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Wafer-patterned, permeable, and stretchable liquid
metal microelectrodes for implantable bioelectronics

with chronic biocompatibility

Qiuna Zhuang', Kuanming Yao?, Mengge Wu?, Zhuogui Lei?, Fan Chen’, Jiyu Li*#, Quanjing Mei®,
Yingying Zhou®, Qiyao Huang', Xin Zhao?, Ying Li3, Xinge Yu***, Zijian Zheng

Implantable bioelectronics provide unprecedented opportunities for real-time and continuous monitoring of
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physiological signals of living bodies. Most bioelectronics adopt thin-film substrates such as polyimide and pol-
ydimethylsiloxane that exhibit high levels of flexibility and stretchability. However, the low permeability and
relatively high modulus of these thin films hamper the long-term biocompatibility. In contrast, devices fabricat-
ed on porous substrates show the advantages of high permeability but suffer from low patterning density. Here,
we report a wafer-scale patternable strategy for the high-resolution fabrication of supersoft, stretchable, and
permeable liquid metal microelectrodes (ULMEs). We demonstrate 2-um patterning capability, or an ultrahigh
density of ~75,500 electrodes/cm?, of ULME arrays on a wafer-size (diameter, 100 mm) elastic fiber mat by pho-
tolithography. We implant the pLME array as a neural interface for high spatiotemporal mapping and interven-
tion of electrocorticography signals of living rats. The implanted uLMEs have chronic biocompatibility over a

period of eight months.

INTRODUCTION

Implantable and skin-attachable bioelectronics are essential in pro-
viding real-time and continuous monitoring of physiological
signals for future point-of-care diagnostics (1—4), therapeutics (5,
6), rehabilitation (7), and augmented reality (8). Over the past
decades, scientists have made remarkable achievements in develop-
ing highly stretchable electronics by patterning devices and circuits
on polymeric thin-film substrates such as polyethylene naphthalate,
polyimide (PI), and elastomers [e.g., polydimethylsiloxane
(PDMS), polystyrene-ethylene-butylene-styrene, and Ecoflex] (9-
12). With proper structural and materials design, these stretchable
devices can have not only electronic functions similar to or even su-
perior to those fabricated on rigid substrates but also marked com-
pliance that enables conformable contact with soft tissues avoiding
interfacial delamination during movements (13-15).

In addition to a high stretchability, chronic (long-term) biocom-
patibility is of paramount importance to bioelectronics (16). It has
been reported that chronic attachment of thin-film (e.g., PDMS)
devices on skin and tissue surfaces may result in thermophysiolog-
ical discomforts such as clamminess, dampness, skin inflammation
(17, 18), and even malignancies during chronic implantation (19)
due to inadequate permeability and the smooth surface. When
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the polymeric substrate is too stiff (e.g., PI) in comparison to the
soft tissues, chronic implantation may also lead to tissue scarring
(20). Therefore, it is advocated very recently to develop supersoft
and permeable types of stretchable electronics, where electronic
devices are fabricated on porous elastomeric substrates that offer
high stretchability and permeability to air, moisture, and even
liquid (21, 22). These porous elastomeric substrates are mainly fab-
ricated either by engineering micropores on those polymeric thin
films (23-25) or by direct electrospinning process (26-29).
Notably, electrospinning displays advantages in the tunability of
the porosity, elasticity, and thickness, and it has been widely
applied for fabricating various biomedical devices (30, 31).

On the planar substrates, there have been a large number of
works to pattern stretchable electrodes (32-41), such as gold and
liquid metal (42), with high resolutions. However, because of the
large surface roughness and porosity, it has been extremely chal-
lenging to pattern microelectrodes in high resolution on those su-
persoft and permeable substrates. The patternable feature sizes
demonstrated to date typically range from 100 pm to millime-
ters(21), which results in a low electrode density of 1 to 10 elec-
trodes/cm?. This is far from meeting the demand for advanced
bioelectronics aiming for mapping and intervention with a high
spatial and temporal resolution, which typically requires a pattern-
ing resolution down to a few micrometers (13), or an electrode
density of over 100 electrodes/cm? (43-47).

In this work, we report wafer-scale patterning of permeable and
stretchable liquid metal (LM) microelectrodes (LLMEs) on fibrous
substrates with high resolutions down to 2 um and an ultrahigh pat-
terning density over 75,000 electrodes/cm” by photolithography.
These uLMEs show tissue-like mechanical softness, outstanding
electrical conductance when stretched up to 1000% strain, and
chronic biocompatibility over chronic on-skin attachment and im-
plantation testings. We demonstrate a supersoft and permeable
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neural interface for high—spatiotemporal-resolution mapping and
intervention of electrocorticography (ECoG) signals.

photolithography of Ag on a SiO, wafer premodified with a thin
layer of water-soluble dextran; (ii) electrospinning of a fibrous

poly(styrene-block-butadiene-block-styrene) (SBS) mat onto the
Ag micropatterns; (iii) dissolving of the dextran layer and transfer
of the Ag micropatterns from the SiO, wafer onto the SBS fiber mat;
and (iv) selective wetting of LM on the Ag-cover areas to gener-
ate uLMEs.

