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Liquid Metal-Based Biosensors: Fundamentals and

Applications
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Giwon Lee, Michael D. Dickey,* and Qingshan Wei*

Biosensors are analytical tools for monitoring various parameters related to
living organisms, such as humans and plants. Liquid metals (LMs) have
emerged as a promising new material for biosensing applications in recent
years. LMs have attractive physical and chemical properties such as
deformability, high thermal and electrical conductivity, low volatility, and low
viscosity. LM-based biosensors represent a new strategy in biosensing
particularly for wearable and real-time sensing. While early demonstrations of
LM biosensors focus on monitoring physical parameters such as strain,
motion, and temperature, recent examples show LM can be an excellent
sensing material for biochemical and biomolecular detection as well. In this
review, the recent progress of LM-based biosensors for personalized
healthcare and disease monitoring via both physical and biochemical
signaling is survey. It is started with a brief introduction of the fundamentals
of biosensors and LMs, followed by a discussion of different mechanisms by
which LM can transduce biological or physiological signals. Next, it is
reviewed example LM-based biosensors that have been used in real biological
systems, ranging from real-time on-skin physiological monitoring to
target-specific biochemical detection. Finally, the challenges and future
directions of LM-integrated biosensor platforms is discussed.

Over nearly 70 years, many studies have
been conducted to enhance the analytical
performance of biosensors, such as speci-
ficity, sensitivity, limit of detection (LOD),
working range, and resolution.?] Although
biosensors have wide ranging applications,
their use for healthcare is one of the major
driving forces for the continuous improve-
ment of sensor technology. For human ap-
plications, accurate, reproducible, low-cost,
and biocompatible sensor technology is re-
quired for point-of-care (POC) and long-
term use.®]

In recent years, there has been in-
creased interest in on-skin, wearable, and
implantable sensors, which open tremen-
dous opportunities for continuous and real-
time monitoring of health metrics and
bring a new horizon of digital health.*]
These types of sensors benefit from soft
and stretchable electronics that enable sen-
sors to attach to the human body and
stretch in concert with body movements.

1. Introduction

Biosensors are detection tools that have been used for many ap-
plications such as disease diagnostics and health monitoring.
One of the first biosensors was introduced in 1956 to detect O, .
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Current wearable sensors are mainly
based on polymer and nanomaterials to
form the stretchable substrates and active sensing materials, re-
spectively. Flexibility and biocompatibility are the two important
factors of sensor substrate selection for wearable applications.®!
Polydimethylsiloxane (PDMS), polyethylene terephthalate (PET),
polyurethane (PU), and EcoFlex are the most widely used sub-
strates for soft sensor fabrication.®! In addition, the selection of
deformable sensing materials is also essential to enhance the
performance of the wearable sensors. Frequently, carbon-based
materials like carbon nanotubes (CNT) and graphene, as well
as gold, copper, and silver nanomaterials were frequently used
as active sensing elements.”%] Although these types of materials
showed high conductivity properties, they have mismatched me-
chanical properties when compared to the substrates and could
not be stretched freely.”!

Compared to the commonly used active sensing materi-
als for wearable sensors, such as metallic nanomaterials and
their composites,'%! liquid metals (LMs) on the other hand
are inherently soft and can form elastic conductors by en-
casing them in elastomer. LMs uniquely combine physical
and chemical features of liquids and metals, such as fluid-
ity, high thermal and electrical conductivity, low vapor pres-
sure, good deformability, low melting point, and high surface
tension.['!) They have been utilized for sensing pressure, strain,
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Scheme 1. Summary of properties, sensing mechanisms, and applications of liquid metal-based biosensors in physical and chemical biosensing.

force, biomolecules, and chemicals.'?! Gallium (Ga) and mer-
cury (Hg) are metals with melting points below body temper-
ature. Since the toxicity of Hg is a great concern,’*! Ga and
its alloys have been more widely explored in the biosensor
field.1+1]

In this review, we provide an overview of the state-of-the-art
LM-based biosensors, with a particular emphasis on applica-
tions related to monitoring health metrics and diagnosing dis-
ease. For the general applications of LMs for sensors, there are
several other recent review articles to which the readers can
refer.[1216-19] In this work, we start with a brief introduction of
the basics of biosensors and LMs. Then, we summarize the dif-
ferent LM-based biosensor mechanisms in detail and highlight
the recent applications of LM-integrated biosensors for health-
care applications, ranging from on-skin monitoring to biomarker
detection (Scheme 1). Finally, we discuss the challenges and fu-
ture prospective opportunities that LMs could bring for next-
generation sensor devices. Regarding the fabrication and minia-
turization of devices containing liquid metal, we point the reader
to a recent review.!20]

2. The Need for Soft Biosensors

Biosensors are often used to measure either physiological sig-
nals (e.g., heart rate, body temperature) or biomarkers (ie.,
molecules from the body that provide information about health
status). Biomarkers include nucleic acids,[?'**] enzymes, ]
exosomes,?°! and cells?®?7] that can be derived from various
biofluids like blood, sweat, and tears.[?®! In addition, the ability
to sense small molecules such as volatile organic compounds
(VOCs) is useful for noninvasive detection of human!?°! or plant
diseases.3%3*] Sensors convert the presence of biomolecules into
a measurable/detectable signal.l'’] An important challenge is
to make the sensor specific to target molecules, which is typ-
ically achieved by introducing bio-specific ligands or biorecog-
nition elements into the sensor interface. Signals generated by
biorecognition events are then sensed by a chemical or phys-
ical transducer, transmitted, and amplified if needed.l'’] For
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signal transduction, several mechanisms are commonly used,
including fluorescent,2?23°! colorimetric,*! electrical,l”! size-
based,*®! and surface plasmon resonance modalities.[?®] In ad-
dition to biomarkers, biosensors can also measure biophysical
parameters like temperature,*! sound,['”] light,[**] and force.[*]
Biosensors have been widely applied to monitor the health and
status of humans, the environment, agriculture, and food.!*”!

While most existing biosensors are rigid, the need for soft,
stretchable sensors are increasing. Soft biosensors use mate-
rials whose mechanical properties are similar to the body for
several reasons, and attract tremendous attentions due to the
following reasons: First, they are more comfortable to wear
or lead to less scaring for implantable devices that interface
tissue. Second, conformal biosensor is able to acquire time-
resolved host body biomatrices via direct contact and contin-
uous monitoring. Third, soft biosensors have built in stress
release designs which can reduce issues associated with re-
producibility of rigid biosensors arising from deformation.[*?]
Fourth, soft biosensors can utilize geometric deformation to per-
form sensing or generate power, which opens new application
possibilities.

Liquid metals (LMs), especially Ga, are drawing great at-
tention for biosensors because of their unique physical and
chemical properties, such as stretchability and conductivity.
The stretchability of LMs makes them ideal for developing
soft electrodes,[***4] antennas, and electrical interconnects*! for
biosensor fabrication. LM-based soft electrical circuits adopt the
mechanical properties of the encasing material, allowing for
the formation of very soft and stretchable conductors.[**] Un-
like traditional solid circuits, which are often fabricated using
lithography, LM can be patterned in new ways such as injec-
tion, printing, or direct writing.?*! These methods are convenient
and easy to implement.[*”] LM has been demonstrated for im-
plantable electrodes for sensing biomolecules inside the body.*!
Indeed, many LM-based sensors have been recently demon-
strated to sense a wide range of targets such as temperature,®!
pressure, [l force,*50 gas molecules,>8 jons,[3*%% and
biomolecules.[*45:61]
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Table 1. Physical properties of Ga-based liquid metals.[64]

Property Ga EGaln EGalnSn
Viscosity (Pa s) 1.4 %1073 2.0% 1073 2.4x1073
Specific heat () kg™' K™T) 4.1x10? 4.0 x 10? 3.0 x 10%
Thermal conductivity (W m=" K~) 2.9% 10 2.7% 10 2.5% 10
Electrical conductivity (S m™") 6.7 x 10° 3.4 x 10° 3.3 x 10°
Melting point ("C) 29.8 15.5 1

3. Fundamentals of Liquid Metals

3.1. Liquid Metals and Their Alloy Composition

Liquid metals are metals or metal alloys which are liquid at or
near room temperature. Ga has low toxicity,®?) which makes it
more appealing for biosensor applications than Hg. The melt-
ing point temperature of Ga is 30 °C. Thus, at room tempera-
ture, it is solid, although it can also exist as a liquid due to its
ability to supercool.l®*] The melting point temperature decreases
when introducing other metals to Ga to form alloys, such as in-
dium (In) for making eutectic Ga-In (EGaln, with a composition
of Ga 75.5 wt% and In 24.5 wt%, melting point 15 °C) and tin
(Sn) for forming eutectic Ga-In-Sn (with a composition of Ga
68.5 wt%, In 21.5 wt%, and Sn 10 wt%, melting point 11 °C).[**]
Except for the melting point, Ga and most Ga-based liquid metal
alloys have similar properties, such as viscosity, specific heat, and
thermal and electrical conductivity!® (Table 1). Therefore, to a
first approximation, these liquids can be used interchangeably
for many applications. In addition to bulk liquid metal, liquid
metal composites can be made by mixing liquid metals with other
materials such as metal particles and polymers.[°®%’] Recent re-
views highlight various liquid metal composites that have been
prepared.[6869]

3.2. Physical and Chemical Properties of Liquid Metals

LMs uniquely have both metallic and liquid properties, which is
useful for creating soft conductors”’! and enabling new meth-
ods to pattern metallic materials.[?) Importantly, Ga has ex-
tremely low vapor pressure. It is measured as 1.5 x 1077 atm at
1170 °C and estimated thermodynamically as 10~** atm at room
temperature,|®7! unlike Hg!®>72] (1 Pa at room temperature),
which makes it possible to handle Ga-based LMs outside of a
hood without concern for breathing metallic vapor. It also means
that devices that use Ga-based LMs will not lose material over
time via evaporation.

Gallium is also considered to have low toxicity and has been
used in laboratory examples on human skinl”®! or for drug
delivery.”* Several Ga compounds (e.g., salts) have been Food
and Drug Administration (FDA) approved for applications such
as serving as diagnostic and therapeutic agents.l”’! Due to sim-
ilarities between Ga’* (the favored oxidation state) and Fe’*, a
similar mechanism may occur to remove Ga** from the body.
Nevertheless, careful handling of LM is recommended. Certain
types of Ga complexes known as gallium halide with chalco-
genide complexes in 4-methylpyridine are toxic.l”®) While these
require special synthesis and thus are not found in any of the
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sensors described herein, this example is a reminder of us-
ing caution with new materials. Furthermore, mechanical ag-
itation such as sonicating LM in water increases the concen-
tration of Ga** and In*" in solution. After sonication, the con-
centration of In** ions would be drastically increased and be-
come of the same magnitude as the concentration of Ga** ions.
Combined, those ions were found to kill cells after 3 days.l””]
Thus, while many studies indicate liquid Ga has low toxicity,
more studies should be conducted to better understand the
biocompatibility.

