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Adenosine triphosphate (ATP) plays a crucial role in energy metabolism and extracellular purinergic signaling. A
3D bimetallic Au/Pt nanoflowers decorated ATP microelectrode biosensor prepared by facile and effective
template-free electrodeposition was firstly reported, realizing local detection of cellular ATP secretion. The ATP
biosensor was developed by co-immobilization of glucose oxidase and hexokinase, exhibiting long-term stability
(79.39 + 9.15% of its initial value remained after 14 days at 4 °C) and high selectivity with a limit of detection
down to 2.5 pM (S/N = 3). The resulting ATP biosensor was then used for direct in situ monitoring of ATP
secreted from living cells (PC12) with the stimulation of high K" solutions. The obtained current was about 21.6
+ 3.4 nA (N = 6), corresponding to 12.2 + 2.8 uM ATP released from cells, right in the micromolar range and
consistent with the suggested levels. The 3D bimetallic Au/Pt nanoflowers possess excellent catalytic activity and
large electroactive surface area, contributing to enzymatic activity preservation and long-term stability. This
work provides a promising platform for long-time monitoring of other neurotransmitters and secretions in
cellular glycolysis and apoptosis processes in the future.

1. Introduction

Adenosine triphosphate (ATP) serves as the high-energy compound
in living organisms (Deng et al., 2017; Robinson et al., 2008), plays a
crucial role in extracellular purinergic signaling (Morciano et al., 2017;
Burnstock, 2007; Evans et al., 1992; Gourine et al., 2005) and has noted
effects on cell growth, proliferation and death (Hecht et al., 2013; Qian
et al., 2016). Besides resulting from cell death, ATP is now generally
verified to be secreted via nonlytic release which is possibly the main
mechanism (Morciano et al., 2017; Patergnani et al., 2014; Zhang et al.,
2007). The modulation of purine release and sensing during diseases
may provide promising therapeutic insights for sterile liver injury
(Oliveira et al., 2013). It is believed that direct in situ monitoring of ATP
secreted from living cells will shed light on the mechanism study of
purinergic signaling.

While various

techniques have been developed for ATP
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measurements, some problems still remain to be addressed. For
example, conventional bioluminescent luciferin-luciferase assay can
only obtain ATP concentration in bulk solution and usually diluted ATP
levels are detected (Beigi et al., 1999; Yang et al., 2002). Commercial
kits can offer convenient assays for detection but it is hard to realize
real-time monitoring. Although aptamer ATP biosensor can identify ATP
at a low concentration, the complementary strand of the aptamer is
difficult to recycle after being released (Ma et al., 2019; Yao et al.,
2009). Amperometric ATP microelectrode biosensors based on glucose
oxidase (GOx) and hexokinase (HEX) feature high sensitivity, rapid
response and continuous monitoring with adequate spatial and temporal
resolution and have been successfully adopted for in vitro or in vivo ap-
plications (Hecht et al., 2013; Zhang et al., 2016; Ziller et al., 2017).
Despite this method could achieve in situ monitoring, long-term stability
was not satisfactory as reported (Kucherenko et al., 2014; Patel et al.,
2011; Ziller et al., 2017). In fact, long-term stability is of vital
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significance for biosensors, especially for real-time continuous moni-
toring of cellular metabolites during cell differential, proliferation,
motility and death (Burnstock, 2016).

The long-term stability was mainly related to the activity preserva-
tion of enzyme immobilized, which becomes a key issue because direct
contact of enzymes with bare electrode surface causes the conforma-
tional changes in enzyme structure and the loss of enzymatic activity
(Secundo, 2013). However, most researches about amperometric ATP
biosensors focus on polymer modification to immobilize enzyme (Hecht
et al., 2013; Patel et al., 2011; Ziller et al., 2017) and there is rare work
on nanostructure modification to maintain enzyme activity by
increasing electroactive surface area.