RESULTS

Fabrication of permeable and uLMEs

Figure 1A shows a schematic illustration of the fabrication process
of wafer-scale uLMEs, which consists of four main steps: (i)

A
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Fig. 1. Fabrication process of stretchable and permeable liquid metal microelectrodes (uLMEs). (A) Schematic illustration of the fabrication process of uLMEs, which
consists of four main steps: (i) photolithography of Ag on a SiO, wafer premodified with a thin layer of water-soluble dextran, (ii) electrospinning of a fibrous SBS mat onto
the Ag micropatterns, (iii) dissolving of the dextran layer and transfer of the Ag micropatterns from the SiO, wafer onto the SBS fiber mat, and (iv) selective wetting of LM
on the Ag-covered areas to generate uLMEs. (B) Schematic comparison of the different dissolution processes of the sacrificial layer by using permeable fiber mats or
impermeable thin films. The use of permeable substrate significantly improves the contact area between the sacrificial layer and the solvent because the solvent can easily
penetrate the porous fiber network. Therefore, the sacrificial layer can be fully dissolved in a short time in an isotropic manner, and the Ag micropatterns can be fully
transferred. In contrast, the solvent can only contact the sacrificial layer from the edge of the substrate when using impermeable thin film substrates, e.g., PDMS, resulting
in the slow and insufficient dissolution of the sacrificial layer and thus the partial transfer of the Ag micropatterns.
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The direct electrospinning of the SBS fiber mat onto Ag micro-
patterns is the key step, and it addresses two critical challenges in the
fabrication of microsized LM on porous and stretchable substrates
(Fig. 1B). First of all, the direct electrospinning of SBS fibers ensures
a conformal contact of the fibrous substrates with the Ag micropat-
terns. Therefore, when the dextran layer is dissolved by water, Ag
micropatterns will adhere firmly to the SBS fiber mat and achieve
a complete pattern transfer. Second, the fibrous structure of the re-
ceiving SBS substrate offers a rapid penetration of water and a large
water/dextran contact interface, so as to achieve a fast and isotropic
dissolution of dextran. Such an isotropic dissolution of the sacrifi-
cial layer is also critical to achieving a complete pattern transfer over
a large area (fig. S1).

We chose eutectic gallium indium (EGaln) alloy as the LM.
EGaln shows a low melting temperature of 15.4°C (48) and stable
conductive properties even under large tensile strains (49-55)
because of its intrinsic fluidity (56, 57) in comparison to those
solid electrodes. In addition, the low modulus and high biocompat-
ibility of EGaln also benefit the applications in soft and stretchable
bioelectronics (58-60).

As a proof of concept, we patterned 300-nm-thick Ag with
feature sizes ranging from 2 to 1000 um on a wafer substrate (diam-
eter, 100 mm) (Fig. 24, inset). The SiO, wafer surface was previous-
ly spin-coated with a 10-nm-thick dextran layer with a smooth
surface (fig. S2). We then electrospun a 100-pm-thick SBS fiber
mat on the wafer surface (fig. S3). After a plasma treatment on
the SBS side, the whole sample was immersed into a water bath.
Water immediately wet the sample through the micropores and dis-
solved the dextran layer (movie S1), and a free-standing Ag-coated
SBS fiber mat was obtained in just a few minutes (Fig. 2A and movie
S2). After drying, EGaln was applied onto the SBS substrate.
Because of the poor affinity to SBS and the high reactivity with
Ag, EGaln selectively dewets from the SBS surface and wets on
the Ag-covered areas to form the uLMEs on the supersoft SBS
fiber mat (Fig. 2B).

The success rate of pattern transfer is largely dependent on the
penetration speed of water through the SBS fiber mat. We first char-
acterized the intrinsic dissolving speed of the dextran (~1 nm/s)
without the coverage of the stamp/receiver substrate (fig. S4).
After covering an electrospun SBS fiber mat, the surface was initially
hydrophobic with a large water contact angle of 130° (fig. S5). At
this point, it took 2 min to wet the bottom substrate, and the
dextran layer was difficult to be dissolved. After the plasma treat-
ment (Fig. 2C), the SBS surface became superhydrophilic (movie
S3). The penetration time decreased to 3 s when the plasma time
was 20 min (fig. S6). Accordingly, the pattern transfer rate, which
is defined by the area of transferred Ag features to the total pat-
terned area, increased from almost zero (before plasma treatment)
to above 95% (Fig. 2D and fig. S7). In contrast, samples covered with
impermeable spin-coated SBS film did not show any trace of pattern
transfer even after immersing in water for 1 week (fig. S8).

