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Needle-Like Multifunctional Biphasic Microfiber for
Minimally Invasive Implantable Bioelectronics
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Ok Kyu Park, Kyeong-Yeon Lee, Seil Oh, Taeghwan Hyeon, Seung Hong Choi,*

Seung-Pyo Lee,* and Dae-Hyeong Kim*

Implantable bioelectronics has attracted significant attention in electroceuticals
and clinical medicine for precise diagnosis and efficient treatment of target
diseases. However, conventional rigid implantable devices face challenges
such as poor tissue-device interface and unavoidable tissue damage

during surgical implantation. Despite continuous efforts to utilize various soft
materials to address such issues, their practical applications remain limited.
Here, a needle-like stretchable microfiber composed of a phase-convertible
liquid metal (LM) core and a multifunctional nanocomposite shell for
minimally invasive soft bioelectronics is reported. The sharp tapered microfiber
can be stiffened by freezing akin to a conventional needle to penetrate soft
tissue with minimal incision. Once implanted in vivo where the LM melts,
unlike conventional stiff needles, it regains soft mechanical properties, which
facilitate a seamless tissue-device interface. The nanocomposite incorporating
with functional nanomaterials exhibits both low impedance and the ability

to detect physiological pH, providing biosensing and stimulation capabilities.
The fluidic LM embedded in the nanocomposite shell enables high
stretchability and strain-insensitive electrical properties. This multifunctional
biphasic microfiber conforms to the surfaces of the stomach, muscle,

and heart, offering a promising approach for electrophysiological recording,
pH sensing, electrical stimulation, and radiofrequency ablation in vivo.

1. Introduction

Advances in implantable medical devices,
such as cardiac pacemakers, ablation
catheters, and electrophysiological sensors,
have significantly contributed to personal-
ized healthcare and clinical medicine.l'-*!
Electroceutical applications of these im-
plantable devices hold promise in the
drug-free treatment of various diseases
through vagus nerve and other nervous
system stimulations.[**! However, the rigid
devices face challenges due to poor tissue-
device contact and unwanted mechanical
damage to the interfacing organs. These
issues can reduce the signal-to-noise ratio
in biosensing, lead to electrical stimu-
lation fatigue, and cause scar formation
and inflammatory responses.’”*! To ad-
dress these challenges, soft bio-integrated
electronics has been proposed.'™* In
particular, intrinsically soft bioelectronics,
composed entirely of stretchable mate-
rials, show promise for next-generation
biomedical devices that are mechanically
compatible with the soft human body.!'>-17]
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Among various material candidates for fabricating intrinsi-
cally soft bioelectronics, elastomeric nanocomposites!'®2?!l and
liquid metal (LM) alloys!?22*] have garnered considerable atten-
tion. Elastomeric nanocomposites offer high conductivity, low
impedance, and high stretchability. They can also be addition-
ally functionalized with nanoparticles for diverse biomedical
applications.[>>?] On the other hand, LMs exhibit exceptional
conductivity, strain-insensitive electrical properties, and solid-
liquid phase-changing properties.[?*-32] Despite these unique fea-
tures and advantages, their medical device applications have been
limited. The performance of the nanocomposites tends to dete-
riorate under mechanical deformations, and hysteresis in their
electrical properties is often observed. LMs require elaborately
designed encapsulation layers to ensure long-term, reliable oper-
ation within the body.?334] Additionally, the high surface tension
and native oxide layer of LMs present additional challenges that
hinder their medical device applications.[3>3°]

Another crucial aspect necessary for the practical application
of soft bioelectronics, yet often challenging to achieve, is the min-
imally invasive deployment of the soft bioelectronic device to the
targeted location within the body. The potential for minimally
invasive deployment can streamline surgical procedures, offer-
ing faster and safer interventions that reduce patient discomfort
and enhance the feasibility of soft bioelectronics for implantable
electroceuticals.’’°1 However, the inherently flexible and de-
formable mechanical properties of intrinsically soft and stretch-
able bioelectronics make their handling and minimally invasive
deployment significantly challenging. Recent studies on robot-
assisted surgery show promise in addressing these challenges,
but further developments are needed to improve the dexterity in
handling mechanically fragile soft devices, adapt to dynamic body
environments, and reduce operating costs. Therefore, there is a
pressing need to develop a simple yet effective method for the
minimally invasive deployment method of soft bioelectronics to
target internal organs.

In this study, we present a needle-like stretchable microfiber
comprising a phase-convertible LM core and a multifunctional
nanocomposite shell, designed specifically for minimally in-
vasive soft bioelectronics. The microfiber can be deployed in-
side the body through stiffness control by leveraging the phase-
convertible behavior of LM. It is solidified using freeze-spraying,
providing the temporary rigidity to penetrate soft tissues akin to
a conventional needle. Subsequently, it liquefies at body temper-
ature, recovering its original softness. The stretchable nanocom-
posite shell, with the aid of functional filler nanoparticles, forms
a reliable interface between the fluidic LM and biological tis-
sues, demonstrating low impedance and pH sensing capabilities.
Through biosensing and stimulation experiments, we showcase
its gastric, muscular, and cardiac electroceutical applications in
vivo, highlighting the translational potential of the microfiber for
various theragnostic cases.

2. Results and Discussion

2.1. Material Design of the Needle-Like Injectable Microfiber

The needle-like stretchable conductive multifunctional mi-
crofiber can be deployed to a target internal organ or tissue
in a minimally invasive manner. This biphasic microfiber con-
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sists of a phase-convertible LM inner core and a multifunctional
nanocomposite outer shell (Figure 1a-i), combining the advanta-
geous properties of both materials such as intrinsic softness, high
stretchability, high conductivity, and strain-insensitivity (Figure
S1 and Table S1, Supporting Information). In addition, the in-
tegration of auxiliary micro/nanoparticles on the nanocompos-
ite surface provides additional functions such as pH sensitiv-
ity and low impedance to the microfiber. These features allow
the microfiber to serve reliable electroceutical applications (i.e.,
sensing (Figure la-ii) and stimulation (Figure 1a-iii) as an im-
plantable bioelectronics for electrophysiological recording, pH
sensing, electrical stimulation, and radiofrequency ablation, on
dynamically moving organs!*’! (Figure S2, Supporting Informa-
tion).

