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ABSTRACT: Noble metal nanomaterials have been studied as
conductive fillers for stretchable, conductive, and biocompat-
ible nanocomposites. However, their performance as con-
ductive filler materials is far from ideal because of their high
percolation threshold and low intrinsic conductivity. Moreover,
the difficulty in large-scale production is another critical hurdle
in their practical applications. Here we report a method for the
facile and scalable synthesis of whiskered gold nanosheets (W-
AuNSs) for stretchable, conductive, and biocompatible nano-
composites and their application to stretchable bioelectrodes.
W-AuNSs show a lower percolation threshold (1.56 vol %) than
those of gold nanoparticles (5.02 vol %) and gold nanosheets (2.74 vol %), which enables the fabrication of W-AuNS-based
stretchable nanocomposites with superior conductivity and high stretchability. Addition of platinum-coated W-AuNSs (W-
AuNSs@Pt) to the prepared nanocomposite significantly reduces the impedance and improved charge storage capacity. Such
enhanced performance of the stretchable nanocomposite enables us to fabricate stretchable bioelectrodes whose performance
is demonstrated through animal experiments including electrophysiological recording and electrical stimulation in vivo.
KEYWORDS: noble metal nanomaterial, facile large-scale synthesis, stretchable conductive nanocomposite, low percolation threshold,
stretchable bioelectrode

Noble metals have been used as electrodes in
biomedical devices1,2 due to their biocompatibility
and reliable performance in biological environ-

ments.3,4 Nevertheless, the intrinsic difference in the
mechanical properties between soft biological tissues and
rigid noble-metal bioelectrodes has been a critical issue that
has limited practical applications of the bioelectrodes.5,6 For
instance, the mechanical mismatch can cause a mechanical
stress continuously to the target tissue7 and disturb the
formation of conformal contact between the electrode and the
tissue, resulting in inflammatory responses8−10 and poor signal
transmission through the electrode.11,12

To overcome these problems, stretchable bioelectrodes,
particularly those based on stretchable conductive nano-
composites, have been fabricated.13−16 They are intrinsically
stretchable and deformable in response to the motions of the
target organs, thus making a conformal interface between the
electrode and the tissue17−20 while maintaining high electrical
conductivity even under repetitive mechanical deforma-
tions.21,22 Among various material candidates, metallic nano-
materials dispersed in elastomers have shown promises,23−25

such as excellent electrical performance26 and high mechanical
stretchability,27 demonstrating their potential use in stretchable
bioelectrodes.28,29

The specific features of desirable metallic nanomaterials are
as follows (also see Table 1). First, the nanomaterial needs to
be composed of noble metals such as gold30 and platinum to
ensure long-term biocompatibility.31 Such noble metals are
inert against biochemical reactions under in vivo environments,
thereby allowing a high-quality interface between the electrode
and the tissue for a long time.32 Although silver nanowires
(AgNWs) have been demonstrated to show high performance
in stretchable electrodes,33,34 their cytotoxicity issue hinders
their long-term in vivo biointerfacing applications.35 Second,
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the nanomaterials should exhibit a low percolation threshold. It
is because, at the same filler fraction, conductive fillers with a
lower percolation threshold allows higher electrical perform-
ance than those with a higher percolation threshold.36,37 This
also explains why nanocomposite electrodes fabricated from
noble metal nanomaterials with high percolation thresholds,
such as gold nanoparticles (AuNPs) and gold nanosheets
(AuNSs),38 usually exhibit only modest electrical conductivity.
The low percolation threshold of a gold nanomaterial also has
an advantage of cost-efficiency. As gold precursors are
expensive, the fabrication of stretchable electrodes with a
minimum fraction of gold nanomaterials can lower the cost.
Third, nanomaterials for bioelectrodes are required to have
dimensions larger than the electron mean free path for
electrical conductivity. A dimension smaller than the electron
mean free path of the material suppresses the electron

mobility.39 For example, the percolation threshold of thin
AuNWs would be very low as can be expected from their high
aspect ratios. However, their intrinsic conductivity is too low to
be used in a stretchable bioelectrode because of their typical
diameters (<30 nm),40,41 which are smaller than the mean free
path of the electrons in gold (37.7 nm).42 Finally, a facile and
large-scale synthesis method should be available to afford the
use of the nanomaterial for fabricating the nanocomposite
electrode.43 Recently, noble-metal branched nanosheets have
been studied.44,45 We believe that such nanomaterials with
unusual morphologies can provide opportunities for the
stretchable bioelectrodes.
Here, we report a facile and scalable synthesis method for

whiskered gold nanosheets (W-AuNSs) that can meet all the
above requirements. W-AuNSs consist of gold; thus, they are
biocompatible. They also have dimensions larger than the

Table 1. Comparison of the Properties of Conductive Fillers for Stretchable Bioelectrodes

nanomaterial percolation threshold dimension
large scale
synthesis application etc.

