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Facile strategy for uniformgold coating on
silver nanowires embedded PDMS for soft
electronics
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Silver nanowires-embedded polydimethylsiloxane (AgNWs/PDMS) electrodes are promising
components for various soft electronics, but face energy mismatch with organic semiconductors.
Attempts at galvanic replacement, involving spontaneous gold (Au) formation on the electrodes, often
result in non-uniform and particulate Au coatings, compromising device performance and stability. In
this study,we introduceanovel approach for achieving auniformandcompleteAucoatingonAgNWs/
PDMS electrodes by adding NaCl to the Au complex solution. This addition slows down the galvanic
replacement process and prevents precipitation, enabling a uniform and complete Au coating on the
AgNWs surface. Such coating significantly reduces contact resistance (RC), thereby enhancing the
electrical characteristics of p-type organic transistors. Furthermore, the development of high-
performance, fully soft organic transistors was achieved incorporating an organic semiconductor-
elastomer blend. Additionally, reliable,mechanically stable soft glucose sensorwas developed, taking
advantage of the complete Au coating, which protects against oxidation during the glucose sensing
process.

Recent interest in wearable electronics has intensified due to its promising
potential for practical usability1–4.Many advancements, including structural
engineering and innovative material design, have paved the way for soft
electronics, such as skin-mountable and bio-implantable devices3–7. Parti-
cularly, studies in intrinsically stretchable electronic materials and rubbery
composites have played a crucial role in developing fully soft organic elec-
tronic devices that enable intimatemounting on skin or implanting into the
human body3,6,7. While such material development has been a primary
focus, the interface between components is indeed critical for the significant
advancement of high-performance fully soft organic electronics8–10. The
contact resistance (RC), mainly induced by the difference between Fermi
levels (EF) ofmetal electrodes and energy levels of semiconductors, obstructs
charge carrier transport at the interface, hampering field-effect mobility in
organic transistors9,10. However, interfacial engineering for minimizing RC
in fully soft organic transistors has been overlooked, although efforts in
reducing it for rigid and flat transistors have been studied8,11,12, which is not
compatible with devices that are made out of only soft components. Thus,

there is an urgent need in the development of the appropriate approach to
form better interface for fully soft organic electronics.

The recently developed fully soft organic transistors, which employ
silver nanowires-embedded PDMS (AgNWs/PDMS) as a soft electrode, are
promising due to their exceptional electrical and mechanical properties.
However, they face an inherent challenge regarding the energy barrier
between silver (EF,Ag is from −4.26 eV), and typical p-type organic semi-
conductors (EHOMO is from −4.90 to −5.50 eV)13,14. A common solution,
the galvanic replacement of the AgNWs surface with gold (EF,Au is
−5.09 eV), ensures ohmic contact between soft electrodes and the organic
semiconductor15–17. Nonetheless, this method often leads to non-uniform
gold particulation on AgNWs due to the vigorous redox reaction18,19. Par-
ticularly, incomplete gold coverage and a rough surface can result in a large
RC in soft transistors19. Moreover, inconsistent gold coverage on AgNWs
within the AgNWs/PDMS electrodes limits their application in soft bio-
sensors due to the chemical instability of silver20. Therefore, a more
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promising approach would involve achieving a complete and uniform gold
coating through a simple process.

In this study, we report an effective approach for gold coating on
exposed AgNWs in AgNWs/PDMS electrodes, aimed at reducing the RC in
fully soft organic transistors. The key concept in this approach is the con-
trolled deceleration of the galvanic replacement reaction, achieved by
employing HAuCl4 solution with added NaCl. The excess Cl– ions, dis-
sociated from NaCl, play a crucial role in moderating the redox reaction
according to Le Chatelier’s principle, reducing the reduction potential dif-
ference, and preventing AgCl precipitation. Although many studies have
reported on the effects of NaCl in galvanic replacement, none have applied
these findings to soft electronics; instead, most have all focused on the
formation of nano-sized materials21–23. This study revealed a direct corre-
lation between the concentration of NaCl (CNaCl) in the HAuCl4 solution
and various properties, including the quality of gold coating, RC, and μFE of
the transistor. Significantly, our approach of achieving a uniform gold
coating on AgNWs led to a substantial reduction in RC, thus accomplishing
the high-performance fully soft organic transistors, with an averagemobility
of 13.09 cm2·V−1·s−1, and the highest mobility of 21.87 cm2·V−1·s−1. Fur-
thermore, the uniform and reliable gold coating on AgNWs of AgNWs/
PDMS has shown further advantages in enzyme-based soft glucose sensors,

particularly by offering enhanced chemical resistance to H2O2, thereby
ensuring reliable sensing capability.

