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SUMMARY

Mechanically-gated ion channels play an important role in the human body,
whereas it is challenging to design artificial mechanically-controlled ionic trans-
port devices as the intrinsically rigidity of traditional electrodes. Here, we report
on a mechanically-gated electrochemical channel by virtue of vertically aligned
gold nanowires (v-AuNWs) as 3D stretchable electrodes. By surface modification
with a self-assembled 1-Dodecanethiol monolayer, the v-AuNWs become hydro-
phobic and inaccessible to hydrated redox species (e.g., FeðCNÞ3�=4�

6 and
RuðbpyÞ2+

3 ). Under mechanical strains, the closely-packed v-AuNWs unzip/crack
to generate ionic channels to enable redox reactions, giving rise to increases in
Faradaic currents. The redox current increaseswith the strain level until it reaches
a certain threshold value, and then decreases as the strain-induced conductivity
decreases. The good reversible ‘‘on-off’’ behaviors for multiple cycles were also
demonstrated. The results presented demonstrate a new strategy to control
redox reactions simply by tensile strain, indicating the potential applications in
future soft smart mechanotransduction devices.

INTRODUCTION

Human perceives the external world via our unique sensory system, in which specific cell-binding proteins

can recognize and convert external stimuli (e.g., light, temperature, voltage, force, etc) into electrical signal

(Balu�ska and Mancuso, 2009; Ranade et al., 2015). This is achieved via pore-forming membrane proteins,

which allows specific ions to pass through the pores in response to specific stimuli. This leads to specific

action potential responsible for the electrical signal generation and communication (Courtemanche

et al., 1998; Reeh, 1986). Ionic channels are ubiquitous and present in membranes of all cells in biology,

and various gated ion channels exist in our sensory system to respond to various external stimuli. Mechan-

ically-gated ion channels are responsible for sensing touch, pressure and acoustic in biology (Delmas and

Coste, 2013; Ranade et al., 2015).

To understand how membrane proteins gate ionic channels, supported lipid membranes have been con-

structed on electrochemical electrodes. Wang and co-workers developed a series of supported lipid mem-

branes on solid electrodes and investigated the ion channel behaviors. For example, by modification of di-

dodecyldimethylammonium bromide bilayer lipid membranes on glassy carbon electrode, the ion channel

behavior of the supported bilayer lipid membrane with distinct channel current by using perchlorate anions

as the stimulus and ruthenium(II) complex cations as the marker ions was demonstrated (Wu et al., 2000). In

addition, by using ruthenium (II) as the maker ion, the ion channel behavior of amphotericin B in supported

phosphatidylcholine bilayer model membranes was also investigated through electrochemistry and spec-

troscopy (Huang et al., 2002). In a recent study, Pappa et al. demonstrated a multimodal (optical and elec-

tronic) ion-channel activity in human-derived membranes, where TREK-1 ion-channel was expressed within

supported lipid bilayers and PEDOT:PSS-based organic electrochemical transistors were used for com-

bined optical and electronic measurements (Pappa et al., 2020). It has to be noted that all these electro-

chemical studies are based on bulk and rigid electrodes. Previous demonstrations are typically based on

chemical and light stimuli; however, it has not yet been realized as a mechanical stimulus, to the best of

knowledge, because of the rigidity nature of traditional electrochemical electrodes which are intrinsically

not stretchable.
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Figure 1. Schematic illustrations of inspired mechanically-gated ion channel

(A) Mechanically-gated ion channels in biological systems.

(B) Mechanical strain-gated electrochemical ionic channel based on v-AuNWs stretchable electrode.
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Recently, we have developed a wet chemistry approach to fabricate stretchable electrode by using the

vertically aligned gold nanowires (v-AuNWs), which could serve as an unconventional electrochemical plat-

form for soft wearable sensors for detecting strains (Yap et al., 2019), pressures (Wang et al., 2021), temper-

ature (Gong et al., 2019), and biological markers (Zhai and Cheng, 2019; Zhai et al., 2019, 2020a, 2020b).