Note that the selectivity wetting of EGaln lies in the reactive al-
loying between Ag and In to form Agln alloys, which shows high
affinity to additional EGaln applied on top of the Ag area (fig.
S9). Additional EGaln applied on the surface will wet the as-
formed Agln alloy layer to form the trilayer of EGaln/AgIn/Ag.
The EGaln contact angle reduced from 140° to 30° when the Ag
layer increased from 0 to 300 nm (Fig. 2E). uLMEs with dimensions
ranging from 2 to 1000 pm and a wide variety of shapes, including

Zhuang et al., Sci. Adv. 9, eadg8602 (2023) 31 May 2023

arbitrary patterns for various electrical components (lines, dots,
source-drain electrode, interconnect, mesh electrode, antenna, gen-
erator, inductor, capacitor, and resistor), were obtained (figs. S10
and 11). We observed a slight widening of the EGaln feature in
comparison to the original Ag patterns. For instance, as shown in
Fig. 2F, the linewidth of the Ag electrode on the SBS fiber mat was
3.2 um. After wetting, the final linewidth of the EGaln electrode was
3.3 um. It should be noted that the pitch of the patterns remained
unchanged. The linewidth of uLMEs showed a linear relationship
with the linewidths of Ag with a slope of ~0.99 (Fig. 2G).
Figure 2H shows a uLME-based electronic patch consisting of arbi-
trary polygons, and Fig. 21 shows high-density electronic compo-
nents with a density of 75,500 electrodes/cm®. When attaching
the electronic patch to the skin, nearly no LM residues were ob-
served with the loading pressure lower than 3.2 kPa, and a trace
amount of LM residues was found until the loading pressure
reached 12.8 kPa (fig. S12).

Permeability, biocompatibility, conductivity, and
stretchability of uLMEs

Owing to the high porosity of the fiber mat, uLMEs have excellent
permeability to air, moisture, and liquid (movie S4). Figure 3A
showed the graduate penetration of a colored liquid from the
upper side of the uLME to the bottom side, showing the outstanding
liquid permeability. The air permeability and moisture permeability
of uLMEs on a 330-pm-thick SBS fiber mat were 78 mm/s and 835
g/m® per day, respectively (Fig. 3, B, and C). The values are similar
to previous literature reports using similar thicknesses of testing
materials and testing methods (18). In contrast, the air permeabil-
ities of Ecoflex and PDMS thin films were almost zero. Their mois-
ture permeabilities were below 50 g/m?” per day. Moreover, the
permeability of uLMEs could be further enhanced by decreasing
the SBS thickness. At a thickness of 25 pm, the air permeability
and the moisture permeability reached 235 mm/s and 990 g/m>
per day, respectively. In addition, uLMEs had low cytotoxicity in
the in vitro study by using L-929 cells as the model cell (fig. S13).
Further, in vivo animal experiments on the rabbit skin denoted no
obvious irritation (i.e., no erythema and oedema on the skin)
during the observation period (24, 48, and 72 hours; fig. S14).

We characterized the conductivity of the pLMEs at different line-
widths. When increasing the linewidth from 2 to 200 pm, the uLME
pertained a high level of conductivity in the range of 1.3 to 3.9 x 10°
S/cm (Fig. 3D and fig. S15). We noticed that the conductivity of
uLMEs is higher than pristine EGaln (lower than pristine Ag).
We believe that this enhancement can be attributed to the contribu-
tion from the more conductive Ag layer underneath the LM (fig.
§16). It should be also noted that, without LM, transferred Ag on
the SBS fiber mat cannot sustain tensile strain over 50% with the
presence of cracks ranging from several micrometers to several
dozens of micrometers (fig. S17).

In contrast, uLMEs were highly stretchable and conductive.
Because of the trilayer structure of LM/AgIn/Ag, the fluidic LM
could well connect the broken solid metal on the fiber surface,
forming a continuous conductive pathway. The resistance of the
5-um uLME increased only by 0.6% at a tensile strain of 300%
(Fig. 3E). When increasing the linewidth to 10 and 50 pm,
ULMEs could show electrical stability at higher tensile strains,
with resistance increasing by only 1.3 and 1.1 folds at 1000%
strain, respectively. When increasing the linewidth to 200 um, the
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Fig. 2. Structures of uLMEs. (A) Digital images showing the transfer of Ag micropatterns from the wafer to the SBS fiber mat. The inset image shows the wafer-sized Ag
micropatterns patterned on the wafer before transfer. The main image shows the transferred Ag onto the SBS fiber mat after dissolving the sacrificial layer. The supersoft
and freestanding sample is floating on the water. (B) Digital image of uLMEs attached on a human arm (mass loading of LM, 10 mg/cm?). (C) Contact angle and pen-
etration speed of the solvent to the sacrificial layer and (D) the pattern transfer success rate as a function of the plasma duration. (E) Contact angle of LM on the transferred
Ag layer as a function of the Ag thicknesses. (F) Scanning electron microscopy images showing an electrode on the SBS fiber mat before and after the selective wetting
with LM. (G) Summary of the linewidths of uLMEs in correspondence to the original linewidths of Ag electrodes. (H and I) Digital images of high-density uLMEs with a

density as high as 75,500 electrodes/cm?.

resistance only changed by 5.25 folds at a strain of 1500%. More-
over, ULMEs with various linewidths (10, 50, and 200 pm)
showed electrical stability and robustness during stretch-release
cyclic tests under large strains (>1000% strain) (Fig. 3F and fig.
§$18), resulting from the formation of the reversible buckling struc-
ture (fig. S19). These buckles are formed because of the formation of
a thin solid layer of Ga,O3 on the LM surface. Since the oxide layer is
much harder than the LM, buckles formed as a consequence of the
mechanical competition between the harder upper oxide layer and
the softer underlying substrate. Such a buckled structure benefits
the outstanding stretchability and electrical stability of uLMEs.