Results
Au-coated AgNWs/PDMS soft electrodes for soft organic
transistors
Figure 1a shows an 8 × 8 array of fully soft organic transistors fabri-
cated using Au-coated AgNWs/PDMS source, drain electrodes, an
AgNWs/PDMS gate electrode, a soft organic semiconductor, and ion
gel gate dielectrics. Conventional Au deposition on AgNWs/PDMS
typically leads to unfavorable charge transport between the organic
semiconductor and soft electrodes, as shown in Fig. 1b. In contrast, a
uniform Au coating on AgNWs/PDMS enables efficient charge
transport (Fig. 1c), thereby reducing RC and enhancing device per-
formance, such as charge carrier mobility. Therefore, achieving
uniform Au coating on AgNWs/PDMS is crucial for the high per-
formance of fully soft organic transistors. Figure 1d schematically
illustrates the galvanic replacement process for Au coating on the
exposed AgNWs of AgNWs/PDMS electrodes, comparing the use of
HAuCl4 solution with and without NaCl. The preparation of AgNWs/
PDMS electrodes is detailed in the Experimental Section. The

Fig. 1 | Au-coated AgNWs/PDMS soft electrodes prepared by galvanic replace-
ment. a An optical image of the 8 × 8 fully soft organic transistors array. Inset is the
schematic exploded view of the single fully soft organic transistor. b, c Schematic of
the charge injection between the organic semiconductor and particulate Au-coated

AgNWs/PDMS electrodes (b), and uniform Au-coated AgNWs/PDMS electrodes
(c). d Schematic of the galvanic replacement process of AgNWs/PDMS electrodes
using HAuCl4 solution in the presence and absence of NaCl. Insets are SEM images
of the soft electrode under each condition.
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conventional Au coating via galvanic replacement using HAuCl4
solution results in an intense reaction that creates a particulate and
non-uniform Au layer, whereas the inclusion of NaCl in the solution
facilitates a uniform and complete coverage of Au on AgNWs/PDMS
electrodes, as shown in the insets of the scanning electron micro-
scopic (SEM) images in Fig. 1d. The detailed kinetics of the NaCl
effect on the galvanic replacement process for the soft electrode will
be discussed in the following section.

TheeffectofNaClonAucoatingofsoftAgNWs/PDMSelectrodes
Figure 2a, b exhibit SEM images of exposed AgNWs of AgNWs/
PDMS electrodes over time during the galvanic replacement process,
comparing the use of HAuCl4-only solution and the solution con-
taining 50 mMNaCl. In the case of the galvanic replacement with the
HAuCl4-only solution, no significant change was observed after
2 min, suggesting rapid reaction completion, and resulting in parti-
culate and non-uniform Au coating on AgNWs. On the other hand,

the HAuCl4 solution containing 50 mMNaCl completed the reaction
in approximately 40 min, achieving uniform Au coverage. It is noted
that the NaCl concentration (CNaCl) in the HAuCl4 solution is opti-
mized at 50 mMdue to negligible changes at higher concentrations, as
shown in Supplementary Fig. 1. In addition, NaCl does not cause
corrosion or structural damage to the AgNWs/PDMS electrode
during the galvanic replacement because the short treatment period is
not sufficient to have an adverse effect on the AgNWs (Supplemen-
tary Fig. 2). Optical microscopic (OM) images also corroborate that
complete and uniform Au coverage is saturated at the CNaCl of 50 mM
(Supplementary Fig. 3). Importantly, HAuCl4 concentration (C
(HAuCl4)) does not impact the Au coating on AgNWs even after
60 min, as shown in Supplementary Fig. 4, underscoring the critical
role of NaCl in achieving uniform Au formation on AgNWs.

The mechanism for uniform Au coating using HAuCl4 with NaCl is
attributed to two key phenomena: (1) slowed reaction rate from Le Cha-
telier’s principle and a negative shift in reduction potential, and (2)

Fig. 2 | Reaction kinetics of Au coating process. Time-dependent SEM images of
the Au-coated AgNWs/PDMS electrodes prepared by galvanic replacement using
0.5 mM HAuCl4 solution without NaCl (a), and with 50 mM NaCl (b). c Cyclic
voltammograms of 0.5 mM HAuCl4 solution without, and with various

concentrations of NaCl. Schematic of the Au-coated AgNWs/PDMS electrodes
using 0.5 mM HAuCl4 solution without NaCl (d), and with 50 mM NaCl (f). EDS
elements mapping of the Au-coated AgNWs/PDMS electrodes using 0.5 mM
HAuCl4 solution without NaCl (e) and with 50 mM NaCl (g).
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prevention of AgCl precipitation through soluble complex formation. The
reaction, driven by the reduction potential difference between AuCl4

− and
Ag+, is described by equation (1):

3AgðsÞ þ AuCl�4 ðaqÞ ! AuðsÞ þ 3AgþðaqÞ
þ 4Cl�ðaqÞ ! AuðsÞ þ 3AgClðsÞ þ Cl�ðaqÞ ð1Þ

In the presence of NaCl, excess Cl− shifts the equilibrium leftward by
Le Chatelier’s principle, slowing the galvanic replacement reaction24,25. In
addition, the reduction potential difference between AuCl4

−/Au0 and
Ag+/Ag0 is closely related to the reaction rate18. As shown in the cyclic
voltammogram in Fig. 2c, the cathodic scan reveals a peak at 0.56 V versus
Ag/AgCl for reduction to Au0, shifting to 0.35 V with 50 mM NaCl,
indicating a reduced galvanic replacement driving force. Interestingly,
whileCNaCl does not significantly affect the reduction potential of AuCl4

−/
Au0, anodic peaks shift negatively with higher CNaCl, implying easier
oxidation of Au0 and equilibrium shift towards AuCl4

− formation. Fur-
thermore, AgCl precipitation intensifies particulate Au formation19,
mitigated by soluble Ag complex (AgCl2

−) formation in excess Cl−

conditions19,26, as evidenced by energy dispersive X-ray spectroscopy
(EDX) analysis showing concentrated Cl distribution on particulate Au
(Supplementary Fig. 5).