Bimetallic nanoflowers have attracted much attention for ultrasen-
sitive detection of biomolecules (Tang et al., 2018) and cancer bio-
markers (Liu et al.,, 2017), owing to the improved catalytic activity
caused by the synergic effect (Chen et al., 2018; Gilroy et al., 2016) and
large surface area and enhanced number of active sites derived from
nanoflower-like morphology (Liu et al., 2017; Wang et al., 2018).
Template-free electrodeposition (Guo et al., 2012; Taurino et al., 2015)
is preferred compared to chemical synthesis method (D. et al., 2018;
Yang et al., 2018), due to its simplicity, reproducibility, more intact and
controllable morphology for follow-up biomolecule modification.
However, reports on bimetallic Au/Pt nanoflowers developed by
template-free electrodeposition to maintain enzyme activity are rare,
the morphology and performance are not satisfactory and their appli-
cation for ATP determination has not been explored thus far.

Here we firstly present a 3D bimetallic Au/Pt nanoflowers decorated
ATP biosensor prepared by facile and effective template-free electro-
deposition and realize local detection of cellular ATP secretion.
Considering conventional microelectrode package techniques are very
complicated (Russell et al., 2019), we also firstly proposed a simple
fabrication protocol to obtain needle-types microelectrodes, as shown in
Scheme 1. 3D bimetallic Au/Pt nanoflowers eventually formed a
layer-by-layer nanostructure: the Au spikes as the base layer with
non-uniform current distribution and enhanced conductivity; the Pt
nanoflowers as the catalytic layer with large surface area and numerous
active sites. Then a dual enzyme ATP biosensor was developed by the
co-immobilization of GOx and HEX with glutaraldehyde cross-linking
and exhibited a low limit of detection, long-term stability, high selec-
tivity and satisfactory sensitivity. The proposed ATP biosensor was
applied for direct in situ monitoring of ATP secreted from living cells.
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Several contrast tests were conducted to ensure the validity. The change
of ATP levels induced by the stimulation of high K' solutions was
identified successfully and in consistent with the suggested levels.

2. Experimental
2.1. Simple fabrication of needle-type microelectrode

Apparatus and reagents are listed in Supporting Information.
Stainless-steel acupuncture microneedles were polished by 3000 grit
abrasive papers with 80 mg/mL Alumina dispersion (0.05 pm), followed
by sonication in ethanol and deionized ultrafiltered water. Then the
stainless-steel acupuncture microneedle (160 pm in diameter) was
inserted into the outlet of a hot melt glue gun and then pulled out. Hot
melt glue wrapped the microneedle totally and solidified very quickly in
the air. Then a surgical blade was used to cut off the glue under a mi-
croscope and then a length of 1 mm of the microneedle was exposed at
the tip. To ensure the insulation of the glue after cutting, the electrode
was put close to a soldering iron for several seconds. In the end, the
microneedle tip was used as a needle-type microelectrode (160 pm in
diameter, 1 mm in length). The detailed fabrication process for needle-
type microelectrode is demonstrated in Scheme 1.

2.2. Electrochemical synthesis of 3D bimetallic Au/Pt nanoflowers

The electrode was immersed in 1 M HSO4 solution and treated by
Cyclic voltammetry (CV) with potential window from —0.4 to 0.6 V at a
scan rate of 100 mV/s for 25 cycles, then rinsed with deionized ultra-
filtered water. The electrode was then immersed in 10 mmol dm 3
HAuCl,/0.5 mol dm > HCl solution with an applied potential of 0 V for
300 s. After rinsing with deionized ultra-filtered water and dried in the
air, the electrodes were immersed in 10 mmol dm~3 HyPtCle/0.1 mol
dm~3 HCI solution with an applied potential of —0.3 V for 450 s.
Different concentration of HAuCly solution and growth time for Au
spikes were applied for the optimization of Pt nanoflowers. Chro-
noamperometry experiments were carried out in 0.01 M PBS with suc-
cessive injections of hydrogen peroxide to explore the catalytic
performance. Cyclic voltammetry of 10 mM [Fe(CN)6]3'/ 4 in 0.1 M KCl
solution with scan rate of 50 mV/s and electrochemical impedance
spectroscopy (EIS) with a frequency ranging from 0.1 Hzto 1 M Hz in 5
mM [Fe(CN)g] 8-/4- containing 0.1 M KCI have also been performed.

