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ARTICLE INFO ABSTRACT

Keywords: The rapidly growing demand for in situ real-time monitoring of chemical information in vitro and in vivo has
Flexible fiber microelectrode attracted tremendous research efforts into the design and construction of high-performance biosensor devices.
Nitrogen dOPe"i carbon nanotube arrays Herein, we develop a new type of flexible nanohybrid microelectrode based on carbon fiber wrapped by gold
Gold nanoparticles nanoparticles decorated nitrogen-doped carbon nanotube arrays, and explore its practical application in in situ

Electrochemical biosensors
in situ detection
Cancer cells

electrochemical detection of cancer biomarker H,O, secreted from live cancer cells. Our results demonstrate that
carbon fiber material with microscale size and fascinating mechanical properties can be used as a robust and
flexible microelectrode substrate in the electrochemical biosensor system. And the highly ordered nitrogen-
doped carbon nanotube arrays that grown on carbon fiber possess high surface area-to-volume ratio and
abundant active sites, which facilitate the loading of high-density and uniformly dispersed gold nanoparticles on
it. Benefited from the unique microstructure and excellent electrocatalytic properties of different components in
the nanohybrid fiber microelectrode, an effective electrochemical sensing platform based on it has been built up
for the sensitive and selective detection of H,0,, the detection limit is calculated to be 50 nM when the signal-to-
noise ratio is 3:1, and the linear dynamic range is up to 4.3 mM, with a high sensitivity of 142 yA cm 2> mM ™.
These good sensing performances, coupled with its intrinsic mechanical flexibility and biocompatibility, allow
for its use in in situ real-time tracking H,O, secreted from breast cancer cell lines MCF-7 and MBA-MD-231, and
evaluating the sensitivity of different cancer cells to chemotherapy or radiotherapy treatments, which hold great
promise for clinic application in cancer diagnose and management.

1. Introduction ray, magnetic resonance imaging, and biopsy (Hossain et al., 2012;
Prével et al., 2016; Yang et al., 2017), which are lack of sensitivity for

Cancer is the second largest life-threatening disease that has over early-stage cancer detection until the cancer cells have spread sur-
200 types identified all over the world and leads to more than 1500 rounding tissues and metastasized throughout the body. In recent times,
deaths occurring each day (Jayanthi et al., 2017). In spite of recent tremendous research efforts have been focused on developing cancer
technological advancement towards the treatments of cancer, the pa- biosensors for their excellent analytical performances in effective
tient's survival rate is still low due to the poor prognosis and limitation measurement of cancer biomarkers to improve the early diagnosis
of cancer diagnosis and therapy at the late stage (Pan et al., 2017; Wang (Jayanthi et al., 2017; Liu et al., 2017a; Mittal et al., 2017). HyO, is a
et al., 2017). Therefore, early diagnosis of cancer is helpful for its ef- general endogenously enzymatic byproduct of oxidases that plays an
fective treatment and decreasing the mortality rate. However, the increasingly important role in a variety of biological processes and can
conventionally available methods in cancer diagnosis are primarily function as an indicator in tracing many biochemical reactions (Xi
based on the phenotypic properties of the tumors using ultrasound, X- et al., 2015; Xiao et al., 2012). Recent researches have demonstrated
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that H,O, is excreted by live cells and can reach various cellular regions
by diffusing out through the membranes to keep its concentration at the
same level (Kim et al., 2017; Lin et al., 2016; Zhu et al., 2016). An
appropriate level of H,0, is benefit for body normal function and signal
transduction of cells. Nevertheless, it is also noteworthy that the excess
of H,O, can destroy the orderliness of the body and lead to different
diseases, including Parkinson's, heart attack, Alzheimer's and so on (Bai
and Jiang, 2013; Wang et al., 2016a). Especially, emerged evidences
have proved that cancer cells can generate more H,O, than normal cells
due to an elevation of H,O, production capacity in abnormal growth of
tumor (Ju and Chen, 2015; Liu et al., 2015). As a result, H,O, can be
used as a specific molecular probe, and the detection of H,O, in bio-
logical system is significant for the evaluation of oxidative stress cap-
ability distinctions in different live cell as well as the identification of
cancer cells.