Themorphologies of Au-coatedAgNWsprepared usingHAuCl4-only
solution and the solution containing 50mM NaCl are investigated. The
HAuCl4 solutionwithoutNaCl leads to the formation of particulate Au and
results in severe AgNWs loss as shown in Fig. 2d, e, and Supplementary Fig.
6. This originates from the reaction stoichiometry and rapid electrochemical
reaction rate. In contrast, the slower reaction induced by adding 50mM
NaCl to the HAuCl4 solution results in galvanic replacement occurring
primarily at the outer atoms of the AgNWs, as shown in Fig. 2f, g18. This
leads to a predominantly uniform Au coating on the AgNWs and the

formation of partially hollow structured Au-coated AgNWs, which do not
compromise the electrical properties (Supplementary Fig. 7).

Electrical properties of organic transistors based on Au-coated
AgNWs/PDMS electrodes
We firstly investigated the RC in organic transistors using Au-coated
AgNWs/PDMS electrodes prepared by HAuCl4 solutions containing var-
ious CNaCl. Figure 3a illustrates the organic transistors, fabricated with
PTB7-Th and ion gel as the organic semiconductor and gate dielectric,
respectively27. In particular, PTB7-Th, selected for its significantly negative
highest occupied molecular orbital (HOMO) level (EHOMO =− 5.24 eV)
compared to the Fermi level of silver28, highlights the substantial RC in the
organic transistor and exhibits clear RC change depending on the
morphologies of Au-coated AgNWs/PDMS (Fig. 3b, c). The detailed
materials preparation and device fabrication process are described in the
Experimental Section and schematically illustrated in Supplementary Fig. 8.

The RC of the PTB7-Th based organic transistors based on Au-coated
AgNWs/PDMS electrodes prepared by various CNaCl in 0.5mM HAuCl4
solution for the galvanic replacement was investigated using the transfer
lengthmethod (TLM)17. The channel length (LCH) of devices varied from30
to 400 μm,while the channelwidth (WCH)wasfixedat 1250 μm.Thewidth-
normalized ON resistances (RONW) depending on LCH of devices in dif-
ferent conditions are plotted in Supplementary Fig. 9, and RCW for each
condition is extracted from these plots. The details for TLMare described in
Supplementary Note 1. As shown in Fig. 3d, RCW of devices significantly
decreased with 50mM CNaCl in the HAuCl4 solution (387 ± 72Ω∙cm)
compared to devices using pristine AgNWs/PDMS electrode
(849 ± 162Ω∙cm) and those with Au coating from HAuCl4-only
(655 ± 147Ω∙cm) solution. NegligibleRCW change at higherCNaCl suggests
saturated Au coverage above CNaCl of 50mM, corresponding to the
observed morphological trends. This result suggests that using NaCl-

Fig. 3 | Characterization of Au-coated AgNWs/PDMS electrodes-based p-type
organic transistors. a Schematic exploded view (left), and an optical image (right) of
the Au-coated AgNWs/PDMS electrodes-based p-type organic transistor. b A
molecular structure of PTB7-Th. c Energy levels of the PTB7-Th, gold, and silver.
d RCW of the organic transistors prepared using 0.5 mM HAuCl4 solution varying
CNaCl. Data are presented as mean values ± 1 standard deviation (s.d.) based on

measurements from 30 devices. e Representative transfer characteristics of the
organic transistors based on the Au-coated AgNWs/PDMS electrodes prepared
using 0.5 mM HAuCl4 solution varying CNaCl. f The calculated μFE of the organic
transistors based on the Au-coated AgNWs/PDMS electrodes prepared using
0.5 mM HAuCl4 solution varying CNaCl. Data are presented as mean values ± 1 s.d.
based on measurements from 10 devices.
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containing HAuCl4 solution for the galvanic replacement of Au coating on
AgNWs/PDMS could be an effective approach to enhance charge carrier
transport between the soft electrode and the organic semiconductor.