Zhuang et al., Sci. Adv. 9, eadg8602 (2023) 31 May 2023

The resistances of uLMEs changed only by 1.03 (linewidth, 10
um) after 100 cycles and 0.393 folds (linewidth, 50 pm) after 500
cycles of stretch-release tests at a strain of 1000%.

uLME-based implantable bioelectronics for neural interface
with chronic biocompatibility

Owing to the attributes of super-softness, biocompatibility, stretch-
ability, and high spatiotemporal resolution, uLMEs are suitable for
implantable bioelectronics where high device density and chronic
comfortability are critically important (16, 61). As a proof of
concept, we fabricated an implantable uLME array for the recording
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Fig. 3. Permeability, conductivity, and stretchability of uLMEs. (A) Digital images showing the penetration of one colored water droplet from one side of uLMEs to the
other side. (B and C) Air and moisture permeability of pLMEs on SBS mats with various thicknesses, as well as other common substrates for bioelectronics including PDMS,
Ecoflex, and medical patch. (D) Electrical conductivity of uLMEs of various linewidths. (E) Resistance (R) of uLMEs of various linewidths at different tensile strains. (F) Cyclic

electrical stability of pLMEs (linewidth, 50 um) under a large tensile strain of 1000%.

of ECoG signals from the soft, curved, and sophisticated neural in-
terface. Major cortical subdomains of the rat consisting of motor,
somatosensory, visual, and retrosplenial cortices were covered
with the uLME array (Fig. 4A). The uLME array featured with a
small diameter of the circular electrode unit (500 pm), fine inter-
connects (40 um), and a high channel density of 100 electrodes/
cm? (fig. $20). Because of the similarity in mechanical compliance
with the brain tissue (fig. S21), uLME (thickness, 25 pim) was con-
formally attached to the cortical surface (Fig. 4, B and C), which
showed a much lower low Young's modulus (Fig. 4D) and superior
conformability (fig. S22) compared with reported electrode materi-
als for ECoG devices (e.g., Au/PI, Au/parylene, and silicon).

To verify the possibility of pLME array for neural electrophysi-
ological recording and stimulation, in vitro electrochemical imped-
ance characterization was first carried out. The electrochemical
impedance of the uLME interface in phosphate-buffered saline
(PBS) was similar to that of the commonly used Au/PI electrode
with the same dimension in the frequency ranges from 1 to

Zhuang et al., Sci. Adv. 9, eadg8602 (2023) 31 May 2023

10,000 Hz. The uLME array could be readily stretched up to 500%
and maintained good stability of the impedance and phase signals,
while the Au/PI electrode showed marked changes when stretched
up to 30% (Fig. 4E and fig. S23). In addition, the 36-channel uLME
array showed a low variation of the electrochemical impedance
among individual electrodes (fig. S24).

For in vivo recording of the cortical activity, we recorded the
neural signal of the rat during sleeping (fig. S25). From the power
spectrum of the signal, the nonrapid eye movement sleep of the rat
was observed, which is associated with the existence of low-frequen-
cy delta waves lower than 4 Hz and theta waves ranging from 4 to 8
Hz (Fig. 4F). To verify the capability of the uLME for recording
region-specific cortical activity, we stimulated the forelimbs with
short electric current pulses and examined the induced somatosen-
sory evoked potentials (SEPs) in the cortex. The SEPs were recorded
under electrical stimulations with frequencies ranging from 1 to 9
Hz (Fig. 4G) and pulse voltages ranging from 1 to 6 V (Fig. 4H),
respectively. The amplitude of the neural signal displayed an
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Fig. 4. High-density pLMEs-based bioelectronics for the neural electrophysiological interface. (A) Schematic illustration showing the application of uLMEs-based
ECoG array and the recorded cortical subdomains. (B and C) Digital images of uLME ECoG electrode array (thickness, 25 um) with conformal attachment onto the soft,
curved, and sophisticated cerebral cortex. The dashed line showed the boundary of the uLME array. (D) Comparison of Young's modulus of uLMEs with reported materials
for ECoG bioelectrodes. (E) In vitro electrochemical impedance spectroscopy (EIS) characterizations of uLMEs and Au/PI electrodes under different strains. (F) Power
spectrum analysis of in vivo neural signals at the sleep state of a living rat. (G) Somatosensory evoked potentials (SEPs) recorded with uLMEs under electrical stimulations
with pulse voltage of various frequencies. (H) Comparison of SEPs in the contralateral and ipsilateral somatosensory cortices under electrical stimulations with pulse
voltage of various intensities. (I) Spectrogram of the signals of the contralateral somatosensory cortex under 10 continuous electrical stimulations with the intensity of 6 V
and the frequency of 1 Hz. (J) Spatiotemporal properties for the uLME array in response to the electrical stimulations of left and right forelimbs.
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intensity-dependent manner, from 15 to 107 mV in the positive
SEPs and 44 to 630 mV in the negative SEPs with increasing
pulse voltage. Notably, the neural signals in the contralateral (left)
hemispheres were much stronger than those in the ipsilateral (right)
hemisphere since these electrical stimulations were applied on the
right forelimb (Fig. 4H). Moreover, rhythms (7 to 14 Hz) of the
ECoG signals were observed reproducibly throughout 10 continu-
ous electrical stimulations (Fig. 4I).

