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Abstract: Stretchable electrochemical sensors are conceivably
a powerful technique that provides important chemical infor-
mation to unravel elastic and curvilinear living body. However,
no breakthrough was made in stretchable electrochemical
device for biological detection. Herein, we synthesized Au
nanotubes (NTs) with large aspect ratio to construct an
effective stretchable electrochemical sensor. Interlacing net-
work of Au NTs endows the sensor with desirable stability
against mechanical deformation, and Au nanostructure pro-
vides excellent electrochemical performance and biocompati-
bility. This allows for the first time, real-time electrochemical
monitoring of mechanically sensitive cells on the sensor both in
their stretching-free and stretching states as well as sensing of
the inner lining of blood vessels. The results demonstrate the
great potential of this sensor in electrochemical detection of
living body, opening a new window for stretchable electro-
chemical sensor in biological exploration.

Stretchable sensors have tremendous future applications in
many fields, especially for health monitoring owing to close-
ness to the soft, elastic and curved properties of human
body.[1] Thanks to the development of novel nanomaterials
and processing techniques in electronics,[2] stretchable sensors
have achieved significant progress in health-related physical
sensing.[1a, 3] For the knowledge of chemical biomolecules
regulating the sophisticated functions of biology, an electro-
chemical sensor is recognized to be a forceful tool capable of
providing important chemical information with fast response
and excellent sensitivity.[4] In vivo, a large number of chemical
molecules are highly related to mechanical deformation of
cells and tissues. Exemplarily, mechanotransduction is an
essential process by which cells convert mechanical stimuli
into biochemical responses.[5] Recently, initial studies have
shown the unique advantage of an electrochemical sensor in
detecting mechanically induced chemical release from

stretched cells.[6] Further considering the deformation of
cells and tissues during mechanotransduction, electrochem-
ical sensor with favorable stretchability would expect to be an
ideal tool to conform with cells and tissues deformation for
real-time monitoring these chemical signals. However,
despite significant achievements in electrochemical devices
with substrate–skin elasticity,[7] no impressive progress was
witnessed in electrochemical sensors with excellent electro-
chemical performance and large strain tolerance for biolog-
ical detection.[8]

To fabricate stretchable electrochemical sensor, the con-
ductive materials should satisfy both competent electronical
conductivity and electrochemical activity. Among the most
attractive nanomaterials [carbon nanotubes (CNTs), gra-
phene, and metal nanowires (NWs)] currently used for
stretchable electronics,[2,9] randomly distributed metal NWs
networks have received much attention because of their
excellent mechanical stretchability and higher conductivity,
compared with CNT networks and graphene films.[2d,e] Ag
NWs is the most extensively studied metal NWs for its
superior electrical conductivity[10] and convenient synthesis.[11]

Nevertheless, Ag NWs networks failed to serve as a working
electrode firsthand because of the lack of electrochemical
inertness in electrolyte solution. It is conceivable that Au
NWs or NTs should be an ideal material to construct
stretchable electrochemical sensor in view of the excellent
performance of Au in electrochemical sensing.[12] However, it
is still a great challenge to routinely fabricate 1D Au NWs or
NTs with a large aspect ratio.[13] This explains why no work
has been undertaken so far on Au NW- or NT-based
stretchable electronics and sensors.

Here, we synthesized Au NT networks using mild galvanic
displacement of sacrificial Ag NWs on polydimethylsiloxane
(PDMS) film, and developed a stretchable electrochemical
sensor for real-time monitoring of cells and tissues. As-
prepared Au NTs/PDMS electrode demonstrates satisfying
stability against mechanical deformation and excellent elec-
trochemical performance. By culturing cells on this sensor,
real-time monitoring of nitric oxide (NO) release from
mechanically sensitive human umbilical vein endothelial
cells (HUVECs) in both their stretching-free and stretching
states was achieved. Furthermore, we rolled up this sensor to
interface with the circular lining of elastic human vein and
successfully monitored NO release therein. This work repre-
sents a first step toward the application of stretchable
electrochemical sensors at the cell and tissue levels.

The stretchable Au NTs/PDMS film was fabricated using
in situ galvanic displacement of sacrificial Ag NWs (10–
20 mm in length) that had been pre-distributed uniformly on
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poly-dopamine (pDA) treated PDMS (Figure 1a). The pDA
layer endowed hydrophobic PDMS with a highly hydrophilic
surface to enhance the adhesion between Ag NWs and the
PDMS surface (see Figure S1 in the Supporting Informa-
tion),[14] and uniform Ag NWs networks were deposited on
pDA-functionalized PDMS by controllable spin-coating (Fig-
ure S2). Au NTs/PDMS film was formed through the mild
galvanic replacement between as-prepared Ag NWs networks
and ethylene diamine (en) complex of gold, [Au(en)2]Cl3

solution [Eq. (1)]. After exchange reaction, the byproduct
solid AgCl was eliminated by a complexation reaction
[Eq. (2)].