We further evaluated the electrical characteristics of the device using
Au-coated AgNWs/PDMS electrodes prepared by galvanic replacement
with varyingCNaCl. For consistent comparison, LCH andWCH for all devices
were fixed at 100 and 1250 μm, respectively. The representative output
characteristics of the organic transistors under different conditions are
shown in Supplementary Fig. 10, where all devices exhibited typical p-
channel behavior. The hysteresis behavior of the transistors presented in
Supplementary Fig. 11 is comparable to that reported for ion-gated
transistors29. As shown in Fig. 3e and Supplementary Fig. 12, obvious per-
formance differences were observed in the devices made with the solutions
containing varying CNaCl. The ON current of the devices was clearly
enhanced as theCNaCl in theHAuCl4 solution increased and saturated from
50mMofCNaCl. Themobility (μFE), subthreshold swing (s.s.), and threshold
voltage (VTH) of the transistors were extracted from the transfer curves as
described inSupplementaryNote2.Asplotted inFig. 3f, thedevices utilizing
AgNWs/PDMS electrodes without and with Au coating (using
CNaCl = 0mM) showed the average μFE of 1.30 ± 0.89 and
2.42 ± 0.62 cm2·V−1·s−1, respectively, while those using 50mM CNaCl

achieved an average μFE of 7.45 ± 0.64 cm2·V−1·s−1. This μFE trend correlates
with RC change. Furthermore, the subthreshold swing (s.s.) decreased from
325.21 ± 35.48mV/dec in devices with Au-coated AgNWs/PDMS electro-
des prepared without NaCl to 200.19 ± 37.69mV/dec in those prepared
with 50mMCNaCl (Supplementary Fig. 13a). This reduction is attributed to
the enhanced charge carrier injection efficiency between the semiconductor
and electrode, facilitated by uniform Au coating on AgNWs/PDMS by
utilizingNaCl.However, as shown in Supplementary Fig. 13b, the threshold
voltage (VTH) remained largely unchanged across devices, regardless of
NaCl use. This is because of the inherently low operating voltage char-
acteristic of the ion-gating operation in this organic transistor, which results
in only minor and imperceptible variations in VTH. Similar performance
enhancements in μFE were also observed in organic transistors based on
another p-type organic semiconductor, poly(3-hexylthiophene-2,5-diyl)
(P3HT), with aHOMO level of− 5.0 eV 30, as shown in Supplementary Fig.
14. These results underscore the versatility of our approach for organic
transistors with AgNWs/PDMS electrodes.

Fully soft organic transistors
We demonstrated high-performance, fully soft organic transistors com-
prised entirely of soft materials, utilizing Au-coated AgNWs/PDMS elec-
trodes prepared with a 0.5mM HAuCl4 solution containing 50mM NaCl.
The soft electrode exhibits excellent robustness in its electrical character-
istics under 80% mechanical strain with no obvious degradation of the Au
coating, as shown in Supplementary Fig. 15. A polymer blend comprising
PTB7-Th and PDMS, referred to as PTB7-Th/PDMS, was utilized as a soft
organic semiconductor. This selection was driven by the significant per-
formance degradation observed in transistors solely composed of PTB7-Th
under a mechanical strain of 80% 31. Numerous cases involving blends of
polar semiconducting polymers and non-polymeric insulating polymers
exhibit phase separation, a phenomenon known as the confinement effect.
This effect results in the formation of a continuously connected semi-
conductor network, as schematically illustrated inFig. 4a32. The atomic force
microscopic (AFM) images reveal clear lateral phase separation in PTB7-
Th/PDMS (Fig. 4b) compared to the uniformlydispersed phase inPTB7-Th
(Supplementary Fig. 16). It is known that the morphology of the PTB7-Th/
PDMS blend, which is induced by strong intermolecular interactions, is
mainly influenced by the dipole moment and planarity of the semi-
conductor molecule32. Indeed, PTB7-Th has a considerably large dipole
moment of 5.25 D (Fig. 4c), which was estimated using density functional
theory (DFT). However, the dihedral angles between neighboring benzo-
dithiophene and thieno[3,4-b]thiophene units, obtained at 27.67° and
15.22° (Supplementary Fig. 17, indicate relatively lowplanarity compared to
semiconductors with reported high planarity32. This suggests that it is the

dipole moment, rather than the planarity, that primarily contributes to
inducing confinement effects. It is noted that theDFT calculation employed
the B3LYP/6-31 G (d,p) simulation model. This model was based on a
dimer comprising two repeating units of the PTB7-Th backbone, where
methyl groups were used instead of the bulky 2-ethylhexyl chains for sim-
plification. The noticeable redshift of the 0− 0 peak, along with the sig-
nificant increase in the ratio of the 0− 0 to 0− 1 peaks in the UV-vis
absorption spectrum of the PTB7-Th/PDMS film, indicates strong inter-
chain π-π interactions arising from the confinement effect (Supplementary
Fig. 18)33.

Themechanical robustness of thePTB7-Th/PDMSfilmwas confirmed
by OM and AFM images. Both the pristine PTB7-Th and the PTB7-Th/
PDMS films exhibit no obvious damage under a mechanical strain of up to
80%, as observed in the OM images (Fig. 4d and Supplementary Fig. 19a).
However, as shown in the AFM images, the pristine PTB7-Th film exhibits
visible microcracks under a strain greater than 50% (Supplementary Fig.
19b), whereas no cracks are observed in the PTB7-Th/PDMS film even at a
strain of 80% (Fig. 4e). This resilience is attributed to the elastic domains
absorbing strain and minimizing stress in the fibrous networks, as sche-
matically illustrated in Supplementary Fig. 2034.