Nowadays, a wide spectrum of analytical techniques, including
spectrophotometry, titrimetry (Liu et al., 2017b), chemiluminescence
(Ravi et al., 2003), chromatography (Xu et al., 2016), and electro-
chemistry (Rui et al., 2010; Sun et al., 2015, 2016; Xi et al., 2016), have
been applied for the determination of H,O,. Among them, electro-
chemical methods have sparked great research interests for their ex-
plicitly capable in in situ real-time analysis of HO, due to their rapid
response, high sensitivity and accuracy, facile operation, user-friendli-
ness, as well as excellent reproducibility (Beitollahi et al., 2014, 2015;
Bojdi et al., 2016a, 2014; Karimi-Maleh et al., 2012; Mazloum-Ardakani
et al., 2011; Taleat et al., 2008). The electrochemical H,O, sensors are
usually based on catalytic redox of H,O, by natural enzyme, e.g,
horseradish peroxidase (Chen et al., 2017). However, the inevitable
disadvantages, such as complicated immobilization procedure, in-
sufficient stability, and high costs, have seriously limited its application
in practice. In comparison with enzymatic sensors, the nonenzymatic
H-0, sensors based on noble metals (e.g., Pt, Au, Pd, Ag etc.) and their
alloy nanoparticles (NPs) have been developed as an alternative for
their high specific electrocatalytic activity and outstanding electron
transfer ability toward direct electrochemical redox of H;O, (Chen
etal., 2012, 2014a; Wang et al., 2016a; Xi et al., 2015; Xiao et al., 2012,
2013; Zhang et al., 2014, 2015). More importantly, loading noble metal
NPs on high surface-to-volume ratio support, such as tubular structure,
can effectively enhance their electrocatalytic efficiency (Bojdi et al.,
2016b; Hosseini et al., 2014), which is anticipated to exhibit good
analytical performance in rapid and accurate detection of low-level
H,0, in real samples. In parallel with the development of nanocatalyst
on electrode, the design of flexible electrode substrates have also at-
tracted tremendous research efforts. In our previous works, several
flexible one-dimension (1D), two-dimension (2D) and three-dimension
(3D) carbon materials, such as 1D carbon fiber (CF) (Wang et al., 2016),
2D graphene paper (Sun et al., 2015, 2016; Xiao et al., 2013, 2012) and
3D graphene foam (Dong et al., 2015), have been developed in con-
structing electrochemical biosensors for their special features including
high chemical stability, good biocompatibility, and intrinsic flexibility
and mechanical strength. Consequently, the resultant modified

CF@ZnO-NRAs@PDA CF@ZnO-NRAs@PDA-GNPs

Biosensors and Bioelectronics 100 (2018) 453-461

Fig. 1. Schematic illustration of the fabrication pro-
cedure of CF@NCNTAs-GNPs nanocomposite. Step i:
Growth of ZnO-NRAs on CF via hydrothermal pro-
cess; Step ii Coating PDA layer on ZnO-NRAs via
polymerization of DA; Step iii: Decorating GNPs on
PDA layer via chemical reduction of KAuCl, pre-
cursor by catechol groups of PDA. Step iv:
Carbonizating and removing ZnO-NRAs template.

CF@NCNTAs-GNPs

electrodes exhibit good sensing performances for in vitro and in vivo
tracking biological information.

In this work, we develop a new type of flexible nanohybrid micro-
electrode based on CF modified by gold nanoparticles (GNPs) decorated
highly ordered nitrogen doped carbon nanotube arrays (NCNTAs), and
explore its practice application in in situ real-time detection of H,0,
secreted from live cancer cells. CF is a fascinating flexible substrate in
microscale regard due to its small size (5-30 pm in diameter), elasticity
modulus, and high tenacity, which can be used in electrical signal
transduction of electrochemical biosensor system. In order to increase
its active surface area, NCNTAs were directly synthesized on CF by a
facile and template-based procedure using ZnO nanorod arrays (NRAs)
as the template, where ZnO-NRAs were grown on CF through hydro-
thermal synthesis and used as the sacrificial template to construct the
hollow structure of nitrogen doped carbon (NC), with dopamine (DA) as
the carbon source and nitrogen source. DA is a biomolecule that can
self-polymerize at alkaline pH values and spontaneously form poly-
dopamine (PDA) films on virtually any surface as well as secondary
surface-mediated reaction (Liu et al., 2011; Wang et al., 2016b), and the
reduction properties of catechol groups of PDA facilitate the growth of
highly dense and well disperse GNPs on the PDA coated support from
KAuCl, precursor. After carbonizating and removing ZnO-NRAs tem-
plate, the CF wrapped by GNPs decorated NCNTAs (CF@NCNT-
As—-GNPs) was obtained (Fig. 1). In virtue of the structural merits and
electrocatalytic properties of different components in CF@NCNT-
As—-GNPs, a highly sensitive, selective and reliable sensing platform has
be built up for nonenzymatic electrochemical detection of H,O, and in
situ real-time tracking H,O, secreted from breast cancer cell lines MCF-
7 and MBA-MD-231. The results show that the proposed electro-
chemical sensor based on flexible CF@NCNTAs-GNPs microelectrode
can determine H,O, secreted from MDA-MB-231 and MCF-7 cells sti-
mulated by extracellular matters, and evaluate the sensitivity of dif-
ferent cancer cells to chemotherapy or radiotherapy treatments, which
is of great clinic significance for the development of effective strategies
in the diagnosis and treatment of different cancer diseases.

