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Pursuit of improved living quality has stimulated great demand for high-performance conformal
healthcare devices in modern human society. However, manufacturing of efficient, comfortable and
stretchable biomedical apparatus faces huge challenges using traditional materials. Liquid metals
(LMs) show remarkable potential to solve this problem due to their extraordinary biocompatibility,
stretchability, thermal and electrical conductivity. In recent years, tremendous explorations have
attempted to make stretchable biomedical devices with LMs. Herein, we review the stretchable LM-
based biomedical devices on the topics of disease treatment and human function augmenting. The
representative and up-to-date neural interfaces, alloy cement, e-vessels, soft heaters, exoskeletons,

and e-skins are summarized. The existing issues of LMs applied for biomedical devices are also
discussed. This review can provide guidance for the follow-up research in LM-based biomedical

devices.

Increasing demands for high living qualities raise the requirements for
improved healthcare in modern society. As a supplementary approach to
disease treatment, wearable and implanted biomedical devices arouse
intense interest in clinical medicine'~. To develop versatile and comfortable
electronic biomedical devices, tremendous research efforts have been
devoted to exploiting various kinds of functional materials, such as metal
foils*, carbon-based nanomaterials>”, metal-based nanomaterials®, hybrid
nanocomposite™”’, conductive polymers'", Si-based semiconductors”,
etc. ' These materials have been widely used in bone repairment, material
package, sensor fabrication and other fields""". Additionally, more inno-
vative methods were introduced to modify the materials and devices'.
However, traditional materials have several limitations in stretchable bio-
medical devices. Most metal foils and their alloys exhibit high elastic
modulus'’, making them inflexible and cannot fit the movement of the
human body. Most of the conductive polymers and carbon-based nano-
tubes have the potential toxicity, poor ductility and incompatible
mechanical strength with humans™ . Synthesis of metal-based nano-
particles is costly, and it is also difficult to control the size and shape of the
particles. Moreover, metal-based nanoparticles may also have biotoxicity,
and the high degradation resistance of metal-based nanoparticles is also
detrimental to the environment™*.

To satisfy the requirements of good stretchability and good electrical
conductivity simultaneously, liquid metals (LMs) are regarded as the can-
didates for the design of high-performance electrical devices. The LMs with

low melting points generally consist of only a certain range of elements. For
instance, Hg, which serves as a part of the traditional thermometer, is the
most common LM in daily life. However, the toxicity of Hg results in poor
biocompatibility”. Besides, alkali metal elements like Rb have very low
chemical stability”’. Recently, Ga- and Bi-based LMs have attracted exten-
sive research interest due to their excellent mechanical and chemical
properties.

Unlike Hg and Rb, the Ga- and Bi- alloys show near zero vapor
pressures at room temperature””*, so there is no worry about Ga or Bi
evaporating into humans, and destroying the nervous system as does Hg
vapor. Moreover, the Ga and Bi-based LM devices exhibit huge potential in
biomedical applications, owing to their marvelous biocompatibility””**,
stretchability’””™’, high thermal®* and electrical’** conductivity. Thus,
they have been intensely investigated recently. For instance, scientists have
fabricated LM electrodes used in many basic electronic devices”, such as
capacitors™”’,  inductors*”®', memristors”™, and optoelectronic
devices™”, achieving good performances in electrical biomedical facilities.
Moreover, LM-based devices, such as bone cement, e-vessels, and exoske-
letons, can excellently conform with human movement, due to their
superior stretchability performance. Besides, LM-based materials can also
be used in non-electrical equipment, like drug carriers™. Recently, LM-
based materials have been widely applied in biomedical fields, such as
digestive tract contrast agents”, nerve repairment”*, and sensors® .
(Fig. 1). Although several reviews focus on the properties”, the biomaterial
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Fig. 1 | The biomedical applications and challenges of LMs. The biomedical
applications include therapy and human function augmenting, but the high cost and
corrosivity limit the wide spread of LMs.

application”’, manufacture and modification methods’"”* of LMs were

proposed these days, there is a lack of comprehensive review on the
stretchable LM-based biomedical devices with an emphasis on human
therapy and function augmenting.

In this review, we focus on the applications of LM-based materials in
stretchable biomedical devices. The basic properties of LMs will be first
introduced. Then, we will discuss the recent development of LM-based
materials applied in biomedical, including human therapy and human
function augmenting,. Finally, the existing challenges and future prospects of
LM-based biomedical applications will be outlined.