In the presence of oxygen, Ga-based LMs form a very thin
oxide layer, which is often called an “oxide skin”. It is ~3-nm
thick and forms rapidly, even in environments with more than
1 parts per million (ppm) oxygen.’®] The oxide layer can be
removed simply by applying electrical potentiall”>®! or by dis-
solution using strong acid/base solutions®1-3] since the oxide
layer is amphoteric.”"! The oxide is considered to be amorphous
Ga,0;, but it can convert to GaOOH in the presence of water.[3]
The presence of the oxide layer allows LM droplets to form
non-spherical shapes and stick to most untreated surfaces de-
spite the large surface tension of the bare metal.l®] In addition,
dispersion of other particles into LMs can be challenging due
to their immiscibility, but the native oxide layer can help en-
able dispersion by encasing the particles and preventing their
agglomeration.[®%]

3.3. Device Fabrication and Applications in Soft Electronics

Because of their fluidity and high electrical conductivity, LMs
are excellent candidates for soft electronics.””) Here, we high-
light a few illustrative examples that showcase the unique prop-
erties of LM while pointing the reader to more comprehen-
sive reviews highlighting the promising applications of LMs in
soft electronics.[’*%8 As metallic conductors, LMs can be used
for interconnects, antennas, and electrodes. They are also easy
to pattern in unique ways. LM patterning and fabrication in-
volve various techniques, including injection filling into mi-
crochannels and 3D printed cavities, as well as direct ink writ-
ing through methods like inkjet printing and extrusion 3D
printing (Figure la—c). For example, LMs can be filled in mi-
crofluidic channels via direct injection or vacuum filling!®*
(Figure 1a). These channels filled with LM can function as
stretchable circuits if the encasing material is elastomeric 1)
(Figure 1d). When a part of the LM circuit is cut, the exposed
LM immediately forms an oxide layer that prevents leakage.
When the two cut planes come together, the electrical connec-
tion will reform.[°29%] Thus, they can form self-healing circuits
and textiles (i.e., that can retain conductivity after being cut or
damaged).l®*%4%! Stencil-based patterning, utilizing the fluidity
of LM and its oxide’s adherence, is an another popular and au-
tomated approach, while selective wetting on smooth surfaces
and rheological modification for controlled shaping further con-
tribute to the versatility of LM fabrication methods.[*”] Printing
liquids into 3D structures is challenging due to the tendency of
liquids to flow and minimize surface energy.l'®] However, the
solid oxide skin makes the printing of LM possible. For exam-
ple, if two droplets of LM come into contact, they will not com-
pletely merge into a single droplet; thus, it is possible to 3D print

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

QSUIDIT SUOWIWOD) dANEAIY) d[qearfdde dy) £q PAuIoAOS 18 SOOI Y() O8N JO SI[NI 10} AIRIqIT dUI[UQ) AJ[IAL UO (SUOIIPUOD-PUB-SWLIA)/WOd" K[ 1M ATRIqI[aur[uo//:sd)y) SUORIpuoy) pue SWd [, Ay S “[$707/20/£7] uo Areiqry auruQ AS[IA ‘€L 180€T0Z WIPE/ZO0T 0 1/10p/wod Ko[im A1eiqrourjuoy/:sdny woiy papeojumo “0 ‘8209191


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED ADVANCED
SCIENCE NEWS PAATLRIALS

www.advancedsciencenews.com

Microfluidic Filling

a

www.afm-journal.de

Stretchable Electronics

Direct Ink Writing

Stretchable wire

r T e S e o S o e 0 S0 | ST 1
i o il 1
! ! v conv? o , 1 e Caonfiake |
! F o oty s SENSOR i AgorGaozs  Ga o0 o e
; | 1 rods  droplets N & .
1 o

1 1 1 1 4 1
H [ B : 1 " 1
! i - - " i g I
! H i rass [ i -
1 : 1 f : : () ; A 1
i P , [ o M i
] Liquid metal 1o 1 B Yo 9 1
! - - . se6e HE e |l S — T w Lo
I 0000 & _“ ee000000 | | . L
1 ° ) 1 1 H 1 1
1 ©® Release «———— Stretch i : : 1 : :
1 _eAd - Hydrogel

H ac = <Ay, O ik [ o I

[

1 1 1 1 1
1 : 1 H : 1
v i e o a ! 1 2

Figure 1. Patterning and recent applications of LMs. a) Silicone microchannels filled with LM by vacuum filling!°®] (Scale bar, 5 mm). Copyright 2017, The
Royal Society of Chemistry. b) A self-supporting LM tower made by stacking liquid metal droplets.['"] Copyright 2013, Wiley-VCH GmbH. c) 3D-printed
LM lines! %] (Scale bars, 200 um). Copyright 2019, AAAS. d) The top image is an ultrastretchable conductive LM fiber before being stretched (2 cm). The
inset is the cross-section image of the fiber with an LM core and elastomer shell. The bottom image is the stretched fiber to 20 cm.[*'] Copyright 2013,
Wiley-VCH GmbH. e) A photograph of an LM-based energy harvester (top). The LM electrodes are encased by hydrogel. The bottom image shows the
schematic of energy harvesting principle.[®®] Copyright 2021, Wiley-VCH GmbH. f) EGaln-hydrogel strain sensor integrated with convolutional neural
network for letter recognition during writing.['%] Copyright 2022, The Royal Society of Chemistry. g) Ga particle-based CO, conversion.l'%] Copyright

2027, Wiley-VCH GmbH.

LM% (Figure 1b). Furthermore, LM can be printed via direct
writing because the oxide layer adheres to surfaces strongly! 1021031
(Figure 1c).

LMs have been used to create soft devices for various applica-
tions such as energy harvesting, which may be useful for pow-
ering wearable sensors. For example, they can be used as highly
conductive and stretchable wiring for thermoelectric devices that
convert thermal energy (e.g., from the skin) into electricity.l’!
As another example, varying the area of the electrical-double-
layer (EDL) that forms between LM and hydrogel can convert
mechanical energy to electricity!®®! (Figure 1e). Stretching the hy-
drogel that encases LM deforms the LM and thereby increases
its interfacial area (AA) with the hydrogel. The increased area,
and thus, capacitance (C), of the EDL drives the movement of
charge through an external circuit. Releasing the hydrogel causes
charge to flow in the opposite direction. Attaching these soft de-
vices to the body can enable the conversion of body motion to
electricity.l”]

The metal can also be used for strain sensing to detect letter
recognition by using the pressure signals of a single handwrit-
ten letter as an input and conventional neural network to clas-
sify the data and recognize written words as the output (for ex-
ample the word “sensor” in this research)1%] (Figure 1f). Liquid
metal can also drive chemical reactions. For example, mechani-
cal stirring can convert dissolved CO, into solid C''%! (Figure 1g).
It is thought that the stirring causes LM particles and inter-
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metallic nanorods of Ag Ga to bump into each other, result-
ing in tribocharging that drives the reaction. This work is ex-
citing because it uses only mechanical energy to reduce CO,
and produces easy-to-store solid C that exfoliates from the metal
surface. Beyond these aforementioned uses of LM, applications
of LM in biosensing area are emerging as summarized in this
review.

4. Transducing Mechanisms of Liquid Metals

Both bulk LMs and LM-based nanoparticles have been used to
transduce biochemical or physiological inputs from the body into
electrical, optical, and magnetic signals for sensing (Table 2).
Among them, changes in resistivity, capacitance, and electromag-
netic properties, are the main mechanisms of sensing in the past
fifteen years.!'71%] These changes can arise, for example, due to
changes in geometry of LM in response to force (pressure, touch,
shear, elongation).l'”) Because LM is a liquid, it is very easy to
deform in response to force. The sensitivity can be enhanced fur-
ther based on the design of the geometry.'’] In addition to sens-
ing changes to resistance and capacitance, piezoelectric,1%8-11]
inductive,['!'-114] electrochemical,5*!!>] and optical(*®116117] gens-
ing have also been demonstrated using LMs. This section
summarizes the various transduction mechanisms that use
LM.
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QSUIDIT SUOWIWOD) dANEAIY) d[qearfdde dy) £q PAuIoAOS 18 SOOI Y() O8N JO SI[NI 10} AIRIqIT dUI[UQ) AJ[IAL UO (SUOIIPUOD-PUB-SWLIA)/WOd" K[ 1M ATRIqI[aur[uo//:sd)y) SUORIpuoy) pue SWd [, Ay S “[$707/20/£7] uo Areiqry auruQ AS[IA ‘€L 180€T0Z WIPE/ZO0T 0 1/10p/wod Ko[im A1eiqrourjuoy/:sdny woiy papeojumo “0 ‘8209191


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

www.afm-journal.de

Table 2. Advantages and limitations of different LM-based transduction mechanisms.

Transduction Category Sensing Capabilities

Advantages

Limitations

Electrical Strain
(AR, AC, V1) Pressure
Potential

High thermal and electrical conductivity
Excellent stretchability and softness!'>°]
High sensitivity

Signal interference due to mechanical perturbation
Pattern resolution (10-100 um common, yet

~100 nm structures are possible)!'%0]

Fast response

Directly responsive to physical stimuli (touch,

strain, and compression)

Electrochemical Molecules High conductivity Reactivity of LM & native oxide
lons Considerable reduction potential for Ga and In Electrode fouling['61]
ions
Straightforward surface functionalizing
Optical Strain Localized surface plasmonic effects [148] Surface plasmon resonance (SPR) absorption mainly
(Plasmon, diffraction) Molecules Plasmonic coupling in the UV region for 200 nm diameter EGaln
Nanoparticles!47]
Magnetic Strain Low-cost and easy LM composite fabrication,!162] Pure Ga is weakly diamagnetic!'?]
Pressure Useful for remote control sensing! '63]

4.1. Electrical LM Transducer

The most prevalent sensing mechanism for liquid metal is based
on electrical signals, which includes capacitive, resistive, and
electrochemical transducers.

4.1.1. Capacitive Transducer

There are three modes of capacitive sensing: 1) self-capacitance,
2) mutual capacitance, and 3) deformable capacitors. The first two
categories are useful for measuring the presence of the gentle
touch of a finger, such as the sensors found on commercial touch
screens. Self-capacitance measures changes in the capacitance
of a single electrode or conductive surface. As an example, LM
wires encased in a thin layer of elastomer can sense light touch
via changes in self-capacitance without the need to physically de-
form the wire.[''8] Mutual capacitance senses changes in capaci-
tance between two electrodes. The presence of a dielectric (e.g., a
finger) in close proximity disrupts the field lines between the elec-
trodes and thereby changes the capacitance.l'') In principle, self-
and mutual-capacitance sensors do not require soft materials, al-
though using stretchable materials is nevertheless attractive for
enabling comfortable devices. In contrast, a deformable capacitor
requires soft materials and is therefore a compelling sensor for
using liquid metal.