2. Material and methods
2.1. Reagents and apparatus

Zinc acetate, ethylenediamine, ethylene glycol methyl ether, zinc
nitrate hexahydrate and hexamethylene tetramine were purchased from
Aladdin Chemistry Co., Ltd (China) and have been used for the pre-
paration of ZnO-NRAs. DA, KAuCl,, tristhydroxymethyl) amino-
methane and HCI (mass fraction is 37.5%) were obtained from Sigma-
Aldrich Co., Ltd (USA). Ascorbic acid (AA), B.p(+)-glucose, uric acid
(UA), and H,0, were obtained from Sinopharm Chemical Reagent Co.,
Ltd (China). N-formylmethionyl-leucyl-phenyl-alanine (fLMP, =99.5%)
and catalase (come from bovine liver, Lyophilized, = 3000 units mg~')
were obtained from Sigma-Aldrich Co., Ltd (USA). Dulbecco's modified
eagle's medium (DMEM), fetal bovine serum (FBS), trypsine-EDTA
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(0.25%) and penicillinstreptomycin were purchased from HyCl one
(Waltham, USA). The chemotherapeutic agent cisplatin (DDP), propi-
dium iodide (PI) and calcein AM viability dye (UltraPure Grade) were
purchased from Sigma (USA). All other chemicals used were of analy-
tical reagent grade. All solutions were prepared using deionized water
(resistivity: 18.25 Q cm ™). All these chemicals were of reagent grade
and have been used to prepare solutions with doubly distilled water.
0.1 M phosphate buffer saline (PBS, pH 7.4) solution consisting of
KH,PO4 and K,HPO, was used as the electrolyte for electrochemical
experiments and physiological environment for cell testing. All of the
mentioned solutions were prepared with deionized water.

2.2. Preparation of CF@NCNTAs-GNPs nanocomposite

For the fabrication of flexible CF@NCNTAs-GNPs microelectrode, a
bundle of CF was soaked in 30% H,0, in the oven for 6 h, and then it
was washed by deionized water and acted as a substrate for the growth
of ZnO-NRAs by the hydrothermal process. In detail, CF was placed in
40 mL teflon reactor with 50 mM zinc nitrate hexahydrate and 50 mM
hexamethylene tetramine mixed solutions with a seed layer, and the
seed layer was obtained from the solution of 4 mM zinc acetate-ethy-
lene glycol methyl ether. After that, the teflon reactor was heated at
90 °C for 12 h in an oven. The obtained product of ZnO-NRAs wrapped
CF (CF@ZnO-NRAs) was washed with deionized water and dried in the
air. Subsequently, 100 mg of DA was dissolved in 50 mL Tris-buffer (pH
8.5) by ultrasonication for 10 min and then added with the CF@ZnO-
NRAs. After 10 h, PDA film was coated on the surface of ZnO-NRAs.
Then, 2 mM KAuCl, was added into the above suspension and reacted
for 15 min under the ice-bath condition. The resultant GNPs decorated
CF@ZnO-NRAs@PDA (CF@ZnO-NRAs@PDA-GNPs) was washed with
deionized water for three times, and dried by freeze-drying. The ob-
tained sample was heated at 500 °C in a quartz tube under Ar atmo-
sphere with a heating rate of 10 °C min ™" for 2 h to transfer PDA layer
into NC layer wrapped ZnO-NRAs. Finally, the prepared product was
soaked in 0.1 M HCI solution for 1 h to remove ZnO-NRAs template and
being freeze-dried, and CF@NCNTAs-GNPs was obtained.

2.3. Characterization

The scanning electron microscope (SEM, Zeiss, Germany) and high-
resolution transmission electron microscopy (HRTEM, TECNAI G220 U-
Twin instrument, Netherlands) were employed for the characterization
of morphologies and surface structures. X-ray photoelectron spectro-
scopy (XPS) experiments were measured on an ESCALAB MKII spec-
trometer (VG Co., U.K.) to examine the relevant composition. The X-ray
diffraction (XRD) analyses were performed using a Rigaku dif-
fractometer model Multiflex with a CuKa radiation source to in-
vestigate the crystal structures. The fluorescence microscope (Olympus
BX41F, Japan) equipped with a DP73 camera was used to examine cells
statues under light with the different wavelengths. The images were
taken with the software cellSens standard 1.7 (Olympus, Japan). The
radiation treatment was performed with 6 MV X-ray linear accelerator
(Primus, Siemens AG, Erlangen, Germany). Cyclic voltammetric (CV)
and chronoamperometric experiments were performed with the
CHI660E electrochemical workstation (CH Instrument Company,
Shanghai, China) using a conventional three-electrode system. The
working electrode is the flexible nanohybrid fiber microelectrode, the
reference electrode is Ag/AgCl electrode, and the counter electrode is a
platinum wire. All potentials were measured and reported versus the
Ag/AgCl electrode. All electrochemical tests were carried out in 0.1 M
PBS solution (pH 7.4) with stirring. And the tested solution was ven-
tilated with high-purity nitrogen to exclude the interference of oxygen.