The minimally invasive implantation of the microfiber
(Figure 1la-iv) harnesses not only the phase-transition charac-
teristics of LMs (eutectic gallium-indium; whose melting tem-
perature is ~15.5 °C),[*!] but also the geometric engineering of
the microfiber.*>*3] The microfiber is thin and long (%20 cm)
enough to reach internal organs while maintaining a wired con-
nection with external equipment (Figure 1b). Before implanta-
tion, the intrinsically soft microfiber stiffens like a needle frozen
by freeze-spraying. The frozen microfiber, with a tapered tip
as sharp as a commercial 24G stainless needle tip (diameter <
300 um) (Figure 1b-i), is rigid enough to penetrate tissues. Once
injected, the microfiber restores its original softness inside the
body due to the solid-to-liquid phase transition of the LM, whose
mechanical softness becomes comparable to that of the target
tissue. The arrowhead-shaped anchor in the middle of the mi-
crofiber (Figure 1Db-ii) ensures its stable fixation in the internal
cavity during operation. Successful minimally invasive adminis-
tration of the microfiber into the rat heart was demonstrated in
vivo, as confirmed by visual (Figure 1c) and ultrasound imaging
(Figures 1d and S3, Supporting Information) observations.

The LM core of the microfiber is encapsulated by an elas-
tomeric nanocomposite shell, composed of a mixture of gold-
coated silver nanowires (Ag-Au NWs), platinum black (Pt
black) microparticles and/or IrO, nanoparticles, along with an
elastic block copolymer (poly(styrene-butadiene-styrene); SBS)
(Figure 1b-iii). The Ag-Au NWs, characterized by their high as-
pect ratio (length:diameter = 250:1), form a dense percolation
network that enables high conductivity.[**#¢] Functional additive
particles (e.g., Pt black microparticles and IrO, nanoparticles) are
integrated within the nanocomposite to provide low impedance
and pH sensing capabilities, respectively.[*’] The fabrication pro-
cess (Figure S4, Supporting Information) used to create the LM
core and nanocomposite shell structure is detailed in the Exper-
imental Section. This core—shell structure was verified through
cross-sectional scanning electron microscopy observation com-
bined with energy dispersive X-ray spectroscopy analysis (SEM-
EDS; Figure 1b-iv).

2.2. Temporary Stiffness Control of the Microfiber by Phase
Transition of Liquid Metal for Minimally Invasive Administration
The solidification of LM through freeze-spraying imparts high

stiffness to the microfiber (Figure 2a), allowing it to penetrate tis-
sues independently without the need for invasive surgical tools.
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Figure 1. Material design and implantation of a needle-like injectable microfiber. a) Schematic illustration of the microfiber structure and its minimally
invasive administration protocol. i) The microfiber composed of liquid metal core and nanocomposite (Ag-Au nanowire, Pt black microparticle and/or
IrO, nanoparticle, and elastic matrix) shell is conformally applied to the tissue surface and performs ii) biosignal monitoring and iii) electroceutical
therapies. iv) The soft microfiber is frozen to be rigid, like a needle, by freeze-spraying. The solidified microfiber can penetrate tissues, and it recovers
its original softness in response to the body temperature after implantation. b) Optical image of the microfiber. i) Scanning electron microscopic image
of the microfiber’s tapered tip compared to a commercial 24G needle tip (inset). ii) The arrowhead-shaped anchor enables its stable fixation in the
internal cavity. i) The nanocomposite shell consists of Ag-Au nanowire and functional micro/nanoparticles and encompasses the liquid metal core
(eutectic gallium-indium), which was confirmed by iv) cross-sectional scanning electron microscopic images with energy-dispersive spectroscopy. c)
Optical images of the solidified microfiber penetrating the rat tissue through the skin of the intercostal region (left) and the liquefied microfiber that
softened to be conformally applied to the organ surfaces (right). d) Sonographic images of the solidified microfiber penetrating the rat tissue (left) and

the liquefied microfiber that softened to be conformally applied to the myocardial surface (right).

Following implantation, the microfiber interfaces with the target
internal organ at body temperature, causing the frozen LM to
liquefy and the microfiber to regain its original tissue-like soft-
ness (Figure 2b). Concurrently, the arrowhead-shaped anchor in
the middle of the microfiber fixes the microfiber at the inter-
nal cavity to maintain stable tissue interfacing (Figure S5a, Sup-
porting Information). This temporary stiffness modulation relies
on the phase transition of LM near room temperature (15.5 °C),
easily induced by freeze-spraying (<0 °C), as confirmed by cryo-
scanning electron microscopy (Figure S5b,c, Supporting Infor-
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mation). To assess the penetration capability of the microfiber, we
conducted insertion experiments using 2 wt% agar hydrogel as
an artificial tissue.l*®] The solidified microfiber successfully pen-
etrated the artificial tissue (Figure 2c), whereas the liquefied mi-
crofiber did not (Figure 2d). This difference is evident in Video
S1 and Figure S5d,e, Supporting Information.