AgNWs very low due to high aspect
ratio (over 500)33,34

1D (length ∼ 220 μm, diameter
29−150 nm)15,50 available15

stretchable
electrode,51
sensor52

toxic to biological tissues35

AuNWs very low due to high aspect
ratio (over 1000)41,53−56

1D (diameter 2−15 nm, length
2−20 μm)41,53−56 difficult40,41 sensor57 low intrinsic conductivity due

to small dimension39,42

AuNPs high27,38 (5.02 vol%, this
work) 0D (diameter 13−100 nm)15,21,58 available15

stretchable
electrode,27
sensor58

AuNSs relatively high38 (2.74 vol.%,
this work)

2D (diameter 2−50 μm, thickness
10−30 nm)38,46,59 available60

stretchable
electrode,38,46,59
sensor60

W-AuNSs low (1.56 vol.%, this work) 1D (length 6.9 μm, thickness 40 nm) + 2D
(diameter 7.6 μm, thickness 20 nm)

available
(very
facile)

stretchable
electrode

Figure 1. Synthesis method and morphology of W-AuNS. (a) Schematic illustrations of the synthesis of W-AuNS. (b−d) Schematic
illustrations of the morphology of a W-AuNS. Overall shape (b), cross-sectional view of the body (c), and cross-sectional view of the
whiskers (d).
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electron mean free path and can be synthesized in a large scale
via a simple process. For the evaluation of the percolation
threshold and stretchability of their composites, two kinds of
nanocomposites were prepared using two polymers: poly-
styrene (PS) and medical-grade thermoplastic polyurethane
(TPU). Using PS-based nanocomposites (PNCs), the low
percolation threshold of W-AuNSs could be confirmed. We
verified such ideal features of W-AuNSs as a filler material of
the stretchable conductive nanocomposite by using TPU-based
nanocomposites (TNCs). TNCs fabricated with W-AuNSs
exhibited both higher conductivity and stretchability than
TNCs fabricated with AuNSs. By adding W-AuNSs coated
with a platinum shell (W-AuNSs@Pt) onto the W-AuNSs
TNCs surface, the charge storage capacity could reach 83 mC/
cm2, while the impedance decreased by about 30 times. The in
vivo utility of the stretchable nanocomposite bioelectrode was
examined through animal experiments, where electrophysio-
logical recording and electrical stimulation was successfully
demonstrated.

RESULTS AND DISCUSSION
Facile and Scalable Synthesis of W-AuNSs. The

developed large-scale synthesis method is simple and does
not even require constant stirring or temperature control
(Figure 1a). The reaction solution is composed of a gold
precursor, hydrogen tetrachloroaurate(III), and four kinds of

surfactants including poly(diallyldimethylammonium chloride)
(PDDA), cetyltrimethylammonium bromide (CTAB), sodium
dodecyl sulfate (SDS), and sodium dodecylbenzenesulfonate
(SDbS). The initial color of the reaction solution is reddish
orange due to Au3+ ions. When ascorbic acid is injected to
reduce the gold precursor, the reddish orange color
immediately disappears, and the solution becomes transparent
as the Au3+ ions are reduced to Au+. The reduction from Au+
to Au proceeds slowly. The reaction solution is left
undisturbed at room temperature for 24 h. The synthesized
W-AuNSs settle down at the bottom of the solution. Since the
reaction process is straightforward, the synthesis can be easily
scaled up to 5 L, producing 340 mg of W-AuNSs (Figures
S1a−c). The yield was ∼69%, and the synthesis was
reproducible (Figure S1d).
A W-AuNS consists of a sheet-shaped body and tens of long

ribbon-shaped whiskers. The morphology of a W-AuNS is
illustrated in Figure 1b−d with its size and thickness
information. Transmission electron microscopy (TEM) images
of the W-AuNS are presented in Figure 2a−f. The average
diameter of the body is 7.6 μm (Figure 2g), and the average
length and width of the whiskers are 6.9 μm and 110 nm,
respectively (Figure 2h,i). Overall, W-AuNSs have a planar
shape that becomes thicker toward the edge. The thickness is
∼20 nm at the center of the body (Figures 1c and 2e, light blue
dotted box inset), while the thicknesses measured at the

Figure 2. Morphological characterization of W-AuNSs. (a−c) TEM images of W-AuNSs showing the overall morphology (a−c, scale bars: 5
μm). (d−f) Magnified views of the whiskers and the edge part of the body (d, scale bar: 1 μm; e, scale bar: 200 nm). The thickness changes
between the body and the whiskers. Insets in e show the cross-sectional TEM images of a whisker (pink dotted box, scale bar: 100 nm) and a
body (light blue dotted box, scale bar: 100 nm), which show the thicknesses (numbers in the images indicate the thicknesses). Magnified
view of an individual whisker (f, scale bar: 100 nm). (g−i) Histogram of the body diameter (g), whisker length (h), and whisker width (i) of
W-AuNSs.
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whiskers and at the edge part of the body are ∼40 nm (Figures
1d and 2e, pink dotted box inset). It is notable that typical
length of the whiskers of W-AuNSs is similar to the average
diameter of the body (Figure 2g,h).
W-AuNSs have a typical crystal structure of AuNSs, a {111}

plane-oriented face-centered cubic structure with a lattice
spacing of 2.4 Å (Figure S2a−c).46 The surface of as-
synthesized W-AuNSs is covered with a large amount of
ligands (Figure S2d) which may increase the contact
resistance47 among the W-AuNSs, and the as-synthesized W-
AuNSs are aggregated in the solution (Figure S2f). To improve
dispersibility of W-AuNSs, we exchanged the ligand of W-
AuNSs with 1-octanethiol. After the ligand exchange, the
amount of the ligands decreased (Figure S2e), and the
dispersion stability was improved (Figure S2g). The
aggregated W-AuNSs could be dispersed after the ligand
exchange.
Percolation Thresholds of the Gold Nanomaterials.