2.4. Cell culture

The breast cancer cells MCF-7 and MBA-MD-231 were seeded at a
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density of 10° cells/well into 6-well plates and maintained in a culture
medium consisting of DMEM at 37 °C, and subcultured every 3 days.
Calcein-AM viability dye was dissolved in dimethyl sulphoxide
(DMSO), and the concentration is 1 mM. PI was dissolved in ddH,O,
and the concentration is 1.5 mM. The calcein-AM and PI solutions were
stored at — 20 °C. The dye solution was prepared by mixing 10 uL cal-
cein-AM and 15 pL PI solutions with 5 mL PBS solution, the final con-
centrations of calcein-AM and PI are 2 uM and 4.5 uM, respectively. To
assess cell viability, 100 pL dye solution was added into 200 puL washed
cells suspension (10°-10%/mL), which was incubated for 15 min at
37 °C to stain viable cells green and dead cells red. The samples were
then rinsed twice in PBS solution and observed by a fluorescent mi-
croscope. Cell number was calculated by using a cell counter. For
chemotherapy, the cells were treated with DDP (0.01 M, pH 7.4) with a
final concentration of 0.2 ug mL™!. And after 24 h, serum-free DMEM
containing CFSE (2.5 uM) was added into each well. For radiation
treatment, the cells were irradiated using a 6 MV X-ray linear accel-
erator at a dose rate of 200 cGy/min using a collimator with a 40 X
40 cm? radiation field at the treatment isocenter. The dose of radiation
was 2 Gy. For electrochemical experiments, CF@NCNAs-GNPs was
acted as the working electrode and placed near the live cells in testing
solution containing 5.0 x 10° cells, fLMP was injected into the cells to
stimulate live cells to generate H>O,, and the current responses were
recorded by CHI 660E.

3. Results and discussion

3.1. Structural and compositional characterization of CF@NCNTAs—GNPs
nanocomposite

The morphologies of the as-prepared nanohybrid fibers with dif-
ferent magnifications are presented in Fig. 2. CF with a typical diameter
of 10 um and length of 2 cm (Fig. 2A and B), was activated by H,O, and
used as the electrode substrate. The preparation procedure of CF@
NCNTAs-GNPs involves three steps. First, the freestanding ZnO-NRAs
have grown on CF via a hydrothermal synthesis method. During this
procedure, the surface of CF is entirely wrapped by close-packed ZnO
nanorods (Fig. 2C and D), which are vertically grown on the surface of
CF to form array structure (Fig. 2E). From the higher-magnification
SEM image, it can be observed that individual ZnO nanorod exhibits a
well-defined hexagonal prism shape and smooth side facets, with
homogeneous diameter of less than 100 nm and average length of 2 um
(Fig. 2F). Second, ZnO-NRAs on CF are uniformly covered with PDA
film via polymerization of DA, followed by decorated with GNPs
through chemical reduction of their precursor solution by catechol
groups of PDA. Finally, after carbonizating and removing ZnO-NRAs
template, PDA coated ZnO-NRAs were converted to highly ordered
NCNTAs (Fig. 2G), where GNPs are decorated on the shell of the na-
notubes (Fig. 2H). Fig. 2I shows the TEM image of several GNPs de-
corated carbon nanotubes peeled off from CF substrate under the ul-
trasonication assistance, which reveals the typical hollow structure of
N-doped carbon nanotubes after removing the ZnO nanorods template,
and the GNPs with uniform size and high density are well distributed on
the surface of nanotubes. The high-resolution TEM (HRTEM) image
shown in Fig. 2J demonstrates that the amorphous carbon shell of na-
notubes is ~ 7 nm, and the average size of GNPs decorated on the
carbon nanotubes is ~ 5 nm. The lattice spacing of 0.24 nm for GNP is
corresponding to (111) lattice planes of Au specie (Fig. 2K) (Chen et al.,
2014b; Thanh et al., 2016). The element distribution in CF@NCNT-
As—GNPs has been shown by SEM mapping, which exhibits the uniform
and intensive distribution of C, N and Au elements in the nanohybrid
fiber (Fig. 2L), indicative of the successful synthesis of NCNTAs and
effective decoration of GNPs on their surface.