Numerical simulation was employed to analyze temperature-
dependent stiffness control. The Von Mises stresses of the mi-
crofiber in solidified and liquefied states are compared with the
tissue modulus. The elastic modulus of the solidified microfiber
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Figure 2. Minimally invasive implantation of the microfiber via stiffness control. Optical images of the a) solidified microfiber and b) liquefied microfiber.
c) The solidified microfiber can penetrate the artificial tissue, d) but the liquefied microfiber can be bent in the tissue. ) Side view and f) tilted top
view of the Von Mises stress distribution of the solidified microfiber penetrating the skin. g) Side view and h) tilted top view of the Von Mises stress
distribution of the liquefied microfiber bent against the skin. i) Schematic illustration of the minimally invasive implantation of the microfiber observed
by endoscope. j) Optical endoscopic images of the minimally invasive implantation of the microfiber. i) Before implantation, ii) during implantation, iii)
right after implantation of the microfiber, and iv) the microfiber conformally contacted to the heart. k) Temperature profile of the microfiber, with initial
temperature at —15 °C, depending on the distance from the insertion point at various timepoints after implantation. I) Temperature distribution of the
microfiber at various timepoints after implantation. m) Temperature profile of the microfiber, with initial temperature at —80 °C, by the distance from
the insertion point at various timepoints after implantation. n) change of resistance (black) and elastic modulus (blue) of the microfiber before (solid

bar) and 30 min after freezing and melting (hashed bar). N.S. for no significance.

(145 MPa) is sufficiently high to penetrate the tissue (Figure 2e,f),
while the softness of the liquefied microfiber matched that of
the tissue (Figure 2gh). In vivo injection of the needle-like mi-
crofiber was also demonstrated by visualization using an en-
doscope (Figure 2i). The solidified microfiber was implanted
into the rat’s thoracic cavity, penetrating the rib cage muscles
and connective tissues. Upon exposure to body temperature,
the microfiber softened, establishing conformal contact with the
beating heart without harming nearby organs like the lungs
and avoiding damage to the contacted myocardium itself. The
arrowhead-shaped anchor prevents the microfiber retraction and
verifies its position upon implantation (Figure 2j).

Temperature plays a crucial role in determining the stiffness
of the microfiber, with the time to reach thermal equilibrium
estimated through simulation. After implantation, the temper-
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ature of the microfiber (- 15 °C) in a solidified state begins to
rise (Figure 2k,l) when exposed to body temperature (37 °C).
However, only a minor part of the microfiber (e.g., within 10 mm
from the insertion point) exceeds the melting temperature of LM
(15.5 °C; Figure 2k black line) at 10 s post-implantation. After
1 min, the temperature of the microfiber beyond 25 mm from
the insertion point remains below the melting temperature of
LM, minimizing tissue damage at the insertion site, while main-
taining high enough rigidity at the shaft of the microfiber. The
retention time of temporary rigidity can be controlled by manipu-
lating the initial temperature (Figure 2m). We confirmed that this
strategy, involving phase transition of the LM, accompanies min-
imal changes in the electrical and mechanical performance of the
microfiber — changes in the resistance and modulus (Figure 2n)
between freezing and melting are negligible.
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Figure 3. Mechanical, electrical, and electrochemical characterization of the microfiber. a) Optical image of the microfiber before (inset) and after
stretching. b) Stress—strain curve of the microfiber compared to LM-elastomer (SBS) microfiber without nanofillers. c) Conductivity (left axis) and
stretchability (right axis) change of the microfiber at different contents of Ag-Au nanowires (5 to 30 wt%). d) Relative resistance change of the microfiber
under tensile strain. e) Scanning electron microscopic images of the microfiber surface with Pt black microparticles (left) and IrO, nanoparticles (right).
Electrochemical impedance spectroscopy (EIS) curves for an LM-only microfiber, an LM-NC microfiber without Pt black microparticles, and an LM-NC
microfiber with Pt black microparticles f) in vitro, and g) in vivo. Impedance change of the microfiber for 10-1000 Hz h) under tensile strain and i) after
applying electrical stimulation through the microfiber. j) Open circuit potential of the microfiber in buffer solution with different pH values. The black
line is a linear fit to the measured data (gray spheres). k) Change in open circuit potential of the microfiber under tensile strain. ) pH measurements in
various rat organs. m) Change in open circuit potential (black) and pH (blue) measured from the rat stomach depending on the time after food intake.

2.3. Mechanical, Electrical, and Electrochemical Performance of namic internal organs (e.g., heart: 20%, stomach: 30%, bladder:
the Microfiber 80%).1¥%1 The stable encapsulation of LM and filler incorporation

by the nanocomposite, even under repetitive mechanical defor-
The core-shell structure, that is, LM core and nanocomposite = mations (Figure S6, Supporting Information), as confirmed by
shell, allows for the microfiber to display advantageous proper-  Inductively Coupled Plasma Mass Spectroscopy analysis, indicate
ties of both LM and the nanocomposite: high conductivity, high  the reliable operation of the microfiber in vivo. The stretchabil-
stretchability, strain-insensitivity, reliable tissue-device interfac- ity of the microfiber, regardless of material composition, is also
ing, and multi-functionalization capability (e.g., low impedance  verified through tensile tests (Figure 3b).

and pH sensitivity). Consequently, the microfiber demonstrates The primary conductive pathway of the microfiber is estab-
excellent mechanical, electrical, and electrochemical perfor- lished by the LM core, resulting in a conductivity comparable
mance, simultaneously. to that of the LM itself (3.4 x 10* S cm™).3% However, conduc-

The stretchable nature of the microfiber is well-suited for bio-  tivity may vary depending on the nanocomposite composition
electronics applications in dynamic organs. For example, the mi-  (Figure 3c). Meanwhile, the stretchability of the microfiber is
crofiber can stretch up to 800% without fracturing (Figure 3a), influenced by the nanocomposite composition. An optimal
which is sufficient to accommodate structural changes in dy-  composition of 25 wit% Ag-Au NWs in the nanocomposite is
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identified that maximizes conductivity while preserving the
stretchability of the microfiber (Figure 3c, brown). The mi-
crofiber exhibits a strain-insensitive property (gauge factor <
1; comparable to bare LM-based devices)**! due to the fluidic
nature of LM, as demonstrated in Figures 3d and S7a—c, Support-
ing Information. The microfiber maintains structural integrity
and conductivity despite repetitive stretching.