To measure the percolation threshold of W-AuNSs and
compare it with those of AuNSs and AuNPs (Figures S3a−f),
we prepared three kinds of nanocomposites using PS and each
type of gold nanomaterials. We used a general method for the
measurement of the percolation threshold, which assures the
even distribution of the nanomaterials in the nanocompo-

sites.48 The fabrication process of the nanocomposites is as
follows. First, a mixture solution containing PS and the gold
nanomaterial is rapidly injected into an antisolvent (i.e.,
methanol), resulting in the formation of the PNCs in the form
of fine powders (Figure 3a, top insets). Since the powder form
does not suit for measuring conductivity, the composite
powders are processed into films by applying pressure and heat
(Figure 3a, bottom insets). The obtained nanocomposites vary
in color depending on the type of the included nanomaterial: a
darkish brown for nanocomposites of W-AuNSs and PS (W-
AuNS-PNCs), a bright gold-like color for AuNS-PNCs, and a
darkish gold-like color for AuNP-PNCs. The colors of the
nanocomposite films observed with the naked eye are uniform.
SEM images (Figure 3b,d,f) confirm that the nanomaterials are
fairly uniformly distributed in the PS matrix.
The electrical conductivity of the PNCs was plotted against

the volume fraction of the nanomaterials (Vf) to estimate the
percolation threshold of each gold nanomaterial (Figures 3a
and S3g−i). The percolation threshold of W-AuNSs (1.56 vol
%) is lower than those of AuNSs (2.74 vol %) and AuNPs
(5.02 vol %). The electrical conductivity of W-AuNS-PNCs
reaches 91 S/cm at a Vf of 2.13 vol %, while AuNS-PNCs and
AuNPs-PNCs are still nonconducting at this Vf. It is known
that one-dimensional nanomaterials exhibit lower percolation

Figure 3. Percolation thresholds of W-AuNSs, AuNSs, and AuNPs. (a) Electrical conductivity against filler volume fraction (Vf) for the
nanocomposites of the gold nanomaterials and polystyrene (PS). Insets show the optical images of the composite powders (top) and the
compressed composite films (bottom) of W-AuNSs (pink dotted box), AuNSs (light blue dotted box), and AuNPs (green dotted box).
Numbers in the graph indicate the percolation threshold of each material and scale bars in the dotted boxes are 2 mm. (b−g) SEM images of
W-AuNS-PNCs (b, scale bars: 100 μm; c, scale bars: 1 μm), AuNS-PNCs (d, scale bars: 100 μm; e, scale bars: 5 μm), and AuNP-PNCs (f,
scale bars: 5 μm; g, scale bars: 100 nm).
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thresholds than zero- or two-dimensional ones. In this sense,
the lower percolation threshold of W-AuNSs is explained by
their unique structure of a number of long, one-dimensional
whiskers protruding from a two-dimensional body. The
presence of many whiskers in W-AuNSs allows the effective
formation of contact junctions in the percolation network,
whereas AuNPs and AuNSs have less chances to form such
junctions (Figures 3c, e, g).
Electrical performance of the stretchable conductive

nanocomposites. Although the PNCs are useful for
constructing a percolation network due to their even
distribution of nanomaterials in the composite, they are not
stretchable. Therefore, we used a biocompatible elastomer (i.e.,
medical-grade TPU) instead of PS to fabricate the stretchable
conductive nanocomposite. The TNCs were fabricated by

drying the solution of gold nanomaterials and TPU in a mold
(Figure 4a). While both W-AuNS-TNCs and AuNS-TNCs are
conductive and stretchable (Figures 4b, c), they do not exhibit
any cytotoxicity (Figure S4). TNCs based on AuNPs were not
prepared for comparison, since AuNPs have a much higher
percolation threshold than W-AuNSs or AuNSs (Figure 3a).
W-AuNS-TNCs outperform AuNS-TNCs in terms of the

electrical performance. The conductivities of W-AuNS-TNCs
are higher than those of AuNS-TNCs for all the Vf values
investigated (Figure 4d). At a Vf of ∼7 vol %, W-AuNS-TNCs
exhibit a greater stretchability than AuNS-TNCs (Figure 4e).
For instance, the stretchabilities at ∼7.9 vol % are ∼200% and
∼100% for W-AuNS-TNCs and AuNS-TNCs, respectively.
The resistance change of W-AuNS-TNCs under the same
external strain is also smaller than that of AuNS-TNCs.

Figure 4. Electrical conductivity and stretchability of TNCs. (a) Schematic illustration showing the procedure for fabrication of TNCs. (b, c)
Optical images (scale bars: 2 mm) showing the light intensity change of an LED during the stretching deformation of a W-AuNS-TNC
between 0% (left) and 190% (right) (b), and that of a AuNS-TNC between 0% (left) and 50% (right) (c). LED intensity decreases more
steeply in the AuNS-TNC than in the W-AuNS-TNC under stretching. (d) Comparison of the electrical conductivity (σ) against filler volume
fraction (Vf) between W-AuNS-TNCs (pink) and AuNS-TNCs (light blue). The inset in (d) shows magnified view of (d), and the axis units
are equal to those in (d). (e, f) Relative resistance (the ratio of instantaneous resistance to initial resistance; R/R0) changes under tensile
strain for W-AuNS-TNCs (pink) and AuNS-TNCs (light blue) at relatively high (e) and low Vf (f). The legend in (d) applies equally to (e)
and (f).

Table 2. Conductivity and Stretchability of Au-TPU Nanocomposites with Various Filler Concentrations

filler concentration

ref filler polymer wt % vol % conductivity (S/cm) stretchability percolation threshold