½AuðenÞ2¤Cl3 þ 3 Ag! Auþ 2 enþ 3 AgCl ð1Þ

AgClþ 2 NH3 ! ½AgðNH3Þ2¤þ þ Cl¢ ð2Þ

The elemental proportion of Au in Au NTs increased as
the galvanic replacement advanced (Figure S3 and Table S1),
while over-reaction leads to porosity and pinholes in the wall
of Au NTs (Figure S4). Considering the balance of electro-
chemical behavior and sheet resistance, 60 minutes were
chosen as the optimal reaction time at 90 88C in 1 mm
[Au(en)2]Cl3 solution. Au elemental mass fraction of Au
NTs is 91.2� 2.1% (mean standard deviation, � sd, n = 3),
indicating that almost all of Ag atoms have been replaced by
Au. Scanning electron microscope (SEM) showed that the
resultant Au nanomaterial distributed randomly on PDMS
and perfectly inherited the wire-like morphology of Ag NWs
templates (Figure 1b and Figure S1 c) with large length-to-
diameter ratio, which was beneficial to construct stretchable
electrodes. Transmission electron microscopy (TEM) image
(Figure 1c) revealed the hollow tubular structure of the
obtained Au with a uniform outer diameter of about 40 nm

and wall thickness of about 4 nm. X-ray diffraction (XRD)
peaks and the selected area electron diffraction (SAED)
pattern (Figure 1d) indicated the (111), (200), (220), and
(311) crystal planes of Au NTs, respectively.

Transmittance spectra of the initial Ag NWs and resultant
Au NTs networks on PDMS were measured in the visible
region of 350–700 nm (Figure 1 e). The respective transmit-
tance at 550 nm are 85.4 % and 81.7 %, and the corresponding
sheet resistance are 18.9� 0.9 W/sq and 23.1� 1.1 W/sq (mean
� sd, n = 5), demonstrating these Au NTs have nearly
maintained the excellent optoelectronic properties of Ag
NWs (Figure S5). Besides, the Au NTs/PDMS film presented
here is surface-compliant (Figure 1e, inset), and patterns and
arrays of Au NTs/PDMS can be easily obtained (Figure S6).
Cyclic voltammetric (CV) results with a pair of well-defined,
reversible redox peaks at 0.17 V and 0.22 V in K3[Fe(CN)6]
(Figure S3 c,d), showed the excellent ability of Au NTs/PDMS
in electron transport and electrochemical sensing.

Au NTs/PDMS film was connected with a light-emitting
diode (LED) to investigate the stability of electrical con-
ductivity. The LED remained lit when Au NTs/PDMS film
was stretched to a strain of 50% (Figure S7), indicating the
electron pathways through Au NTs networks are continuous
in the strain range of 0–50%. To test the flexibility, Au NTs/
PDMS film was wrapped on cylindrical objects with different
curvatures and folded in half (Figure 2a). No significant
change in the relative resistance (DR/R0) occurs for the
bending to radii of curvature as small as 0.5 mm. As for
stretchability (Figure 2b), DR/R0 reached 47 % at a maximum
strain of 50 % and recovered partially with a final increase of
18% after full release in the first cycle. This can be ascribed to
that the randomly distributed NTs can rotate and slide against
each other,[2d] while small portion of Au NTs may fail to
interlace with others under large strain (Figure S8a). When

Figure 1. a) Fabrication of stretchable Au NTs/PDMS films. i) Treatment of the PDMS surface with pDA. ii) Spin-coating Ag NWs on PDMS.
iii) Galvanic replacement of Ag NWs to Au NTs. b) SEM image of Au NTs/PDMS. c) TEM image of Au NTs. The inset shows the top end of an Au
NT. d) XRD pattern of Au NTs. The inset is the SAED pattern of Au NTs. e) Optical transmittance of transparent Ag NWs (spin-coated with
2 mgmL¢1 solution for 1 time) and resultant Au NTs on PDMS. The inset shows a photograph of Au NTs/PDMS film on the back of a hand.
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stretched back, Au NTs will contact with others again, leading
to partial recovery of conductivity (Figure S8 b). For the
subsequent cycle, DR/R0 was nearly identical for the same
strain, indicating that a stable conductive pathway has been
established after the first cycle. This was further verified by
unobvious difference in DR/R0 when the film was stretched up
to 50% or bended with a radius of 1 mm for 1000 cycles
(Figure S9).

CVs of Au NTs/PDMS film were collected after subjected
harsh condition including being circularly bended to radius of
1 mm and stretched to different tensile strains. The peak
current and potential of ferricyanide show high repeatability
(Figure 2c,d), demonstrating the electrochemical stability of
the film against large mechanical bending and stretching. In
physiological conditions, NO is closely involved in endothelial
mechanotransduction to modulate numerous aspects of
vascular homeostasis. The production of NO is dramatically
influenced by mechanical forces including circumferential
stretch and fluid shear stress.[15] Therefore, it is of great

significance to real-time monitor NO level from mechanically
sensitive ECs and blood tissues using deformable devices.
Compared with ITO and planar gold electrode with the same
geometric area, the CVof Au NTs/PDMS to NO shows a clear
oxidation peak at 0.80 V (Figure 2e) with much higher
current, exhibiting excellent catalytic activity to NO oxida-
tion. This may be ascribed that the electrode is composed of
nanometer-sized Au NTs, and Au nanostructures have
inherent electrocatalytic performance for NO.[12b,c] Obvious
increase in current was detectable even evoked by 5 nm NO
(Figure 2 f), and the calculated detection limit was 3 nm (S/
N = 3), demonstrating the excellent electrochemical sensing
ability.