Overview Of Lm

Before the elaboration on the application of LMs in biomedical devices, a
brief introduction of the LMs and their material systems assists the
understanding of the limitations in device manufacturing and the existing
challenges. Herein, we emphasize the architecture, manufacturing and
modification of LMs as follows.

Architecture

Various architectures of LMs have different application scenarios. For
example, the LM-based microfluid can be utilized in nerve repairment,
while LM-composites can be used to manufacture bone-cements and
exoskeletons’”*. Herein, we focus on the LM-based composites, microfluids
and printed particles to introduce the structure of the LMs.
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Fig. 2 | The architecture of LMs. a The sketch of LM composites with a core-shell
structure’. Copyright 2017, Science. b The sketch of LM-polymer composites’®.
Copyright 2011, John Wiley and Sons. ¢ The schematic graphs of LM particles’®.

Copyright 2019, John Wiley and Sons. d The LM- microfluid”. Copyright 2014,
National Academies Press. e The process of printing LMs™. Copyright 2013,
Springer Nature.

npj Flexible Electronics| (2024)8:12



https://doi.org/10.1038/s41528-024-00298-z

Review article

LM composites, in collaboration with other materials, present pro-
mising solutions with vast potential for both fundamental research and
practical applications. As illustrated in Fig. 2a—c, the basic composite stra-
tegies are categorized into three groups: LM composites with a core-shell
structure”, LM-polymer composites’, and LM-particle composites”””*. The
functions of these composite strategies are exemplified through typical
applications in several key fields. The controlled integration of base LM with
functional materials, such as metal nanoparticles, polymers, and drug
molecules, allows for precise tuning of LM’s intrinsic properties. This tun-
ability opens up significant opportunities to address challenging issues
across various sectors, including thermal management, biomedicine, che-
mical catalysis, flexible electronics, and soft robotics”.

Microfluids, which involve the integration of functional fluids into a
chip-like system with a compact size and low energy consumption for
portable applications, hold great promise in areas such as drug/cell
screening, sensing, health monitoring, and microfabrication. The substitu-
tion of traditional fluids with LMs introduces additional capabilities to the
system, shifting its applications beyond bio-related fields to electronics and
related domains (Fig. 2d)"**. LMs offer distinct advantages in LM-based
microfluidics. Firstly, LM can maintain electrical continuity even under
significant deformations. Secondly, LM readily forms alloys with various
metals, facilitating direct electrical connections between LM-based elec-
tronics and substrate materials, including other electronic components.
Thirdly, LM wets and fills channels despite its high surface tension, owing to
the rapid oxidation of the gallium-based LM surface, forming a self-limiting
gallium oxide skin that is a few nanometers thick. This skin possesses low
surface tension while exhibiting high affinity and adhesion to various sub-
strates. The combination of conductivity and deformability in LM opens up
the possibilities in electronics, enabling soft, flexible, stretchable, reconfi-
gurable, and even self-healable features* ™. To date, LM-based micro-
fluidics have demonstrated excellent performance in soft, flexible, and
wearable electronics”, soft robotics®, biomedical sensors®, and transient
circuits™. Additionally, the generation and manipulation of microdroplets
play a crucial role in microfluidics research. The fabrication of LM droplets
and their dispersion in elastomers has advanced in recent years. Micro-
droplet composites, derived from these advancements, find significant
applications in the fields of electricity, heat, mechanics, and supercooling.
Therefore, beyond filling the LM continuous phase in microfluid chips, the
study of LM microdroplets/composites is closely interconnected with the
field of LM microfluidics.

With the advent of the information age, electronic products are playing
an increasingly crucial role. In recent decades, various electronic manu-
facturing methods have been extensively explored’ ™. LM printed elec-
tronic (LMPE) (Fig. 2e) is one of the most cutting-edge materials for solving
the issue of low conductivity of the traditional inorganic nanomaterials’”.
From both theoretical and technical perspectives, LM is a highly desirable
choice for preparing electronic inks due to its high charge mobility (up to
106 S m ") and adjustable physical and chemical properties™”, such as low
melting point, high thermal conductivity, and electrical conductivity. The
fundamental principles and practical technologies for molding LM elec-
tronic inks and printers have been established. A group of LMPE equip-
ment, inks, and application products like electronic skins has even
transitioned into the industry, witnessing rapid industrialization in the field.
LMPE has garnered widespread attention from academia to industry,
indicating a bright future in the biomedical field”.

