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Abstract: Electrode fouling and passivation is a substantial
and inevitable limitation in electrochemical biosensing, and it is
a great challenge to efficiently remove the contaminant without
changing the surface structure and electrochemical perfor-
mance. Herein, we propose a versatile and efficient strategy
based on photocatalytic cleaning to construct renewable
electrochemical sensors for cell analysis. This kind of sensor
was fabricated by controllable assembly of reduced graphene
oxide (RGO) and TiO, to form a sandwiching RGO@TiO,
structure, followed by deposition of Au nanoparticles (NPs)
onto the RGO shell. The Au NPs-RGO composite shell
provides high electrochemical performance. Meanwhile, the
encapsulated TiO, ensures an excellent photocatalytic cleaning
property. Application of this renewable microsensor for
detection of nitric oxide (NO) release from cells demonstrates
the great potential of this strategy in electrode regeneration and
biosensing.

Electrochemical sensors are wildly used in biosensing,
because of their unique characteristics, such as fast response,
excellent sensitivity, and high spatiotemporal resolution.
However, electrodes are easily fouled by intermediates or
polymerization products generated by electrochemical reac-
tions during the detection.” In particular, for real-time
monitoring of cells on a planner electrode, on which cells
were cultured,” secretions from the cells can lead to a severely
contaminated electrode. The consequence of fouling and
passivation is signal attenuation, resulting in unreliability and
utilization decrease.™!

Up to now, great effort has been made to improve the
stability or refresh the surface of electrochemical sensors. For
instance, anti-polymerization or anti-adsorption molecules
could be chemically modified on electrode surfaces,”’ and
fouling-resistant materials such as poly(3,4-ethylenedioxy-
thiophene) and polypyrrole,’® boron-doped diamond,” and
carbon nanotubes™* have been used to construct electro-
chemical sensors. These methods can retard fouling and
passivation to some extent, but the contaminant cannot be
removed from the surface. Hence, to clear the pollutant away
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from the electrode surface, several other approaches were
developed, including acid washing,””’ chemical oxidation or
reduction,” and electrochemical oxidative or reductive
cleaning,'”! but these methods would inevitably damage the
sensors surface. Thus, it is still a great challenge to completely
and efficiently remove the contaminant from the electrode
surface without changing the surface structure and electro-
chemical performance.

As we know, photocatalysts such as TiO, and ZnO are
a kind of material that can decompose the organic molecules
by active oxygen radicals generated under ultraviolet irradi-
ation without altering the surface morphology and struc-
ture," which is widely used as photocatalytic cleaning
material.'” During the biochemical analysis, the main con-
taminants on the sensor surface were usually organic biomol-
ecules. Hence, photocatalyst could be possibly used to
construct refreshable electrochemical sensor which are
cleaned by light. However, because of the low conductivity
and poor electrochemical activity, photocatalysts are inap-
propriate for direct use as an electrochemical sensing
material. To this end, photocatalysts are usually composited
with noble metals or carbon materials to improve the sensing
performance as well as to enhance the photocatalytic
efficiency.'?*13]

Herein, inspired by the excellent photocatalysis of TiO,,
high electric conductivity of graphene, and outstanding
electrochemical performance of Au nanoparticles (NPs), we
developed a kind of highly sensitive and photocatalytically
renewable electrochemical sensor (Scheme 1a-d). The
renewable sensor was fabricated by controllable assembly of
RGO and TiO, layer by layer via electrophoretic deposition
on indium-tin oxide (ITO) to form a RGO@TiO, sandwich
structure in situ, followed by decorating the RGO shell with
Au NPs. Despite the sacrifice of some electrical conductance,
graphene oxide (GO)/RGO is used here because of its
superior electrochemical property, dispersibility, and func-
tionalization relative to graphene.™ The Au NPs-RGO
composite shell endows this sensor with high sensitivity, and
a detection limit of 4 nM was obtained for detection of NO.
Encapsulated TiO,-based composites showed excellent prop-
erties when used for photocatalytic cleaning of absorbed
polymers, proteins, and cell culture medium (CCM). These
properties make it possible to recover culture and real-time
monitoring of single cells on an engineered microsensor array
(Scheme 1d-f).