The representative output and transfer characteristics, as well as the
hysteresis behavior of the fabricated fully soft transistor, using thePTB7-Th/
PDMS blend, are shown in Supplementary Figs. 21 and 22, which features
typical p-channel characteristics. The confinement effect in the soft semi-
conductor, combined with the low contact resistance between the semi-
conductor and the electrode, synergistically contributes to the high
performance of the fully soft organic transistor. These transistors exhibit an
average μFE of 13.09 ± 4.17 cm2·V−1·s−1, and the highest μFE of
21.87 cm2·V−1·s−1 (Fig. 4f, g), surpassing the mobilities of previously
reported fully soft organic transistors (Fig. 4h)17,29,31,35–38. The representative
electrical characteristics of the device under variousmechanical strains (0%,
20%, 50%, 80%, and after release to 0%) demonstrated its reliable operation
(Fig. 4i–k and Supplementary Fig. 23). Notably, no physical damage or
severe performance degradation was observed, even at an 80% strain both
along and perpendicular to the LCH directions (Supplementary Fig. 24). It is
worth mentioning that the μFE was calculated by considering channel
geometry change under the strains. Under the mechanical strains applied
along the LCH directions, μFE and VTH exhibited moderate changes from
16.15 cm2·V−1·s−1 at 0% to 11.51 cm2·V−1·s−1 at 80%, and from –2.33 V to
–2.20 V, respectively. Upon completely releasing the mechanical strain,
both the μFE and VTH returned to 15.36 cm²·V−¹·s−¹ and – 2.09 V, respec-
tively. In the case of the device under strain perpendicular to the LCH
direction, a similar trendwas observed for both the μFE (14.04 cm

2·V−1·s−1 at
0%, 7.42 cm2·V−1·s−1 at 80%, and 13.01 cm2·V−1·s−1 at 0% released) andVTH

(− 2.35 V at 0%, −2.33 V at 80%, and –2.36 V at 0% released) as with the
strain along the LCH direction. To evaluate the durability of the fully soft
transistor under mechanical stress, we further investigated its resistance to
fatigue through repetitive stretching/releasing cycles of the device under a
tensile strain of up to 80% in both along and perpendicular to the LCH
direction. Figure 4l, m and Supplementary Fig. 25 show the representative
transfer characteristicsof thedevices after1000 cycles of stretching/releasing
to an 80% strain, which notably demonstrated no significant performance
degradation. Importantly, μFE and VTH showed only minor changes; μFE
decreased from 14.15 cm2·V−1·s−1 to 10.05 cm2·V−1·s−1, and VTH shifted
from –2.10 V to –2.24 V, following 1000 cycles of stretching/releasing along
the LCH direction. Additionally, a similar trend was observed for cyclic
stretching perpendicular to the LCH direction: μFE was changed from
13.18 cm2·V−1·s−1 to 8.54 cm2·V−1·s−1 andVTH from–2.36 V to–2.31Vafter
1000 cycles. These results confirm the robust mechanical durability of the
devices, maintaining their functional stability through extensive stress
cycles. SupplementaryFigure 26presents the fully soft transistorundergoing
various mechanical deformations, including stretching, bending, and
twisting, exhibiting its adaptability. The use of all elastomeric materials in
the devices ensures that the fully soft transistor can be deformed readily
without sustaining physical damage. These results indicate that our
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approach, involving the addition of NaCl to the HAuCl4 solution for
effective coating of the exposed AgNWs of the AgNWs/PDMS electrodes,
provides a practical means to realize high-performance fully soft
electronics.

Soft glucose sensors
Mechanical softness and chemical inertness are essential for bio-
implantable devices39,40. Although the AgNWs/PDMS electrode has been
employed in various bioelectronics5,41, its inherent vulnerability to chemical

Fig. 4 | High-performance fully soft organic transistors. a Schematic of the soft
semiconducting PTB7-Th/PDMS composite. b AFM images of the PTBT-Th/
PDMS composites in the height (left), and phase (right) modes. cMolecular elec-
trostatic potential map and the dipole moment of the PTB7-Th. Sequential optical
(d), and AFM height (e) images of the PTB7-Th under the various mechanical
strains. Note that d is 190, 220, 250 from the left in (e). fAn optical image of the 8 × 8
fully soft organic transistors array. Inset is the magnified optical image of a single
device. g The μFE distribution of the high-performance fully soft organic transistors.
Data are presented as mean values ± 1 s.d. based on measurements from 64 devices.

