rochemical data suggest that HRP retained its catalytic activity
nd reduced H2O2 after being immobilized on SWCNT-coated
FUME. SWCNTs immobilized on the CFUME surface greatly

ncreased the specific surface area for HRP and BMIM·BF4 immo-
ilization. SWCNTs and BMIM·BF4 facilitated electron transfer of
RP to improve the detection limit and resulted in a favorable
nti-interference ability and highly selective detection of H2O2
ithout incorporating a redox mediator or extra anti-interference

oatings. Moreover, the biocompatibility and stability of the HRP-
MIM·BF4/SWCNTs film provide the biosensor with a long lifetime.
hese features are especially preferred for a biosensor. The HRP-
MIM·BF4/SWCNTs/CFUME was successfully applied to real-time
etection of cellular H2O2 under camptothecin stress and gener-
ted straightforward amperometric data. This real-time cellular
2O2 sensor is expected to facilitate research on the role of H2O2

n the occurrence, development, and apoptosis of tumors.
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