Manufacture and modification
LMs demonstrate their outstanding properties in various fields, while the
processes of manufacture and modification affect the performances of LM-
based facilities, such as chemical and electric stabilities, thermal sensitivity,
anti-bacterial ability, viscosity, biocompatibility, and magnetism’**”.
Magnetic LMs (MLM) are introduced to have a better simulation of the
dynamic stiffness change. For example, Li et al.”* proposed a methodology to
synthesize the MLM which could be applied in bone repair. The magnetic
silicon particles (Fe@SiO,) were added into the prepared Galinstan (special

weight percent: Ga 68.5%, In 21.5%, and Sn 10%), and the mixture will be
stirred to guarantee homogeneous distribution of the Fe@SiO,. The as-
fabricated MLM has a good ability to respond to the changes in the external
magnetic field by simulating the regeneration of bones.

Moreover, several fabrication methods of non-wettable and non-
sticky LM marbles (LMMs) were designed to address the stickiness pro-
blem of oxidized LM alloys exposed to the air. In 2018, Chen et al.'"”
proposed a nonsticky LM droplet with coated graphene shells. As illu-
strated in Fig. 3a, the LM droplets were dropped and rolled on the gra-
phene sheets. Due to the adhesion between the oxidized LM layer and the
graphene sheet, the LM droplet was packed by a nest-like graphene cover
(Fig. 3b).

The galvanic substitution surface modification occurs, owing to the
difference of the electrochemical potential gradient between the two metals/
metal ion pairs, which not only assists in enhancing the photothermal
conversion efficiency of LM nanoparticles (NPs)'" but also improves the
catalytic activity in certain areas'”’. For example, Guo et al."”" proposed an
in-situ interfacial galvanic substitution reaction to prepare the hetero-
geneous eutectic gallium indium-Au (EGaln-Au) nanoparticles. As shown
in Fig. 3¢, the HAuCl, solution was added into the EGaln-Au nanoparticles
suspension, triggering the in-situ growth of the Au-coated shell. The pho-
tothermal performance test demonstrated its excellent behavior in ther-
motherapy on cancer treatment.

Post-synthetic strategies were also adopted for core-shell structural
modification of LMs. Figure 3d illustrates a synthesis method for ZrO,-
covered EGaln nanoparticles, which exhibits enhanced efficiency in inter-
nalizing into cells'”’. Zheng. et al."* elucidated a route for the synthesis of a
conductive LM-based core-shell particle that could be used to fabricate self-
repairing soft circuits. The silver encapsulates the LM particles via screen
printing, and the whole material shows remarkable resistance stability (AR/
Ry < 1.65% after 10,000 bending cycles). Furthermore, the silica coating
strategy also enhances the thermal stability and chemical stability of LM
NPs'” (Fig. 3e).

Polymers, which have strong intra- and inter-molecular interactions,
are utilized for encapsulating LMs which raises scientists’ interest these days.
Figures 3f and 4a show the common methodologies for polymer encapsu-
lation, including sonochemical assembly'*, chemical-initiated crosslinking
polymerization stragedy'”, and atom transfer radical polymerization
(ATRP)'®. For example, Li et al.'” utilized aqueous ultrasonication to
prepare the marine polysaccharide-wrapped LM, and the alginate assisted in
the downsizing and formation of microgel shells for EGaln droplets
(Fig. 4b). Thrasher and his team proposed a photo-initiated polymersation
for encapsulation'’. The poly-LM networks exhibited an outstanding per-
formance in resistance stability over large strains. Moreover, the reversible
addition-fragmentation chain-transfer (RAFT) polymersation'" and the
ring-opening polymersation''” also serve as the LM modification strategy.

To enhance the behavior in biocompatibility, several bioengineering
modification methods were proposed ingeniously'”. For instance, Xu
etal."" designed enzyme-coated LM-based nanobots utilized in bio-imaging
(Fig. 4¢). Firstly, the LMs were sonicated in the dopamine solution to syn-
thesize the polydopamine-based LM NPs. Then urease and cefixime tri-
hydrate were loaded and the enzyme was finally coated at the surface of LM
NPs with the assistance of a glutaraldehyde linker through electrostatic
adsorption. Similarly, Fig. 4d illustrates a cell membrane-coating strategy for
surface engineering'”’, which improved the anti-tumor ability of
the LM NPs.

Generally, various surface engineering methods have been exploited to
construct protective layers for LM improving the performances of LM-
based nanomaterials. This modification enhances the chemical stability and
biocompatibility of LM-based materials, enabling their wider applications in
the fields of biology, energy, the aviation industry, and other scenarios.
However, several LM-based materials are difficult to apply on a large scale
due to the complexity and high cost of the preparation methods. Therefore,
there is an urgent need for scientists to further invent more low-cost pro-
duction processes for LM materials.
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e Preparation of LM@MSN'”. Copyright 2019, Elsevier. f Fabrication of LMs based
on sono-chemical assembly modification'*. Copyright 2009, Royal Society of
Chemistry.