One of the key advantages of the nanocomposite is its multi-
functionalization potential. Incorporating Pt black microparti-
cles with embossed surface morphologies into the nanocompos-
ite reduces contact impedance at the microfiber-tissue interface,
enabling high-quality electrophysiological recording and elec-
trical stimulation (Figure 3e, left). Electrochemical impedance
spectroscopy (EIS) measurements confirm reduced impedance
due to the Pt black microparticles both in vitro and in vivo
(Figure 3f,g). The impedance remains low even under 150%
stretching (Figure 3h), ensuring effective charge delivery to
dynamically moving organs without performance degradation
even during long-term operation. Additionally, low impedance is
maintained even after delivering a significant amount of charge
(Figure 3i), illustrating its long-term pacing potential. Further-
more, the incorporation of IrO, nanoparticles in the nanocom-
posite provides pH detectability to the microfiber (Figure 3e,
right). IrO, nanoparticles facilitate reversible redox reactions
with hydrogen ions,*®! as evidenced by open circuit potential
measurements showing pH dependency under both static and
tensile states (Figures 3j,k and S8, Supporting Information). This
capability enables pH sensing on dynamically moving organs. In
vivo pH sensing tests indicate that the pH values measured in
rat’s organs are comparable to previously reported values(>-3!
(Figure 3l). Real-time monitoring of the rat’s stomach success-
fully detects temporal changes in pH corresponding to food di-
gestion, unaffected by organ motions (Figure 3m).

2.4. Gastric and Muscular Applications of the Microfiber

The advantageous features of the microfiber, such as intrinsic
softness, minimally invasive insertion, strain-insensitivity, multi-
functionalization, and biocompatibility, are demonstrated by in
vivo applications to the stomach and muscles (Figure 4a). First,
we evaluated the biocompatibility of the microfiber in vitro. The
cytotoxic behavior of the microfiber was investigated in vitro
using a tetrazolium-based colorimetric assay (MTS assay) with
AC16 human cardiomyocyte cells (Figure S9a, Supporting Infor-
mation). The microfiber showed no significant cytotoxicity com-
pared with the control group (soaked with phosphate-buffered
saline solution), regardless of the presence of the liquid metal.
To evaluate the biocompatibility of the microfiber in vivo, it was
implanted in the intrathoracic region of the rats via intercostal
implantation, showing no visible inflammation or displacement
over 2 weeks (Figure S9b, Supporting Information). Histologic
analyses using anti-CD68 and Masson’s trichrome staining also
reveal no notable differences in inflammatory cell recruitment or
fibrosis, compared to previous reports“#’l (Figure S9c,d, Sup-
porting Information).

To monitor gastric activity, two microfibers are implanted into
the rat’s stomach through the abdominal muscle, making con-
tact with the anterior pyloric and corpus regions of the stom-
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ach, respectivelyl®*! (Figure S10a,b, Supporting Information). An-
other microfiber served as a reference electrode, positioned near
the esophagus region. The microfiber measured electrogastro-
grams showed slow waves ranging from 3 to 6 cycles per minute
(Figure 4b, left), even under dynamic physiological environments
involving breathing and heartbeats(>>! (Figure 4b, right). Conse-
quently, differences in cycle lengths and signal amplitudes of
electrogastrograms in each diet state (e.g., fasting for 12 h, af-
ter finishing a meal, and 2 h after a meal) are successfully moni-
tored (Figures 4c,d and S10c, Supporting Information). Besides,
the microfiber detects spatial differences in electrogastrogram
morphologies across the stomach (Figure S10d, Supporting In-
formation), showing relatively longer cycle length and larger am-
plitude in the pyloric region (Figure S10e,f, Supporting Informa-
tion). Gastric activity can be also effectively modulated using elec-
trical stimulation by the microfiber>®! (Figure 4e). A pair of mi-
crofibers implanted on the gastric wall proximal to the pylorus
successfully accelerated gastric emptying by electrical stimula-
tion (Figure 4f). The microfiber can monitor gastric activities and
deliver electrical stimulation, simultaneously, even during stom-
ach motions (Figure S11, Supporting Information), verifying its
diagnostic and therapeutic potential for digestive disorders.

For muscular applications, two pairs of microfibers are im-
planted into the biceps femoris and gastrocnemius muscles,
which are involved in thigh and calf movements, respectively!’!
(Figures 4a,g and S12a, Supporting Information). Each pair of
microfibers effectively records the rat’s muscular activities, cap-
turing rapid leg contraction responses triggered by toe pinching
(Figure 4h, red triangle) and foot poking (Figure 4i, red triangle),
as well as spontaneous leg relaxation (Figure 4h,i, blue arrow).
The spontaneous muscular movement of the rat recovering from
anesthesia is also monitored, showing an evolving electromyo-
gram (Figure S12b, Supporting Information). As the rat begins
to wake up, weak muscle movement is recorded from the lower
leg, and once the rat is fully awake and engaged in locomotive
movements, continuous and robust signals are recorded from
both the thigh and calf muscles.[®! Furthermore, different leg
movements can be induced by controlling the amplitude and du-
ration of the stimulation(>>%! (Figure S13a,b, Supporting Infor-
mation). Electroactive contraction of muscle is allowed through
delicate stimulation control (Figure S13c, Supporting Informa-
tion), implying the potential of neuromuscular interfaces and
bioelectronic prosthetics.[6162]

2.5. Cardiac Monitoring and Cardiovascular Intervention for
Anti-Arrhythmic Treatment

The multifunctional and unique features of the microfiber also
enable it to address challenging issues involving the intrathoracic
epicardial surface — continuous heart beating, cyclic lung expan-
sion, and the presence of various tissues (e.g., skin, rib cages,
thoracic muscles, and pericardium) — which impede easy access
to the heart with conventional rigid devices.[®*64]