Here, we further demonstrate a mechanically-gated electrochemical ionic channel based on chemically

modified v-AuNWs with 1-Dodecanethiol (DDT) (Figure 1). Note that self-assembled monolayer (SAM) of

alkyl thiols on traditional gold electrodes has been widely investigated for bioelectrochemistry and biosen-

sors (Dong and Li, 1997). However, the previous electrodes were not stretchable. We discovered that

DDT-modified v-AuNWs electrodes exhibited mechanically-gated redox behaviors toward non-absorbing

electrochemical probes including negatively charged FeðCNÞ3�=4�
6 and positively charged Ru(bpy)3

2+ - a

capability impossible to achieve with traditional rigid electrodes. The gating phenomenon shares analogy

to cell membrane-binding proteins that can regulate ionic transports. Under non-strained states, the DDT

SAMs passivity exposes surfaces of v-AuNWs electrode preventing from its electron communications with

redox probes. This is termed as ‘‘close’’ state; whereas under the mechanical force such as strains, the

v-AuNWs can unzip/crack to generate channels allowing hydrated redox probes to penetrate, which en-

ables their electron transfer corresponding to an ‘‘open’’ state. The ‘‘open’’ state current is dependent

on the external strain applied. In addition, the mechanically-gated electrochemical ‘‘close’’ and ‘‘open’’

states are reversible.
RESULTS AND DISCUSSION

DDT-modified v-AuNWs electrode

v-AuNWs based stretchable electrode was fabricated through a seed-mediated method according to our

previously published reports (Zhai et al., 2018, 2020a). In brief, a thin layer of poly(methyl methacrylate)

(PMMA) was first spun onto the surface of Si wafer, which was followed by O2 plasma treatment. Then

the PMMA/Si substrate was successively immersed in ethanol solution containing (3-Aminopropyl)triethox-

ysilane (APTES) and Au nanoparticles solution for an hour each. This step led to a sub-monolayer of Au

nanoparticles on the PMMA surface. After rinsing with water and being dried by blowing with N2, the

Au/PMMA/Si was finally immersed in the nanowire growth solution containing ethanol, Au source (HAuCl4),

4-mercaptobenzoic acid (MBA) for 5 min. After drying with N2, a thin layer of PDMS was subsequently spun

onto the surface of v-AuNWs/PMMA/Si substrate followed by annealing in an oven (60�C) overnight. Upon
removal of PMMA, free-standing v-AuNWs embedded PDMS sheet was obtained. The standing and verti-

cally aligned structures of AuNWs were evident as confirmed by scanning electron microscopy (SEM)
2 iScience 24, 103307, November 19, 2021



Figure 2. Schematic illustration and characterizations of the self-assembly kinetics of DDT

(A) Schematic illustration of the self-assembly kinetics of DDT on the surface of v-AuNWs with the increasing reaction

time.

(B) FTIR spectrum of v-AuNWs stretchable electrodes at different DDT treatment time.

(C and D) Contact angels (C) and EIS (D) characterizations of v-AuNWs stretchable electrode before and after DDT

modification.
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(Figure S2). In addition, the cross-sectional SEM image shows that v-AuNWs were embedded in PDMS (Fig-

ure S3), which agrees well with our previous studies (Gong et al., 2019; Lyu et al., 2019; Zhai et al., 2020b).

The PDMS-embedded v-AuNWs were electrically conductive, mechanically stretchable, and could exhibit

durable electrical response under multiple stretching/releasing cycles (Lyu et al., 2019; Zhai et al., 2020b).

The v-AuNWs electrodes were further modified with DDT SAMs simply by immersing the v-AuNWs elec-

trode into ethanol solution containing 10 mM DDT. Similar to alkyl thiol SAMs formed on a planar bulk

gold surface (Vericat et al., 2010), DDT experienced physisorption, chemisorption, crystalline and ordered

domains with a closed-packed configuration with the increasing immersion time (Figure 2A). This was

proved by the FTIR studies (Figure 2B). The characteristic peaks at 2925 cm�1 and 2853 cm�1 were ascribed

to the CH2 asymmetric stretching, demonstrating the presence of DDT molecules on the v-AuNWs elec-

trode (Li et al., 2003). With the increase in the modification time, both the peak intensities enhanced, indi-

cating the increasing amount of DDT molecules immobilized onto v-AuNWs.