= Pt/Au modified microelectrode

Au modified microelectrode

_ glucose-6-phosphate
1N +
ADP

glucose oxidase

- hexokinase

Scheme 1. Schematic illustration of needle-type microelectrode fabrication and the determination mechanism of ATP biosensor based on bimetallic Au/

Pt nanoflowers.
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2.3. Fabrication of ATP biosensor

To immobilize enzyme, the electrode was dipped into an enzyme
solution for 3 h and stored at 4 °C. The enzyme solution containing 2
mg/mL glucose oxidase, 8 mg/mL hexokinase, 6 mg/mL BSA and 1 pL
glycerin was prepared in 1 mL PBS. After dried at 4 °C for 20 min, the
enzyme was cross-linked by glutaraldehyde (25%) at 37 °C for 20 min.
The sensitivity of ATP biosensor was tested at an applied potential of 0.6
Vin 0.01 M PBS (18 mM Mg2+, pH = 6.0) unless declared specifically.

2.4. Cell culture

The highly-differentiated rat adrenal pheochromocytoma (PC12)
cells were cultured in GNM31800 RPMI 1640 culture medium supple-
mented with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin (PS) at pH 7.4 in cell culture dishes (Corning, 35 mm x
10 mm, 430165). Cells were cultured at 37 °C in a humidified atmo-
sphere (5% CO-) for 2 days to form a monolayer.

Au Fe
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2.5. In situ determination of cellular ATP release

For in situ determination of ATP released by PC12 cells, GNM31800
RPMI 1640 culture medium was exchanged with phosphate-buffered
saline (PBS) containing 3 mM glucose and 18 mM magnesium. In
order to ensure that the current drop was not induced by the decrease in
the concentration of local glucose, stimulation solutions were prepared
based on the above solution.

After z-positioning of the three-electrode system with the microma-
nipulator, the working electrode was biased at +0.60 V vs. Ag/AgCl.
After achieving a stable baseline, 2.5 uL. 0.1 M K stimulation solution
was added to stimulate PC12 cells to release ATP. For comparison, a cell
culture dish without PC12 cells was also detected. To ensure that the
ATP biosensor was still effective after detection, external ATP stimula-
tion solution was added afterwards in both experiments.

3. Results and discussion
3.1. Characterization of 3D bimetallic Au/Pt nanoflowers

Hot glue adhesive is introduced for insulation and there is no gold or

Fig. 1. SEM images of Au spikes (A) (B) (C) and 3D Pt nanoflowers outside the Au spikes (D) (E) (F) at different magnification. (C) and (F) are the high magnification
images of the structures in the red circles from (B) and (F). (G) SEM image of electrode surface area for EDS analysis. (H) EDS spectrum and the corresponding
elemental mapping images of Pt, Au, Fe and Cr. The inset: the weight ratio and the atomic ratio of Pt, Au, Fe and Cr. (For interpretation of the references to colour in