Equation (1) shows that the capacitance (C) depends on the di-
electric constant (e,), distance between electrodes (d), and relative
area between electrodes (A). ¢, is the dielectric constant for the
vacuum of the dielectric layer. By building a deformable capacitor
from soft materials, it is possible to vary the geometry (typically
d) of the capacitor in response to deformation.

£0€,A

C="q @

Capacitive sensors typically increase capacitance in response to
force by decreasing the distance, d, between the electrodes. Equa-
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tion (2) determines the sensitivity in response to exerted pres-
sure.

(c-¢)

Sensitivity = c (P P)

(2)

where C is the capacitance of the capacitor at strain of ¢; C, is
the initial capacitance; P is the applied pressure; and P, is the ini-
tial pressure. The drawback of this equation is that it can result
in division by zero or extremely small values when denomina-
tor approach zero. This leads to unreliable and potentially mean-
ingless sensitivity calculations. To solve this issue, regularization
or smoothing techniques can be applied by adding a small con-
stant to the denominator, preventing division by zero or near-zero
values.[120.121]

Based on equation (2), the sensitivity can be enhanced by de-
signs that result in large changes in capacitance in response to
small forces. To enhance the sensitivity, some strategies have
been applied: 1) Using soft or porous dielectric layers, 2) increas-
ing the dielectric constant, and 3) introducing microstructures in
the dielectric layer.'?2] We will discuss each of these in the follow-
ing paragraph.

Minimizing the modulus of the dielectric layer maximizes the
amount of geometric deformation in response to force; that is, d
decreases, and thus, C increases. For this reason, PDMS and PU
are common elastomeric dielectrics. PDMS is one of the most
popular choices due to its low modulus, biocompatibility, ease
of processing (it can be formulated as a liquid and cured into a
solid), and chemical stability.'?3124 Porous dielectric layers can
further decrease the effective Young’s modulus and thereby in-
crease sensitivity to deformation. Pores decrease the initial ca-
pacitance (C;) since air is a poor dielectric. Deformation can dis-
place the air and collapse the pores, thereby increasing the effec-
tive dielectric constant and thus C (Equation 2). It is also possible
to make the dielectric soft by structuring it. For example, arrays
of pyramids may be used for the dielectric layer with a working
principle similar to the foams. The increase in the effective dielec-
tric constant in response to deformations called positive piezop-
ermittivity (piezo for touch).l21122] It is possible to create negative
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piezopermittivity by using fillers of LM particles in the elastomer;
the fillers change shape during deformation, causing a decrease
in the effective permittivity. Negative piezopermittivity is less use-
ful for sensing, but can be used for capacitors that do not change
capacitance with deformation.[12!]

Capacitive LM sensors are widely applied for detecting
pressurel 181251261 reqylting from touch or mechanical distur-
bance normal to the surface of the capacitor or strain applied in-
plane. In this latter case, LM is particularly attractive as an elec-
trode because it is easy to stretch. When the elastomer contain-
ing LM is stretched, the effective area of the electrodes increases,
which effectively decreases the distance between them. This com-
bination of factors results in an increase in the capacitance of the
capacitor.[!?’]

Measuring strain via capacitive sensors requires calibrating
the relationship between deformation and capacitance. Liquid
metals are attractive as electrodes because 1) they effectively do
not contribute to the overall mechanical stiffness (that is, a de-
vice constructed of silicone will have, to a first approximation,
silicone-like mechanical properties), and 2) they can conform to
the dielectric materials during deformation.

4.1.2. Electrical-Double-Layer Capacitor Transducer

An electrical-double-layer capacitor sensor (EDLC) can sense
changes in capacitance between an electrode and electrolyte.
Electrical double layers form spontaneously at the interface be-
tween an electrode and electrolyte, such as that formed between
LM and hydrogel. The amount of charge in the double layer can
increase by applying a voltage between the metal and electrolyte.
Commercially, EDLCs find used for energy storage, but they can
also be used for sensing in at least several ways. For example, it
can sense ions since the capacitance of the EDL is sensitive to
concentration of ions.!'28] Moreover, the double layer capacitance
is also sensitive to temperature,['?l which has been used to cre-
ate soft thermometers (albeit without the use of liquid metal).
Finally, pressing liquid metal droplets encased in hydrogel will
increase the surface area of the EDL capacitor, thereby driving
current through an external circuit.

LMs are unique electrodes for EDLCs because the interfacial
area increases with mechanical deformation, thus resulting in a
variable area capacitor.[*®! This change in capacitance can be used
to drive charge through a circuit and thus convert mechanical en-
ergy into electricity (i.e., energy harvesting). Italso can be used for
sensing touch in which the sensor generates its own signal; such
sensors are often called “self-powered” sensors. The output cur-
rent of sensor is proportional to the change in the electrode area.
Thus, it is possible to design sensors that detect body motion,
such as the bending of a joint. EDLCs have a high capacitance
in the range of tens of mF/m? due to the very small distances
that separate the charges, as compared to classical capacitors that
are separated by a solid dielectric layer and therefore have capaci-
tances in the range of nF/m? to uF/m?.[%! Consequently, variable
EDLCs composed of LM in gel can be sensitive, although to date,
the sensitivity has not been measured. EDLCs are also interesting
because they interface electrical conductors (metal) such as those
found in modern electronics with ionic conductors (electrolyte)
such as those found in the body.
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4.1.3. Resistive Transducer

LM conductors change resistance in response to deformation due
to changes in the cross-section of the LM.3131] The gauge factor
(GF) (also known as the sensitivity quantification transformer) is
another measure of sensitivity expressed as the ratio of the rela-
tive change of the signal responses under the external strain load-
ing. GF for resistive sensors can be calculated by Equation (3). R,
p, and 9 are the resistance, resistivity, and the Poisson’s ratio,
respectively.[132]

R—-Ry P2—P1

5= (1429 + T (3)

GF =

Since resistivity is a material property, it should be constant
for bulk LM. In principle, the theoretical GF is ~2 assuming
the poison ratio is 0.5, which is common for elastomers. This
GF is relatively low compared to other types of strain sensors in
which resistivity of the sensor changes with strain, but it is nev-
ertheless sufficient to sense very small deformations by using
a Wheatstone bridge. The working mechanism of a LM-based
resistive pressure sensor was demonstrated by decreasing the
cross-sectional area and therefore the increased electrical resis-
tance. The pressure could be calculated by measuring the volt-
age difference between nodes A and B in a Wheatstone bridge
circuit.!33] However, Equation 3 assumes uniform deformation
across the LM conductor. By applying local pressure to LM wires,
it is possible to localize the deformation to increase the sensitiv-
ity. In addition, it is possible to use LM particles in soft compos-
ites in which p, differs significantly from p,, leading to enhanced
GF. For example, mixing LM particles and Fe particles into sil-
icone produces a composite that changes resistance by several
orders of magnitude in response to low strains. This type of re-
sponse is quite unusual in composites. Often deformation can
cause particles in the composite to move apart, thereby increas-
ing the resistance.!3*] In contrast, these LM composites become
more conductive, so they are called positive piezocondcuctive.!?’]
Piezoconductivity is thought to arise due to the elongation of the
LM particles with the strain and the concomitant decrease in the
gap between particles. Using Fe or other magnetic particles in
such composites allows the particles to be aligned prior to curing
the encasing elastomer, which can create an anisotropic response
of the resistance to strain.

Liquid metals are appealing for resistive sensors because when
they are encased in elastomer, they have very little hysteresis dur-
ing strain cycling.['”] In comparison with other sensors such as
capacitive, piezoelectric, and optical sensors, resistive sensors do
not need complex manufacturing. Hence, these types of sensors
have been widely used in physiological sensing areas.'713%]

Liquid metals can be dispersed into solutions or polymer ma-
trices as micro-droplets or nano-sized particles. LM particles
dispersed in elastomer are called “liquid metal elastomers”.['3¢]
These particles can greatly enhance the electrical, dielectric, and
thermal properties of LM elastomeric composites without stiffen-
ing the elastomer. These can be useful for sensing; for example,
LM particles, combined with magnetically aligned magnetic par-
ticles, can become more (or less) conductive depending on how
they are deformed.[®”13”] This concept, which is called “piezocon-
ductivity” (i.e., conductivity that responds to touch) is a unique
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sensing mechanism of touch. Section 4.2 discusses sensing de-
formation via changes in resistance arising from changes to
the geometry of liquid metal; instead, piezoconductivity changes
the percolated pathways between particles for electrical con-
duction in response to deformation. Dispersing spike-shaped
nickel micro-particles can improve sensitivity!'*®! while aligning
the particles by a magnetic field can impart anisotropy in the
response.!'3’]

4.1.4. Electrochemical Transducer

Electrochemical sensors measure current and voltage between
electrodes in electrolyte to detect with high sensitivity the pres-
ence of species, such as bio-analytes, dissolved in the electrolyte.
Typically, there is a working, counter, and reference electrode in
an electrochemical cell. LM can be used as an electrode!* or as a
stretchable interconnect!*! for electrochemical sensors. The re-
activity of LM and the presence of the native oxide complicates the
use of LM relative to typical electrodes used for electrochemistry,
such as Pt or C. However, there are some useful features. LM-
based electrodes are stretchable, soft, injectable, and printable.
Since the surface terminates with oxide, there are many func-
tional groups that can bind to the hydroxyls at the surface.l*!]
This could be used, in principle, to attach ligands that could bind
analytes from solution. The binding could be sensed by changes
in interfacial capacitance measured by impedance. The protective
oxide layer can be removed (reduced) easily by applying a reduc-
ing potential.®% The ability to quickly reset the surface can help
address surface fouling and contamination, which can adversely
affect the accuracy and sensitivity of the sensor.