Properties Of Lm

To understand why LMs are qualified for biomedical devices, being
acquainted with their basic properties is of great significance. The bio-
compatibility of the materials ranks first when being used for the manu-
facturing of biomedical devices. Moreover, good chemical stability is critical
to avoid generating potentially toxic substances. Table 1 compares the

different properties between LMs and other biomedical materials, indicating
the potential advantages of LMs in the field of biomedical devices. Due to
high fluidity™"'*"", low viscosity'*"'*, low melting point'*, and special
crystallinity'”, LMs and LM composites show good stretchability, which
endows biomedical devices with good fit for human movements. Along with
the properties mentioned above, the excellent electrical conductivity of LM
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process of ATRP'”. Copyright 2019, Springer Nature. b The sonicating and
encapsulating procedure of EGaln'”. Copyright 2018, John Wiley and Sons. ¢ The

synthesis process of enzymatic LM nanobots'"*. Copyright 2021, American Che-

mical Society. d The manufacture of LMNP@CM'"”. Copyright 2020, John Wiley
and Sons.

ensures its applications in electrical equipment®*'>. Herein, we elucidate the
characteristics of biocompatibility, chemical stability, stretchability, and
conductivity of LMs before overviewing their biomedical application.

Biocompatibility

Ga-based and Bi-based alloys are two kinds of common LMs in the
healthcare field. In the past few years, bio-safeties of LM-based materials
have been widely tested through both in vitro and in vivo experiments.
Various categories of LMs and LM alloys have different toxicity. Sano et al.'**
carried out a study of the direct toxicity of Bi. They selected enough male and
female Crj:CD (SD) IGS rats (SPF) and then divided them into two
experiments. One group of rats was studied for acute oral toxicity with a dose

of 0 and 2000 mg kg, and the other group was used to unveil the potential
toxic effect of Bi, where the rats were administrated orally at a dose of 0, 40,
200, and 1000 mgkg " daily for 4 weeks. The relevant parameters were
detected. As illustrated in Fig. 5a-d, there was no significant difference
among each group. Even high Bi dose (1000 mg kg ™) orally administrated
rats shared similar necropsy and histopathological findings with those at the
dose of 0 mgkg™" (Table 2). The results showed that neither the acute nor
long-term oral administration led the adverse reactions in rats. The lethal
dose 50% mortality rate dosage of Bi turned out to be higher than
2000 mg kg™ for the rats, so the toxicity of bismuth is much lower than Hg.
However, the inorganic Bi compounds have the potential to be adsorbed
and diffused in human organisms'*’, and administrating the Bi compounds
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Low interactions with biological tissues and low toxicity*’

Exist potential cytotoxicity to human cells®'®

Biocompatibility

Stiffness
1.11 MPa”™

2% (70% strain, 1000 cycles)
30%°" (20% strain, 10,000 cycles)
80%?'° (60% strain, 1000 cycles)

5504214
200%°'®

Stretchability Resistance stability
78%"° AR/R
AR/R

Oxide layer-low reactivity Metal-high reactivity®"’®

Table 1 | Chemical, mechanical, and electrical properties of different biomedical materials
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More biocompatible and less cytotoxic with chronic effects®'”

AR/R
AR/R

Low reactivity®'®?"”

Carbon-based nanomaterials

All metal NMs induce an inflammatory response®'”

3.2 MPa*'®

80%2'® (70% strain, 1000 cycles)

70%218
50%219

Low reactivity®'"?'®

Metal-based nanomaterials

Depends on material selection and conditions®°?'

0.6 Mpa*'®

400%2" (40% strain, 1000 cycles)
170%°2% (300% strain, 4 cycles)

AR/R
AR/R

Depends on materials and conditions?'%*'

Hybrid nanocomposite

Obstruction of blood vessel formation®*

1.86 MPa?*?

1,800%°*

Undergo oxidation or reduction®?*?2*

Conductive polymers

will cause acute renal failure'”. Therefore, a longer in vivo toxicity investi-

gation of bismuth is of great significance to further determine the rela-
tionship between the safe concentration threshold of bismuth.