The XPS characterization has been performed to investigate the
surface chemical composition of CF@NCNTAs-GNPs, which presents
four main peaks assigned to Au 4f C 1s, N 1s and O 1s (Fig. 3A). From
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the high resolution C 1s XPS spectrum, it can be seen that the C 1s
region can be convoluted into three main contributions, i. e., the peak at
285.0 eV belongs to sp>-hybridized graphite-like carbon (C-C sp?), the
peak at 286.4 eV assigns to C-N, and the peak at 288.4 eV originates
from O=C-O groups (Fig. 3B) (Yu et al., 2014). The XPS spectrum of N 1s
can be divided into three main peaks. The peaks at 398.7 eV, 400.0 eV
and 401.5 eV are featured as pyridinic nitrogen, pyrrolic nitrogen and
quaternary nitrogen groups, respectively, demonstrating that PDA layer
was converted to NC layer after carbonization, which is anticipated to
favor the cation transport on the surface electrode material for defects
in the carbon shell caused by N doping (Fig. 3C) (Balamurugan et al.,
2017; Xi et al., 2016). Furthermore, the high resolution Au 4 f XPS
spectrum displays two doublets at 84.1 eV and 87.8 eV (Fig. 3D), which
are consistent with the previous report for GNPs (Zhuang et al., 2014).

Fig. 3E displays the XRD profiles of CF@ZnO-NRAs, CF@ZnO-
NRAs@NC, CF@ZnO-NRAs@NC-GNPs and CF@NCNTAs-GNPs. All of
the nanohybrid fibers show a weak and broad peak at 26° corre-
sponding to graphitic planes of CF (Paul et al., 2017). For CF@ZnO-
NRAs, CF@ZnO-NRAs@NC and CF@ZnO-NRAs@NC-GNPs, there are
seven diffraction peaks corresponding to the (100), (002), (101), (102),
(110), (103) and (112) facets of ZnO (JCPDS 036-1451) (Fang et al.,
2017). Moreover, the XRD pattern of CF@NCNTAs-GNPs indicates that
the diffraction peaks located at 38.23°, 44.48°, 64.74° and 77.73°, as-
signing to the (111), (200), (220) and (311) facts of Au species (JCPDS
00-001-1172) (Zhong et al., 2017) of GNPs in the nanocomposite. After
removing the ZnO-NRAs template, all the diffraction peaks corre-
sponding ZnO disappear, only diffraction peaks that corresponding to C
and Au species are observed, confirming the formation of NCNTAs
decorated by GNPs.

3.2. Electrochemical characterization of CF@ZnO@NCNTAs—GNPs
microelectrode

The CV technique has been applied to investigate the electro-
chemical properties of different nanohybrid fiber microelectrodes using
[Fe(CN)61®7* as a redox probe (Fig. 3F). The CV curve of bare CF
microelectrode demonstrates a pair of quasi-reversible redox peaks of
[Fe(CN)g1%7"* couple, but the peak current density (jj,) is small and the
peak potential separation (AE,) is large due to the low electro-activity
and weak wettability of unmodified CF. When bare CF has been mod-
ified by a layer of NCNTAs, the j, value of redox waves associated with
[Fe(CN)¢]1>7* probe exhibits an obvious increment in comparison with
that of bare CF, and the AE,, value decreases as well, illustrating that the

M o

Biosensors and Bioelectronics 100 (2018) 453-461

Fig. 2. SEM images of (A) and (B) CFs, (C)-(F) CF@
ZnO-NRAs, (G) and (H) CF@NCNTAs-GNPs nano-
composite with different magnifications. Inset of (A)
is the digital photograph of CF. (I) TEM image of
several GNPs decorated nitrogen doped carbon na-
notubes peeled off from CF substrate. HRTEM image
of (J) a single nitrogen doped carbon nanotube and
(K) GNP decorated on it. (L) Scanning elemental
mapping of CF@NCNTAs-GNPs nanocomposite.

2

%,

NCNTAs layer on CF has provided necessary conduction pathways in
promoting the electron transfer of ferricyanide ions. CF@NCNTAs mi-
croelectrode with large surface area and abundant active sites serves as
an ideal substrate to load electroactive nanomaterials. After being de-
corated by GNPs, the CV curve of CF@NCNTAs-GNPs microelectrode
demonstrates remarkable decrease of AE, value and increase of j, value.
The electrochemically active surface area (ECSA) values of different
microelectrodes have been estimated according to the slope of the i
versus v /2 plot based on the Randles-Sevcik equation, the ECSA value
of CF@NCNTAs-GNPs microelectrode is 2-fold higher than that of CF@
NCNTAs microelectrode, and 7-fold higher than that of bare CF mi-
croelectrode, indicating that the loading of GNPs on NCNTAs has ac-
celerated the heterogeneous electron transfer between the electrode
and the [Fe(CN)s]>/* redox species, and dramatically increased ECSA
of CF@NCNTAs-GNPs microelectrode.