A significant consideration of using LM for electrochemistry
is that it is inherently reactive. The reduction potential of Ga and
In are #—0.56 and —0.34 V (versus the standard hydrogen elec-
trode, SHE) respectively at room temperature. It reacts readily
with oxygen and water to form gallium oxide species even in
the absence of potential. It can also participate in redox chem-
istry, in which gallium oxidizes while reducing species from so-
lution. Such properties have been utilized to develop LM-based
electrodes to detect various heavy metal ions.['*?] While this can
be useful in some cases, such as reducing metal salts to metal via
galvanic replacement reactions, it is a feature that must be con-
sidered when designing electrodes for sensitive electrochemical
measurements since typically electrochemists prefer inert elec-
trodes when sensing species from solution. In addition, the elec-
trochemical oxidation and reduction of the surface of LM can
significantly alter the effective interfacial tension.”®! This ability
is useful for moving and manipulating liquid metals at sub-mm
length scales, but has not be used for sensors. For additional in-
formation, the readers are directed to reviews on the electrochem-
istry of gallium.[143-146]

4.2. Optical LM Transducer

LM can also be used as a light-modulating material for optical
sensing. LM nanoparticles show plasmonic features such as lo-
calized surface plasmon resonances (LSPR) predominantly in the
UV wavelength range,[1*’] as well as plasmonic coupling behav-
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iors with gold or silver nanostructures in the visible and NIR re-
gion of electromagnetic spectrum.#1%491 Such optical responses
of LMs have been explored for sensing applications. For instance,
geometric changes of LM particles arising from deformation can
be monitored via changes in transmission.!') Plasmon reso-
nances can also enhance optical signals from molecules at the
interface of the particles, as is the case in surface-enhanced in-
frared absorption (SEIRA) spectroscopy.’*°! In general, LM par-
ticles are attractive for plasmonic applications because of the ease
with which they can be produced by simple sonication of LM in
solution, yet such an approach produces particles with a distribu-
tion of sizes, which makes it difficult to control size-dependent
resonant properties. To address this issue, it is possible to form
small (%20 nm), monodisperse particles at elevated temperatures
by reducing Ga salts.'>!]

Bulk LM can also be used optically to sense strain. Thin, rigid
films (such as a layer of silica) on elastomer will buckle when
compressed, thereby forming a diffractive surface due to the pe-
riodicity of the buckles. LM can adhere to these surfaces and con-
form to the buckles. Thus, the diffraction grating becomes reflec-
tive and easier to see by eye. Consequently, straining it in plane
(via compression) causes it to switch from being flat and mirror-
like to colorful due to light diffraction.[t52!

We include here a few other examples of ways light can in-
terface with LM in a way that may be useful for sensing. For
example, LM can also serve as a catalyst to drive photochemi-
cal reactions,**] which could be an additional tool for biosens-
ing if the reactions are chosen judiciously. Likewise, LM parti-
cles can absorb light to cause localized heating!>*1! (LM can
also generate heat via Joule heating by passing electricity through
LM wires). While heating is not a type of sensor by itself, it
is nevertheless a useful tool, particularly in biological environ-
ment in which LM particles can locally deliver heat and reac-
tive species (such as reactive oxygen) in response to light. Par-
ticles coated with carbon can absorb NIR light, which can pass
through the skin; this concept has been used to create particles
that change shape in response to light by converting from round
LM droplets into highly oxidized GaOOH rods that can disrupt
cancer cells.[15¢]

4.3. Magnetic LM Transducer

Although LM is not inherently magnetic (i.e., it is diamagnetic),
it can be rendered magnetic by mixing magnetic particles such as
iron into LM. Alternatively, it is possible to use magnetic fields to
induce an electric current in the liquid metal, which in turn gen-
erates its own magnetic field.!'>”] This phenomenon is known as
electromagnetic induction. The interaction between the external
magnetic field and the magnetic field generated by the electric
current in the liquid metal causes it to deform or change shape.
By analyzing the changes in the physical properties of the liquid
metal, such as its shape or electrical conductance due to the shape
deformation, the sensor can detect the presence or intensity of a
magnetic field.*>’]

Coils (inductors) composed of LM have been used for sensing
and for transmitting information or energy to sensors. For ex-
ample, soft coils composed of LM in elastomer implanted in the
body can receive and transmit energy and signals through the
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skin, which may be useful for implantable biosensors.["*®! Liq-
uid metal has also been used for magnetoresistive sensing that
utilizes the magnetoresistive effect, which is the change in elec-
trical resistance of certain materials when subjected to an applied
magnetic field.

The advantages and disadvantages of each LM-enabled sens-
ing mechanism is summarized in Table 2.

5. Liquid Metal-Based Biosensor Applications

LM-based biosensors offer several advantages compared to tra-
ditional methods for monitoring human health. These sensors
support detection modalities that exhibit exceptional sensitivity,
enabling the detection of trace amounts of biomarkers for early
disease diagnosis. Their flexibility and easy integration into wear-
able and implantable devices facilitate continuous and real-time
health monitoring, addressing limitations of traditional tests that
rely on intermittent sampling, require unportable instruments,
and necessitate trained personnel. Moreover, LM biosensors are
cost-effective and portable, reducing the dependency on special-
ized laboratory equipment and enabling POC testing. The LM
surface can also support various biochemical modifications for
specific biomolecule interactions, which render them versatile
and indispensable tools in the realm of medical diagnostics. In
this section, we summarize recent applications that use LM for
human health monitoring. First, we focus on LM-based on-skin
biosensors for monitoring joint movement, pulse, and heart rate.
These types of sensors typically measure strain or pressure. Then
we highlight examples of LM-based multifunctional biosensors
that can sense more than one parameter. Finally, we summarize
LM-based biosensors for the detection of molecular biomarkers.
The aim of this section is not only to summarize the recent ad-
vances but also to address the current challenges to enhance the
sensitivity, working range, and stability of these sensors to guide
future studies.

5.1. On-Skin Physiological Monitoring

Many LM-based biosensing applications involve skin-mounted
sensors that perform real-time physiological monitoring of body
motion, heart rate, and respiratory rate. In the following, we de-
scribe various applications in this application space that use LM.

5.1.1. Body Motion

The ability to monitor joint and muscle movement continuously
is useful for exercise physiology, rehabilitation training, and de-
tecting motion disorders associated with chronic disease and
neurological disorders. Furthermore, detecting touch is impor-
tant for human-machine interfaces. LM-based sensors are widely
applied in the literature for these applications (Table 3). The sens-
ing of body motion is typically done using capacitive, resistive,
and to a lesser extent, magnet, sensing mechanisms.

Capacitive sensors can measure motion-induced deformation
with negligible energy consumption, ultrahigh sensitivity, and
good stability.['”®] For example, capacitive sensors can monitor
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cervical spondylosis by measuring the pressure contour result-
ing from rotation of the head (Figure 2a).I'”°] The use of an ar-
ray of icicle-shaped LM electrodes improves the sensitivity by ef-
fectively making the dielectric layer softer. To increase the range
of sensing, it is possible to use a bilayer structure for the di-
electric in the capacitor. One layer uses a liquid metal elastomer
foam (LMFE) based on LM particles dispersed in an elastomer
foam,['21] which is soft and therefore sensitive to small pres-
sures. The other layer in the bilayer LMFE (B-LMFE) has a larger
Young’s moduli, which only deforms at higher pressures. Com-
bined, the B-LMFE can detect both small and large pressures
based on the fact it requires small/large pressure to deform the
first/second layer, respectively (Figure 2b).18% LM-based capaci-
tive pressure sensors can detect dyskinesia, known as abnormal,
involuntary movements that can occur as a side effect of cer-
tain medications, demonstrated by an ultra-compressible sensor
(Figure 2¢).'81] Another approach to increase the sensitivity of
capacitive sensors of deformation is to use LME-composites as
the electrode because the LM can increase the dielectric constant
while maintain a low modulus. These capacitors detect motion
of finger joints for grasping objects and quantifying proximal
interphalangeal (PIP) joint gesturing.['®2] Smaller LM droplets
(D =1 um) in the composites increase the sensor signal up to
190% in comparison with larger-size droplets (D = 80 um). Ca-
pacitive strain sensor using LM electrodes and PDMS can de-
tect hand motion and gesticulation when attached to the wrist
and pollicis brevis musclel!®3] (Figure 2d). In this work, a liquid
metal patterned stretchable and soft capacitive sensor is intro-
duced, with enhanced dielectric properties enabled by the disper-
sion of graphite nanofiber (GNF) fillers in a polydimethylsilox-
ane (PDMS) substrate. Capacitive sensors that can self-heal in re-
sponse to damaged have been demonstrated. For example, a self-
healable PDMS/multiwalled carbon nanotube (PDMS/MWCNT)
elastomer embedded with gallium alloys as the electrodes
form a capacitive strain sensor that could be attached to the
throat to detect the small strain changes during speaking and
also measure strain changes due to various types of body
motions. 18]

Piezoresistive stretchable strain sensors with skin-like elastic-
ity can detect strain by measuring the resistance changes ow-
ing to the mechanical deformation.[3®! For example, they have
been used for measuring knee bending and the pressure associ-
ated with footsteps (Figure 2e).['%] In this research, iron particles
were chosen to enhance the conductivity of elastomer. When the
elastomer and EGaln are mixed, the EGaln undergoes fragmen-
tation, resulting in the formation of microdroplets that become
embedded between neighboring iron particle chains. When lo-
cal pressure is applied, the initially isolated EGaln droplets rup-
ture, creating conductive pathways. Piezoresistive sensors that
use LM microchannels in silicone elastomer can detect strain for
measuring the angle of hip, knee, and ankles for lower extremity
biomechanics.!'8>8] For real world applications of wearable sen-
sors, a recent study introduced a wireless strain sensor featuring
outstanding mechanical attributes, such as softness and tissue-
like adaptability, created through a LM/CNTs hydrogel compos-
ite. It effectively monitored the movements of a surgeon, even
detecting minute deformations at 0.25% strain, and played a cru-
cial role in a successful minimally invasive Caesarean procedure
for the conservation of endangered animals.1%”]
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Table 3. Performance of recent LM-based biosensors to monitor body motion. (LOD = Limit of Detection).

Mechanism Encasing Conductor Sensitivity, LOD, Working Range Application Notes
Response time
Capacitance Ecoflex EGalnl21] 0.992 pF kPa™! N/A 1000+ cycle stability, human body movement
monitoring with position detection
Capacitance EVA copolymer Ag nanoparticles, EGalnl1%4] N/A 0%-800% Strain Stretchability up to 800% strain, 10 000 cycles
stability, using as a touch sensor for fingers
Capacitance  Silicone membrane, PVA EGalnl63] N/A 0-70 degree angle Inertial sensor with a free-moving EGaln droplet to
record lower arm gestures, wireless readout,
stretch up to 600%
Resistance Platinum-cured Ecoflex PET Silver, (2-20) x 1073 kPa~! 2-400 kPa Finger touch or footstep pressure detection, 7 days
EGalnl68] stability over 500 cycles in 19 to 45 °C range
Resistance Ecoflex, EGalnl¢7] 0.05 kPa~! 4-100kPa 2500 cycles stability, object grasping detection in
PET finger, thumb, and palm region
Resistance Dragon Skin Galinstan!168] LOD 0.05 N 0-1.177 N Multidirectional finger force detection
Resistance PDMS EGalnl1%] 0.37Pa',0.33s 0-6667 kPa Convexed microdomes based on the LM droplet
(LOD 1.2 N) assisted amalgamation lithography knee bending
and foot pressing monitoring with 1000 cycle
stability
Resistance poly(acrylamide-co-acrylic EGaln, nickel and silicon GF=7.16, 0%-400% Detect finger rehabilitation training in different
acid) /Zr** dioxide particles! %] LOD (0.1%) periods, throat, nape, wrist, elbow, ankle, knee,
(P(AAmM-co-AAc) /Zr**) finger bending
hydrogel
Resistance Gluten EGaln!170] N/A 200%—-600% Adhered to the forefinger, wrist, knee, and forehead.
self-healing property
Resistance a-thioctic acid, butyl EGalnl171 N/A 0%-450% Wearable intelligent devices, including bionic
acrylate electronic skin, rapid self-healing (5 min, 60 °C)
Resistance Ecoflex, EGalnl172] GF =103 0%-300% Open mouth, cough, fist, elbow bending, and finger
SiO, microspheres with an bending monitoring.
average diameter of 200
um
Resistance poly(vinyl alcohol) (PVA) EGalnl'73] N/A 35-165 degree Monitoring the movement of elbow, wrist, finger,
and knee, walking, and running
Resistance Ecoflex!] EGalnl174] GF=4.91,116 ms 0%-320% Different states of the finger, neck, breathing chest,
robot’s joint motion detection
Resistance Polyimide (P1) films Ag nanowires, N/A 0%-120% A self-healing hybrid conductor for e-skin for hand
Cu (electrodes), motion detecting
EGalnl'7]
Resistance Ecoflex EGalnl176] GF =4.95 0%-550% Joints, fingers, and wrists movements detection
Magnetic Silicone rubber Copper, Galinstanl™'?] N/A Axial tensile Measure the curvature of a finger and feedback on
(0-16 mm) the position of an endoscope, 500 cycles stability,
72 h durability, work in 20—65 °C
Magnetic Ecoflex EGalnl177] 0.26 pV kPa~'(LOD 0-10 kPa Self-powered tactile sensors with 8000 cycle