Figure 4] shows the analysis of the spatiotemporal properties for
the uLME array. In response to forelimb stimulations, peak values of
positive SEPs (colored red regions) were detected at ~20 ms on the
stimulated hemispheres after stimulation onsets of both forelimbs,
whereas the counterpart hemispheres lacked these responses. In
contrast, negative SEP (colored dark-blue regions) peaks emerged
in both hemispheres, representing a cognitive response to the stim-
ulus. Other cortical areas such as motor (primary and secondary)
cortexes and visual cortex also showed weaker SEP signals com-
pared with the somatosensory cortex.

The uLME array showed outstanding chronic biocompatibility
that is important for chronic implantation. Right after the implan-
tation, no damage or inflammatory responses were found in the
tissues and cells from the immunohistological analysis of the
brain slice (Fig. 5A). After implantation for 2 and 32 weeks, the mi-
croglial activation level in the pLME groups still showed no signifi-
cant difference from the control group in both soma size and
Ionized calcium binding adaptor molecule 1 (Ibal) number
(Fig. 5B). In contrast, implantation using Au/PI and Au/PDMS
for 2 weeks showed a significantly increased soma size of the micro-
glia and the amount of the Ibal in comparison to the control (P <
0.001, ¢ test), indicating a significant microglial activation and in-
flammation response (Fig. 5, C and D). Last but not least, the im-
planted uLMEs have chronic biocompatibility in living rats over a
period of 8 months compared with current ECoG devices (table S1).
ULME also showed superior biocompatibility to Au/PI and Au/
PDMS when these samples were implanted in the skeletal muscle
of rats for 1 week (fig. $26). The superiority is most likely resulted
from the improved softness, stretchability, and permeability of the
ULMEs. We also explored long-term electrical stability of pLMEs in
the air and in PBS solutions (fig. S27). We fabricated two types of
ULME electrodes as shown in fig. S27A, including (i) pLMEs
without encapsulation and (ii) partially encapsulated uLMEs in
which the leads and contact pads are encapsulated with another
layer of SBS fiber mat. The uLMEs showed outstanding electrical
stability in the air even without encapsulation, and the electrical re-
sistance only changed by 0.45% after 100 hours (fig. S27B). When
tested in PBS solutions, uLMEs without encapsulation showed good
stability for up to 7.5 hours, but then the electrical resistance went
up suddenly, indicating a disconnection between the measuring
wire and the uLMEs due to corrosion of the LM (fig. S27C). In con-
trast, the electrical resistance of the partially encapsulated sample
remained stable in the 100-hour test (fig. S27D). For the impedance
test in PBS solutions, the tLMEs without encapsulation also showed
poor stability (fig. S27E), and the impedance went up by one order
of magnitude after testing for 8 hours. The impedance of the par-
tially encapsulated uLMEs remained good stability (fig. S27F). The
results show that there is indeed a slow corrosion of the impedance
without encapsulation.
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DISCUSSION

Porous and stretchable substrates such as electrospun fiber mats
have outstanding permeability, softness, and biocompatibility,
which are critical attributes for bioelectronic applications.
However, different from planar substrates such as thin-film plastics
or elastomers that are the main choices nowadays (table S2) (32—41),
patterning high-resolution electrodes on rough, porous substrates
has been a challenging task. The patterning process is majorly
carried out by printing methods such as screen printing and
inkjet printing or shadow mask methods. Hence, the patterning res-
olution has been limited to 50 to 10,000 um (18, 26, 27, 62), so the
device density was very low (table S3).

The successful preparation of tLMEs over a large-size, perme-
able, and stretchable fiber mat paves the way toward high-density,
integrated, implantable, and chronically biocompatible LM elec-
tronics. At this moment, uLMEs display a typical patterning resolu-
tion of 2 um by laboratory-equipped photolithography, moisture
permeability of 990 g/m” per day, device density over 75,000 elec-
trodes/cm?, electrical conductivity in the order of 10° S/cm, and
stretchability up to 1500% strain. In principle, the patterning reso-
lution of uLMEs can be further enhanced to submicrometer (0.25 to
1 um) regions, e.g., by using a high-resolution lithographic tool and
fiber mat of smaller fiber diameters (fig. S28).

MATERIALS AND METHODS

Materials

Solvents including acetone, tetrahydrofuran, dimethylformamide,
ethanol, and 2-propanol were purchased from Anaqua Global Inter-
national Inc. Limited. The negative photoresist (NR9-1500P) and
the developer for NR9-1500P (DR6) were obtained from Futurrex
Inc., USA. LM and dextran were purchased from Sigma-Aldrich
and used as received. All materials were used as received.