3.3. Electrochemical sensing performance of CF@NCNTAs—GNPs
microelectrode to H,O,

The developed CF@NCNTAs-GNPs microelectrode has been used in
electrochemical detection of H,O5 under the optimized condition, with
bare CF microelectrode and CF@NCNTAs microelectrode as the control.
As shown in CV curves of Fig. 4A, the current response of bare CF
microelectrode toward 4 mM H,O, is negligible. While for CF@
NCNTAs microelectrode, a distinct H,O5 reduction peak can be ob-
served at —0.6 V. Compared to CF@NCNTAs microelectrode, the j, of
H50, reduction on CF@NCNTAs-GNPs microelectrode dramatically
increased, and the peak potential shifts to —0.3 V. Furthermore, the
current responses substantially enhance with the successive increase of
H,0, concentration (Fig. 4B). The high electrocatalytic behavior of
CF@NCNTAs-GNPs microelectrode toward H,O, should be attributed
to the synergistic effect of unique structure of NCNTAs and highly
electrocatalytic activity of GNPs on them, which offer numerous elec-
trocatalytically active sites for redox reaction of H>O, and high electric
conductivity to promote the electron transport on the electrode/elec-
trolyte interface.

Fig. 4C shows the amperometric responses of CF@NCNTAs-GNPs
microelectrode to the aliquot addition of different concentrations of
H,0, in continuously stirred the reaction solution at an operational
potential of —0.3 V. With the successive additions of H,0,, well-de-
fined steady-state amperometric current responses are obtained within
3s, and the current densities increase stepwise. From the linear re-
lationship between the corresponding current densities and the H,0,
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Fig. 3. (A) XPS survey spectrum of CF@NCNTAs-GNPs, and curve fit of (B) C 1s, (C) N 1s, and (D) Au 4f spectra of CF@NCNTAs-GNPs. (E) XRD patterns of CF@ZnO-NRAs (a), CF@ZnO-
NRAs@PDA (b), CF@ZnO-NRAs@PDA-GNPs (c) and CF@NCNTAs-GNPs (d). (F) CV curves of bare CF, CF@NCNA and CF@NCNTAs-GNPs microelectrodes in 0.1 M KCl containing

1.0 mM KsFe(CN)g and 1.0 mM K,Fe(CN),, scan rate: 50 mV s~ L.

concentrations shown in Fig. 4D, the detection limit is calculated to be
50 nM when the signal-to-noise ratio is 3:1 (S/N = 3), and the current
density displays an expanded linear relationship with the H,O, con-
centrations increasing to 4.3mM, and the sensitivity is
142 yA cm~?>mM . These performances are superior to those of the
previous reported nonenzymatic nanohybrid electrodes
(Supplementary material, Table S1).

The sensing performances with respect to selectivity, reproduci-
bility, and stability are investigated in detail. As displayed in Fig. 4D
inset, ten different CF@NCNTAs-GNPs microelectrodes tested by am-
perometric measurement provide a relative standard deviation (R.S.D.)
value of 4.6% for 200 uM H;0,. And one CF@NCNTAs-GNPs micro-
electrode exhibits a low R.S.D. value of 4.4% for ten repetitive
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amperometric testing of 200 uM H,0,. The stability of CF@NCNT-
As-GNPs microelectrode has been estimated by measuring its amper-
omatric current response to 200 uM H,0, after 30 days storage, and the
current density retains 92.7% of its initial value. These indicate the
good reproducibility, repeatability and stability of the proposed nano-
hybrid fiber microelectrode. The anti-interference ability of the CF@
NCNTAs-GNPs microelectrode was measured by injecting several
electroactive species such as ascorbic acid (AA), uric acid (UA), dopa-
mine (DA), and glucose (GLU) into a certain amount of H,O,. The re-
sults show that the addition of 2 mM DA, UA, AA and GLU have no
influence on amperomatric response of 100 uM or 200 uM H,0, (Fig.
S1). Therefore, the CF@NCNTAs-GNPs microelectrode displays good
selectivity at the operational working potential of —0.3 V.
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Fig. 4. (A) CV curves of CF, CF@NCNTAs and CF@ NCNTAs-GNPs microelectrodes in 0.1 M PBS solution (pH 7.4) containing 4 mM H,0,. (B) CV curves of CF@NCNTAs-GNPs electrode
in 0.1 M PBS solution (pH 7.4) containing 0, 2, 4, 6 and 8 mM H,0,, scan rate 50 mV s~ '. (C) Amperometric j-t responses of CF@NCNTAs—GNPs microelectrode to the addition of
different H,O, concentration into 0.1 M PBS (pH 7.4) under stirring, applied potential: —0.3 V. Inset of (C) is the amperometric response of low concentrations of H,O,. (D) The
calibration curves of linear relationship between the corresponding current densities and the H,O, concentrations. (E) Effect of bending states on the amperometric responses of 10 M
H,0,: in normal state (control), in bending state (a), and after repetitive bending of 100 (b), 200 (c), 300 (d), 400 (e) and 500 (f) times.