The successful DDT modification was also proved by the contact angle measurement. As shown in Fig-

ure 2C, the water contact angle of the v-AuNWs electrode increased from 109� to 131� after DDT modifi-

cation. The increase in hydrophobicity was due to the presence of alkyl chains that passivated v-AuNWs

surfaces, consistent with the previous result (Pan et al., 1996).

The dynamic self-assembly process of DDT on the v-AuNWs electrode was also characterized with electro-

chemical probes by cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). In the

absence of DDT modification, one-electron redox reaction of FeðCNÞ3�=4�
6 on the v-AuNWs electrode ex-

hibited the similar CV profile to that on traditional bulk gold surface (black line in Figure S1). Note that the

peak-to-peak separation was about 195 mV, which is much greater than the theoretical value of 59 mV on a

planar ideal electrode surface. This may be attributed to two factors: (1) v-AuNWs are discontinuous with

lower conductivity than corresponding bulk gold electrodes; (2) MBA ligands bonded to v-AuNWs sur-

faces. Upon DDT modification, the redox currents reduced significantly accompanied with larger peak-

to-peak separation. This was because DDT molecules would replace MBA ligands and passivated gold

nanowire surfaces more effectively by blocking the efficient electron transfer between the v-AuNWs and

FeðCNÞ3�=4�
6 . This blocking effect increased charge-transfer resistance as shown in the EIS characterization
iScience 24, 103307, November 19, 2021 3



Figure 3. Strain-gated electrochemical ion channel in 5 mM FeðCNÞ3�=4�
6

(A) LSV curves of the DDT modified v-AuNWs based stretchable electrode under different strains from 0% to 70%.

(B) Plot for strains versus LSV current at 0.5 V v.s. Ag/AgCl.

(C) LSV curves of DDT modified v-AuNWs based stretchable electrodes at 0%, 50% and released to 0% stretched states.

(D) The cyclic switching of the current at 0.5 V v.s. Ag/AgCl between 0% and 50% strain.
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(Figure 2D). The longer the immersion time in DDT solution, the greater level of current reduction was

observed until reaching a plateau for a DDT treating time of about 30 min. This is consistent with DDT

SAM formation kinetics illustrated in Figure 2A and also in agreement with the FTIR results and the litera-

ture (Pan et al., 1996).

Strain-gated redox reactions of FeðCNÞ3�=4�
6

We further applied mechanical strains to DDT modified v-AuNWs stretchable electrode to investigate how

the strain level influenced charge transfers of redox probes ðFeðCNÞ3�=4�
6 Þ. As shown in Figure 1B, we ex-

pected that the closely-packed v-AuNWs would unzip/crack under mechanical strains, thereby with ‘‘open-

ing channels’’ for charged redox species to penetrate into v-AuNWsmatrix. In turn, it would enhance redox

current level. This hypothesis was proven in our linear sweep voltammetry (LSV) results presented in Fig-

ure 3A. The LSV was used to characterize DDT modified v-AuNWs electrode to ‘‘squeeze’’ strong back-

ground capacitance current. Both anodic and cathodic currents increased as the stretch level increased

in LSV curves. We further plotted the relationship between the redox current and strains at 0.5 V v.s. Ag/

AgCl as shown in Figure 3B. It can be clearly seen that the redox current increased with the strain level until

a threshold value of about 50% strain. This may be well-interpreted as ‘‘ionic channeling effect’’. Under

stains, the closely-packed v-AuNWs would unzip/crack enabling facile penetration of redox ions into v-

AuNWs matrix; hence, leading to the increase of Faradaic currents. Nevertheless, it has to be noted that

the strain would also cause the decrease of v-AuNW electrode conductivity. Hence, the observed current

would be tradeoff between ‘‘ionic channeling effect’’ and ‘‘resistance-effect’’. Between �50% strain, the

former dominated leading to the increase in electrochemical currents; whereas, the later dominated above

�50% strain, resulting in the current decrease.