1950 Pa), 40 ms

stability in the range of 15-80 °C for elbow swing
and knee bending monitoring

5.1.2. Pulse, Heart Rate, and Blood Pressure Monitoring

To prevent heart disease and monitor the treatment progress
in patients with cardiovascular diseases, it is essential to
develop sensors that can continuously measure heart rate,
pulse rate, and blood pressure with high durability, fidelity,
and sensitivity for long-term on-skin wearing.!'%8] Several
studies use LM for continuous heart rate measurement
(Table 4).

ECG sensors are standard devices used by medical person-
nel for monitoring heart functions.[>1%* Recent efforts have fo-
cused on making such devices stretchable and wearable. For ex-
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ample, a portable photoplethysmography (PPG) technique can
measure pulse using a self-healable and LM electrodes de-
posited selectively on Cu traces on a thin film of PDMS.!'°]
The sensor is skin mounted, and the electrical characteristics
of the sensor are significantly influenced by changes in resis-
tance in the stretchable liquid-metal wires. To ensure stable
electrical performance in stretchable electronics, the fabrication
process incorporates “S”-shaped liquid-metal wires instead of
straight lines. By using this design approach, the impact of
resistance change during stretching is mitigated, thus main-
taining consistent electrical properties. Also, LM-based ECG
sensors can monitor heart abnormalities during exercise by
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Figure 2. LM-based sensors for monitoring body motion. a) Schematic of encapsulating a liquid metal electrode cross-bar array in Ecoflex to place
the capacitive sensor on the cervical region of the volunteer to obtain a pressure profile.l'7°l Copyright 2020, American Chemical Society. b) B-LMEF
fabrication process and its applications as a wearable capacitance sensor for human motion detection.['® Copyright 2022, Wiley-VCH GmbH. The
bilayer design can detect both small and large pressure. c) LM elastomer-based capacitive stress sensor for human motion detection.['¥'l Copyright
2021, Elsevier. d) Capacitive strain sensor with liquid metal electrodes. Dielectric properties of the elastomer enhanced by the dispersion of graphite
nanofiber (GNF) fillers in a polydimethylsiloxane (PDMS) substrate.l'33] Copyright 2022, MDPI. ) Relative resistance changes of LM amalgams during
foot pressing and bending of the knee.['%] Copyright 2021, Wiley-VCH GmbH.

using EGaln as an electrode.['%7] An integrated, flexible, and
biocompatible ECG (electrocardiogram) chip-on-board was de-
veloped, featuring microfluidic LM interconnects and low-
resistive carbon-black nanocomposite electrodes that contact the
skin. The chip was designed to measure cardiovascular sig-
nals, specifically the inverting/non-inverting input (INP/INN)
and body reference (GND), using low-power technology. The de-

vice has a Young’s modulus two times less than PDMS only
(Figure 3a).[1%]

The pressure value required for sensing pulse varies from
person to person and can also depend on factors such as
age and physical activity. However, typically, a pressure range
of ~1.3 to 2.5 kPa is needed to detect the pulse using a
wearable pressure sensor.!”! To meet the requirements for

Table 4. Performance of recent LM-based biosensors to monitor pulse rate, blood pressure, and breathe rate. For the working pressure range, some
papers report force. Here, we have estimated pressure by normalizing by the size of the sensor. Ecoflex and Sylgard-184 are commercial silicones.

Mechanism Encasing Conductor Sensitivity, LOD, Working Range Characteristics
Response time
Magnetoelectric Ecoflex EGalnl®] 16.88 mN, 0-15 N 20 000 cycles stability, water resistant, pulse rate
1.01ms (estimated as 0-10 kPa) detection
Resistance Sylgard-184 EGalnl10] 68 N~! 0-1000 mN Arterial pulse waves and blood pressure monitoring with
(LOD 5 mN) (estimated as 0-2 kPa) 500 cycle stability
Resistance PVA, Galinstan(*] 0.158 kPa~! 0-600 kPa Epidermal pulse rate, ECG, and cuffless blood pressure
PLA (LOD 16 Pa) monitoring and stable over 4 weeks
Resistance Graphene EGalnl[™1] LOD 100 Pa 0-50 kPa Real-time pulse monitoring, heart-rate monitoring, work
in 20-50C, response time 90 ms
Electrochemical Polyethylene Galinstan!12] 2 kPa~'!, 50 ms 0-0.22 kPa 10 000 cycles, wearable and artificial electronic skin
terephthalate, (LOD 15 Pa) devices, neck pulse and wrist pulse measurements

Ecoflex
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Figure 3. LM-based biosensors to monitor heart, pulse, blood pressure rate, respiratory, voice, and swallowing. a) Schematic of stretchable electrocar-
diogram (ECG) patch (SEP) and ECG monitoring analysis during exercise.['®] Copyright 2019, Wiley-VCH GmbH. The LM is used as interconnects. b)
Microfluidic diaphragm pressure sensor for monitoring heart rate by changes in resistance through the LM Wheatstone bridge circuit.l'®'l Copyright
2017, Wiley-VCH GmbH. c) Liquid-metal-silicone composite (scale bar = 30 um) for piezoresistive monitoring of pulse.l2%° Copyright 2019, Elsevier. d)
3D-printed rigid microbump-integrated liquid metal-based pressure sensor (3D-BLiPS) under various forms of mechanical deformations and its appli-
cation in epidermal pulse rate monitoring and cuffless blood pressure estimation.[4?] Red (In*) and white (Ref) electrodes were attached to the left arm
and black (In-) electrodes were attached to the right arm. Copyright 2019, Wiley-VCH GmbH. e) A wireless LM-based respiratory tracker sensor with time
dependence capacitance values.[292] Copyright 2019, MDPI. f) A highly stretchable LM-based strain sensor based on the resistivity changes mechanism
for voice detection when the wearer speaks “Liquid,” “Metal,” “Sensor,” and “NIMTE.[293] Copyright 2021, Wiley-VCH GmbH. g) Schematic illustration
of the liquid-metal NFC device and its application in real-time wireless monitoring of swallowing.[2%4] Copyright 2017, Nature Portfolio.
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these applications, a pressure sensor needs to measure in
this pressure range with ultrahigh resolution and sensitiv-
ity (<50 Pa). To achieve this aim, a PDMS microfluidic di-
aphragm pressure sensor with LM microchannels embed-
ded in a Wheatstone bridge circuit can provide the needed
metrics (Figure 3b).[1%1)

Monitoring blood pressure requires detection of higher
changes in pressure than that needed for pulse. It can
also be challenging to measure pressure profile in vari-
ous locations on curved and elastic surfaces. Soft LM elas-
tomer (LME) can conform to such surfaces to detect blood
pressure. Note that LME is inherently insulating, but be-
comes conductive after applying sufficient mechanical pres-
sure to rupture the thin layers of elastomer that sepa-
rate the particles (Figure 3c).*®! The sensors can detect
epidermal pulse rate monitoring for cuffless blood pres-
sure estimation to continuously monitoring of body pres-
sure in specific areas prone to developing pressure ulcers,
such as the sacrum, heel, ischium, ankle, and elbow, in or-
der to prevent the occurrence of bedsores. The signal re-
sponse of the sensor was enhanced by locally concentrat-
ing microchannel deformation with small hysteresis and in-
tegrating the rigid microbump array with LM embedded mi-
crochannels (Figure 3d).[*”) The proposed sensor could mea-
sure the pulse transit time (PTT) and the blood pressure
wirelessly.

5.1.3. Breath Rate, Swallow, and Voice Detection Monitoring

The ability to sense vibrations and movement along the neck and
throat enables detection of speech and respiratory or swallow-
ing disorders. LM-based devices can monitor these things,[201:202]
(Table 4). For instance,°!l a compressible and stretchable mag-
netoelectric sensor composed of Nd, Fe,, B powders, silicone, and
LM particles with an arch-shaped air gap enable respiratory mon-
itoring. Exhaled/inhaled breath deform the sensor and thereby
cause changes in magnetic flux (Through the change of the dis-
tance between the electrical/magnetic components caused by an
external force). In addition,[**?) interdigitated LM electrodes in
silicone microchannels form a capacitor that can monitor respi-
ration due to changes in capacitance between the electrodes with
deformation (Figure 3e).

Likewise, an LM-based stretchable resistive strain sensor can
monitor human voice when attached to the human throat. The
sensor recognized different voice patterns when speaking “Liq-
uid,” “Metal,” “Sensor,” and “NIMTE” (Figure 3f).2%] Strain
sensors can sense human swallowing and communicate the
information with near-field-communication (NFC). The liquid
EGalnSn-based strain sensor is attached to the throat to moni-
tor the movements of the vocal cords. The variation in the output
voltage (V) corresponding to applied tensile and compressive
strain during swallowing, revealing distinct waveforms charac-
terized by two concave peaks, each corresponding to a different
measurement (Figure 3g).2* Therefore, these studies demon-
strate the potential of LM-based sensors for noninvasive, minia-
turized, and portable monitoring of breath rate, swallowing, and
voice patterns. To monitor these parameters, we need to measure
the expansion and contraction of the chest or abdomen during

Adv. Funct. Mater. 2024, 2308173 2308173 (12 of 27)
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respiration, as well as the movements of the muscles, structures
in the throat and esophagus, airflow, and muscle activity in the
vocal folds and surrounding structures respectively.