For flexible fiber based microelectrodes, their electrochemical per-
formance should be maintained almost constant under the different
bending states. Herein, the amperometric measurements were con-
ducted to investigate mechanical stability of the flexible CF@
NCNTAs-GNPs  microelectrode at different bending angles.
Remarkably, the amperometric response of 200 uyM H,0, on CF@
NCNTAs-GNPs microelectrode at bending state is 96.3% of that at
normal state. Furthermore, when the fiber microelectrode is upon re-
petitive bent for 500 times, the amperometric response remains 89.2%
of its initial value (Fig. 4F). These indicate that its electrocatalytic
performance is not affected by the bending induced mechanical stress.
The good mechanical stability is owing to the high toughness and
stiffness of CF substrate and good adhesion of NCNTAs and GNPs grown
on it. These unique structural and mechanical properties are beneficial

to roll up the flexible fiber microelectrode for wearable or implantable
biomedical devices.

3.4. In situ real-time tracking of H2O secreted from live cancer cells

The proposed CF@NCNTAs-GNPs microelectrode has further been
used in in situ real-time detection of H,O, released from two types of
breast cancer cells, i.e., MCF-7 cells and MDA-MB-231 cells. At first, the
cytotoxicity of CF@NCNTAs—GNPs to live cells has been investigated by
dual-fluorescent calceinAM/PI assay and standard cell counting Kit-8
(CCK-8) assay. Fig. 5A-D display the dark-field fluorescent images of
MCE-7 cells and HBL-100 cells incubated with CF@NCNTAs-GNPs and
stained by calcein AM/PI, revealing that these live cells are health when
incubated with CF@NCNTAs-GNPs for 4 h, with a high live-to-dead cell
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Fig. 5. (A)-(D) Live-dead fluorescent images of MCF-7 and MDA-MB-231 cells by calceinAM/PI assay to stain the viable cells green by calcein-AM and dead cells red by PI. (E) and (F)
Quantitative cell viability results by CCK-8 assay for different cancer cells attached to and incubated with CF@NCNTAs-GNPs microelectrode for 0 h (control), 1 h, 2h, 3h and 4 h.

ratio of 80 and 43 for MCF-7 cells and MDA-MB-231 cells, respectively.
Furthermore, the CCK-8 assay shows that MCF-7 cells maintain 96.6%,
95.4%, 92.1% and 90.2% cell viability after incubated with CF@
NCNTAs-GNPs for 1h, 2h, 3h and 4 h, respectively (Fig. 5E), and
MDA-MB-231 cells maintain 97.5%, 93.2%, 92.6% and 91.3% cell
viability after incubated with CF@NCNTAs-GNPs for 1 h, 2h, 3h and
4 h, respectively (Fig. 5F). These results demonstrate that CF@NCNT-
As—-GNPs possesses good biocompatibility to live cells, which is suitable
for in situ real-time analysis in live cell samples.

The electrochemical detection of H,O, secreted from live cancer
cells was performed using CF@NCNTAs-GNPs microelectrode as the
working electrode, where the fiber microelectrode was carefully located
near the cells by a micromanipulator under the microscope in order to
achieve the high sensitivity and accuracy (Fig. 6A). Herein, fMLP was
selected as a stimulator to irritate the cells to exude H,0, by disrupting
intracellular redox homeostasis. As shown in Fig. 6B, after adding
0.1 mM fMLP, the amperometric current densities increase by