We characterized morphological structures of v-AuNW electrodes by SEM under different strains from 0%

to 70%. As shown in Figure S4, evident cracks were observed on the surface of v-AuNWs electrode as the

tensile strains were applied. The sizes of the cracks increased with the strain levels. Nevertheless, the crack-

enabled increase in accessible surface area to ionic electrochemical probes couldn’t explain the substantial

increase in redox currents (at least 3.5 times). Hence, the inter-nanowire spacing likely increased upon
4 iScience 24, 103307, November 19, 2021
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external strains applied, consistent with our early studies (Wang et al., 2018a). On the other hand, the cracks

induced bymechanical strain led to a decrease in conductivity of v-AuNWs conductor as a result of reduced

wire-to-wire connectivity. Hence, the observed current would be a tradeoff between increased accessibility

to redox probes and decreased conductivity of DDT-modified v-AuNWs. The former dominated for the

strain level below about 50%, whereas the latter dominated for the larger strain level.

The mechanically gated electrochemical behaviors were reversible. This was demonstrated for the cur-

rent switching between 0% and 50% strain in the solution of FeðCNÞ3�=4�
6 as shown in Figure 3C.

When the 50% strain was released to 0%, the LSV line shape almost recovered to the one before the

stretching applied albeit both anodic and cathodic currents were even smaller. This may be attributed

to reduced conductivity upon strain release. Moreover, the current at 0.5 V v.s. Ag/AgCl could be

switched reversibly between 0% and 50% with multiple cycles (Figure 3D). This electrochemical revers-

ibility is in good agreement with morphological changes as demonstrated by SEM images as shown

in Figure S2. At the non-strained ‘‘off’’ state, there were barely any observable cracks on the stretchable

electrode. But when 50% strain was applied, large cracks were observed, corresponding to electrochem-

ical ‘‘open’’ state. Upon strain release to 0% strain, all the cracks were also gone recovering the initial

morphology, indicating minimal delamination consistent with previous reports (Wang et al., 2018b;

Zhai et al., 2020b). In addition, the long-term durability of the fabricated mechanically-gated electro-

chemical ionic channel was also investigated by recording and comparing the switch behavior before

and after repeatedly applying/releasing 50% strain for every 20 cycles. As shown in Figure S5, the fabri-

cated electrochemical ionic channel exhibited good mechanical switching properties even after repeat-

edly applying/releasing 50% strain for 100 cycles, demonstrating its good long-term durability and sta-

bility. The slight drifting of on/off currents might be because of v-AuNWs cracking under repeating

strain/release.

Furthermore, a control experiment was firstly performed on v-AuNWs stretchable electrode without DDT

modification in 5 mM FeðCNÞ3�=4�
6 . A completely opposite experimental result was obtained in comparison

with DDT modified v-AuNWs stretchable electrodes. As seen in Figure S6, the redox peak current

decreased along with the applied strains from 0% to 60% together with gradually increasing peak separa-

tion, which was attributed to decreased conductivity (Zhai et al., 2018). Moreover, another control exper-

iment was carried out on a DDT modified sputter-coated bulk gold electrode supported on PDMS. The

LSV response current profiles under different strains from 0% to 50%were presented in Figure S7. Evidently,

the current decreased with the increase in the applied strains. This decrease in current was a result of strain-

induced catastrophic cracks in bulk gold film in sharp contrast with v-AuNWs (Figure S8), which were also

proven in our previous report (Wang et al., 2018a, 2018b). The aforementioned control experimental results

were summarized in Table S1, which demonstrated the significance of both DDT surface modification and

the intrinsically stretchable v-AuNWs electrode to achieve strain-gated Faradaic electrochemical ionic

channel behaviors.
Strain-gated redox reactions of RuðbpyÞ2+
3

Apart from the negative charged redox probes, the electrochemical ‘‘on-off’’ behavior of the proposedme-

chanically-gated electrochemical switch was also demonstrated for the positive charged redox

probesðRuðbpyÞ2+3 Þ. As shown in Figure 4A, the LSV profile for the DDT-modified v-AuNWs electrode

without the strain applied featured low current response to voltage sweeping, demonstrating the strong

DDT blocking effects toward redox reactions of RuðbpyÞ2+3 . In contrast, upon the tensile strains applied,

the redox currents increased significantly with the strain levels from 10% to 70%. Further scrutiny of the

response current at 1.0 V v.s. Ag/AgCl indicated a peaking value at about 40% strain, followed by slow

decrease with the further strain applied (Figure 4B). This phenomenon shared an analogy to that observed

for negatively electrochemical probes (Figure 3B), further demonstrating the tradeoff between strain-

induced ionic channeling effect and decreased conductivity.