21 AuNP PU

16.2 1 65%

16.2 vol %
17.2 180 40%
19.4 2200 25%
21.7 6800 16%

27 AuNP PU
50 insulating 380%

(not provided)85 0.11 140%
90 15700 2%

this work W-AuNS TPU

19.8 1.26 62 80

<1.26 vol %a
40.9 3.46 775 150
57.1 6.46 1470 180
62.3 7.9 1600 200

aThis value corresponds to the W-AuNS-TNCs, while the percolation threshold of W-AuNS-PNCs was 1.56 vol %.
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One of the great advantages of W-AuNS-TNCs as a
conductive filler is that stretchable conductive nanocomposites
can be fabricated at a low Vf due to the low percolation
threshold of W-AuNSs (Table 2). For example, a conductivity
of 62 S/cm (a sheet resistance of 1.34 Ω sq−1) and a
stretchability of ∼80% are easily achieved at a Vf of 1.26 vol %.
This low Vf, which is even lower than the percolation threshold
measured for W-AuNS-PNCs, can be explained by the locally
segregated distribution of W-AuNSs in the TPU matrix.
During drying, W-AuNSs in the nanocomposite solution sink
down to the bottom of the mold before the solution is
completely solidified. This leads to a higher density of W-
AuNSs near the bottom of the nanocomposite (Figure S5),
eventually rendering the lower part of the nanocomposite to
form a percolation network much more effectively. In sharp
contrast, AuNS-TNCs are not conductive until Vf reaches 2.85
vol % (Figure 4d), and they lose their conductivity with a
strain of less than 20%. AuNS-TNCs show a similar
stretchability to that of W-AuNS-TNCs only when the Vf is
increased to 3.19 vol %, which is ∼2.5 times the Vf (1.26 vol

%) used in W-AuNS-TNCs (Figure 4f). The stability of the
electrical performance of the electrodes was measured by
applying repetitive external strain of 40% (Figure S6a,b). As
expected, W-AuNS-TNCs showed better stability than AuNS-
TNCs. Also, the stability of W-AuNS-TNCs in the air was
tested by applying RIE for 5 min. They showed minimal
conductivity changes and stable electrode surfaces (Figures
S7). Mechanical properties of TNCs were compared with a
bare TPU film. As Vf of TNCs increases, maximum tensile
strain decreases and Young’s modulus increases (Figure S6c,d).
TNCs with lower Vf exhibited similar mechanical properties
with TPU.
Electrochemical Properties of the Stretchable Bio-

electrodes. As platinum shows better electrochemical proper-
ties than those of gold, which is important for bioelectrodes,49

we treated the surface of W-AuNS-TNCs with a solution of W-
AuNSs@Pt and TPU to fabricate W-AuNSs-TNC@Pt. The
overall method for the surface modification of the nano-
composite and fabrication of the stretchable nanocomposite
bioelectrode is illustrated in Figure 5a. First, W-AuNSs@Pt

Figure 5. Surface modification of W-AuNS-TNCs and electrochemical properties of the electrodes. (a) Schematic illustration showing the
surface modification of the W-AuNS-TNC with W-AuNSs@Pt. (b) Optical image of W-AuNSs@Pt dispersed in THF (scale bar: 0.5 cm). (c)
TEM images of a whisker that show the morphological change before (inset, scale bar: 50 nm) and after (scale bar: 100 nm) the platinum
coating. (d) EDS mapping images of the body edge of W-AuNSs@Pt (scale bars: 200 nm). (e) EDS line scan data for the dotted line in (d).
(f, g) Optical (f, scale bar: 1 mm) and SEM (g and inset, scale bars: 10 μm) images of W-AuNS-TNCs before the surface modification. (h, i)
Optical (h, scale bar: 1 mm) and SEM (i and insets; scale bars in panel i and right inset: 10 μm, scale bar in left inset: 2 μm) images of W-
AuNS-TNCs@Pt obtained after the surface modification with W-AuNSs@Pt. The left inset of panel i is a cross-sectional image in which the
green-colored region indicates TPU. (j) Electrochemical impedance (|Z|) spectroscopy data of the various electrodes. Solid lines and dotted
lines indicate impedance and phase angle, respectively. (k) Cyclic voltammogram of the electrodes. The inset in panel k shows a magnified
view of (k) for Pt and W-AuNSs, and the axis units are equal to those in panel k. (l) Cathodic charge storage capacity (CSCc) of the various
electrodes (n = 3). The legend in (j) applies equally to panels k and l.
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was obtained by covering W-AuNSs with a platinum shell
using a colloidal synthesis method (Figure 5b−e). Then, a
tetrahydrofuran (THF) solution of W-AuNSs@Pt and TPU
was coated on the surface of the W-AuNS-TNC, generating
the W-AuNS-TNC@Pt (Figure 5f−i). This process facilitates

the formation of additional conductive fillers exposed on top of
the electrode surface (Figure 5h,i), thereby increasing the
effective surface area of the electrode.
To examine the effect of the W-AuNSs@Pt coating on the

W-AuNS-TNCs, we carried out electrochemical impedance

Table 3. Mechanical and Electrochemical Properties of Bioelectrodes

ref material
stretchability (strain) or

flexibilitya
(cathodic) CSC

[mC/cm2]
scan rate
[mV/s]

potential window
[V]

reference
electrode

this work W-AuNS, W-AuNS@Pt,
TPU stretchable (40%) 82 50 −0.6−0.8 Ag/AgCl

61 PEDOT:PSS stretchable (20%) 164 20 −0.6−0.8 Ag/AgCl
62 Ag-AuNW, Pt black, SBS stretchable 25 50 −0.6−0.6 Ag/AgCl
63 PEDOT:PSS flexible 13 150 −0.5−0.5 Ag/AgCl
64 sputtered iridium oxide films none 177 50 −0.6−0.8 Ag/AgCl
65 PEDOT none 26 50 −0.8−0.6 SCE
66 PEDOT:PSS, alginate None 16 50 −0.9−0.8 Ag/AgCl

67
Pt black, PDMS

flexible
56

50 −0.6−0.8 SCE
Pt black, Ecoflex 62

68 nanocolumnar Pt none 3.2 100 −0.5−0.8 Ag/AgCl
69 Au, IrO2 NP, polypropylene flexible 55 50 −0.1−0.4 SCE

70 polydopamine-CNT,
PEDOT none 7.5−130 50 −0.6−0.7 SCE

71 IrOx-graphene hybrid none 94 10 −0.6−0.8 (not provided)
aThe numbers in the parentheses show the strain in which the bioelectrode can still maintain the performance.