These instances emphasize the transformative impact of LM
on sensor technologies, particularly in the realm of continu-
ous and conformal health monitoring. LM-based capacitive pres-
sure sensors prove invaluable for continuous heart rate mea-
surement and monitoring cardiovascular functions during ex-
ercise, showcasing LM’s durability and sensitivity. Furthermore,
LM-enabled piezoresistive stretchable strain sensors offer appli-
cations in biomechanics, including the detection of joint move-
ments and angles, contributing to the advancement of flexible
and wearable sensor technologies. Additionally, LM-based de-
vices play a crucial role in health monitoring beyond cardiovascu-
lar parameters, demonstrating their capability in detecting breath
rate, swallowing, and voice patterns. These innovations under-
score LM’s versatility in providing enhanced sensitivity, dura-
bility, and adaptability for a wide range of health monitoring
applications.

5.1.4. Sweat Rate Monitoring

A sweat rate sensor is crucial for managing hydration, enhanc-
ing performance, preventing heat-related illnesses, and collect-
ing valuable data for research. It provides insights into sweat
production, enabling informed decisions on hydration and per-
formance for individuals, athletes, trainers, and researchers.!?*]
LM can be used as electrodes for sweat analysis and volumetric
rate monitoring as sweat passes through microfluidic systems.
LM is attractive for microfluidics!®®! because it can be injected
to form electrodes that span from the bottom to the top of the
microchannel walls.[2%] Such electrodes can measure the speed
and length of droplets flowing through microchannels similar to
a Coulter counter.?”! A circular sweat chamber (2-mm diame-
ter) on the tape collected the sweat from the volunteers. To speed
up the sweat secretion rate, the volunteer pedaled the station-
ary cycle machine for 15 min to accelerate the sweat secretion
rate. As droplets pass through the channels, the electrodes mea-
sure capacitance, resulting in a multi-plateau capacitance wave-
form; each plateau corresponds to the droplet position in the
microchannel (Figure 4a). Droplets were formed due to the air
pumping in the microchannel. The device measured the veloc-
ity of droplets up to 424 um s, and no less than 435 pm for
the length, with an error percentage of <7.2% for length and
<2.8% for speed, respectively. The LM sensor maintains very
good performance even when the chip was bent to an angle of
96° (Figure 4Db). The LM capacitive sensor can monitor sweat rate
by taping the chip to the skin of a human (Figure 4c). The hu-
man body can produce anywhere from 0.5 to 1.5 liters of sweat
per hour during intense physical activity. The area of the sweat
collection was ~3.14 mm?. So, the rate of sweat secretion can be
calculated out by dividing the droplet volume by the droplet gen-
eration which would be estimated 0.027 ul mm~2 min~'. A com-
puter recorded multi-plateau capacitive waveform as the sweat-
in-air droplet passed through the sensing areal®’! (Figure 4d).
While there are several ways to measure sweat rate, the ap-
peal of this approach is the ability to electronically measure the
rate.
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Figure 4. LM electrodes for sweat analysis.[*}] a) Sweat droplet detection mechanism. b) The experimental set-up showing how sweat is collected. c)
Sweat monitoring microchip. d) A multi-plateau capacitive waveform generated by a sweat-in-air droplet. Copyright 2020, The Royal Society of Chemistry.

5.1.5. Multifunctional Physiological Biosensors

Multifunctional sensors are needed to reduce the number of
sensors placed on human body. Liquid metals are effective
stretchable interconnects to connect different types of
sensors?%®2191 embedded in a skin-friendly soft elastomer
(Table 5). Liquid metals can also be used as interconnects be-
tween sensors and power sources.21'212] In addition, vertical
liquid metal vias can connect liquid metal circuits vertically,
resulting in a multi-layer integrated multi-sensor in which the
bottom layer senses proximity/touch and the top layer senses
pressurel?’®) (Figure 5a). LM vias connect the sensor layers.
When a finger approached the proximity/touch sensor, the ca-
pacitance of the sensor changed as a function of distance change
between the sensor and the finger. After touching the sensor, as
pressure increased, the resistance of the pressure sensor also
increased.

Systematically engineered circuits can also act as multifunc-
tional sensors. For instance, double helix liquid metal fibers
can sense torsion, strain, and touch via three mechanisms!!!®)
(Figure 5b). First, twisting or stretching the coiled fibers changes
the contact area between the fibers, resulting in an increase in
capacitance between the fibers. Second, deformation from strain
or twisting can cause an increase in resistance due to geomet-
ric changes to the fibers. Third, the fibers can sense touch due
to self-capacitance between a finger and the fibers. Fibers filled
with different amounts of liquid metal, such as filled one-third
of the way, two-thirds of the way, and fully filled, can distinguish
the location along the length where a user touches the bundle of
twisted fibers.

Such hollow elastomeric fibers filled with liquid metal
can monitor finger motion and bending movements through

Adv. Funct. Mater. 2024, 2308173 2308173 (13 of 27)

tribocharging. Touching the fibers produces a charge on the out-
side of the elastomeric fibers, which can be measured capaci-
tively by the metal on the inside of the fibers. The multifunc-
tional intrinsically stretchable liquid—metal fiber (ISLMF) (in-
fused with EGaln) can act as self-powered sensors for detecting
motion. Unlike passive sensors that require continuous exter-
nal signals for operation, the ISLMFs generate electric signals
directly from motion. The contact forces applied to the ISLMFs
affect the V,_ (open-circuit voltage) and I . (short-circuit cur-
rent) outputs, which are shown to be dependent on the contact
forces and effective contact area. The V,_ provides a stable re-
sponse to static contact forces, while the I . exhibits instanta-
neous responses to contact and release of touching, making it
suitable for detecting dynamic motion. The ISLMFs can be in-
tegrated into wearable interfaces, such as gloves, and used for
various applications. For example, they can detect finger bend-
ing angles, convert touch into Morse code signals for transmis-
sion, and enable gesture recognition. The self-generating elec-
tric signals of the ISLMFs make them versatile and practical for
wearable sensing applications. Thus, the fibers can detect non-
verbal communication through touch created by a finger touch
to communicate “SMART EGAIN FIBER”, and numbers. Such
stretchable liquid—-metal fibers are multifunctional because they
can also be used for energy harvesting using tribocharging or by
harvesting electromagnetic waves from nearby electronic devices
(Figure 5¢).1214

5.2. Detection of Molecular Biomarkers
LM-based biosensors have also been developed for detecting vari-

ous biochemical species ranging from small gas molecules, ions,
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Mechanism Sensor Types Encasing Conductor Sensitivity, LOD, Working Range Applications
Response time
Resistivity Pressure, strain Polyurethane fibers Galinstan(215] GF = 155,30 ms 0-30 MPa, Underwater sensor with 10 000

Temperature,
Strain

Multimodular

strain (ECG,
EMG)

Multifunctional
strain

Acceleration, ECG,
and

temperature

Strain, pressure,
airflow

Capacitance Pressure, strain

Torsion, strain,
tactile

Capacitance, Pressure, tactile

Resistivity

Magnetoelec-tric Strain, breath

Multifunctional
strain, tactile

(PUF)
Dragonskin EGalnl2%]
PVA, EGalnl210]
Agarose
Ecoflex 00-30 ZnS,
Ni,
EGaln!2¢]
(PET), Ag,
CNT EGalnl208]
PVA EGalnl'73]
3 M VHB tape Galinstan(?!7]
SEBS Fiber EGaln (18]
PDMS EGalnl213]

Two-phase block Galinstan(2'8]
copolymer PDMS
and aliphatic

isocyanate

Elastic poly(styrene-b- EGalnl214]
(ethylene-co-
butylene)-b-

styrene) (SEBS)
hollow fiber

270%-600% strain

N/A 0-100 C,
0%—-100% strain

N/A 0%-140% strain
N/A 0%-190% strain
N/A N/A

1.2 Pa~!, GF=0.257 20-300 kPa

10 ms Bending test: 0-90
degree,

Pressure test: 0-8 kg

0-10 800 rad m™!
(torsion), 0%—-100%
(strain)

LOD =302 rad/m
(torsion),2.9%
(strain), 200 ms

N/A 0-300 kPa
(Capacitance),
0-100 kPa (Resistivity),
0-20 cm (touch sensor)

N/A 0%-560% (strain)

N/A 0-120 degree finger
bending angle

cycles stability. Danger warning
and hypothermia prevention at the
same time and working in
46-116 Crange
Sensors, vibrators, and heaters
are integrated in a single device
as an all-in-one multimodal
sensing and feedback system
Self-Healable Hydrogel—Liquid
Metal Composite for heart rate

monitoring

Using five separate strain sensors
to record and reconstruct
human motion at elbow, knee,
heel, and fingers with 200 cycles
stability

Detect temperature, acceleration,
electrocardiograms, and
environmental UV light under
different states of physical
activity, including walking,
running, and sleeping.

Monitoring the human
movements such as elbow,
wrist, finger, and knee, walking,
and running with 200 cycles
stability
Monitor human physiological
signals, such as the motion
angle of the wrist or finger joint
and the pressure of fingers with
500 cycles stability

Incorporating liquid metal into
hollow elastomeric capillaries,
fiber (200-800 pm) for finger

touching detection
Fingertip sensing for approaching,
touching, and pressing
detection.

50 000 cyclic compression stability
with self-powered and highly
sensitive breathing monitoring
application for the detection of
early signs of breathing
difficulties relevant to a variety
of medical conditions in sleep
pathologies or severe viral
symptoms. Monitor
finger-bending conditions.
Self-powered sensors of motion
and touch to detect finger
bending angle, touch, and
gestures.
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Figure 5. Multifunctional LM-based sensors. a) A two-layered sensor featuring a proximity/touch sensor and a pressure sensor (right) connected by soft
LM vias (left).[2'3] Copyright 2018, Wiley-VCH GmbH. b) Photographs of double helix liquid metal fibers that can sense touch via changes in capacitance
between fibers and a finger. They can also sense torsion by changes in capacitance between the fibers. Changes in resistance detect strain. From top
to bottom: i) Twisted fibers. ii) The inset is the cross-section image of one fiber. iii) 150% elongated fiber. iv) Additionally twisted fibers.l"'8] Copyright
2017, Wiley-VCH GmbH. c) LM fibers for wearable self-powered sensing of finger motion, finger bending, and various gestures due to tribo-electrical
signal generation by contacting/releasing between the intrinsically stretchable liquid-metal fiber skin.[2™4] Copyright 2021, Wiley-VCH GmbH.

and biomarker molecules such as glutamate and glucose. Table 6
summarizes the recent studies in this field.