h The comparison of the μ and maximum stretchability with the reported fully soft
organic transistors. Transfer characteristics of the fully soft organic transistors under
the strains parallel (i), and perpendicular (j) to the channel length direction. k μFE
and VTH changes of the fully soft organic transistors under the strains parallel (top),
and perpendicular (bottom) to the channel length direction. Transfer characteristics
of the fully soft organic transistors after the repetitive strains parallel (l), and per-
pendicular (m) to the channel length direction. n μFE and VTH changes of the fully
soft organic transistors after the repetitive strains parallel (top), and perpendicular
(bottom) to the channel length direction.
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oxidation presents challenges for broader application. Specifically,
implantable glucose sensors with a soft format, which monitor glucose
concentrations in interstitial fluids, offer significant advantages for diabetes
management due to the high correlation between blood and interstitial fluid
glucose levels42. AgNWs/PDMS electrodes, while promising and useful, are
not ideal for soft glucose sensors. This is because typical glucose sensors are
enzymatic and involve the generation of H2O2 during glucose detection

43,
which adversely affects the stability of the AgNWs44. Therefore, our
approach for the complete Au coating on the exposed AgNWs of the
AgNWs/PDMS electrode significantly enhances its resistance to severe
oxidation.

The soft glucose sensors were fabricated using uniformly Au-coated
AgNWs/PDMS electrodes, prepared through galvanic replacement with
HAuCl4 containing 50mM NaCl. The sensor comprised an enzymatic
sensing membrane and three electrodes: a working electrode (WE), a
counter electrode (CE), and a reference electrode (RE) (Fig. 5a). Glucose
oxidase (GOD)was used for the sensingmembrane due to its specificity and
stability45,46. The GOD layer was immobilized on the sensing electrode via

hydrolysis with GOD and titanium isoperoxide, forming a particulate
morphology similar to previous studies (Fig. 5b)45. EDX elementalmapping
confirmed the well-formed GOD-titania sol-gel film (Supplementary Fig.
27). The detailed fabrication process of soft glucose sensors is described in
the Experimental section. ImmobilizedGODon the electrode accelerates D-
glucose dissociation, generating H2O2, and consequently, electrons. Thus,
the currentmeasured by the sensor is determined by glucose concentration,
as schematically illustrated in Fig. 5c and specifically described in Supple-
mentary Note 3.

The complete Au coating on the exposed AgNWs of the AgNWs/
PDMS electrode, prepared using HAuCl4 containing NaCl, offers excellent
electrochemical inertness. This property is crucial in oxidative environ-
ments, such as those involving H2O2. While AgNWs/PDMS electrodes
show stability in mild environments (e.g., phosphate-buffered saline; PBS)
(Supplementary Fig. 28), they are vulnerable to oxidation in oxidizing
conditions. Figure 5d shows dramatic decrease in current flow for pristine
AgNWs/PDMSunder a 400mVapplied voltage in a 30mMH2O2 solution.
In contrast, electrodeswith particulateAu coatings, prepared usingHAuCl4

Fig. 5 | Soft glucose sensors. aAn optical image (left), and schematic exploded view
(right) of the soft glucose sensors based on Au-coated AgNWs/PDMS electrodes
galvanic replaced with 50 mM NaCl containing 0.5 mM HAuCl4 solution. b SEM
image of the sensing area on the working electrode. c Schematic sensing mechanism
of the glucose sensors. d Electrochemical stability of the AgNWs/PDMS and Au-
coated AgNWs/PDMS electrodes in a 30 mM H2O2 solution.

e Chronoamperometric current response of the soft glucose sensor at different
glucose concentrations. f Calibration curve of the soft glucose sensor with a
Michaelis-Menten model-based fitting curve. g Sensitivity of the soft glucose sen-
sors. Optical images of the soft glucose sensors applicable as bio-implantable devices
in the dermis (h), and on the liver (i). Inset in the (i) is the optical image without
magnification.
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without NaCl, show a decline in current over time. However, those with a
complete Au coating, prepared with NaCl in the HAuCl4 solution, exhibit
negligible change. This stability is attributed to the prevention of electro-
chemical etching of Ag by H2O2 (Supplementary Fig. 29), indicating that
complete Au coating on AgNWs/PDMS maintains electrical performance
even in oxidative environments. Therefore, complete Au-coated AgNWs/
PDMS represents an effective approach for enzyme-based soft glucose
sensors.