The mechanically-gated electrochemical switching behaviors were also observed for RuðbpyÞ2+3 , with

evident ‘‘on-off’’ behavior presented in Figure 4C. It can be seen that the redox current increased several

folds when a 40% strain was applied. The redox current profile almost recovered to that before the stretch-

ing when the strain was released. Slightly lower current profile indicated the increase in electrode resis-

tance during the stretch-release cycle. By monitoring the current at 1.0 V v.s. Ag/AgCl, we further proved

the reversible ‘‘ON’’ and ‘‘OFF’’ switching between 0% and 40% (Figure 4D).
iScience 24, 103307, November 19, 2021 5



Figure 4. Strain-gated electrochemical ion channel in 2 mM Ru(bpy)3
2+

(A) LSV curves of the DDT modified v-AuNWs based stretchable electrode under different strains from 0% to 70%.

(B) Plot for strains versus LSV current at 1.0 V v.s. Ag/AgCl.

(C) LSV curves of DDT modified v-AuNWs based stretchable electrodes at 0%, 40% and released to 0% stretched states.

(D)The cyclic switching of the LSV current at 1.0 V v.s. Ag/AgCl between 0% and 40% strain.
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Conclusions

Unlike bulk electrodes, v-AuNWs are intrinsically stretchable yet electrically conductive. This unique

feature, in conjunction with DDT SAMs, allows us to demonstrate a bio-inspired mechanically-gated elec-

trochemical ionic channel. Both the negatively charged redox probe ðFeðCNÞ3�=4�
6 Þ and positively charged

redox probe ðRuðbpyÞ2+3 Þ exhibit an increasing current trend with the increase in strain until reaching a

threshold value before the current declining. This is because of the tradeoff between strain-induced ‘‘ionic

channel opening’’ and decrease in v-AuNWs conductivity. Furthermore, strain-controlled electrochemical

switching is reversible and can be cycled for multiple times. Our findings indicate that the v-AuNWs may

serve as a soft bioelectrode for novel applications in real-time monitoring of biological processes such as

redox reactions associated with mechanotransduction.
Limitations of the study

The base current on DDT modified v-AuNWs stretchable electrode without the tensile strain applied was

still significant. It indicates imperfect DDT blocking charge-transfer reaction. This may be because of the

fact that the v-AuNWs surface is rough rendering DDT SAM defective. The use of longer alkyl thiol chains

may offer better blocking effects. Further demonstration strain-gated ionic channeling may be directed to

smaller redox species and non-charged ones.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals

(3-Aminopropyl)triethoxysilane (APTES), Sigma-Aldrich 440140, CAS 919-30-2

Gold(III) chloride trihydrate (HAuCl4) Sigma-Aldrich 520918, CAS 16961-25-4

Sodium borohydride (NaBH4) Sigma-Aldrich 452882, CAS 16940-66-2

Sodium citrate Sigma-Aldrich S4641, CAS 6132-04-3

L-ascorbic acid Sigma-Aldrich 255564, CAS 50-81-7

4-Mercaptobenzoic acid (MBA) Sigma-Aldrich 706329, CAS 1074-36-8

potassium ferricyanide (K3[Fe(CN)6]) Sigma-Aldrich 702587, CAS 13746-66-2

potassium ferrocyanide (K4[Fe(CN)6]) Sigma-Aldrich P3289, CAS 14459-95-1

Tris(2,20-bipyridine)ruthenium(II) chloride

hexahydrate (Ru(bpy)3Cl2)