Ga-based materials are another mainstream LM. Recently, many
researchers have focused on the cytotoxicity of Ga. For example, Liu et al.”’
found that Ga was a potential digestive tract radiography agent and con-
ducted the safety test simultaneously. They separated 10 rats into two groups
randomly, where the rats in the experimental group were given 0.2 mL Ga
while the control group received deionized water by gavage. Then the rats
were utilized for histological and basic indexes observations. The data of the
two groups can be regarded as the same, verifying the biocompatibility of
Ga. Moreover, not only do Ga and Bi have low cytotoxicity, but piles of
experiments also demonstrated the safety of Ga-based and Bi-based
alloys'”"*. Nonetheless, the Ga-based LMs will get oxidation into gallium
oxide hydroxide (GaOOH) in an oxygenated high-temperature atmo-
sphere, and the toxicity of GaOOH limits the practical application of Ga-
based biological devices'”".

Additionally, to investigate the cytotoxicity of the ions released from
eutectic gallium-indium alloy (EGaln) on human cells. Kim et al.”** con-
ducted a toxicity test of EGaln in an aqueous environment. The results
revealed that although mechanical agitation would augment the cytotoxi-
city, EGaln could be generally considered safe in a normal aqueous envir-
onment. Furthermore, although organometallic compounds are
summarized as more toxic generally'”’, many experiments indicate their
good biocompatibility''***""¥". However, it should be noted that Sn and
many Sn salts have low cytotoxicity, while many organotin compounds
harm the nervous system'”.

With the development bio-application of LM NPs'*, the toxicity
aroused scientists’ attention. For example, Narayanasamy et al."”’ reported
that the prolonged-acting, muti-targeting Ga-based NPs helped inhibit
human immunodeficiency virus (HIV) infection. And there was no
observation about macrophage cytotoxicity caused by the Ga-NPs in 24 h.
Moreover, Lin et al."*’ prepared poly (1-octadecene-alt-maleic anhydride)
(POMA) grafted LM NPs and investigated their toxicity. The Chinese
hamster ovary (CHO) cells were exposed to LM NPs. The results showed the
low cytotoxicity of LM NPs under the concentration of 62.5 yg mL™".

Furthermore, the environmental impact of LMs cannot be ignored. Yu
etal.""! reported the environmental pollution effects of Ga. As illustrated in
Fig. 6a, due to low solubility in water, Ga has a low concentration in the daily
aquatic environment. However, the Ga levels in inhalable gas samples are
quite higher in manufacturing areas (Fig. 6b). Similarly, the inhalable gas
levels of Bi in the workplace are also high, which has caused a few bismuth
poisoning events'. Besides, Ga may be oxidized to GaOOH in an aqueous
environment”', which decreases the biocompatibility of the LM-based
devices. Despite the direct pollution caused by the bulk LMs, the environ-
mental impact of Ga and Bi-based LMs is much lower than lead and Hg'*.
Moreover, the scientists also devoted themselves to investigating the mod-
ification methods that decrease the pollution of LM-based materials. For
example, Mao et al."*’ proposed a nanocellulose-based LM circuit, which is
soluble in water and the LM ink could be recycled conveniently.

In summary, with excellent biocompatibility, many Ga-based and Bi-
based LMs are relatively safe to be utilized for biomedical devices. Never-
theless, further investigations are needed to determine the toxicity and
pollution of LM-based materials.

Chemical stability

Owing to the high reactivity of Ga, LMs containing Ga are easily oxidized in
humid air, which can improve the stability of the Ga-based alloy by forming
an inactive oxidation layer. Scharmann et al."** found that regardless of low
or high relative humidity for a short or long period, the oxidized Ga (Ga,O;
mostly, which is stable) mainly scattered at the surface, and the Ga atoms
dispersed in the deeper inside, while Sn and In were predominantly stable.
However, in a humid environment, the liquid Ga tends to be over-oxidized
and transform to a crystalline structure (GaOOH, which can serve as a
catalyst) when the Ga-based LMs are heated to 343 K'**'*°. Inversely, the Ga
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oxide layers could also be reduced under negative potential or in an acid or
base environment'"’. Moreover, Ga would react with other metals (like Cu)
in the LM-based devices due to its high reactivity. For example, Her@ etal.'
studied the long-term corrosion of Ga alloys in vivo. They tested GF (65%
Ga, 19% In, 16% Sn), Galloy (62% Ga, 25% In, 13% Sn, 0.05% Bi) and EGaln
(75.5% Ga, 24.5% In). The samples were exposed to the oral cavity for
2-9 months. The scanning electron microscopy results showed that the
CuGa, phase corroded the most substantially in the three alloys. Compared
with other alloys, Galloy was less corrosive, indicating that modifying the
microstructure of LM-based alloys helps improve the corrosion resistance.