The preparation of the renewable electrode Au/
RGO@TiO,-ITO is illustrated in Scheme 1. Before the
fabrication, anatase TiO, NPs with about 300 nm (Figure 1a)
diameter were prepared by sol-gel and hydrothermal method
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Scheme 1. Fabrication process of the renewable Au/RGO@TiO,-ITO
sensor and cell detection on the sensor. i) Deposition of TiO, NPs
onto RGO-modified ITO (RGO-ITO) by electrophoresis. ii) TiO, NPs
wrapped by RGO by electrostatic self-assembly. iii) Deposition of Au
NPs by chemical reduction. iv) Cell culture and detection on the
sensor. v) Fouled sensor after the cell was detached. vi) Sensor
recovered by photocatalytic cleaning under UV light irradiation.
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Figure 1. FE-SEM images of a) TiO,-RGO-ITO and b) Au/RGO@TiO,
-ITO. ¢) EDX spectrum of Au/RGO@TiO,-ITO. d) XRD patterns of
TiO, and its nanocomposites (* represent anatase, + represent
Au(111) and Au(200)). Scale bars: 1T um. Inset scale bars: 200 nm.

according to the previous report,!l then functionalized with
3-aminopropyltriethoxysilane to render them positively
charged (FTIR spectrum shown in Figure S1 in the Support-
ing Information).’™ The layer-by-layer assembly began with
electrochemical deposition of an aqueous GO solution to
form a RGO membrane onto the ITO electrode (Scheme 1a,
and SEM image shown in Figure S2a). Then positively
charged TiO, NPs (4+26 mV) were decorated onto the
RGO-ITO by electrophoretic deposition (Scheme 1b),
which was validated by SEM imaging (Figure 1a) and an
EDX spectrum of Ti (FigureS2b).'¥ After that,
a RGO@TiO, sandwich structure (Scheme 1c) was formed
by electrostatic assembly between positively charged TiO,
NPs and negatively charged GO, followed by reduction of GO
to RGO. The SEM image (Figure S3a) and the attenuation of
the relative Ti intensity in the EDX spectrum (Figure S3b)
both demonstrate that the TiO, NPs were successfully
wrapped by the RGO membrane. Finally, the Au NPs were
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deposited onto the RGO@TiO, sandwich structure to form
Au/RGO@TiO,-ITO (Scheme 1d).

The SEM image (Figure2b) shows that Au NPs with
about 30 nm diameter were deposited on both RGO@TiO,
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Figure 2. a) Cyclic voltammograms of ITO (black line), RGO-ITO (red
line), TiO,-RGO-ITO (blue line), RGO@TiO,-ITO (purple line), and
Au/RGO@TIO,-ITO (green line) in the presence of 0.1 mm NO in
deaerated PBS solution. b) Amperometric curves of Au/RGO@TiO,-
ITO to a serial of NO concentration in a stirred deaerated PBS
solution. A potential of +0.85V (vs. Ag/AgCl) was applied to the
electrode. Inset: Calibration curves of Au/RGO@TiO,-ITO for increas-
ing the NO concentration. c) Cyclic voltammograms of 1 mm K;[Fe-
(CN)g] in 1M KCl on the Au/RGO@TiO,-ITO electrode before fouling
(black), after fouling by 5-HT (blue), and after recycling by UV light
irradiation. d) Recovery efficiency of Au/RGO@TiO,-ITO obtained for
the K;[Fe(CN),] oxidation current using three cycles. Black line, red
line, blue line, and purple line represent 5-HT, PLL, collagen, and
CCM. e) Microscopic images of the HUVECs culture on Au/
RGO@TiO,-ITO for different times. Bright field for 2 h and merge of
bright field and fluorescence field for 60 h. Scale bar: 50 um. f) Pro-
liferation curve of HUVECs cultured on Au/RGO@TiO,-ITO.