A constant potential of 400mV was applied to RE for chron-
oamperometric measurement of the glucose sensor across glucose con-
centrations ranging from 0 to 30mM. This range adequately covers the
normal and diabetic glucose levels in human interstitial fluid (approxi-
mately 2 to 23mM)47. Figure 5e clearly shows the current response of the
sensor to various glucose concentrations.Within the 0 to 15mM range, the
sensor exhibits a linear relationship between glucose concentration and
measured current, with a sensitivity of 0.238 μA ∙mM−1∙cm−2, and the limit
of detection (LOD) of 0.498mM (Supplementary Fig. 30, and Supple-
mentary Note 4). Such sensing performance significantly outperforms that
of the soft glucose sensor fabricated using an Au-coated AgNWs/PDMS
electrode prepared via galvanic replacementwithoutNaCl. In particular, the
non-uniform Au coating exposes AgNWs to H2O2, leading to electro-
chemical degradation of the electrode, which results in unstable sensing
capability and a low sensitivity of 0.168 μA ∙mM−1∙cm−2 (Supplementary
Fig. 31). The current response of the soft glucose sensor with uniformlyAu-
coated AgNWs/PDMS electrode, extending up to 50mM was fitted using
the Michaelis-Menten Kinetic model (Fig. 5f)48. The Michaelis-Menten
constant (KM) andmaximumcurrent (IMAX)were 0.914mMand 20.35 μA,
respectively, as extracted from the Lineweaver-Burk plot (Supplementary
Fig. 32). The detailed information is described in Supplementary Note 5.
The sensor reliably maintains its sensing capability after seven days in PBS,
as shown in Fig. 5g. This stability is attributed to the enhanced inertness
provided by the complete Au coating on the electrode. Besides inertness,
mechanical softness is a crucial attribute of our devices. Supplementary Fig.
33 shows the durability of the devices under various mechanical deforma-
tions, including bending and stretching.With these key features of inertness
and softness, as well as biocompatibility of components49–51, the device
exhibits significant potential as a bio-implantable solution. The successful
conceptual demonstration of its conformal implantation both in the dermis
and on the liver (Fig. 5h, i) underscores the ability of our work to address
critical challenges, positioning it as a promising candidate for future bio-
implantable devices.

Discussion
In this study, we have demonstrated a simple, effective, and reliablemethod
for gold coating on AgNWs/PDMS electrodes, significantly advancing the
field of soft electronics, including transistors and glucose sensors. We
achieved uniform and complete Au coating on the exposed AgNWs of
AgNWs/PDMS electrodes through galvanic replacement, facilitated by the
addition of NaCl to the HAuCl4 solution. While a vigorous reaction with
HAuCl4 solution leads to a non-uniform and particulate Au coating on the
surface of AgNWs, adding NaCl to the HAuCl4 results in a uniform and
complete Au coating. This is achieved by a slower reaction, which is a result
of Le Chatelier’s principle and the change in reduction potential, coupled
with the prevention of AgCl precipitation due to the presence of excess Cl–.
The uniform Au coating on the AgNW/PDMS electrodes significantly
reduced RC with the organic semiconductor in PTB7-Th based organic
transistors, thereby remarkably enhancing the electrical performance of
these devices. Furthermore, the development of fully soft organic transistors
with decreased RC and enhanced stretchability of PTB7-Th/PDMS high-
lights the potential of our approach in creating high-performance fully soft
organic electronics. These advancements promise not only to revolutionize
wearable technology but also to open new avenues in bio-implantable
healthcare systems. The demonstrated soft glucose sensors, empowered by
our complete Au-coated AgNWs/PDMS electrodes, exhibit significant
electrochemical stability, paving the way for future bio-implantable devices.

Methods
Materials
Poly[4,8-bis(5-(2-ethylhexyl) thiophen-2-yl) benzo[1,2-b;4,5-b’]
dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]
thiophene)-2-carboxylate-2-6-diyl)] (PTB7-Th) was synthesized as
previously reported31. Chloroform ( > 99%), gold chloride trihydrate
(HAuCl4·3H2O; >99.9%), 1-Ethyl-3-methylimidazolium bis(tri-
fluoromethylsulfonyl)imide (EMIM-TFSI), poly(vinylidene fluoride-
co-hexafluoropropylene) (PVDF-co-HFP; molecular weight = ~
400,000), poly(3-hexylthiophene-2,5-diyl) (P3HT;molecular weight =
50,000–100,000). D-(+)-glucose, glucose oxidase (GOD) from
Aspergillus niger (Type X-S; 100,000–250,000 units/g solid), were
purchased from Sigma-Aldrich, and used as received. Ammonia
(NH4OH; 25.0–29.0%) was purchased from Duksan Chemicals.
Acetone was purchased from Samchun Chemicals. Silver nanowires
(AgNWs) solution (average diameter = 75–105 nm, average
length = 40–80 μm, 1 wt% in IPA) was purchased from Kechuang.
Polydimethylsiloxane (PDMS; Sylgard 184 silicone elastomer kit) was
purchased from Dow-Corning. Titanium isopropoxide (98%) was
purchased from Daejung Chemicals & Metals. Phosphate-Buffered
Saline (10X, pH = 7.4) (PBS) was purchased from Invitrogen, which
was diluted 10 times with ultra-pure water (CBW012) purchased from
Dyne Bio for the experiment before use.

Preparation of AgNWs/PDMS electrode
For the preparation of the AgNWs/PDMS electrodes, the AgNWs
were patterned by dropping AgNWs solution on a glass substrate with
a polyimide tape-based shadow mask prepared by a programmable
cutting machine (Silhouette Portrait 3), followed by drying at 60 °C
for 10 min. Then, the shadow mask was detached from the substrate,
and the patterned AgNWs were annealed at 200 °C for 20 min, which
induced conductivity improvement. The channels were formed with
razor blades subsequently for the fabrication of the organic transis-
tors. Next, the degassed liquid phase PDMS (10:1 (w/w) pre-polymer/
curing agent) was applied onto the patterned AgNWs by spin-casting
at 250 rpm for 60 s, then solidified at 100 °C for 1 h. Due to the porous
nature of the AgNWs network, liquid-phase PDMS can penetrate the
pores of the networks, resulting in partially embedded AgNWs in
PDMS. The solidified PDMS film was then carefully peeled off from
the glass substrate to complete the preparation of AgNWs/PDMS
electrodes.