Sigma-Aldrich 544981, CAS 50525-27-4

1-Dodecanethiol (DDT) Sigma-Aldrich 471364, CAS 112-55-0

Poly(methyl methacrylate) (PMMA) MicroChem Corp. (Westborough, USA). 950 A6

PDMS base and curing agent Dow Corning Sylgard 184

Software and algorithms

OriginLab OriginLab Corporation https://www.originlab.com/

Image J Rasband, 1997-2018 https://imagej.nih.gov/ij/
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Wenlong Cheng (wenlong.cheng@monash.edu).
Materials availability

This study did not generate new unique reagents.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
METHODS DETAILS

Fabrication of v-AuNWs based stretchable electrode

v-AuNWs embedded in PDMS was obtained according to our recently reported seed-mediated method,

and the experimental processes were described in detail as following.

(1) Synthesis of Au nanoparticle seeds

Sodium citrate protected Au nanoparticles suspensions were prepared by reducing 0.25 mM HAuCl4 in

aqueous solution using NaBH4 (6 mM) in the presence of sodium citrate (0.5 mM).

(2) Surface treatment of Silicon wafer
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Firstly, a thin layer of PMMA was spin-coated on the surface of Si wafer at the speed of 3000 rpm for 50s,

then transferred to a hotplate that baked at 180�C for 2 minutes. After cooling to room temperature,

PMMA/Si wafter was treated by O2 plasma for 5 min, and then immersed in absolute ethanol solution con-

taining 5mMAPTES for 2 h. Finally, the water was rinsed with ethanol to remove weakly bonded APTES and

dried by N2.

(3) Au nanoparticles attachment

The above APTES modified PMMA/Si wafter was immersed in Au seeds (10 nm) solution for about 2 h. The

negative charged Au nanoparticles would be adsorbed on the positive charged APTES modified PMMA/Si

wafter surface through electrostatic interaction. Then the substrate was rinsed with water and dried by N2.

(4) AuNWs growth

Au nanoparticles attached PMMA/Si wafter was immersed in v-AuNWs growth solution containing 12 mM

HAuCl4, 1 mM MBA, 30 mM L-AA for 3 min, then rinsed with ethanol and dried by N2.

(5) Spin-coating PDMS

PDMS with the base and curing agent ratio of 10:1 (w/w) was spin-coated on the surface of PMMA/Si wafter

with v-AuNWs at 500 rpm for 30 s. The coated PDMS was cured in an oven overnight at 60�C. Finally, the v-

AuNWs based stretchable electrode array was obtained by dissolving the sacrificial layer of PMMA in

acetone.
The modification of stretchable electrode

The above obtained stretchable electrode was immersed in 1 mM DDT ethanol solution for different treat-

ment times, and then rinsed with ethanol to remove the excessive DDT, dried by N2 for characterization.
Fourier transform infrared spectroscopic (FTIR) characterization

FTIR analysis of the unmodified and DDT modified v-AuNWs based stretchable electrode was carried out

using a Vertex 80 FTIR spectrometer (Bruker, Germany). The FTIR spectra were recorded over the scanning

range of 2750–3050 cm�1 at room temperature.
Electrochemical characterization

Cyclic voltammetry (CV) and Linear Sweep Voltammetry (LSV) characterization of v-AuNWs based stretch-

able electrode (fixed on a homemade stretching device) under different stretched states were performed

by an electrochemical workstation (VersaSTAT3, Princeton Applied Research). In 5 mM FeðCNÞ3�=4�
6

aqueous solution, the scan range was from �0.4 V to 0.8 V with the scan rate of 50 mV/s; In 2 mM

RuðbpyÞ2+3 aqueous solution, the scan range was from 0.7 V to 1.3 V with the scan rate of 50 mV/s. Electro-

chemical impedance spectroscopy (EIS) was carried out in 5mMFeðCNÞ3�=4�
6 solution containing 0.1M KCl,

and the frequency from 105 Hz to 1 Hz.
QUANTIFICATION AND STATISTICAL ANALYSIS

All averaged datasets, are averages of at least 3 times test and are reported as meanG standard deviation.

SEM Statistical analysis was performed through Image J.
10 iScience 24, 103307, November 19, 2021
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