this figure legend, the reader is referred to the Web version of this article.)
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platinum deposition observed on the electrode surface covered by hot
glue adhesive in subsequent electrochemical deposition experiments,
implying that the needle-type microelectrodes have been fabricated
successfully through such a simple method. 3D bimetallic Au/Pt nano-
flowers modification was integrated onto the needle-type microelec-
trode and the structure and morphology was characterized by SEM. In
Fig. 1A, Au spikes are uniformly decorated on the surface of micro-
electrode and some small sheets have partly formed. The structure of the
red circle in Fig. 1B has been magnified in Fig. 1C with a higher reso-
lution and spike-like morphology can be clearly identified. Afterwards,
the surface of microelectrode is covered by spherical particles after
platinization outside Au spikes, as shown in Fig. 1D. The high-resolution
image of the structure in the red circle in Fig. 1E is displayed in Fig. 1F
and a flower-like structure has formed, called Pt nanoflowers. The Pt
nanoflowers have a hierarchical carnation-like morphology, which were
assembled from hundreds of Pt nanoplates. The average diameter of a
single nanoflower is about 1 pm and the average thickness of petals
reaches about 25 nm. In addition, there are some smaller spherical
particles in Fig. 1E and the high magnification image is shown in Fig. S1.
They are also Pt nanoflowers and have a diameter of about 500 nm, but
with a hydrangea-like morphology. In fact, these two nanoflowers with
different morphologies are at different growth stages of Pt nanoflowers,
suggesting a progressive process of nanoflower assembly. At the begin-
ning, Au spikes are electrodeposited on the microelectrode with non-
uniform current distribution derived from the spike-like morphology
and provide crystal nucleus sites for subsequent Pt growth. Then Pt
nanoplates are formed in the vicinity of the electrode and gather to Au
spikes, forming the hydrangea-like nanoflowers. When the platinization
time extends, Pt nanoplates continue to aggregate and carnation-like
nanoflowers are developed. However, the growth rate of Pt nano-
flowers depends on local current density, which is inconsistent on the
surface of Au spikes. Therefore, carnation-like nanoflowers and
hydrangea-like nanoflowers exist at the same time.

EDS spectrums have been recorded to characterize the chemical
composition of Au/Pt nanoflowers, revealing the characteristic peaks of
metallic Pt, Au, Fe and Cr. Fe and Cr are derived from the substrate, the
stainless-steel acupuncture needle. The inset of Fig. 1H displays that the
weight ratio of Pt to Au is 70.10:25.68 and the atomic ratio of Pt to Au is
63.45:23.03. EDS elemental mapping measurements were also con-
ducted to characterize the elemental distribution of Au/Pt nanoflowers.
Obviously, Au and Pt are both homogeneous distributed, confirming the
formation of Au/Pt composites. The distribution zone of Pt (in blue) is
almost the same as that of Au (in yellow), manifesting that the Pt
nanoflowers were developed right above the Au spikes. Therefore, the
structure of Au spikes might have a great influence on the morphology of
Pt nanoflowers, which will be explored in follow-up work.

All in all, SEM and EDS analysis have validated the successful growth
of Au/Pt nanoflowers. Au spikes are integrated as the base layer and
provide a large surface area with non-uniform current distribution for
follow-up growth of Pt, developing nanoflower-like morphology and
increasing the loading of Pt. The Pt nanoflowers have been electro-
chemically synthesized with a high surface-to-volume ratio and can
provide numerous active sites for enzyme immobilization and redox
reactions.

3.2. Electrochemical performance enhancement of 3D bimetallic Au/Pt
nanoflowers

In order to explore the electrochemical performance of 3D bimetallic
Au/Pt nanoflowers, H,O, tests were conducted to detect the oxidation
current at the surface of microelectrodes. Fig. 2A shows the typical
current-time response for successive additions of HyO, for bare electrode
(in blue), Pt modified electrode (in magenta) and bimetallic Au/Pt
nanoflowers modified electrode (in red) at an applied potential of 0.6 V
respectively. Fig. 2B displays the corresponding sensitivity comparisons
of these electrodes (n = 3). The bare electrode showed a low sensitivity
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Fig. 2. (A) Typical current-time response for successive additions of H;O, for
bare electrode (in blue), Pt modified electrode (in magenta) and bimetallic Au/
Pt nanoflowers modified electrode (in red) at an applied potential of 0.6 V. The
inset is the magnification of current response of bare electrode. (B) The cor-
responding sensitivity comparisons of these electrodes (n = 3). (C) EIS spectra
of Au/Pt nanoflowers modified electrode (in red) and Au spikes modified
electrode (in magenta) in 0.1 M KCI aqueous solution containing 5 mM Ks[Fe
(CN)6l/K4[Fe(CN)g]. The inset shows full scale of the EIS spectra of bare
electrode (in blue). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

of 0.38 £ 0.05 pA/mM, while the Pt modified electrode had a sensitivity
of 7.42 + 0.48 pA/mM, confirming the electrocatalytic ability of Pt to-
wards HpO3. The performance of the electrodes modified with Au spikes
only was not shown here due to its bulky structures and low sensitivity
towards HyO5. The 3D bimetallic Au/Pt nanoflowers modified electrode