Figure 6. In vivo demonstration of the stretchable bioelectrode. (a) Schematic illustration showing how electrophysiological signals are
measured in vivo. (b, c) Optical images showing the stretchable bioelectrodes measuring signals from the heart (b, scale bar: 3 mm) and the
thigh (c, scale bar: 3 mm). (d) Electrogram of the single sinus rhythm recorded from two different stretchable bioelectrodes. The black and
pink boxed insets (scale bars: 3 mm) show W-AuNS-TNCs and W-AuNS-TNCs@Pt, respectively. (e) Signal to noise ratio (SNR) of ECG
signals (n = 5). (f) ECG signals before and after biventricular stimulation. (g) Electrical signals from the sciatic nerve during plantar poking
(left) and dorsal poking (right). (h) EMG signals from the left hind thigh while resting and walking. Signals from panels f−h were measured
with W-AuNS-TNCs@Pt.
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spectroscopy (EIS) and cyclic voltammetry (CV) measure-
ments. The measured impedance of W-AuNS-TNCs@Pt is
approximately 30 times lower than that of W-AuNS-TNCs in
the low-frequency region (Figure 5j). The CV curve of W-
AuNS-TNCs@Pt exhibits a large cathodic charge storage
capacity (CSCc) of 82 mC/cm2 (Figure 5k,l), much higher
than that of W-AuNS-TNCs (2.6 mC/cm2). The performances
of various bioelectrodes are compared in Table 3. Further-
more, W-AuNS-TNCs@Pt were sonicated in phosphate-
buffered saline (PBS) for 5 min to test their mechanical
stability. The impedance and CV curves of W-AuNS-TNCs@
Pt before and after the sonication exhibit minimal change
(Figure S8a,b). The SEM images also confirm the negligible
change of the electrode surface morphology before and after
the sonication (Figure S8c,d). Also, these electrochemical
properties are maintained even when 40% strain is applied
(Figure S8e,f). For their long-term stability, repetitive cycles of
CV were measured, and the CSCc of each cycle was calculated
(Figure S9a). The area of the CV curve decreased due to the
decrease of CSCc by 38.9% after 1800 CV cycles. The SEM
images of the W-AuNS-TNCs@Pt before and after the cyclic
tests exhibited minimal changes on the surface of the
nanocomposites (Figure S9b,c).
Electrophysiological Signal Recording and Stimula-

tion with Stretchable Bioelectrodes.We demonstrated the
electrophysiological signal recording and measured electrical
stimulation performance of the stretchable nanocomposite
bioelectrodes via in vivo animal experiments. Electrocardio-
gram (ECG), electromyogram (EMG), and sciatic nerve
signals were recorded, and the heart pacing with the electrical
stimulation was conducted (Figure 6a−c). The impedance of
W-AuNS-TNCs@Pt is lower than that of W-AuNS-TNCs,
which is relevant to the high-quality electrical signal recording.
To quantitatively evaluate the recording performance, signal-
to-noise ratios (SNRs) were calculated from the ECG signals
(Figure 6d). The SNR of W-AuNS-TNCs@Pt is about 6 times
higher than that of W-AuNS-TNCs (Figure 6e). The recording
performance of W-AuNS-TNCs@Pt is even better than that of
conventional needle electrode (Figure S10). The electrical
signals from the heart were recorded during continuous
electrical stimulation (pacing frequency = 6 Hz; amplitude = 1
V; pulse width = 10 ms). The heart contraction was
successfully synchronized with the pacing rhythm (Figure
6f), demonstrating that the electrical stimulation from the
stretchable bioelectrode is properly transferred to the heart.
During the poking process using a plastic tweezer on the left
foot of the rat, electrical signals from the sciatic nerve are
evoked and successfully recorded by the stretchable bioelec-
trode (Figure 6g). EMG signals were also measured from the
thigh muscle of the left hind leg. Vigorous signals are detected
while walking, whereas no electrical signal is seen while resting
(Figure 6h).

CONCLUSION
We developed a facile and scalable synthesis method for
whiskered gold nanosheets (W-AuNSs), which show a low
percolation threshold and dimensions larger than the electron
mean free path of gold. The low percolation threshold of W-
AuNSs comes from their unique morphology consisting of a
planar body and a number of ribbon-shaped whiskers.
Consequently, the stretchable nanocomposites fabricated
with W-AuNSs and TPU exhibit excellent performance in
terms of electrical conductivity and stretchability compared to

those fabricated with other gold nanomaterials. The surface of
W-AuNSs can be coated further with platinum, and the
obtained W-AuNSs@Pt can be incorporated to the surface of
the W-AuNS-TNC. These modifications result in a greatly
reduced impedance and an improved charge storage capacity,
both of which are superior to those of conventional platinum
electrodes. Such superb material properties could be
successfully demonstrated by animal experiments including
electrophysiological recording and electrical stimulation in vivo.
Thus, W-AuNSs and their nanocomposites present an
appealing material platform for the fabrication of the high-
performance stretchable electrodes.