Fabrication of the permeable and uLMEs

A Si or SiO, wafer was first sonicated in acetone, 2-propanol, and
deionized (DI) water, respectively, and then was blown dried with
nitrogen gas. After that, a dextran solution (10 wt % in water) was
spin-coated on the wafer at 4000 rpm for 40 s to form a sacrificial
layer, followed by a baking treatment on a hotplate at 80°C for 1 min
and 180°C for 30 min. The baked dextran-coated wafer was subse-
quently spin-coated with a layer of negative photoresist NR9-1500P
at 4000 rpm for 40 s, followed by a prebaking treatment on a hot-
plate at 155°C for 1 min. The photoresist was then exposed to ultra-
violet (UV) light with a dose of 170 mJ/cm? with the assistance of a
mask aligner (Suss MAG6). After the UV exposure, the photoresist
was postbaked at 105°C for 3 min and then developed in DR6 de-
veloper for 10 to 15 s. After rinsing the sample in DI water and
drying with compressed nitrogen gas, a 300-nm-thick Ag layer
was deposited onto the wafer by the thermal evaporation method.
Subsequently, the lift-off process was carried out in the acetone
solvent to form the Ag micropatterns on the wafer. To transfer
the Ag micropatterns to the stretchable and permeable fibrous sub-
strates, SBS fiber mat with a thickness ranging from 25 to 330 um
was directly electrospun on the surface of the wafer deposited with
Ag micropatterns, followed by plasma treatment for 20 min. The
plasma treatment (Harrick, radio frequency power 18W) involved
the use of air with a flow rate of around 0.5 standard cubic feet
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Fig. 5. Chronic (long-term) biocompatibility of uLMEs for chronic neural implants. (A) Inmunohistological analysis of a stained brain slice after implantation of the
electrode array for 2 hours. (B) Immunohistochemistry staining of the microglia (Iba1, green) and nuclei [4',6-diamidino-2-phenylindole (DAPI), blue] at 2 weeks post-
implantation of the control, Au/PI electrodes, Au/PDMS electrodes, uLME electrodes, and pLME electrodes with the implantation duration of 32 weeks (32 w). The left
shows the low-magnification pictures (scale bars = 1000 um), and the right shows the high-magnification ones (scale bars = 200 um). (C) Statistical analysis of the micro-
glia soma size (n = 6). A significant increase in soma size was found in the Au/PI group (P = 0.0002) and Au/PDMS group (P = 0.0375) compared to the control (two-way,
unpaired Student's t test). No significant difference was found between the uLME groups and the control group (P = 0.4482 at 2 weeks postimplantation, P = 0.6143 at 32
weeks postimplantation). (D) Statistical analysis of the total microglia cells intensity (n = 6). A significant increase in iba1 cells was found in the Au/PI group (P < 0.0001)
and Au/PDMS group (P = 0.0274) compared to the control (two-way, unpaired Student’s t test). No significant difference was found between the uLME groups and the
control group (P = 0.3912 at 2 weeks postimplantation, P = 0.2566 at 32 weeks postimplantation).

per hour and a pressure of 200 mTorr. Then, the sacrificial layer
between the wafer and the Ag micropatterns was dissolved by im-
mersing the sample in the DI water within minutes at room temper-
ature. The SBS fiber mat was peeled off from the wafer, and the Ag
micropatterns were transferred to the fiber mat. To obtain pLMEs,
LM was applied to the Ag micropatterns by selective wetting in a
glovebox filled with Ar gas.

Zhuang et al., Sci. Adv. 9, eadg8602 (2023) 31 May 2023

Measurement of the water penetration speed through the
SBS fiber mats

The penetration speed of the water through the SBS fiber mat was
reflected by the water contact angle, wetting time, wetting radius,
and absorption speed. The contact water angle on the SBS fiber
mat plasma treated with different durations was measured by a
contact angle measurement instrument (SDC-350). The drop
amount of the water was fixed as 5 pl. The wetting time, wetting
radius, and absorption rate of water were measured by the Moisture
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Management System (SDL Atlas) according to the standard of the
American Association of Textile Chemists and Colorists 79.

Characterizations of the morphology and permeability

of uLMEs

The morphology and surface roughness of the sacrificial layer were
characterized by the atomic force microscope (XE 70). The line-
widths and thicknesses of uLMEs were determined by the three-di-
mensional optical surface profiler (New Zygo NexView). The
surface morphology and elemental mapping of the samples were
collected by scanning electron microscopy (TESCAN VEGA3).
The air permeability tests were conducted according to ASTM
D737-08 standard using a MO21S air permeability tester (SDL
Americ Inc.). The pressure of the airflow was set at 100 kPa. Mois-
ture permeability tests were performed according to the standard
E96/E96M-13 by the cup method. The testing duration was 72
hours. Both air permeability and moisture permeability tests were
performed at constant temperature (22°C) and humidity (63%).

Electrical and mechanical characterizations of uLMEs

The electrical conductivity (o) of pLMEs was calculated according
to the formula 6 = L/(A x R), where L, A, and R are the length, cross-
sectional area, and electrical resistance of the uLME, respectively. A
of pLMEs was determined by the surface profiler (New Zygo
NexView) (fig. S9), and the integrated polygon area was calculated
using the software OriginPro 8.5. R values of the uLMEs with dif-
ferent linewidths (L = 10 mm) were measured via DC I-V charac-
teristics with a parameter analyzer (Keithley 4200A-SCS Parameter
Analyzer) connected with a probe station (Micromanipulator) (fig.
S13). The electrical resistance of uLMEs under different strains was
measured by a four-terminal method with a source meter (Keithley
2400) coupled with a customized stretching machine (Precise). The
loading pressure for observing the LM residues on the skin was
applied using a compression dynamometer (Handpi instruments).