0.229 yAcm ™2 and 0.189 pAcm™2 in testing solutions containing
breast cancer cell lines MCF-7 cells and MDA-MB-231 cells, respec-
tively, and both of which gradually decrease to background level when
adding H,0, scavenger (i.e., catalase) into the testing solutions. How-
ever, the control experiment shows that the addition of either fMLP or
catalase dose not generated any detectable amperometric signal in
testing solution in the absence of live cells. These phenomena collec-
tively indicate that the increased amperometric current originates from
H,0, secreted by live cells under the stimulation. The secreted amount
of H,0, from live cells can be calculated according to the sensitivity of
CF@NCNTAs-GNPs microelectrode to H,O, (i.e., 142 pA cm ™2 mM 1),
which is 1.61 uM for 5.0 x 10° MCF-7 cells and 1.33 pM for 5.0 x 10°
MDA-MB-231 cells. Significantly, the secreted amount of H>O, varies
from different types of breast cancer cells. Therefore, the secreted
amount of H,0, form different live cells provides important informa-
tion to investigate the oxidative stress capability in these cells, which
offer the possibility to identify different types of cancer cells by
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Fig. 6. (A) Super resolution digital microscope images of CF@NCNTAs-GNPs microelectrode located near the cells by a micromanipulator. (B) Amperometric current responses of CF@
NCNTAs-GNPs microelectrode to the addition of 0.1 mM fMLP and 500 U mL ™! catalase in tested solution containing 5.0 X 10° MCF-7 cells (a), 5.0 X 10° MDA-MB-231 cells (b) and in
the absence of cells (c). Histograms of the relative increased amperometric current responses of the secreted H,O, from (C) MCF-7 cells and (D) MDA-MB-231 cells when itis1h,2h,3h

and 4 h after chemotherapy or radiotherapy and without any treatment.

estimating their extracellular H,O, level.

Furthermore, we have developed an electrochemical sensing plat-
form to evaluate the sensitivity of different cancer cells to che-
motherapy and radiotherapy. For chemotherapy testing, the breast
cancer cells MCF-7 and MDA-MB-231 were treated with clinically anti-
cancer drug cis-platinum (DDP). For radiotherapy treatment, the live
cells were irradiated by 6 MV X-ray beams. Then the increased am-
perometric current responses of CF@NCNTAs-GNPs microelectrode to
the stimulation of cancer cells by fMLP were recorded at a certain time
after the treatments. As shown in Fig. 6C, the relative increased am-
perometric current responses to the stimulation of MCF-7 cells decline
from 100% to 82.2%, 76.2%. 72.5% and 64.8% when itis1h, 2h, 3h
and 4 h after DDP treatment, respectively, which are 85.3%, 80.4%,
77.4% and 70.2% at the same time after X-ray beam irritation.
Nevertheless, the relative responses show a slight decrease from 100%
to 98.8%, 96.4%, 92.3% and 90.6% for MCF-7 cells under the same
condition but without any treatment. The RSD values are from 2.9% to
4.6%. These are due to the fact that treating cancer cells by che-
motherapeutic agent or exposing cancer cells to X-ray beam will trigger
cell death, leading to less amount of H,O, released from cells upon
simulation along with the time after chemotherapy or radiotherapy
treatments. This trend has also been observed for MDA-MB-231 cells.
The relative responses decline from 100% to 85.4%, 81.2%. 76.5% and
70.8% when itis 1 h, 2 h, 3 h and 4 h after DDP treatment, respectively,
which are 92%, 86.4%, 79.5% and 74.2% at the same time after X-ray
beam irritation. And without the treatment, the relative responses de-
crease from 100% to 97.7%, 95.4%, 90.5% and 89.8% for MDA-MB-231
cells under the same condition. The RSD values are from 2.6% to 4.8%
(Fig. 6D). Evidently, MCF-7 cells are more sensitive to both che-
motherapy and radiotherapy than MDA-MB-231 cells. This is of great
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significance for the development of effective therapy strategies in the
treatment of different cancer diseases.

4. Conclusions

In summary, we have developed a new type of high-performance
flexible nanohybrid microelectrode by taking advantage of unique
features of different components in CF@NCNTAs-GNPs including: i)
The robust CF offers the advantages of microscale size and mechanical
flexibility, which serves as an ideal electrode substrate for sensitive in
situ measurement. ii) The growth of highly ordered NCNTAs on CF
dramatically increases its electrochemically active surface area and
endows it with more active sites, which facilitate the further loading of
functional nanomaterial on it. iii) The highly dense and uniformly
dispersed GNPs decorated on NCNTAs support exhibit extraordinary
electrocatalytic activity to the reduction reaction of H,O,. The nano-
hybrid fiber microelectrode integrates the mechanical, structural and
electrochemical properties of different components in CF@
NCNTAs-GNPs, and therefore demonstrates good sensing performance
to HyO, including low detection limit, wide linear range, high sensi-
tivity and selectivity, exceptional mechanical stability and good bio-
compatibility, which enable it to be used in in situ real-time tracking
H,0, secreted from breast cancer cells, and evaluating the sensitivity of
different cancer cells to chemotherapy or radiotherapy treatments. We
envision our strategy of the design and construction of CF@
NCNTAs-GNPs microelectrode would provide new insights on de-
signing high-performance flexible fiber-based nanohybrid microelec-
trodes for in situ sensitive detection of biomarkers, which will con-
tribute to the clinic diagnose and management of early-stage diseases.
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