EXPERIMENTAL SECTION
Synthesis of W-AuNSs. First, 25.7 mmol of cetyltrimethylammo-

nium bromide (Acros Organics, product number: 227165000), 1.2
mmol of sodium dodecyl sulfate (Sigma-Aldrich, product number:
436143), 1 mmol of sodium dodecylbenzenesulfonate (Sigma-
Aldrich, product number: 289957), 5.1 mL of 20 wt % poly-
(diallyldimethylammonium chloride) solution (Sigma-Aldrich, prod-
uct number: 409014), and 1.6 mmol of hydrogen tetrachloroaurate-
(III) hydrate (Strem Chemicals INC., product number: 79−0500)
were dissolved in 2800 mL of deionized (DI) water. Each surfactant
has different roles in the formation of the morphology of W-AuNSs.
(Figure S11). Then, 30 mL of 0.45 M ascorbic acid (Sigma-Aldrich,
product number: A92902) solution was added to the aqueous
solution. The reaction volume can be adjusted while maintaining the
concentrations of the chemicals. The reaction solution was kept
undisturbed for 24 h at room temperature. Products were washed
several times with DI water and ethanol (Samchun Chemicals,
product number: A0098). The as-synthesized W-AuNSs were
dispersed in ethanol. For the ligand exchange, 1 mL of 1-octanethiol
(Sigma-Aldrich, product number: 471836) was added to 20 mL of W-
AuNS solution that contains 200 mg of W-AuNSs. The solution was
briefly sonicated to disperse the agglomerated W-AuNSs and
vigorously shaken for 24 h. The ligand-exchanged W-AuNSs were
thoroughly washed with ethanol. The final form of W-AuNSs was
dispersed in either toluene (Samchun Chemicals, product number:
T0499) for the fabrication of PNCs or THF (Samchun Chemicals,
product number: T0140) for the fabrication of TNCs. The
morphology and dimensions of W-AuNSs (e.g., diameter, length,
and width) were characterized by TEM images. Some examples are
shown in Figure S12.
Calculation of the Yield of W-AuNSs. As HAuCl4 exists as a

hydrate, the weight fraction of Au cannot be calculated directly from
the atomic weight. To calculate the weight fraction of Au in HAuCl4,
we measured the concentration of gold with ICP-AES and calculated
the weight fraction of gold from the amount of HAuCl4 (Figure S13).
The weight fraction was 42.7%. The weight of W-AuNSs is the sum of
both the weight of the ligand and gold. The weight fraction of gold in
the as-synthesized W-AuNSs is 83% (Figure S2d). As the reaction
solution of 5 L contains 410 mg of gold and produces 340 mg of W-
AuNSs which contains 282 mg of gold, the yield is ∼69%.
Synthesis of W-AuNSs@Pt. To disperse W-AuNSs in water, the

ligands of the as-synthesized W-AuNSs were exchanged to
zwitterionic (ZW) ligand which was synthesized by the previously
reported method.72 First, 100 mg of ZW ligands were mixed with 100
mg of W-AuNSs in 40 mL of water. After mild sonication, W-AuNSs
were properly dispersed in the solution. Next, 5 mL of 5 mM sodium
borohydride (Sigma-Aldrich, product number: 452882) solution was
added, and the solution was shaken for 2 h. The ZW ligand-
conjugated W-AuNSs were washed several times with DI water and
dispersed in DI water. Then, a reaction solution which contains 5 mg
of ZW ligand-conjugated W-AuNSs, 120 mg of polyvinylpyrrolidone
(Mw 40k, Sigma-Aldrich, product number PVP40), 10 mg of
potassium tetrachloroplatinate(II) (Sigma-Aldrich, product number:
206075), and 9 mL of DI water was prepared. Next, 1 mL of 82 mM
ascorbic acid solution was added to the reaction solution. The

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.2c00880
ACS Nano 2022, 16, 10431−10442

10438

https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c00880/suppl_file/nn2c00880_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c00880/suppl_file/nn2c00880_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c00880/suppl_file/nn2c00880_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c00880/suppl_file/nn2c00880_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c00880/suppl_file/nn2c00880_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c00880/suppl_file/nn2c00880_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c00880/suppl_file/nn2c00880_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c00880/suppl_file/nn2c00880_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c00880/suppl_file/nn2c00880_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c00880/suppl_file/nn2c00880_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c00880?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


solution was heated to 40 °C and stirred at 200 rpm. The reaction was
continued for 4 h. W-AuNSs@Pt were washed with ethanol and
dispersed in THF.
Synthesis of AuNSs. We synthesized AuNSs using a previously

reported method with some modifications.60 A reaction solution
which contains 30 mg of L-arginine (Sigma-Aldrich, product number:
A5006), and 210 mL of water was heated to the boiling temperature.
Then, 3 mL of 0.25 M hydrogen tetrachloroaurate(III) hydrate
solution was injected into the solution. The reaction continued for 2
h. AuNSs were washed with ethanol. For the ligand exchange, 1 mL of
1-octanethiol was injected into the solution, which contains 50 mL of
ethanol and 100 mg of AuNSs, and stirred for 2 days. The ligand-
exchanged AuNSs were washed with ethanol several times.
Synthesis of AuNPs. We synthesized AuNPs using a previously

reported method with some modifications.15 A reaction solution
which contains 400 mg of polyvinylpyrrolidone (Mw 40 000) and 100
mL of water was heated to 80 °C in an oil bath and stirred at 300 rpm.
When the temperature of the solution reached 80 °C, 5 mL of 0.57 M
ascorbic acid solution and 25 mL of 60 mM tetrachloroaurate(III)
hydrate solution were injected in to the solution one after another.
The reaction continued for 2 h in the oil bath. The as-synthesized
AuNPs were washed several times with ethanol. The ligand exchange
was conducted in the same manner as AuNSs.
Fabrication of PNCs. PNCs were prepared by using a previously

reported method with some modifications.73 Composite solutions of
the gold nanomaterials (i.e., W-AuNSs, AuNSs, or AuNPs),
polystyrene (Mw 35 000, Sigma-Aldrich, product number: 331651),
and toluene were rapidly injected into a large amount of methanol
(Samchun Chemicals, product number: M0588) and vigorously
stirred. Precipitated products were retrieved and dried in a vacuum
oven. The dried products were pressed under 10 MPa at 100 °C to
make a thin film for the measurement of the electrical conductivity.
Characterization of Electrical Properties of PNCs. The sheet