Electrochemical characterizations

Electrochemical impedance spectroscopy (EIS) was conducted
using an electrochemical workstation (CHI 660E) with a three-elec-
trode testing system. Ag/AgCl (2 M KCl), platinum foil, and the
ULME were performed as the reference electrode, counter electrode,
and working electrode, respectively. PBS solution (1x; Gibco) was
used as the electrolyte. Impedance and phase angle as a function of
frequency ranging from 1 to 10,000 Hz were recorded by an AC si-
nusoid signal amplitude of 10 mV. The EIS spectra of uLMEs
stretched with various strains were acquired with the same electro-
chemical workstation coupled with a homemade stretching setup.

Rat surgery

All procedures following the animal studies and the experimental
protocols were reviewed and approved by the Animal Research
Ethics Sub-Committee, Research Committee at the City University
of Hong Kong (approval number A-0664). Male Sprague Dawley
rats were ordered from the Laboratory Animal Services Centre,
Chinese University of Hong Kong (aged 7 to 8 weeks, 200 to 300
g). All rats were housed in the Laboratory Animal Research Unit,
City University of Hong Kong, under 12-hour/12-hour light/dark
cycles until experiments. Before the surgery, the rats were first anes-
thetized with gaseous isoflurane (2 liters/min air mixed with 3% iso-
flurane) and then deeply anesthetized with pentobarbital sodium
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(30 mg/kg). After anesthesia, the rat head was shaved under 37°C.
The midline skin incision was first made over the craniovertebral
junction. The overlying muscles were then cut and retracted to
expose the skull. A craniotomy was performed using a dental
drill, and then the dura was peeled off using a fine tweezer to
ensure full exposure of the cerebral cortex.

ECoG neural signal recording and electrical stimulations
The uLME array bonded on a flexible printed circuit (FPC) connec-
tor was connected to a printed circuit board with a customized FPC
adaptor, and then ECoG neural signals were recorded with a mul-
tichannel high-precision data acquisition system (PowerLab 16-35,
AD Instruments). Signals were acquired and digitally band-pass fil-
tered (1 to 30 Hz) by matched software LabChart. Sequential elec-
trical stimulations were performed on both the left and right
forelimbs of the rat using square wave voltage pulses with various
applying frequencies (1, 3, and 9 Hz) and intensities (1, 3, and 6
V) generated by the stimulation output port of the PowerLab
through a Bayonet Neill-Concelman cable. A total of 50 pulses
were delivered at a frequency of 1 Hz for each stimulus condition,
and 50 responses per stimulus condition were averaged. A custom
MATLAB code was adopted for analyzing the spectrogram of the
ECoG neural signals.

Cryosection, histological staining, and observations of the
brain slice

After the implantation of the uLME array, the histological status of
the brain slice was first studied. To protect the tissular structure, the
specimen was fixed in a PBS solution with 4 wt % formaldehyde for
24 hours and transferred into 30% sucrose solution overnight, after
which it was transferred to sucrose-cryo—optimal cutting tempera-
ture media compound before frozen sectioning. Then, the brain
specimen was frozen at —80°C and sliced with the freezing micro-
tome (CryoStar NX70) with a block thickness of 15 um. The hema-
toxylin and eosin (H&E) staining method was adopted by using the
basic dye hematoxylin (BL 735A-1) for the staining of acidic cell
components (i.e., nucleic acids, glycosaminoglycans, and acid gly-
coproteins) and the acidic dye eosin (BL 735B) for the staining of
the cell cytoplasm. Specifically, the slices were first stained with he-
matoxylin solution for 5 min after cleaning with DI water. Then, the
slices were thoroughly rinsed in DI water, followed by differentia-
tion in the 0.1% acetic acid and 85% ethanol in water for 10 s and
rinsed again with DI water for 1 min. Next, the slices were blued in
the PBS/PBS with 0.05% Tween solution for 30 s and then rinsed
with DI water. After washing the blued slice in ethanol for 10 s,
eosin was also applied to stain the tissue for 30 s. Last, the slices
were dehydrated in ethanol (95%) and permeabilized in xylene
two times (5 min each), respectively. For immunohistochemical
analysis, slices were observed with the invert microscope (Nikon
Eclipse Ti).