Q. Zhu et al.

provided a markedly improved sensitivity of 10.79 + 0.62 pA/mM than
that of Pt modified electrode. This could be attributed to the enhanced
conductivity, a larger electroactive surface area and more active sites
with the specific nanoflower-like morphology, resulting from the
introduction of Au spikes as the base layer. The synergetic effect of Au
and Pt induces a remarkable electrocatalytic activity towards the elec-
trochemical oxidation of HyO,: the Au spikes act as the base layer with
non-uniform current distribution and enhanced conductivity; the Pt
nanoflowers act as the catalytic layer and exhibit a large electroactive
surface area.

The electron-transfer property of 3D bimetallic Au/Pt nanoflowers
has been examined by EIS and the Nyquist plots are shown in Fig. 2C.
The charge transfer resistance (R, of the electrode equals to the semi-
circle diameter. The resistance of Au spikes (300 Q) modified electrode
is much smaller than that of bare electrode (437 kQ) in the high-
frequency domain, indicating that Au spikes dramatically reduced
electrode impedance, improved conductivity and electron transfer.
When Pt nanoflowers introduced onto Au spikes for its catalytic ability,
the resistance of bimetallic Au/Pt nanoflowers further decreased to 240
Q, due to the enhanced conductivity from Pt, much higher surface area
from the nanoflower-like morphology and the synergistic effect of Au
and Pt, leading to a faster electron transfer on the electrode surface.

3.3. Electrochemical performance of ATP biosensor

3D bimetallic Au/Pt nanoflowers provided a high sensitivity of 1.13
4+ 0.06 mA mM ! cm~? and a low detection limit of 1 pM for Hy02
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detection after optimization and made it possible to detect ATP at a low
concentration. In addition, considering the mechanism of ATP biosensor
based on GOx and HEX, the glucose performance of proposed ATP
biosensor was assessed to obtain an accurate response of ATP, and a
sensitivity of 84.67 + 4.53 pA mM ! em ™2 with a low detection limit of
10 pM were obtained. The details are all demonstrated in Supporting
Information.

A typical current response of ATP biosensor based on bimetallic Au/
Pt nanoflowers in the presence of 3 mM glucose is demonstrated in
Fig. 3A. The reason for choosing 3 mM glucose is shown in Fig. S5. The
inset depicts the details of successive ATP additions for low concentra-
tion detection and 2.5 pM ATP can be easily detected. Fig. 3B shows the
corresponding calibration curve for a series of 3 ATP biosensors with
good reproducibility. The decrease of electrochemical current response
is proportional to the ATP concentration. The biosensor exhibited a
linear dynamic range from 2.5 pM to 447 pM (R2 = 0.9947), and the
detection limit was estimated to be 2.5 pM (S/N = 3). The linear
equationisi=—1.1069 C —29.363 (i in nA, C in pM), with the sensitivity
of 1.29 + 0.11 nA pM~! mm~2. The satisfactory sensitivity may be
attributed to the improved catalytic activity and electron transfer ca-
pacity caused by the synergic effect.