resistance of PNCs was measured using a four-point probe with a
Keithly 2450 Source Meter. The thickness of PNCs was measured
with field-emission scanning electron microscopy (FE-SEM; JEOL
Ltd., JSM-7800F Prime) installed at the National Center for
Interuniversity Research Facilities (NCIRF) at Seoul National
University. Thermogravimetric analysis (TGA; Ta Instruments,
SDT Q600) was conducted to calculate the volume fractions of the
gold nanomaterials in the PNCs.
Fabrication of TNCs and TNCs@Pt. Composite solutions of the

gold nanomaterials (i.e., W-AuNSs or AuNSs), medical-grade
thermoplastic polyurethane (Lubrizol, product name: TPU SG-
80A), and THF were prepared and dried in a polydimethylsiloxane
mold. The volume fractions of the gold nanomaterials in the TNCs
were calculated from the TGA results. To further fabricate TNCs@Pt,
another solution containing W-AuNSs@Pt, TPU, and THF was
prepared with an W-AuNSs@Pt to TPU weight ratio of 78:22. This
solution was directly poured onto the W-AuNS-TNCs (5.7 vol %)
before being removed from the mold. TNCs and TNCs@Pt were
patterned afterward using a laser-cutting machine (Universal Laser
Systems, VLS 2.30) for electrochemical property measurements and
in vivo experiments.
Characterization of Electrical Properties of TNCs. The sheet

resistances of TNCs were measured with a four-point-probe method.
The thicknesses of TNCs were measured using a surface profiler
(Bruker, DektakXT). The electrical conductivities were calculated by
using the sheet resistances and the thicknesses. The conductivity
changes were measured with the TNCs placed on VHB films (3M,
product name: VHB Tape 4910 Clear). The initial length of samples
for measuring conductivity changes was 5 mm. The cyclic test of
applying repetitive external strain was conducted at a frequency of
0.44 Hz. The strain−stress curve of the nanocomposite was measured
with a universal testing machine (Instron 34SC-1). A sample with a
size of 10 × 2 mm2 was prepared, and it was elongated at a speed of
10 mm/min. The Young’s modulus of each nanocomposites was
calculated with the first 1% strain range data.

Also, EIS and CV were conducted with a potentiostat/galvanostat
(CH Instruments, CHI660E) in PBS. A platinum sheet and Ag/AgCl

(3 M potassium chloride solution) were used as counter and reference
electrodes, respectively. The impedance measurement was performed
for the frequency range of 1−100 kHz, with a potential amplitude of 5
mV. CV curves were measured with a potential scan rate of 50 mV/s
from −0.6 to 0.8 V. The CSCc values were calculated by integrating
the cathodic current of the cyclic voltammogram.
Cytotoxicity Test. Cytotoxicity was evaluated using the previously

reported method with a slight modification.74 A 96-well plate was
seeded with 10 000 of L929 cells per well and cultured for 24 h. Then,
Dulbecco’s modified Eagle’s medium (DMEM) in the wells was
replaced with separately prepared DMEM which was obtained by
incubating with one of three different materials (i.e., W-AuNSs, W-
AuNSs@Pt, and W-AuNS-TNCs@Pt) at 37 °C for 5 days. Cells in
the plate were cultured for another 24 h. Then, 20 μL of 12 mM 3-
(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
(Sigma-Aldrich, product number: M2128) was injected into each
well and incubated for 4 h at 37 °C. After removing the medium, 200
μL of dimethyl sulfoxide (Samchun Chemicals, product number:
D1138) was injected into each well, and the absorbance at 540 nm
was measured using a 96-well plate reader (PerkinElmer, Victor X4).

In Vivo Experiment. Our animal experiments complied with the
Korea Food and Drug Administration guidelines, and the procedures
were approved by the Seoul National University Institutional Animal
Care and Use Committee (permission number: SNU-210504−1).
Rats were anesthetized with intraperitoneal injection of urethane
(Merck KGaA, product number: U2500), dose of 1000 mg/kg. An 18
gauge catheter was connected to the ventilator (Kent Scientific,
RoVent Jr.) and was intubated through the trachea for mechanical
ventilation. The heart or the sciatic nerve of a rat was exposed by the
incision of the skin and the muscle. The electrode was gently inserted
to make contact with the organ or the nerve. The electrophysiological
signals (i.e., ECG, EMG, and sciatic nerve signal) were recorded using
the external data acquisition device (AD instruments, Powerlab 8/
35).
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Coatings of Nanostructured Pristine Graphene-IrOx Hybrids for
Neural Electrodes: Layered Stacking and the Role of Non-Oxy-
genated Graphene. Mater. Sci. Eng., C 2015, 55, 218−226.
(72) Park, J.; Nam, J.; Won, N.; Jin, H.; Jung, S.; Jung, S.; Cho, S.-
H.; Kim, S. Compact and Stable Quantum Dots with Positive,
Negative, or Zwitterionic Surface: Specific Cell Interactions and Non-