Three types of microfibers are inserted into the myocardium
(Figure 5a,b) to compare the quality of the recorded electrophysi-
ological signals depending on the materials: LM-nanocomposite
microfiber with Pt black particles, LM-nanocomposite microfiber
without Pt black particles, and LM-only microfiber (Figure 5¢,d).
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Figure 4. Gastric and muscular application of the microfiber. a) Schematic illustration showing microfibers implanted on the stomach and thigh muscle
of the rat. b) Representative example of the recorded electrogastrogram of the rat. The noise from the heartbeat and breathing (inset) was filtered in other
figures. c) Gastric slow wave cycles of the rat with different diet status (n = 8). d) Amplitude of the electrogastrogram waves of the rats with different diet
status (n = 7). e) Electrogastrogram recorded from the rat stomach. Gastric electrical stimulation is delivered to the rat’s stomach (red triangle). The
Inset image shows the magnified timeline of electrogastrogram during electrical stimulation. f) Gastric emptying of the rat with (red bar) and without
(black bar) electrical stimulation for 90 min (n = 6; *p < 0.05 for variable of significance). g) Optical image of the rat leg with the implanted microfibers.
Electromyogram recorded during the leg contraction of the rat, in response to h) toe pinch and i) foot poking stimulation.

The microfiber containing Pt black microparticles exhibits high-
quality electrode-tissue interfacing, enabling noise-free record-
ing as shown in the clear epicardial electrogram morphologies
(Figure 5¢, red). The LM-nanocomposite microfiber without Pt
black microparticles still provides acceptable signals with min-
imal noise (Figure 5c, black). Notably, the LM-only microfiber
yields the worst quality electrograms with a high noise level
(Figure 5c, blue).

A similar trend is observed for the strength—duration curves
that differentiate between captured pacing (Figure 5e, red)
and non-captured stimulation!®! (Figure 5e, blue). The LM-
nanocomposite microfiber with Pt black microparticles exhibits
the lowest strength—duration curve, which implies that stimula-
tion with lower energy is required for myocardial activation!®!
(Figure 5f). Furthermore, the microfiber maintains stable perfor-
mance for at least 3 weeks, demonstrating long-term operational
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reliability (Figures 5g and S14, Supporting Information). These
results indicate that the low impedance and efficient charge
transfer capability of the functionalized microfiber are advan-
tageous for recording clear cardiac electrograms and stimulat-
ing the myocardium effectively, making it a more efficient, long-
term, and safer option for cardiac interventions.

The microfiber verifies its capability to acquire high-quality
electrograms, distinguishing various arrhythmic rhythms, such
as atrial flutter, premature ventricular contraction, monomorphic
ventricular tachycardia, and polymorphic ventricular tachycardia
(Figure S15, Supporting Information). Moreover, it can detect
microcurrents originating from the heart, enabling the diagno-
sis of electrophysiological disorders, which are challenging to
detect accurately amidst surface ECG noisel® %] (Figure S16a,b,
Supporting Information). For example, it facilitates the differen-
tial diagnosis of various degrees of atrioventricular (AV) block by
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Figure 5. Cardiovascular application of the microfiber for diagnosis and treatment of arrhythmias. a) Schematic illustration showing the implanted
microfiber for cardiovascular application. b) Optical image showing the thoracic cavity of the rat with the implanted microfiber. c) Epicardial electrogram
recorded with various types of microfibers: LM-nanocomposite microfiber with Pt black particles (red), LM-nanocomposite microfiber without Pt black
particles (black), and LM-only microfiber (blue). d) Signal-to-noise ratio of epicardial electrogram recorded with various types of microfibers (n = 9; **p
<0.01, ***p < 0.001 for variables of significance). e) Surface electrocardiogram of the rat during captured pacing (top, red triangles) and non-captured
stimulation (bottom, blue triangles). f) Strength—duration curves of the various microfibers measured to determine threshold voltages. g) Temporal
changes of the signal-to-noise ratio of the epicardial electrogram (n = 10). h) Schematic illustration of ventricular fibrillation (left) and surface ECG of
the rat heart during electric shock (right). Consequent restoration of the sinus rhythm was observed. i) Schematic illustration of ventricular tachycardia
(left) and surface ECG of the rat heart during 10 Hz ventricular pacing (right). Consequent restoration of the sinus rhythm was observed. j) RR interval
of the rat with bradycardia model. Bradycardia was induced after diltiazem injection (green triangle). k) Comparison of surface ECG in the control
group (top) and the pacing group (bottom) after bradycardia induction. Ventricular contraction peaks are marked with black triangles, whereas pacing
stimulations are marked as red triangles. |) Optical image and m) infrared camera image of the epicardial surface of the rat with increased temperature
after radiofrequency ablation.

identifying P waves independent of QRS complexes, indicating a
blocked connection between the sinus node and atrioventricular
node (Figure S16¢—f, Supporting Information).

Cardiac pacing with precisely controlled electrical stimulation
from the microfiber is employed to terminate various types of ar-
rhythmic events. Both fatal ventricular fibrillation and sustained
ventricular tachycardia are successfully terminated by overdrive
pacing (pacing frequency = 10 Hz; amplitude = 1.5 V; pulse
width = 10 ms) and a defibrillation shock (amplitude = 20 V,
shock duration = 10 ms),[®! respectively (Figures 5h,i and S17a,
Supporting Information). The microfiber can manage not only
tachyarrhythmias but also bradyarrhythmias by pacing the heart
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(Figures 5j and S17b-e, Supporting Information). When dilti-
azem is administered to two groups of rats (Figure 5j, green tri-
angle), both exhibit an increase in the RR interval. However, the
RR interval normalizes solely in the group receiving pacing via
the microfiber, aligning with the programmed pacing interval
(Figure 5k, bottom), whereas the other group remains at a life-
threateningly slow heart rate (Figure 5k, top).