To assess the long-term stability, a series of 6 ATP biosensors based
on bimetallic Au/Pt nanoflowers were stored in PBS at 4 °C for two
weeks. Fig. 3C displays the normalized current response for glucose and
ATP respectively, which was normalized with that of the first day. There
was an obvious current decrease after two days for both ATP and glucose
and the current response remained notably stable afterwards. After two
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Fig. 3. (A) A typical electrochemical response of ATP biosensor based on Au/Pt nanoflowers in the presence of 3 mM glucose. The inset shows the current response at
low ATP concentration. (B) The corresponding calibration curve of ATP biosensor (n = 3). (C) Long-term stability of the ATP biosensor stored in PBS at 4 °C for two
weeks (n = 6). Data are shown in the normalized current response for glucose and ATP. (D) Biological interferences test for ATP biosensor at an applied potential of
0.6 V with 300 pM ATP, 5 uM ADP, 5 M AMP, 5 pM lactate, 5 uM UA, 2.5 pM AA, 5 pM AA, 2.5 M DA and 5 uM DA.
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Ref.

—18 °C 50 days, 43% ATP loss, no glucose loss

7 days, 23.92 + 3.55% ATP loss, 15.87 + 1.34% glucose loss,
4 °C 21 days, 40% ATP loss, 20% glucose loss

4 °C 14 days, 60% ATP loss, 25% glucose loss

4 °C 8 days, 60% ATP loss

Kucherenko et al. (2014)
Patel et al. (2011)

Liu and Sun (2007)
Kueng et al. (2004)
Ziller et al. (2017)

Table 1
Comparisons of analytical performance of ATP microelectrode biosensors based on glucose oxidase and hexokinase.
Electrodes Linear range Stability
Pt/GOx-HEX-BSA-glycerol/glutaraldehyde 15-100 pM
Pt/GOx-HEX-poly phenol -
Silica hybrid sol-gel film/GOx-HEX 0.5-20 pM
Pt/GOD-HEX-Canguard polymer 0.2-1 pM
Pt/poly(benzoxazine)-GOx-HEX 0.3-8 ypM
Au-PtNFs/GOx-HEX/glutaraldehyde 2.5-447 yM

4 °C 14 days, 20.61 + 9.15% ATP loss, 4.56 + 6.97% glucose loss

This work

weeks, the ATP biosensors still maintained 95.44 + 6.97% of its original
response to glucose and 79.39 + 9.15% of its initial sensitivity to ATP.
Fig. S6 shows the glucose and ATP sensitivity changes according to
calibration curves. The final sensitivity to glucose is 0.67 + 0.08 pA
mM ! and the final sensitivity to ATP is 1.01 + 0.09 nA pM . Several
ATP microelectrode biosensors based on GOx and HEX reported previ-
ously have been summarized in Table 1. The superior long-term stability
may be due to the enzyme activity preservation by 3D bimetallic Au/Pt
nanoflowers, providing a large surface area and enhanced number of
active sites, enhancing the adsorption efficiency of enzyme on its petals
and maintaining the enzyme activity.

The selectivity of the proposed ATP biosensors against common
biological interferences has also been investigated. The concentrations
of interferences were chosen from the highest concentrations observed
in physiological measurements (Bertrand and Bertrand, 2010; Patel
et al., 2011). Fig. 3D demonstrates current response of 300 uM ATP in
the presence of adenosine diphosphate (ADP), adenosine mono-
phosphate (AMP), lactate, uric acid (UA), ascorbic acid (AA), dopamine
(DA) in 0.01 M PBS at an applied potential of 0.6 V. The current response
induced by these biological interferences could be negligible. When 300
pM ATP was added again and again, the current response still decreased

even in the presence of these interferences, suggesting a high selectivity
of the proposed ATP biosensors.