Cell cytotoxicity test of uLMEs

Specimens for the cell cytotoxicity tests included the control sample
(fresh full medium), absorbent gauze, SBS mat, pLME, and 20% di-
methylsulfoxide (DMSO). L-929 cells (American Type Culture Col-
lection, USA) were used to investigate the in vitro cytotoxicity of all
the specimens following the ISO 10993-5:2009(E) standard. All the
L-929 cells were seeded in the full Dulbecco's modified Eagle's
medium (Hyclone, Hong Kong) supplemented with 10% fetal
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bovine serum (Hyclone, Hong Kong) and 1% penicillin/streptomy-
cin (Hyclone, Hong Kong) in a 24-well plate with the seeding
density of cells 6 x 10*/ml. After incubation for 24 hours and the
verification of the cell confluency and morphology, the medium
was discarded, and 1 ml of the fresh full medium was added to
the culture plate. Next, 0.2-cm? sterile specimens were added to
the 24-well plate to evaluate the cytotoxicity of the materials. All
specimens were cultured at 37°C in an incubator with 5% CO,.
After discarding the culture medium, the staining solution contain-
ing 200 pl of PBS, 2 uM calcein AM, and 8 uM propidium iodide was
added, followed by incubation for 45 min. Then, a fluorescent mi-
croscope (Zeiss, Germany) was used to observe the cells after
rinsing them with PBS. To investigate the cell proliferation, 500 pl
of 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide
solution was added to each well followed by incubation for 2
hours. Next, 500 pl of DMSO was added to dissolve the formazan.
The absorption at 450 nm denoting the cell metabolic activity was
measured with a plate reader (BioTek, USA). The cell viability was
calculated using the absorbance ratio between the tested well and
the blank control well.

In vivo evaluation of irritation and skin sensitization

of uLMEs

Animal experiments of the specimens were performed following the
ISO 10993-10:2010(E) standard. All procedures followed the ethical
guidelines for experimental animals, which were approved by The
Hong Kong Polytechnic University. Four groups of samples were
evaluated including negative control (thin cotton cloth) as group
1, positive control (thin cotton cloth rinsed with saturated sodium
dodecyl sulfonate) as group 2, SBS mat as group 3, uLME with the
serpentine structure as group 4. All samples were cut into 2.5 cm by
2.5 cm and then were attached to the New Zealand White Rabbits
(weighing 2.0 to 3.0 kg). The backs of the rabbits were shaved in
advance 24 hours before the attachment of the specimens. Each
group had three sample patches, which were applied onto the
skin underneath the gauze pads (2.5 cm by 2.5 cm) secured with
the semi-occlusive medical sterile wound dressings (Hynaut, Tsing-
tao, China). The patches were removed after exposure to the shaved
skin for 24 hours. Then, the test sites were observed at 0 (initial), 24,
48, and 72 hours after sample attachment for visible changes like
erythema. The mean erythema scores were measured on a scale
from 0 to 4, in which grade 0 indicated no erythema, grade 1 indi-
cated slight erythema, grade 2 indicated moderate erythema, grade 3
indicated moderate to severe erythema, and grade 4 indicated severe
erythema.

Chronic (long-term) biocompatibility test of

implanted uLMEs

For the biocompatibility test on the brain, we implanted the elec-
trodes (ULME, Au/PIL, and Au/PDMS with the same electrode
design) into the cerebral cortex to evaluate their chronic biocompat-
ibility. In this study, male Institute of Cancer Research mice (6 to 8
weeks, n = 2) were anesthetized with intraperitoneal injected keta-
mine (100 mg/kg) and xylazine (10 mg/kg) and fixed on a stereo-
taxic frame. As shown in fig. $29, the craniotomy was performed
between the bregma and lambda of the skull anterior—posterior,
—1.5 to —4.5; medial-lateral, 0.5 to 3.5. Three stainless bone
screws were placed into the skull surrounding the surgical openings,
and the dura mater was subsequently removed. Electrodes were put
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over the left and right cortical surfaces, respectively. The cranioto-
my was filled with Kwik-Sil silicone elastomer (World Precision In-
struments Inc.) and then coated with dental cement (Megadental,
Germany) after the Kwik-Sil was cured. The mice were euthanized
at 2 weeks and taken for immunohistological analysis to evaluate
their biocompatibility. For mice with the implantation of uLMEs,
the maximum implantation duration in this biocompatibility
study is 32 weeks. We anesthetized the mice by intraperitoneal in-
jection of ketamine (100 mg/kg) and xylazine (10 mg/kg) and then
perfused the mice transcardially with PBS followed by 4% parafor-
madehyde (PFA). The brain samples were incubated in PFA over-
night and then with 30% sucrose solution for 3 days. Brains were
cryosectioned at a thickness of 30 um. The slices were stained
with Ibal antibody (Abcam, ab178846) and 4',6-diamidino-2-phe-
nylindole (nuclei marker) and observed with laser confocal micros-
copy (Nikon A1HD?25, Japan). The regions of interest for the
assessment of intensity and soma size of Ibal-positive cells were
chosen from the electrode-brain interface to the tissues 600 pm
beneath the interface (three slices for each mouse). We analyzed
the intensity and soma size of Ibal-positive cells using Image] soft-
ware. For investigating the chronic biocompatibility of various elec-
trodes in the biceps femoris muscle, healthy male Sprague Dawley
rats (aged 4 to 5 weeks, 200 g) were used for biceps femoris muscle
implantation. The Dawley rats were first treated with gaseous light
anesthesia (isoflurane), followed by the injection of ketamine (1 wt
%) for deep anesthesia. Then, a required wound (6 mm in width and
2 mm in depth) was created, with the attachment of the electrode
array (LLME, Au/PI, and Au/PDMS) on the surface of the biceps
femoris muscle. After suturing and implanting for 1 week, the
samples were collected and frozen sectioned (25 pm thick) using
CryoStar NX70 Cryostat (Thermo Fisher Scientific). Stained by
the H&E (Abcam) method, the slices were later observed with an
inverted microscope (NikonTi2-A).
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