5.2.1. Gas Sensing

Gas sensors can find applications from environmental mon-
itoring to disease diagnosis upon recognition of biomarker
gas molecules released from infected human, animals, or
plants.322191 Although researchers have explored LM predom-
inately for sensing small-molecule gases (e.g., H,, NO,, NHj,
CO,), LM-based gas sensing has the potential for the detection
of more disease relevant VOC molecules. LM can sense gas
due to its native oxide layer.[??! Microstructures of metal ox-
ides can change their conductivity/resistance when they adsorbs
gas molecules, thus enabling a measurable resistive response,
which could be measured using two thin electrodes.[”] Typically,
this is done at elevated temperatures. In addition, manipulat-
ing the size and morphology of sensing elements and incorpo-
rating a functional coating on LM layer can further tune the

Adv. Funct. Mater. 2024, 2308173 2308173 (15 of 27)

gas sensing interfaces, which allows LM to detect various gas
successfully.533]

For instance, a liquid metal oxide-based gas sensing device
was demonstrated for detecting hydrogen (H,) and nitrogen diox-
ide (NO,) gases. Here, the H,-sensing mechanism was based on
the n-type behavior of Ga,0;. The number of free electrons on
the sensor surface decreases due to the chemical interactions be-
tween oxygen ions on the sensor and H, gas molecules. This re-
sults in an increase in the resistance of sensing elements. Again,
NO, can be detected through the chemisorption of gas molecules
onto the sensor layer. The selectivity of the sensor can be achieved
by the addition of other elements like In, Zn, or Sn into liquid
Ga. While Ga-only based sensors can detect H, selectively above
300 °C, Ga-In based sensors detected NO, selectively at 150 °C
with a LOD of 4.5 ppm.>!] Likewise, by casting a suspension of
LM droplets across two copper electrodes, it is possible to form a
resistive sensor that can detect NH; and NO, via physisorption.
The resistance of the sensing element increases upon exposure
to positively charged species (e.g., NH;), and the resistance of the
sensing element decreased when negatively charged species (e.g.,
NO,) adsorb on the sensor surfaces (Figure 6a).1>?! A film of LM

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Table 6. Performance of LM-based biosensors for chemical and biomolecular target detection.
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Mechanism Sensor Types Encasing Conductor Sensitivity, LOD, Working Range Applications/Advantageous
Response time
Resistivity Gas sensor 2D SnS, nano- EGalnl®4] LOD = 1.32 ppb of 0-200 ppb of NO Skin Compatibility, high
materials NO responsiveness (1092%/ppm),
early warning system for
potential lung diseases
Gas sensor SiO, /Si Galinstan(3?) LOD = 1ppm 0-12 ppm (NO,), Low temperature gas sensing
(NO,), 20 ppm 0-100 ppm (NH3)
(NH;)
Blood glucose sensor PVC, Bi, In, Snl#7] N/A 5-50 mM glucose POC diagnostics, developed
Agarose concentration mobile phone platform, and
real-time disease diagnostic
Capacitance VOC gas sensor PDMS EGalnl®®] 3.37 (MeOH) 0-75 000 ppm Battery-free and wireless
5.14 (EtOH) (MeOH), interrogation, bendable and
6.59 (i-PrOH) 0-35 000 ppm twistable, soft and lightweight,
(1075%/ppm) (EtOH), and fast recovery time
0-25 000 ppm
(i-PrOH)
Electrochemical Sweat glucose sensor PDMS EGalnl®'] LOD = 0.05 mM 0-1000 mM (Na*, Fast response time (30 s),
(Glucose), 15 mM K*) non-invasive, wireless, and

(Na*), and 8 mM
(K*)

battery-free epidermal patch

NPs coated with polyaniline can form a shell for detecting HC]
vapor. The LM-polyaniline composite provides a stable response
compared to polyaniline alone. The improvement was due to the
removal of insulating Ga oxide when the sensor was exposed to
HCI. HCl dissolved the oxide layer, which results in an increment
of electrical conductivity. Upon removal of the samples from the
HCI vapor, the LM NPs underwent a spontaneous reformation
of their native oxide layer in an oxidizing environment. This pro-
cess facilitated the rapid recovery of the nanocomposite.[??!] LM
circuits can also detect hazardous CO,. The sensor comprises
an LM-based contact lens display (LM acted as interconnect for
stretchable circuits), an air quality sensor, a microprocessor, and
an eyeball camera. Here, LM acted as an interconnect for stretch-
able circuits and the air quality sensor detects the CO, concen-
tration and sends the signal to the microprocessor., which illu-
minates the LED in the contact lens to green (CO,<1000 ppm)
or red (CO,>4000 ppm) depending on the environmental CO,
level (Figure 6b).157!

For human health monitoring, a deformable epidermal sen-
sor can analyze breathing. The sensor consists of LM nanopar-
ticles on a filter membrane (formed by mechanical sinter-
ing) patterned on a PET substrate to form flexible electrodes.
SnS, (which has strong affinity for NO gas, and molecular
structure distortion of SnS, happens upon NO adsorption)
was then drop-cast onto the LM electrodes to facilitate de-
tection of NO gas, which is a biomarker for gaseous lung
disorder.>*!

Volatile organic compounds (VOCs) are potential biomarkers
for noninvasive detection of human and plant diseases(3%:3%34222],
LM electrodes in microfluidic channels function as an
interdigitated capacitor that can sense changes in capaci-
tance when VOCs absorb in the silicone dielectric between
the LM electrodes. The platform involved the use of different
solvents, namely isopropanol (with a relative permittivity, e,,

Adv. Funct. Mater. 2024, 2308173 2308173 (16 of 27)

of ~18 at room temperature and 1 kHz probing frequency),
ethanol (¢, ~ 25), and methanol (e, & 33), which were directly in
contact with the EGaln electrodes. Since these alcohols possess
varying relative permittivity values, their detection could be
selectively achieved by measuring the capacitance while keeping
the injected liquid volume constant (100 pL). The inductive cou-
pling between a LM inductor and LM readout coil enabled the
sensor to operate wirelessly and without the need for batteries.
This all-soft sensing platform can detect methanol, ethanol, and
isopropanol with LODs of 3.37, 5.14, and 6.59 ppm, respectively
(Figure 6¢).1%]

5.2.2. Nucleic Acid Detection

Several LM-based sensors have been demonstrated for DNA
and microRNA (miRNA) detection. For example, [11%] GaNPs
deposited on Si can detect label-free DNA and single nu-
cleotide polymorphism (Figure 7a). If the surface of the GaNP
is functionalized with a 5’-end hexamethylthiol-modified DNA
capture probe, it can bind specifically to the target DNA se-
quence (Figure 7b). The hybridization between the DNA cap-
ture probe and the target DNA sequence results in an energy
shift of the inflection point around the RPH (reversal of po-
larization handedness) condition before and after successive
modifications in the pseudodielectric function of the surround-
ing medium using ellipsometry (Figure 7c). This sensing ap-
proach takes advantage of the pseudodielectric function of the
gallium plasmonic nanoparticles. This method allowed for sensi-
tive and selective detection of the target DNA sequence with high
accuracy.

In a recent study,?”)! an innovative LM electrodynamic ac-
cumulation microfluidic (LEAM) device was introduced, show-
casing its potential as a state-of-the-art technology for precise
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Figure 6. LM-based gas sensors. a) Schematic representation of casting a suspension of LM droplets across two copper electrodes to form a resistive
sensor that can detect NH; and NO, via physisorption.[>?] Copyright 2017, Elsevier. b) Schematic of air quality monitoring system (left) and response
sequence of air quality based on the presence of CO, (right).>”] Copyright 2018, Wiley-VCH GmbH. c) All-soft microfluidic based VOC detection plat-
form using EGaln LM. Left: capacitive sensing platform; right: wireless inductive capacitive sensing platform.[>3] Copyright 2017, The Royal Society of
Chemistry.
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Figure 7. Representative example of LM-based optical biosensor for DNA sequence detection. a) Schematic representation of an optical biosensor
based on GaNPs on Si for label-free DNA and single nucleotide polymorphism sensing.['] b) Immobilization of the 5'-end hexamethylthiol DNA
capture probe on the GaNP/Si platform and schematic representation of optical biosensor construction. c) Pseudodielectric spectra of a GaNP/Si
platform before (black line) and after modification with HP1-SH (H. pylori, a single 12-mer sequence) (dotted line) and the probe/ 6-mercapto-1-hexanol

(MCH) (dashed line). Copyright 2016, The Royal Society of Chemistry.

control of DNA by harnessing LM electrodes and an applied
electric field (Figure 8a). The research methodology involved
in-depth characterization of the distinctive properties exhibited
by liquid metal when subjected to high voltages, enabling the
meticulous management of DNA dynamics and thermodynam-
ics (Figure 8b). DNA trapping involves capturing and immo-
bilizing DNA molecules within a microfluidic device, enabling
precise manipulation and analysis for various biotechnological
applications (Figure 8c). The study employed a molecular bea-
con (MB) system with fluorescence-based detection to target
microRNA (miRNA), which holds significant importance as a
pivotal biomarker for a range of diseases, including nonalco-
holic steatohepatitis (NASH) and Alzheimer’s disease (AD). The
outcomes underscore the successful and label-free detection of
miRNA, highlighting the potential of electro-kinetic liquid biopsy
systems for disease diagnosis and continuous disease progres-
sion monitoring (Figure 8d). This research presents a versatile
and efficient approach for handling biomolecules and detecting
specific gene molecules like miRNA in real-time.

5.2.3. Detection of Neurotransmitters
Flexible neural probes (electrodes) are useful to decrease the

mechanical mismatch between the probes and soft neural tis-
sues. However, soft and flexible probes deform or deflect dur-
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ing implantation into neural tissue. To overcome the current
limitation, Ga was utilized to develop implantable probe that
can turn from solid to liquid at body temperature and thus
achieved temperature-dependent control of stiffness over five
orders of magnitude. The compact ultra-large tunable stiffness
(ULTS) probe also integrated Pt electrodes, microfluidic chan-
nels, and electrical interconnects all on a thin PDMS (30 pm)
structure. The probes incorporated multilayer, deformable mi-
crofluidic channels for chemical agent delivery, electrical inter-
connects through Ga wires, and high-performance electrochem-
ical glutamate sensing. Upon Ga melting, they became ultra-
soft, flexible, and stretchable in all directions. The probe can be
implanted 2 cm deep into agarose gel “brain phantoms” and
rat brain under cooled conditions. Once inside the body, the
body temperature melted Ga to form liquid metal wires, result-
ing in a flexible soft glutamate detecting sensor. The sensors
detect glutamate electrochemically with a sensitivity of 8.2 +
1.2 pA M, and a LOD of 0.39 + 0.07 uM within ~1 s response
timel*! (Figure 9a). An in vitro selective dopamine sensing plat-
form has also been demonstrated based on a reduced graphene
oxide (rGO) on the surface of LM microdroplet system (LM-
rGO). The LM-rGO composite proves effective as an electroac-
tive modifier, reducing charge transfer resistance and enhanc-
ing sensing capabilities. Paper-based electrodes modified with
LM-rGO showcased compatibility with low-cost commercial
technologies.[?24]
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Figure 8. LM-based biosensor to trap DNA and detect miRNA.[223] a) DNA trapping schematic representation in the single main channel with the
four EGaln LM electrodes. b) Image of liquid metal electrodynamic accumulation microfluidic (LEAM) device. c) Trapping DNA on the turned-on LM
electrode by applying 1V. d) Schematic representation of Micro RNA 122 (miRNA) detection in the droplet LEAM system. Copyright 2023, Wiley-VCH

GmbH.