The microfiber can be also employed for radiofrequency ab-
lation, a technique commonly used to eliminate recurrent ar-
rhythmic foci. The intensity of the radiofrequency ablation can be
controlled by the input current density of the microfiber, as val-
idated by infrared imaging observations on porcine skin ex vivo
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(Figure S18a, Supporting Information). The local temperature on
the rat’s myocardial surface in vivo increases significantly (reach-
ing a maximum of 45 °C) with an input power of 20 W (Figure 51).
This temperature is adequate to ablate the arrhythmic substrate
(Figures 5m and S18b, Supporting Information), presenting a
promising approach for treating cardiac arrhythmias.

3. Conclusions

In this study, we developed a minimally invasive and injectable
multifunctional soft bioelectronics, featuring a stretchable con-
ductive microfiber with a LM core and a nanocomposite shell.
This microfiber leverages the phase-convertible behavior of LM,
allowing it to be easily solidified by freeze-spraying. The high
stiffness of the solidified microfiber enables minimally invasive
penetration of soft tissues, functioning similar to a conventional
needle. Once implanted, the microfiber naturally liquefies, ow-
ing to the body temperature in vivo, regaining its original soft-
ness and flexibility, ensuring a seamless fit with the curvilinear
soft tissues without inducing mechanical mismatch.

Furthermore, the core-shell structure offers the synergistic
benefits of both LM and nanocomposite to the microfiber, re-
sulting in high stretchability, exceptional conductivity, strain-
insensitivity, and the ability for multi-functionalization. The mul-
tifunctionality of the microfiber, including high-quality biosens-
ing and stimulation capabilities, is achieved by integrating auxil-
iary functional nanoparticles onto the nanocomposite shell. The
potential clinical effectiveness of the material design, along with
its injectability, is successfully verified through various electro-
ceutical demonstrations on electroactive and dynamic organs, in-
cluding pH and electrophysiology monitoring and electric stim-
ulation of gastric, peripheral, and cardiac muscles. The practi-
cal applications for detection and electroceutical treatment of car-
diac arrhythmias validate its high potential and efficacy in clinical
medicine.

Despite the groundbreaking characteristics of the microfiber
in the field of soft implantable bioelectronics and electronic
medicine, several challenges must be addressed before its clin-
ical translation. The facile implementation of the implantation
protocol and precise control of the phase transition of the mi-
crofiber is imperative for its application to large animal mod-
els. While the temporal rigidity of the microfiber can be adjusted
depending on the freezing temperature for accurate administra-
tion, there is a risk of inducing local frostbite at extremely low
temperatures. Future studies should conduct a detailed analysis
of the potential hypothermia caused by microfiber implantation.
Additionally, comprehensive validation of the functionality, per-
formance, and biocompatibility of the microfiber in large animal
models is essential to establishing its clinical applicability.

In addition, further technical developments should also
progress toward clinical use. The incorporation of other filler ma-
terials into the nanocomposite shell should be demonstrated to
showcase the expandable functionality of the microfiber. For ex-
ample, the therapeutic application of the microfiber can extend
to chemotherapy by incorporating functional drug nanoparticles
(e.g., targeted drug delivery, and stimulus-responsive drug deliv-
ery). However, the efficacy of chemotherapy alone using the mi-
crofiber should be taken into consideration due to its low volu-
metric capacity for drugs. Another option would be to utilize a
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more advanced microfiber to efficiently treat diseases by com-
bining electrotherapy and chemotherapy or to control the drug
release behavior by electric pulse. Further exploration of the in-
teraction between the liquid metal and the nanocomposite shell
is also necessary. The in-depth understanding of the mechanistic
and electrochemical interaction between the two components of
the microfiber,’%’! such as alloy formation and affinity-interface
relationship, could aid in re-optimizing the microfiber design for
better performance. Achieving several steps of technology readi-
ness with this new type of bioelectronics will be a key solution for
various clinical challenges.

4. Experimental Section

Materials: Gold-coated silver nanowires were synthesized as previ-
ously reported.[’?] Liquid metal (eutectic gallium-indium), platinum black,
and hexylamine were purchased from Sigma Aldrich. Iridium oxide was
purchased from Alfa Aesar. Elastomer such as poly(styrene-butylene-
styrene) (SBS, KTR 103) was obtained from Kumho Chemicals. Solvents
such as ethylene glycol, toluene, hexane, and ethanol were obtained from
Samchun Chemicals.

Fabrication of LM-Nanocomposite Microfiber:  First, the solution of
nanocomposite was prepared by mixing 300 puL of Ag-Au NW in a mix-
ture of ethanol and toluene (1:3 volume ratio) with a concentration of
60 mg mL™", 2 mg of Pt black, 500 uL of SBS polymer solution (10 wt%
in toluene), and 20 pL of hexylamine as a dispersant, in accordance with
the optimal nanocomposite composition (25 to 75 of NW wt% to SBS
wt%). The solution was then dropped on a silicone (PDMS) mold, filled
into the groove of the mold by blade coating, and dried under ambient
conditions. The dropping, blade coating, and solvent drying process was
repeated four times, forming a nanocomposite film conformally coated on
the floor and sidewall. Then, liquid metal was injected into the groove sur-
rounded by the nanocomposite film using a syringe. Next, the nanocom-
posite solution was dropped, blade coated, and dried five times, forming
the top nanocomposite layer smoothly connected with the nanocompos-
ite sidewall. Finally, the fabricated microfiber was detached from the mold.
For characterization, the microscopy images and EDS elemental mapping
images were taken by SEM (S-3400N, Hitachi) and FE-SEM (JSM-7600F,
Jeol), respectively. Cryogenic scanning electron microscopy images were
taken by Quanta 3D FEG.