Specific Adsorptions by the Surface Charges. Adv. Funct. Mater. 2011,
21 (9), 1558−1566.
(73) Stankovich, S.; Dikin, D. A.; Dommett, G. H. B.; Kohlhaas, K.
M.; Zimney, E. J.; Stach, E. A.; Piner, R. D.; Nguyen, S. T.; Ruoff, R.
S. Graphene-Based Composite Materials. Nature 2006, 442 (7100),
282−286.
(74) Choi, S.; Han, S. I.; Jung, D.; Hwang, H. J.; Lim, C.; Bae, S.;
Park, O. K.; Tschabrunn, C. M.; Lee, M.; Bae, S. Y.; Yu, J. W.; Ryu, J.
H.; Lee, S.-W.; Park, K.; Kang, P. M.; Lee, W. B.; Nezafat, R.; Hyeon,
T.; Kim, D.-H. Highly Conductive, Stretchable and Biocompatible
Ag−Au Core−Sheath Nanowire Composite for Wearable and
Implantable Bioelectronics. Nat. Nanotechnol. 2018, 13 (11), 1048−
1056.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.2c00880
ACS Nano 2022, 16, 10431−10442

10442

 Recommended by ACS

Determination of 2D Particle Size Distributions in Plasmonic
Nanoparticle Colloids via Analytical Ultracentrifugation:
Application to Gold Bipyramids
Uwe Frank, Wolfgang Peukert, et al.
MARCH 15, 2023

ACS NANO READ 

Ligand Effects in Assembly of Cubic and Spherical
Nanocrystals: Applications to Packing of Perovskite
Nanocubes
Jonas Hallstrom, Alex Travesset, et al.
APRIL 11, 2023

ACS NANO READ 

Shape Transformation Mechanism of Gold Nanoplates
Back Kyu Choi, Jungwon Park, et al.
JANUARY 24, 2023

ACS NANO READ 

Ultralight and Highly Conductive Silver Nanowire Aerogels
for High-Performance Electromagnetic Interference
Shielding
Fei Peng, Mingyu Li, et al.
JANUARY 12, 2023

ACS APPLIED MATERIALS & INTERFACES READ 

Get More Suggestions >

https://doi.org/10.1021/ja3091214?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja3091214?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja3091214?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b05001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b05001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b05001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/smll.202007593
https://doi.org/10.1002/smll.202007593
https://doi.org/10.1002/smll.202007593
https://doi.org/10.1039/C8NR01429A
https://doi.org/10.1039/C8NR01429A
https://doi.org/10.1039/C8NR01429A
https://doi.org/10.1039/C6TC00251J
https://doi.org/10.1039/C6TC00251J
https://doi.org/10.1039/C6TC00251J
https://doi.org/10.1038/s41551-018-0335-6
https://doi.org/10.1038/s41551-018-0335-6
https://doi.org/10.1038/s41551-018-0335-6
https://doi.org/10.1002/admt.201900768
https://doi.org/10.1002/admt.201900768
https://doi.org/10.1002/admt.201900768
https://doi.org/10.1126/sciadv.aay5394
https://doi.org/10.1126/sciadv.aay5394
https://doi.org/10.1002/jbm.b.31223
https://doi.org/10.1002/jbm.b.31223
https://doi.org/10.3389/neuro.16.007.2009
https://doi.org/10.3389/neuro.16.007.2009
https://doi.org/10.3389/fnins.2018.00648
https://doi.org/10.3389/fnins.2018.00648
https://doi.org/10.1016/j.bios.2019.04.025
https://doi.org/10.1016/j.bios.2019.04.025
https://doi.org/10.1016/j.bios.2019.04.025
https://doi.org/10.1039/D1NR06280H
https://doi.org/10.1039/D1NR06280H
https://doi.org/10.1039/D1NR06280H
https://doi.org/10.1016/j.ceramint.2021.08.150
https://doi.org/10.1016/j.ceramint.2021.08.150
https://doi.org/10.1021/acsami.9b04862?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b04862?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b04862?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.msec.2015.05.010
https://doi.org/10.1016/j.msec.2015.05.010
https://doi.org/10.1016/j.msec.2015.05.010
https://doi.org/10.1002/adfm.201001924
https://doi.org/10.1002/adfm.201001924
https://doi.org/10.1002/adfm.201001924
https://doi.org/10.1038/nature04969
https://doi.org/10.1038/s41565-018-0226-8
https://doi.org/10.1038/s41565-018-0226-8
https://doi.org/10.1038/s41565-018-0226-8
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c00880?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acsnano.2c12257?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c12257?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c12257?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c12257?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c12257?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c12257?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c12257?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c12257?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c12257?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c12257?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c12257?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c12257?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c12257?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c12257?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c12257?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c12257?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c12257?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c12257?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c12257?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c12257?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c12257?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c12257?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c12257?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c12257?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c12257?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c12257?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c12257?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c12257?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c12257?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c12257?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c12257?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c12257?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c12257?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c12257?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c10079?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c10079?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c10079?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c10079?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c10079?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c10079?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c10079?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c10079?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c10079?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c10079?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c10079?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c10079?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c10079?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c10079?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c10079?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c10079?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c10079?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c10079?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c10079?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c10079?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c10079?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c10079?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c10079?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c10079?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c10079?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c10079?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c10079?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c10079?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c10079?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c07256?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c07256?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c07256?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c07256?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c07256?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c07256?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c07256?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c07256?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c07256?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c07256?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c07256?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c07256?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsnano.2c07256?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsami.2c16940?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsami.2c16940?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsami.2c16940?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsami.2c16940?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsami.2c16940?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsami.2c16940?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsami.2c16940?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsami.2c16940?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsami.2c16940?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsami.2c16940?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsami.2c16940?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsami.2c16940?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsami.2c16940?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsami.2c16940?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsami.2c16940?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsami.2c16940?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsami.2c16940?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsami.2c16940?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsami.2c16940?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsami.2c16940?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsami.2c16940?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsami.2c16940?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsami.2c16940?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsami.2c16940?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
http://pubs.acs.org/doi/10.1021/acsami.2c16940?utm_campaign=RRCC_ancac3&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718207120&referrer_DOI=10.1021%2Facsnano.2c00880
https://preferences.acs.org/ai_alert?follow=1