Galvanic replacement process
The exposed AgNWs of AgNWs/PDMS electrodes were coated with Au by
galvanic replacement. For the galvanic replacement, 0.5 mM HAuCl4
solutions containing different CNaCl (0, 10, 20, 50, 100, 200mM) were used.
The prepared solution was dropped on the desired area of the AgNWs/
PDMS electrode, specifically on the channels, followed by keeping the
sample at room temperature for various periods. Then, the Au-coated
AgNWs/PDMS electrodes were rinsed with DI water and immersed in
NH4OH for 1min to remove the byproducts, AgCl, formed during the
galvanic replacement. Finally, the fabrication of Au-coated AgNWs/PDMS
electrodes was completed by washing with DI water, followed by blowing
the remaining water away with N2 and dehydration at 90 °C for 10min.

Preparation of organic semiconductor solution
The PTB7-Th solution was prepared by dissolving PTB7-Th in the
chloroform (3mg/ml) at 80 °C for 20min.TheP3HTsolutionwasprepared
by dissolving P3HT in the chloroform (5mg/ml) at 60 °C for 20min. The
prepared PTB7-Th andP3HT solutionswere used to fabricate the transistor
to analyze various electrical characteristics. In the case of preparation of soft
organic semiconductor solution, prepared 3mg/ml PTB7-Th solution was
blended with liquid-phase PDMS solution (10:1 (w/w) prepolymer/curing
agent, 0.12 g/ml in chloroform) in a volume ratio of 10:1. The weight ratio
between PTB7-Th and PDMS was 1:4 in the resultant solution.
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Preparation of ion gel
To prepare ion gel dielectric, PVDF-co-HFP, dehydrated EMIM-TFSI, and
acetoneweremixed in aweight ratio of 1:4:7, followedbyheating at 90 °C for
30min. The homogeneously blended solution was dropped onto the
cleaned glass substrate and solidified at 70 °C for 12 h in a vacuumoven.The
solidified ion gel was cut into the desired shape using a razor blade.

Organic transistor fabrication
The fabrication of the transistors beganwith preparing patternedAu-coated
AgNWs/PDMS electrodes. Then, PTB7-Th, P3HT, or PTB7-Th/PDMS
was patterned by spin-casting (1500 rpm, 30 s) on the channel area of the
electrodes with polyimide film-based shadow mask, followed by annealing
of the sample at 120 °C for 20min. It is noted that the retention time of the
solution on the substrate before spin-casting is no longer than 1 s, which
prevents swelling of the substrate by the solvent, chloroform. This short
retention time, combined with the high volatility of chloroform and rapid
spin speed, ensures the formation of a high-quality semiconducting film.
Then, the prepared ion gel was laminated on top of the organic semi-
conductor and gate electrode to complete device fabrication.

Glucose sensor fabrication
The fabrication of the glucose sensors began with the preparation of pat-
terned electrodes, Au-coated AgNWs/PDMS, using NaCl contained
HAuCl4 solution for uniform Au coating. Following this, a pre-prepared
solution of glucose oxidase (GOD) at a concentration of 10mg/ml in PBS
was delicately applied to the working electrode. To immobilize the GOD
onto the electrode, the working electrode area was consistently exposed to a
vapor of titanium isopropoxide solution for 8 h at room temperature. After
this immobilization step, the sensor was thoroughly rinsed with ultrapure
water to complete the fabrication process. The resulting glucose sensors
were then stored in PBS at 4 °C, both before and after their characterization.
This storage protocol ensures the stability and readiness of the sensors for
subsequent analytical procedures.

Characterization
The cyclic voltammograms were obtained using a potentiostat (CHI 604E,
CH Instruments) with three electrodes, including 3mm glassy carbon, Pt
wire, and Ag/AgCl (3M NaCl) as working, counter, and reference elec-
trodes, respectively. The surface morphologies, elemental mapping of
AgNWs/PDMS electrodes, Au-coated AgNWs/PDMS electrodes, and
GOD/titania were characterized by field emission scanning microscopy
(SU7000, Hitachi) equipped with energy dispersive X-ray spectroscopy
(EDAX element EDS system, Ametek). Atomic force microscopy (XE-100,
Park Systems) was used to investigate the surface morphologies of organic
semiconductors. The absorption spectra of the organic semiconductor film
were obtained by spectrophotometer (V-670, JASCO). All the electrical
performances were characterized by a semiconductor analyzer (4200-SCS,
Keithley Instruments) with a probe station (MST 8000 C, MS Tech). The
customized stretcher was additionally used for measuring device perfor-
mance under mechanical strain.

Data availability
The data that support the plots within this paper and other findings of this
study are available from the corresponding author upon reasonable request.
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