Minimally Invasive Implantation Protocol of the Microfiber:  One end of
the LM-nanocomposite microfiber was fixed by using a tweezer, and an-
other end of the microfiber was frozen by using Ice spray (Nabakem, Re-
public of Korea). Freeze-spraying was repetitively applied to the microfiber
several times until the microfiber was fully frozen (T < 0 °C), when the
microfiber was not bent under gravity. Then, the frozen microfiber was di-
rectly implanted into the target site without any time delay to prevent ther-
mal equilibrium. After implantation, the frozen microfiber dissolves and
restores its original softness and flexibility. Hence, it can be seamlessly
integrated into the curved dynamic tissue surface. The arrowhead-shaped
anchor was gathered in a frozen state for implantation and unraveled to
fix the microfiber at the internal cavity.

Numerical Simulation - Tissue Penetration: Tissue was modeled as a
cubic box with 50 mm side length, of which a xy-surface was fixed on the
wall, meaning that it cannot be deformed. All other surfaces except for the
fixed surface can be deformed under loading. The microfiber was mod-
eled as a box with side lengths 700 pm in x-, 500 um in y- and 100 mm
in z—direction. A xy-surface of the microfiber and of the tissue contact
each other, whose centers were at the same point. Young's modulus of
125 kPa for the tissue, 13 MPa for the microfiber in the liquefied state, and
145 MPa for the device in the frozen state were imposed, determined by
the experimental results. Along with Young’s modulus, Poisson’s ratios of
1 for the tissue and 0.43 for the microfiber in both solidified and liquefied
states, respectively, were imposed. A force was loaded on a free xy-surface
of the microfiber in the z—direction until the surface moved by 5 mm in the
z—direction.
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Numerical Simulation - Thermal Equilibrium: The microfiber pene-
trates the cubic box of the tissue along the z-axis and the penetration
length was set to 30 and 5 mm in separate simulations. The thermal con-
ductivity was set to 26.6 W m~' K~ for liquid metal and 94.5 W m~' K~!
for nanocomposite; heat capacity was set to 404 | kg™ K~ for liquid metal
and 1077 ) kg=" K= for nanowire; and density was set to 6280 kg m~3 for
liquid metal and 4760 kg m~ for nanowire. The temperature of the heart
was fixed at 37 °C during implantation, and the temperature of the solid-
ified microfiber was initially set at —15 °C and subsequently evolved with
time. It was assumed that heat transfer occurs only via the conduction. The
system’s dimensions were aligned with those from the tissue penetration
simulation.

Mechanical Characterization: Tensile test was performed to measure
the stretchability of the microfiber using the UTM, at a speed of 10 mm
min~', in accordance with a modified version of ISO 527. Both ends of var-
ious types of microfibers were adhered on a PET substrate, leaving dimen-
sion of width/thickness of 0.8 mm, and length of 5 mm to be stretched.
Stretchability of the microfiber was evaluated by identifying the point at
which the applied force reached its maximum. This evaluation was per-
formed at a speed of 10 mm min~" under 40% of strain, in accordance
with a modified version of ISO 527. The change in elastic modulus of
the microfiber was measured by comparing the sampled microfiber before
freezing and 30 minutes after dissolving the frozen microfiber.

Electrical Characterization: The conductivity of the microfiber was cal-
culated as follows:

M

x| —
>\

where o is conductivity, Ris resistance, L is length, and A is cross-sectional
area. The resistance was measured using a four-point probe with a Keithley
2450 Sourcemeter, and the cross-sectional area was measured by SEM
(S-3400N, Hitachi). The initial length of the microfiber for measuring the
conductivity was 1 cm. For the stretching test, each end of the microfiber
was connected to a copper wire using silver paste. Then, the microfiber
was transferred onto a VHB film (VHB Tape 4910 Clear, 3M) mounted on
the uniaxial tensile stage (Jaeil Optical System, Korea). Copper wires were
connected to the source meter, and the initial resistance and the resistance
at each strain were acquired for calculating the resistance changes. For the
cyclic test, repetitive external strain of 40% was applied at a frequency of
0.1 Hz, and the resistance was continuously measured during stretching
cycles.

Electrochemical Characterization: EIS measurements were performed
by using electrochemical workstation (CHI-660E, CH instruments). Three-
electrode system consisting of Ag/AgCl reference electrode, platinum
mesh counter electrode, and the microfiber as a working electrode was ap-
plied. For comparison, three types of microfibers (LM-SBS microfiber with
exposed liquid metal on one side and LM-nanocomposite microfibers with
and without Pt black microparticles) were prepared. A.C. impedance mea-
surements were conducted for the frequency range of 10-10 000 Hz, with
a potential amplitude of 5 mV, in PBS solution (Dulbecco’s phosphate-
buffered saline, Sigma Aldrich) and rat interstitial fluid, for in vitro and
in vivo tests, respectively. To measure impedance changes under applied
strains, the microfiber was stretched and attached to the VHB film. To eval-
uate the electrochemical performance in long-term use, potential pulse
was applied to the microfiber with a pulse width of 1, pulse period of 2 s,
and pulse amplitude of 1.2V, in accordance with cardiac pacing conditions
in rats.

pH Sensing:  The microfiber with pH sensing capability was prepared
by replacing the Pt black microparticles with 5 mg of Iridium oxide
nanoparticles. Open circuit potential was measured using two-electrode
system consisting of the microfiber and platinum mesh electrode. Calibra-
tion of the microfiber was conducted in buffer solution with different pH
values (Samchun Chemicals). Open circuit potential under tensile strain
was measured while the microfiber was stretched and attached to the VHB
film. Open circuit potential was measured in rat interstitial fluid and var-
jous organs in vivo, including stomach, bladder, and intestine (feces).
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Open circuit potential in the 12-h-starved rat’s stomach was monitored
after food intake.