On the other hand, scientists have developed various LM composites to
enhance stability. For example, Li et al.'” introduced a method to fabricate a
biocompatible aqueous ink, which was manufactured by introducing the
EGaln into marine polysaccharides microgels, reinforcing the stability of
LM composites. Furthermore, Wu et al."*’ proposed a Ga-Mg alloy which
has the potential to act as a biodegradable material, where Ga was modified
and utilized to decrease the degradation rate of Mg in body fluid. Therefore,
the corrosivity of gallium could be reduced.

Moreover, increasing investigations focus on the rupture of LM-based
NPs. Liu et al."”” prepared a series of polyurethane-based LM NP materials
(Fig. 7a) and investigated the rupture stress by numerical calculations
together with experiments. Researchers stretched the polyurethane-based
LM NP materials cyclically, and Fig. 7b-e illustrated that the smaller NPs

had higher activation strain and were less likely to rupture. When the oxide
layer breaks, the LM exudation will cause the insulation surfaces to be
electrically conductive, which may have potential harm to human bodies
and limit the application of LM-based biomedical devices.

Overall, although the performance of LMs might degrade in high
temperatures or the acid or base environment, various modification
methods assist in enhancing their chemical stability naturally or artificially,
both of which enable LM-based devices with long working life. Nonetheless,
further investigations about how to optimize the performance of LM-based
devices are required. Moreover, more research is needed to understand the
effect of the effusion of LM when the gallium oxide shell is ruptured because
of the device’s deformation.

Stretchability and electrical conductivity

The good stretchability of a biomedical device enables a long operating life
and improved adaptability to the human body. It is nonsensical to only
discuss flexibility while ignoring changes in electrical conductivity for
materials. Therefore, researchers often analyze stretchability, conductivity,
and resistance stability simultaneously.

The LMs with high flexibility are suitable for basic biomedical device
application"'™*". Tang et al.""® introduced a printable metal-polymer con-
ductor (MPC). As illustrated in Fig. 8a, the LM particles were embedded in
the polymer matrix. Not only did the MPC maintain approximately 30% of
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Table 2| Histological findings within the 28-d perennial oral dose toxicity study'**

Bi Dose Animal Number 0mgkg ' 6 Male

1000 mg kg ' 6 Male 0mg kg ' 6 Female 1000 mg kg ' 6 Female

Heart

Myocardial degeneration/ Focal fibrosis 1 1 0 0
Liver

Microgranuloma 1 2 2 1
Focal necrosis 0 0 1 0
Kidney

Proximal basophilic tubule 4 4 2 2
Cyst 1 0 0 0
Pelvis dilation 1 1 0 0
Hyaline droplet in proximal tubular epithelium 4 5 0 0
Focal interstitial infiltration of lymphocyte 1 1 2 2

Each value is the number of animals with histopathological findings. Significantly different from control: *p < 0.05; **p < 0.001. (n = 6; paired t test).
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its initial conductivity (8 x 10°S cm™") when subjected to a large strain of
500%, but also a few significant changes in its resistance (AR/R < 3%) were
observed after 50% strain for 10,000 cycles (Fig. 8b). Similarly, Wang etal.'””
presented another type of superelastic conductor with an original con-
ductivity of 8331 S cm™". These highly flexible conductors could be stretched
up to 800% for 10,000 cycles, and the resistance increased 8 times compared
with the initial one.

Apart from the low Young’s modulus of the materials, the structure of
the circuit also helps improve the stretchability. For instance, Li and his team
proposed annular-shaped branch channels to reinforce the stretchability of
LM-embedded elastomeric conductors. As shown in Fig. 8¢, the change of
resistance stayed below 2% within 1000 cycles under 60% strain. Figure 8d, e
show the construction scheme of the LM-based component. Additionally,
another structural design strategy was introduced by Thrasher'’. As
demonstrated in Fig. 8f, core-shell shaped LM particles were synthesized
with the acrylate ligands, forming polymerized LM networks (Poly-LMNss).
The resistance of Poly-LMNs changed about 10% under 100% strain over
10,000 cycles.

Generally, LM-based devices are equipped with both excellent
stretchability and good conductivity as well as resistant stability. Their
outstanding performances make them to have wide application pro-
spects. However, reliable stability of resistance can only be achieved
within a small range of deformation. Therefore, methods to enhance

the electrical stability under large-scale strain are required to be
investigated in the future.