Nanostructured substrates have been validated to affect
cellular behavior for their similar dimensions with cellular
surface components and extracellular matrix.[16] It was
apparently observed that HUVECs cultured on Au NWs/
PDMS film for 1 h with fully outspread pseudopodia attached
to the surface of the nanotubes networks (Figure 3 a), and
cells cultured for 3 h have recovered their characteristic
spindled shapes (Figure 3b and Figure S10a). This indicates
that Au NTs are quite biocompatible and can greatly promote
cell adhesion. After being cultured for 72 h, the cells

Figure 2. a) DR/R0 as a function of radius of curvature. The insets are
images of Au NTs/PDMS film bended with minimum (left) and
maximum (right) radius of curvature. b) DR/R0 as a function of tensile
strain in the first two stretch-release cycles. The insets are images of
Au NTs/PDMS film before (left) and after (right) being stretched to
50%. CVs of Au NTs/PDMS film obtained in K3[Fe(CN)6] after recover-
ing from being c) bended for different times (bending radius: 5 mm)
and d) stretched to different tensile strains. e) CVs of Au NTs (black
solid line), planar gold (blue line) and ITO (red line) electrodes in the
presence of 50 mm NO in deaerated PBS solution. Black dash line is
CV of Au NTs in the absence of NO. f) Amperometric response of Au
NTs/PDMS (electrode area 0.5 cm Ö 1.0 cm) to increases concentration
of NO at a potential of + 0.85 V (vs. Ag/AgCl). The inset is the
calibration curve.

Figure 3. SEM images of HUVECs cultured on an Au NTs/PDMS film
for a) 1 h and b) 3 h. c) The microscopic images of the Calcein-AM
(green) and PI (red) stained HUVECs cultured on Au NTs/PDMS.
Monitoring NO release from HUVECs by Au NTs/PDMS film d) with-
out stretching and e) with stretching cycles. The timing of t0 and t1

were the beginning and ending of stretching cycles with a frequency of
0.5 Hz. The insets are the illustration showing the state of HUVECs
and Au NTs/PDMS electrode in (d) and (e), respectively. f) Schematic
illustration of the Au NTs/PDMS film inserting inside human umbilical
vein process (left) and the corresponding amperometric response for
NO release (right). The inset shows the experimental photograph of
Au NTs/PDMS film inserting inside umbilical vein with the aid of
a glass capillary.
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proliferated well and covered almost all over the electrode
(Figure S10b), and the cells were almost clearly alive (Fig-
ure 3c).

The Au NTs/PDMS electrode was then used to monitor
NO release from living cells cultured thereon. After stimulat-
ing HUVECs with l-arginine (l-Arg) that can be enzymati-
cally oxidized by nitric oxide synthase (NOS) to produce NO
in ECs,[17] the ampere-current therewith rose (Figure 3d,
black line). Control experiments (without cells or stimulated
cells with a specific NOS inhibitor, l-NAME) further verified
that the increase in current was evoked by NO release
(Figure 3d, blue and red lines). To test its competence as
a stretchable electrochemical sensor, HUVECs were cultured
on the Au NTs/PDMS electrode that was mounted on a sliding
bracket, and the electrode was stretched to ca. 27 % with
a frequency of 0.5 Hz (cells subjected to stretching were
shown in Figure S11). NO release from stretching HUVECs
was preliminarily observed when cells were stimulated (Fig-
ure 3e), showing satisfying electrochemical performance of
Au NTs/PDMS as a stretchable sensor in biological detection.

To break through the barrier of conventional hard and
planar electrode for curvilinear tissues detections, we rolled
up the Au NTs/PDMS film into a cylinder and inserted it
closely into a segment of human umbilical vein (as illustrated
in Figure 3 f, digital images of Au NTs/PDMS film on a glass
capillary and the umbilical cord were shown in Figure S12).
Inside the vein the surface-compliant Au NTs/PDMS film
spread and interfaced with the lining intimately, and NO
release was successfully monitored from endothelial cells of
umbilical vein.

To summarize, a stretchable electrochemical sensor based
on Au NTs percolating networks achieved real-time monitor-
ing of mechanically sensitive cells and tissues by deformable
device. In this work, we demonstrate the capability of
presented strechable sensor in detection of NO generation
from stretched ECs and inner lining of human umbilical veins.
Quantitative study on the NO production from ECs and
blood vessels under various kinds of mechanical stimuli is now
in progress in our group. It is anticipated that this kind of
strechable sensor could be developed as a powerful tool to
monitor mechanotransduction process in living cells and
tissues. Further considering the convenience for preparation
of Au NTs and their excellent biocompatibility, functionali-
zation of the Au NTs with rational design will broaden its
application as stretchable devices to meet the various
demands in biology.
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