Radiofrequency Ablation: One end of the microfiber was connected to
the electrode tip of radiofrequency generator (MINI-COAG, ITC Co.). For
the monopolar radiofrequency ablation in rat’s heart, the microfiber was
implanted on the epicardia surface and high frequency current (55 kHz,
20 W) was induced for 10 s.

In Vitro Cytotoxicity Assay: The viability of cells exposed to the mi-
crofiber was evaluated using the MTS ((3-(4,5-dimethylthiazol-2-yl)—5-
(3-carboxymethoxyphenyl)—2- (4-sulfophenyl) —2H-tetrazolium, Promega,
USA) assay. The microfibers with and without liquid metal were attached
to the side wall of each 96-well plate to prevent physical damage to the
cells. Cell medium was then prepared in each well, and AC16 human car-
diomyocyte cells were cultured in each well. The cells were placed in an
incubator with 5% CO, at 37 °C, and the MTS assay was used to test the vi-
ability after 1 day of culture. The medium was replaced with 100 uL of fresh
medium containing the MTS solution. After 1 h of incubation at 37 °C, the
MTS medium was removed and replaced with 100 uL of dimethyl sulfox-
ide (Sigma Aldrich, USA). Optical density (OD) was measured at 490 nm
using a multi-plate reader (SpectraMax M3, Molecular Devices, USA).

Biocompatibility Analysis:  For the histological analysis, the Tcm-length
LM-nanocomposite microfiber and nanocomposite microfiber were sub-
cutaneously implanted in the lower back region of the 8-week-old Sprague-
Dawley (SD) rats (Orient Bio Inc., Korea). After 2 weeks from implantation,
rats were euthanized, and the full extraction of skin tissue was performed.
The extracted tissue was fixed in the 35% formalin solution. Such tissues
were dehydrated with ethanol and then infiltrated and embedded in paraf-
fin. Afterward, paraffin blocks were serially sectioned by a microtome (Le-
ica, Germany) into 4 um-thick coronal sections and then collected on slide
glasses. Then, they were processed under Anti-CD68 staining and Mas-
son’s trichrome staining to evaluate the inflammatory response induced
by the implantation of the microfiber. The stained tissue slides were im-
aged by optical microscope.

Muscular Experiment Protocol: The 8-week-old male SD rats (Orient
Bio Inc., Korea) were anesthetized with 3-5% isoflurane chamber. The
anesthesia level was kept with the gas mask after clipping hairs of the thigh
region. Sterilization of the hair removal region using 70% ethanol and io-
dine solution was followed. 18G catheter pathway was made at the prox-
imal thigh region in 1 cm-depth using 18G syringe needle to make path-
way for the microfiber implantation. After the removal of the needle, the
microfiber was implanted in the thigh muscles through the catheter. The
protocol was repeated 2 cm distal from the initial implantation. The end
of the microfiber was connected to the commercialized data acquisition
(DAQ) device, Power Lab (AD Instruments, New Zealand). While record-
ing muscular motion, mild toe pinch and toe poking were performed.

Gastric Experiment Protocol: The 8 week-old male SD rats (Orient Bio
Inc., Korea) were anesthetized with 3-5% isoflurane chamber. The anes-
thesia level was kept with the gas mask after clippering hairs of the upper
abdominal region. The skin 10 cm below the xiphoid process was poked
with 18G needle to make microfiber insertion point. The frozen microfiber
was then implanted to the skin hole for the implantation. The tissue inci-
sion or endoscopy was used to confirm the location of the microfiber in
the cavity. The end of the microfiber was connected to the commercialized
DAQ device, Power Lab (AD Instruments, New Zealand).

Cardiac Experiment Protocol:  The 8 week-old male SD rats (Orient Bio
Inc., Korea) were anesthetized with a 3-5% isoflurane chamber. Hair re-
moval using clipper was followed by administration of the commercial-
ized hair removal cream on the left thoracic region.[”?] The skin of the
intercostal region between third and fourth rib was poked with 18G nee-
dle. Then the frozen microfiber was implanted through the skin hole while
monitored by commercialized echocardiography (Accuvix V10, Medison)
or the portable endoscope. After two microfibers were implanted on the
desired location of the epicardial surface, other ends of the microfibers
were connected to the commercialized DAQ device, Power Lab (AD In-
struments, New Zealand). Norepinephrine was injected intravenously to
induce tachyarrhythmias. Otherwise, the diltiazem solution was injected
intravenously to induce bradyarrhythmia. To deliver electric stimulation,
the pair of microfibers was connected to the current output channel of the

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH

95U90 1 SUOWILIOD BRI 8[01 ddke U} Ad PaueAcb a2 SOILE O ‘95N J0 S [N 0} ATeIgIT UIIUO /311 UO (SUONIPUOO-PUE-SLLLSILLCO"AB| I ARG PUI U0/ ScIU) SUOIIPUOD) PUE SWLS | aU) 295 *[1202/20/6T ] Uo AreJq1T8U1IUO AB1A ‘@MU [EUOIEN YowN'y Ad TOTY0YZ0Z BUIPE/Z00T OT/10p/LI00" 3| 1w ARe.q1Pu1|U0//Sdny WoJy papeojumod ‘0 ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

DAQ device, Power Lab (AD Instruments, New Zealand). The surface ECG
was recorded during stimulation.

Statistical Analysis: ~ All data were analyzed by two-sample t-test. All sta-
tistical indications in the graph were presented as mean with standard de-
viation. Sample size (n) = 3 for experimental data, unless otherwise noted
in the figure caption. Statistical analysis results such as p-value are de-
scribed in each figure caption. A p-value < 0.05 was considered statistically
significant.

Ethical Approval:  This study was approved by the Institutional Animal
Care and Use Committee (SNU-221102-3) and was performed in accor-
dance with the IACUC guidelines and with the National Institute of Health
Guide for the Care and Use of Laboratory Animals.
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