and RGO surface. The signal of Au in the EDX spectrum
(Figure 1c¢) also indicates that the Au NPs were successfully
synthesized. The diffraction peaks at 44.38° in the XRD
pattern can be indexed to the (200) planes of Au NPs
(Figure 2d). Because of the overlap of 38.28° of Au (111) and
37.8° of TiO, (004), Au (111) cannot be distinguished clearly
in the XRD pattern (Figure 2d). However, the intensity ratio
between 37.8° and 25.3° increases obviously in Au/
RGO@TiO, compared to both TiO, and RGO@TiO,, indi-
cating that the peak around 37.8° contains 38.28° of Au (111).
The UV/Vis diffuse reflectance spectrum of the TiO, nano-
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composites is depicted in Figure S3c. As compared to bare
TiO,, the light absorption of RGO@TiO, and Au-RGO@TiO,
increases in the visible light regions which may be attributed
to the visible light harvest of RGO and Au NPs.[**l A red-
shift absorption edge of RGO@TiO, and Au/RGO@TiO, was
also observed, indicating that band gap of TiO, narrowed with
the introduction of RGO and Au NPs.'*! Results of
photodegradation of Rhodamine 6G (Figure S3d) show that
RGO@TiO, displayed the best photocatalytic activity, which
can be attributed to the separation of photoinduced electrons
and holes through the electronic interaction between RGO
and TiO,.**"7" Previous reports showed that the photo-
catalytic activity of Au-modified TiO, was affected by the size
and density of Au NPs, and Au NPs smaller than 10 nm with
below 2 wt% content were reported to be beneficial for
photocatalysis.'*®! In the present work, possibly because of
the relatively large size (about 30 nm) and high density of Au
NPs, the photocatalytic activity of Au/RGO@TiO, decline
slightly compared to RGO@TiO,, but is still obviously higher
than that on bare TiO,. Taking into account of the signifi-
cantly improved electrochemical activity, Au NPs were
essential for the sensor construction in spite of a little
photocatalytic activity loss compared to RGO@TiO,.

To test the electrochemical performance of various
electrodes we obtained during the fabrication process, NO
was used as a probe because of its vital role in the regulation
of physiological and pathological processes.'¥! Real-time
monitoring of NO with high sensitivity is essential to unravel
its various functions.”” As shown in Figure2a, Au/
RGO@TiO,-ITO displays the best electrochemical behavior
in terms of oxidative potential and amplitude of oxidation
current. Without RGO and Au NPs, the TiO,-ITO electrode
displays a poor electrochemical activity (Figure S4), indicat-
ing that RGO and Au NPs play important roles in improving
the electrochemical performance.”” Moreover, a synergistic
effect was found between RGO and Au NPs, without either
RGO or Au NPs, the electrochemical response of
RGO@TiO,-ITO (purple line in Figure 2a) and Au/TiO,-
ITO (blue line in Figure S4b) were both lower than the
response of Au/RGO@TiO,-ITO. This is in agreement with
a previous report that synergistic effect occurred between
RGO and Au NPs* Amperometric results show that
a response of 20nM NO can be clearly observed on Au/
RGO@TiO,-ITO and the detection limit was calculated to be
about 5nwm (signal-to-noise ratio S/N=3). A linear region
from 20 to 500 nm was obtained with a sensitivity of
0.744 pAuM'cm 2 Taken together, the electrochemical
results demonstrate the high electrochemical performance
of Au/RGO@TiO,-ITO benefiting from the Au NPs—RGO
nanocomposite shell.

To assess the recovered performance of the sensor, 5-
hydroxytryptamine (5-HT) was used as a model passivation
molecule, which can cause a drastic drop in the amperometric
or voltammetric signals by accumulation of a non-electro-
chemically active oxidation product on the electrode surface
during electrochemical detection.'””! Figure 2¢ (blue line)
displays the cyclic voltammogram of K;[Fe(CN)4] on fouled
Au/RGO@TiO,-ITO caused by 5-HT oxidation. Compared to
the original electrode, the signal on the fouled electrode was

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

sharply attenuated and almost disappeared, but the sensitivity
can be recovered efficiently after UV light (12mWcm?)
irradiation for 30 minutes. To further investigate the photo-
catalytic cleaning performance of Auw/RGO@TiO,-ITO
towards bio-macromolecules, poly-L-lysine (PLL), collagen,
and CCM were used as passivation media, all of which are
always involved in cell culture and detection and easy
adsorption on electrodes causing passivation. Photocatalytic
cleaning results demonstrate that the electrochemical activity
can be efficiently recovered (Figure S5) and the recovery
percentage was more than 90% (Figure 2d), which can be
attributed to the unique structure of the Au/RGO@TiO,
composite with improves the photocatalytic performance.
This indicates that the renewable sensor could potentially be
used for recyclable cell culture and detection.

A biocompatible sensing interface is essential for long-
term cell culture and detection. Au NPs and graphene were
both reported to be biocompatible materials and have been
widely applied in bioassays. As shown in Figure 2e and 2f,
human umbilical vein endothelical cells (HUVECs) adhere
well on the sensor with stretched shape and stably prolifer-
ated (Figure S6). Fluorescence staining results display that
the cells were almost clearly alive after being cultured for up
to 60 h (Figure 2e and Figure S6e¢), further demonstrating
such a sensing interface is biocompatible.