3.4. Direct in situ determination of ATP secreted from living cells

Due to the superior electrochemical performance of ATP biosensor
(e.g. sensitivity, detection limit, selectivity, stability and reproduc-
ibility), the 3D bimetallic Au/Pt nanoflowers decorated needle-type
microelectrode is able to be used for studying the change of ATP level
secreted from living cells as shown in Fig. 4. The PC12 cell line is a useful
model for cell signaling or neurosecretion (Vaudry et al., 2002; West-
erink and Ewing, 2008) and high K" solutions can induce a significant
release of ATP from PC12 cells has been reported (Fabbro et al., 2004;
Kasai et al., 2001). Fig. 4A displays a typical current-time response curve
recorded at the ATP biosensor with PC12 cells (in red) and without
PC12 cells (in blue). The background current in the red curve is higher
than that of the blue curve, maybe due to the existence of cells. First of
all, 2.5 pL blank solution (PBS containing 3 mM glucose and 18 mM
magnesium) was added. The current reached the current level before
addition after some fluctuations, indicating that the addition action has
little effect on the current response. Then a high K* solution (2.5 uL 0.1

Fig. 4. Local determination of ATP secreted
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M) was added to stimulate cells to release ATP. Remarkable decreases in
current response were induced by the addition of K in the experiment
with cells, while there was no obvious current decline in the experiment
without cells. In all experiments (N = 6), the value of the current drop in
each addition of 0.1 M K™ was about 21.6 + 3.4 nA, corresponding to
12.2 + 2.8 pM ATP, as shown in Table S3. As reported previously (Zhang
et al., 2016; Ziller et al., 2017), the obtained concentration of ATP
released from cells is in the micromolar range. Thus, the determined ATP
levels secreted from PC12 cells in this work are consistent with the
suggested levels.

To ensure that the ATP biosensors are still effective after detection,
external ATP stimulation solution was added afterwards in both exper-
iments, as shown in Fig. 4B. External ATP (2.5 pL 0.01 M) both led to a
significant current decrease of about 42 nA, indicating that the ATP
biosensors are still at work. In addition, to investigate whether other
redox-active biological molecules are co-released and falsify ATP signal
during K* stimulation or not, a bimetallic Au/Pt nanoflowers decorated
needle-type microelectrode without enzymes was used to record the
current response in the culture dish with PC12 cells. Fig. 4C displays an
exemplary current-time curve with K* stimulation. The background
current is much lower than that from the red curve in Fig. 4A, because
there was no GOx immobilized on this microelectrode so the current
generated by glucose oxidation declined. The equilibrium current was
around 15-20 nA all the time and no significant current decrease was
observed, indicating that no obvious current changes induced by other
molecules falsified the ATP signal. Fig. 4D shows the schematic illus-
tration of in situ determination of cellular ATP release with the proposed
ATP biosensor. ATP is released from cells upon stimulation and directly
detected on the microelectrode near the cells. Fig. 4E is the optical mi-
croscope photo of microelectrode and cells. The above results indicate
that the bimetallic Au/Pt nanoflowers decorated needle-type micro-
electrode can realize direct in situ monitoring of ATP secreted from living
cells successfully.

4. Conclusions

In summary, an ATP microelectrode biosensor based on 3D bime-
tallic Au/Pt nanoflowers by template-free electrodeposition was fabri-
cated and realized local detection of cellular ATP secretion. The needle-
type microelectrode was obtained with a simple microelectrode package
protocol and layer-by-layer 3D bimetallic Au/Pt nanoflowers were
introduced: the Au spikes act as the base layer with non-uniform current
distribution and enhanced conductivity; the Pt nanoflowers act as the
catalytic layer and exhibit a large electroactive surface area and good
compatibility with numerous active sites for enzyme. A dual enzyme
ATP biosensor was developed and exhibited a low limit of detection,
excellent long-term stability, high selectivity and satisfactory sensitivity.
The ATP biosensor was then used for direct in situ monitoring of ATP
secreted from living cells and several contrast tests are conducted to
ensure the validity. The change of ATP levels induced by stimulation of
high K solutions was identified successfully and consistent with the
suggested levels. The 3D bimetallic Au/Pt nanoflowers possess excellent
catalytic activity and large electroactive surface area, contributing to
enzymatic activity preservation and long-term stability. The proposed
biosensor would be further explored for monitoring the level fluctuation
of ATP or other secretions in cellular glycolysis and apoptosis processes
in the future.
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