Therefore, many LM-based conductors are highly durable, exhibit
excellent stretchability, and maintain good conductivity after continuous
stretching. These advantages make LMs promising candidates for manu-
facturing flexible electronic biomedical devices.

Applications oriented toward human therapy

Nerve repairment and neural interface

Nerve injury, a challenging condition to cure, affects thousands of patients
annually. Unfortunately, current treatment protocols are ineffective in
repairing damage to the central nervous system'”. Additionally, when the
nerves are injured, the axons are often stretched over long distances, leading
to a lack of contact between tissues and prolonged atrophy of target
tissues'””. Therefore, researchers are actively seeking a method to repair
injured nerves efficiently. Fortunately, LMs offer a potential solution to this
problem.

Since the 20™ century, scientists have been conducting research on
neural implants. In 1999, Williams et al.”*® introduced a protocol for
recording chronic and multi-site unit data in the cerebral cortex of awake
animals over an extended period. This protocol served as a model system for
studying the biocompatibility of neural implants and laid the groundwork
for future neural implant studies.
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Over the past decade, many neural experiments utilizing LMs have
been carried out. For instance, Jin et al."** proposed a method for directly
fabricating 3D medical electronic devices in vivo in 2013. They utilized
gelatin as the primary packing material with GaInSn alloy inside. Gelatin
was injected into porcine tissue, then a mold was filled into the gelatin and
removed after shaping. Finally, the LM was injected into the shaped
gelatin to form medical electronics (Fig. 9a). The as-formed electrode
demonstrated the potential of LMs as an efficient electrocardiograph and
stimulator electrode. In the same year, Hallfors et al.” depicted a protocol
to stimulate neurons together with the subcellular compartments mod-
erately. As illustrated in Fig. 9b-d, LM electrodes were combined with
microfluid culture platforms, and these LM electrodes were used to target
and depolarize axons, emerging as a useful tool for treating multiple
neurological diseases.

Following the initial research, an in vivo experiment was conducted
further to explore the potential of LM in the neural application. In 2014,
Zhang et al."” testified that LM could serve as a medium for transmitting
neural signals and stimulating the muscles of frogs. In 2016, Liu et al.'®’
conducted experiments on mice, utilizing a combination of liquid gallium
(Ga) and silicone rubber tube shells to connect two injured nerves. The
electrode connected to the injured nerve exhibited similar outcomes to the
uninjured nerves. As a result, the relevant muscles were able to avoid the
issue of atrophy. Additionally, a microelectrode array based on LM was
introduced in the subsequent year®. This flexible array addressed the pro-
blem of potential mechanical incompatibility, which is often encountered
with traditional rigid stimulating electrodes. Remarkably, even deceased
frogs were able to move their legs when implanted with the microelectrode

array rhythmically. This advancement in therapy opened up the possibilities
for restoring nerve functions.

However, these initial experiments discussed earlier did not involve the
complete implantation of peripheral nerve interfaces or the recording of
peripheral neural signals. In 2022, Tang et al.""' fabricated LM-based fluidic
cuff electrodes (Fig. 9¢) and implanted them into rats for two weeks (Fig. 9f).
The results demonstrated that these stretchable nerve cuff electrodes were
able to transmit neural stimuli to the peripheral nerve and activate the
somatosensory cortex. Importantly, the long-term implantation did not
adversely affect the well-being of the rats.

Based on the previous research, it can be concluded that LM-based
neural electrodes exhibit excellent biocompatibility and flexibility. Their
high conductivity makes them an outstanding signal transmission char-
acteristic. Therefore, LMs are expected to play a significant role in nerve
repair, such as in neural prostheses, neural stimulator systems, nerve con-
nection agents, etc.

Furthermore, equipped with good biocompatibility, high conductivity,
and good stretchability, LMs can also be used to fabricate neural interfaces.
For instance, Dong et al.'"”” provided a fabrication strategy to manufacture a
stretchable electrode to monitor real-time epileptiform activities. The
electrode was compatible with the brain surface and could record the signals.
Other researchers have also reported plentiful LM-based neural interface
materials fabrication methods'* """ and devoted themselves to the relevant
biological experiments, promoting the development of neural interfaces. In
the future, neural interface systems may serve as monitors for human health
recording and have the potential to realize the interaction between human
beings and electronics. Although a series of experiments are needed to
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Fig. 8 | The stretchability and electrical con- a
ductivity of LMs. a The schematic component of
MPC"*. Copyright 2018, Elsevier. b AR/R changes
with a strain of 50% for 10,000 cycles of MPC. The
error bars show the standard deviation''*. Copyright
2018, Elsevier. ¢ Fractional resistance changes of the
LM-based elastic conductor with annular-shaped
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scheme of the LM-based elastomer with annular-
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achieve the goal of nerve therapy and neural interface fabrication, LM is
undoubtedly a promising material for neurosurgery.