To realize recovered detection of NO released at single-
cell level, we fabricated a patterned Au/RGO@TiO,-ITO
micro-electrochemical sensor array (100 um in diameter)
using a photolithographic technique (see the Experiment
Section and Figure S7) and layer-by-layer assembly. A fast
injection of NO with serial concentrations from a micro-
capillary to the sensor was performed to simulate the
detection of NO released from cell. The results (Figure 3a
and Figure S8) show that the microsensor had excellent
responses to NO in both phosphate-buffered saline (PBS) and
cell culture medium, and the detection limit was calculated to
be about 2nm in PBS solution and 4nMm in cell culture
medium. The sensitivity of the microsensor in the cell culture
medium (0.309 pAnM ') was about 50% of that in PBS
solution (0.667 pAnM™"), which may be attributed to the
partial adsorption of non-electrochemical compounds in the
cell culture medium onto the microsensor.

After being seeded on Au/RGO@TiO,-ITO, HUVECs
grew and proliferated well. Fluorescence imaging of
HUVEC:s stained by calcein-AM (green for live cells) and
PI (red for dead cells) indicates the excellent viability of the
cultured cells (Figure 3b). The release of NO was evoked by
stimulating HUVECs with fast injection of r-Arg.” An
obvious signal (black line in Figure 3¢) can be obtained after
L-Arg stimulation. To further confirm that the amperometric
signal was produced by NO release, a mixture of L-NAME (a
specific NOS inhibitor) and L-Arg was used as stimulant and
there was no signal produced (red line in Figure 3¢). When L-
Arg was injected into the sensor without cell, there was also
no signal produced (blue line in Figure 3¢), excluding the
interference of L-Arg.

Because of the adsorption of proteins in culture medium
or secretions from cells, the electrode is easy to be passivated.
Compared to the original electrode (inset of Figure 3c¢), the
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Figure 3. a) The amperometric curve of the Au/RGO@TiO,-ITO micro-
electrode for a series of NO concentrations increases at a potential of
+0.85 V. Inset: The calibration curve for different concentrations in
cell medium (red line) and PBS solution (black line). b) The micro-
scopic image of HUVECs cultured on the Au/RGO@TiO,-ITO micro-
electrode stained by calcein-AM (green) and Pl (red). The circular area
represents the microelectrode with 100 um diameter. c) Amperometric
response of the Au/RGO@TiO,-ITO microelectrode towards NO
released from HUVECs under different conditions. Inset: Cyclic
voltammogram of 0.1 mm NO. d) Amperometric response of fouled
(red line) and recovered Au/RGO@TiO,-ITO microelectrodes (black
line). Inset: Cyclic voltammograms of 0.1 mm NO on fouled (red line)
and recovered sensors (black line).

electrochemical response to NO was drastically attenuated by
about 80% (red line of the inset in Figure 3d) after cell
culture and detection, which precludes successive and recov-
ered detection (red line in Figure 3d). To regenerate the
sensor, photocatalytic cleaning was then carried out with UV
irradiation, and results (black line of the inset in Figure 3d)
show the electrochemical activity can be recovered by more
than 90% of its original response. Then, when we used this
recovered electrode to monitor NO release, obvious signals
can be obtained again (black line in Figure 3d). Taken
together, the results demonstrate that the renewable Au/
RGO@TiO,-ITO micro-electrochemical sensor can effi-
ciently eliminate contaminants after long-term cell culture
and detection.

In summary, we developed a highly sensitive and photo-
catalytic renewable microelectrode array by engineering a Au
NPs/RGO@TiO, sandwich structure. The Au NPs-RGO
composite shell provides a high electrochemical performance,
and the encapsulated TiO,-based composites demonstrate
excellent photocatalytic cleaning properties toward absorbed
polymers, proteins, and cell culture medium. Recovered
monitoring of NO released at single-HUVECs level demon-
strates the excellent electrochemical activity and performance
of this electrochemical senor, indicating that this kind of
renewable electrochemical senor could be successfully
applied for recyclable cell culture and detection. Moreover,
the strategy presented in this work by combining semi-
conductor photocatalysts and sensing materials, provides
a versatile and efficient way to construct high-performance
renewable sensors for biosensing.
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