5.2.4. Biomarker Analysis in Sweat and Blood

LM-based biosensors have also been used for detecting biomark-
ers such as glucose and exosomes in complex sample matrices.
For example, LM antennas can combine with PDMS to create a
liquid metal polymer conductor (LMPC) as a circuit and ion se-
lective sensors (ISE) for detecting and analyzing metabolites (glu-
cose), electrolytes (sodium ion (Na*) and potassium ion (K*)),
and urea in sweat. Sweat sensing is attractive because it is a
non-invasive way of measuring certain biomarkers of health. Al-
though the LM itself does not serve as a sensor, the use of LM
coils made it possible for the patch to be battery-free and remain
soft. Battery free devices are attractive for a broad range of non-
invasive diagnostic tools to monitor public health(®!] (Figure 9b).

Blood glucose level quantification is now quite pervasive and
also critical for chronic disease management such as diabetes. To
facilitate blood glucose detection, a wireless electrochemical glu-
cose detection platform was established that incorporated BIS [Bi
(32.5 wt%), In (51 wt%), and Sn (16.5 wt%)] and a smartphone
monitoring device together. Printing LM offers an excellent way
for the rapid manufacture of electrodes. For data acquisition, a
smartphone (Bluetooth feature) was used to help improve the
portability and make the detection system suited to POC detec-
tion. With this sensing system, the concentration of glucose so-
lution from 5 to 50 mM was analyzed!*’! (Figure 9c).

The recently developed electrogenerated chemilumines-
cence (ECL) biosensor, incorporating g-C;N,-conjugated
polydopamine-coated Galinstan liquid metal shell-core nanohy-
brids (g-C;N,@Galinstan-PDA) nanoprobes and a multivalent
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PAMAM-AuNPs electrode interface, has emerged as a highly
sensitive tool for detecting multiple exosomes, recognized as
biomarkers for various diseases (GPC,, CDo, CEA, and AFP),
along with their surface proteins in real samples, including
serum, urine, and blood.['*”]

5.2.5. LM-Based Magnetic Biosensor for Red Blood Cell Counting

Blood hematocrit levels are important because they provide es-
sential information about the oxygen-carrying capacity of the
blood and can help diagnose and monitor various medical con-
ditions. A 3D multilayer liquid-metal (Ga) microcoil can sense
blood hematocrit level on a chip. The liquid metal microcoil
serves as a receiver of a magnetic resonance relaxometry (MRR)
measurement system in a lab-on-a-chip platform (Figure 9d). The
blood is added to the chip. In a MRR measurement, the trans-
verse relaxation rate of the blood sample increases quadratically
with the hematocrit level due to higher magnetic susceptibility.
Unlike commonly used centrifugation and optical method for de-
termining blood hematocrit level, the microcoil composed of LM
detects a subtle change in the blood hematocrit level by monitor-
ing the transverse relaxation rate (R2). This portable MRR device
is appealing for POC anemia diagnosis.!??°]

5.3. Insertable Sensor for In Vivo Applications

Gastrointestinal (GI) dysmotility can lead to digestive conditions,
which are associated with significant morbidity. The evaluation

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

QSUIDIT SUOWIWOD) dANEAIY) d[qearfdde dy) £q PAuIoAOS 18 SOOI Y() O8N JO SI[NI 10} AIRIqIT dUI[UQ) AJ[IAL UO (SUOIIPUOD-PUB-SWLIA)/WOd" K[ 1M ATRIqI[aur[uo//:sd)y) SUORIpuoy) pue SWd [, Ay S “[$707/20/£7] uo Areiqry auruQ AS[IA ‘€L 180€T0Z WIPE/ZO0T 0 1/10p/wod Ko[im A1eiqrourjuoy/:sdny woiy papeojumo “0 ‘8209191


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

Detection of Neurotransmitters

Smart Glucose Detection

%

Piease Orop |

== =

Battery

L et

ISE Sensors —e

www.afm-journal.de

Glucose Analysis in Sweat

Skin—— .|

Spiral Microcoil .
™
{

)}

LM Inlet

Inter-connect

LM Outlet

Figure 9. LM-based biochemical sensors. a) LM-based neural probe implanted in rats.[ The metal is solid initially to facilitate implantation, but softens
once it equilibrates with the body temperature. Copyright 2019, Elsevier. b) Wearable sweat sensor patch for noninvasive analyzing sweat metabolites
and electrolytes using an antenna composed of a liquid metal-polymer conductors (LMPC).I8"l Copyright 2022, Elsevier. c) A wireless blood glucose
detection system integrated with smartphone and related hardware.[*’] Copyright 2015, The American Society of Mechanical Engineers (ASME). d)
Schematic representation of liquid-metal microcoils fabrication and liquid metal injection process as a magnetic biosensor to count the red blood

cells.[225] Copyright 2015, Springer Science.

of patients with these symptoms involves multiple diagnostic ele-
ments, with manometry playing an important role. However, cur-
rent manometry systems are limited by high cost, complexity, and
bulkiness, which limit their use in less developed regions or non-
hospital settings. Recently, a piezoresistive liquid metal-enabled
pressure transducer (QUILT) system was developed for achiev-
ing desired pressure sensitivity across the dynamic range of the
human GI tract. When an adequate amount of pressure was ap-
plied, the catheter infused with EGaln experienced a reduction in
cross-sectional area, leading to an elevation in the electrical resis-
tance across the EGaln material. This increase in resistance can
be attributed to the piezoresistive effect. This low-cost, dispos-
able, and portable device has potential for decentralization of GI-
related healthcare and has been validated through in vitro tests
and preliminary clinical utility in a porcine model.?2°] QUILT of-
fers simple and inexpensive fabrication procedures using basic
bench tools such as syringes, scissors, and fast-drying silicone
sealants. To fabricate QUILT, silicone tubing is trimmed, injected
with EGaln using a needle syringe, and copper wires are inserted
into both ends to establish electrical connections. The ends are
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then sealed with fast-drying silicone sealant. Knots are tied at
designated positions by hand or using a mechanical stretcher
with designated tensile force and operate based on the resistiv-
ity change mechanism. To study the in vivo applications of the
proposed sensor, two experiments were conducted. The first ex-
periment evaluated the oesophageal pressure during the passage
of an artificial food bolus attached to the tip of an endoscope. The
second experiment evaluated the rectoanal pressure during rec-
toanal inhibitory reflex (RAIR) using a porcine model (Yorkshire
swine, 40-80 kg weight). The results demonstrate that QUILT can
extract real-time and spatially resolved information on GI motil-
ity under in vivo conditions for at least 2 hours, with a dynamic
range consistent with human readings.

6. Challenges and Future Directions

Although liquid metals are promising candidates to fabricate var-
ious soft and wearable biosensors, there are a few limitations to
be overcome in future biosensor development. First, although
Ga is much less toxic than Hg, it is essential to thoroughly
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characterize the toxicity and biocompatibility of Ga, in particu-
lar for long-term on-skin applications. Also, many sensing ap-
plications use nanoscale EGaln particles. The toxicity profile of
nanoscale LM materials may be different from their bulk coun-
terparts. A safe packaging technology is needed to prevent possi-
ble LM leakage from the sensor device.”* Second, the oxide layer
of the surface of LMs is a double-sided sword. On one end, it can
help stabilize LMs and improve the adhesion properties of LMs
against different substrates. On the other end, the oxide layer on
the surface of LM limits the ability to use LM for electrochemical
sensing.[??/l New concepts to use and manipulate the interface
could help advance LM sensors.!??8! Third, for biochemical sens-
ing applications, it is essential to control the shape and size distri-
bution of the liquid metal to optimize the sensitivity performance
of the biosensor.[??] Patterning LM into nanoscale structures is
still challenging. Fourthly, multifunctional LM biosensors face
challenges in sensor integration and signal interference. It is es-
sential to develop new fabrication methods and selective sensing
materials or mechanisms that are specific to desired targets and
biomarkers.

To date, researchers have primarily used geometric defor-
mation of LM to sense mechanical inputs. Looking forward,
there are many potential opportunities for innovative sensing ap-
proaches utilizing less explored properties of LMs such as the sur-
face chemistry and optical characteristics. For example, the oxide
layer has been used for sensing gases. In a different study, the use
of Ga-based nanophotonic structures show surface-enhanced in-
frared absorption (SEIRA) spectroscopy to detect monolayer 1-
octadecanethiol.'>) Moreover, integration of LMs in bioassays
such as nucleic acid amplification assays or immune-sandwich
assays would be an interesting future direction to enhance the as-
say performance and expand the biosensing application of LMs
toward large biomolecules such as nucleic acids and proteins.
Other anticipated advancements may include the inception of
versatile soft wearable sensors capable of concurrently gauging
diverse biophysical and biochemical parameters and analytes,
heralding a transformative era of pliable and minimally invasive
implantable sensing instruments for continuous in vivo monitor-
ing. Additionally, the catalytic effects of Ga-based LMs are largely
overlooked in sensing applications thus far, which may intro-
duce opportunities for the formulation of soft catalytic sensors,
especially in the context of enzyme-mimic activities. Durability
and longevity are also in focus, ensuring these LM sensors can
withstand harsh conditions while maintaining analytical perfor-
mance. Finally, integration with wireless communication tech-
nologies enables the LM biosensors with real-time data trans-
mission and analytics functions, while the flexible, stretchable
forms promise comfort and versatility in wearable applications.
As scholars venture into these unexplored domains, LMs are on
the cusp of assuming a pivotal role in reshaping the biosensing
landscape, offering enticing prospects for investigation, innova-
tion, and transformative applications in the immediate future.

7. Conclusions

This review captures recent applications of liquid metals (mostly
Ga and its alloys) in the biosensing area. To date, most of
the Ga-based LMs biosensing applications involve on-skin wear-
able sensors to perform real-time physiological monitoring, such

Adv. Funct. Mater. 2024, 2308173 2308173 (21 of 27)

www.afm-journal.de

as tracking human body motions, heart and respiratory rates,
voice and sweat secretion. LM-based biochemical sensing toward
biomarker detection (e.g., VOC, neurotransmitter, and glucose)
are also emerging, although they are much less reported com-
pared to the physiological monitoring. Given LM’s promising
sensing performance that has been demonstrated so far, it is ex-
pected to continue to create many new opportunities in health-
care monitoring in the future.
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