Liquid-solid phase transition alloy cement

On a daily basis, our bodies endure the weight and strain that can cause small
cracks in our bones'®. Remarkably, our bones possess the ability to self-
repair, promptly refilling these small cracks before they can cause irrever-
sible damage. However, as we age, the self-repair capability of bones
diminishes, making orthopedic diseases such as osteoporosis more common
among the elderly. Additionally, the violent impact also leads to fracture.
Therefore, using some methods to cover the shortage of self-repairing bones
is of great significance due to their structural material function in human
bodies.

Polymethyl methacrylate (PMMA) cement and calcium phosphate
cement (CPC) are two traditional bone cement used to repair bone
defects'™"”". Nevertheless, these traditional materials have many flaws'”".
For example, during the polymerization process, these materials generate
excessive heat and then impair the surrounding tissue, leading to the
decreased mechanical properties of bone cement'””. Moreover, traditional

materials do not return to a liquid state after solidification, making their
removal challenging. Additionally, the leakage of cement can potentially
cause severe cardiac injuries'”. Therefore, there is an urgent need for new
types of bone cement to address these issues. LMs are anticipated to provide
solutions to these challenges.

In 2014, Liu et al."” proposed a Bi-based liquid-solid transition alloy
with a low melting point of 57.5 °C. Unlike traditional PMMA bone cement,
which consists of separate powder and liquid systems, the liquid-solid
transition alloy only has one system, where the liquid and solid phases can be
reversibly transformed. This simplified the complex preparation process.
Distinctively, while the solidification of PMMA cement involved a chemical
reaction, LM cement relied solely on a physical process. Furthermore, the
temperature decreases rapidly from its peak during solidification (Fig. 10a),
reducing trauma to surrounding tissues. Surgeons can also preheat the
materials at a lower temperature or prechill the prosthesis and the bone
cavity before filling to minimize the time spent at high temperatures. This
mild thermal effect not only holds the potential to improve repair effec-
tiveness but also lowers the likelihood of premature cement failure. Rapid
cement molding can also reduce the incidence of infection during surgery.
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However, although LM cement has a higher modulus, it behaves less
effectively than acrylic cement in compression and bending strength tests.
Therefore, utilizing the LM cement in non-bearing positions might be a
more suitable choice. Nevertheless, LM cement performs well in fatigue,
crack resistance, and safety tests. Furthermore, with appropriate modifica-
tions, LM cement may perform better'”". Further research on the Bi-based
LM demonstrated excellent characteristics in corrosion resistance (Fig. 10b)
and a capacity for osseointegration. Moreover, the injected alloy remained
immobilized for 210 days'*.

Another LM-based scaffold for bone tissue engineering has been
developed to provide a changeable material for bone regeneration. Li et al.”*
introduced magnetic liquid metal (MLM) and porous magnetic liquid metal
(PMLM), which could change their shapes by changing the external mag-
netic field. The MLM scaffold was fabricated by introducing magnetic sili-
con dioxide particles into Galinstan, while adding polyethylene glycol as a
template resulted in the fabrication of the PMLM (Fig. 10c). The result
demonstrated that the external magnetic field could change the stiffness of
MLM by rearranging the distribution of magnetic particles, which can sti-
mulate the osteogenic differentiation of mesenchymal stem cells. Moreover,
as shown in Fig. 10d, other research also reported the rapid cooling property
of LM-based bone cement during solidification'”.

Nevertheless, several investigations indicated that the supercooling
effect of LM during the solid-liquid phase transition may result in potential
side effects on human tissue. For example, Zhang et al.'” evaluated the
negative effects of latent heat from LMs on biological tissues. BilnSn alloy,
one of the LM-based bone cement materials, was selected for the test of
thermophysical properties. They injected different amounts of bone cement
with various melting points into the bone cavities and then measured the
temperature of the bone-cement interface together with the peripheral bone
tissue by using thermocouples to evaluate the potential thermal necrosis.
Besides, a 3D human knee model was constructed to assist in evaluating the
thermal parameters numerically (Fig. 10e). The data indicated that not only
did the larger amount of bone cement cause a higher latent heat, but the

higher melting point of LM alloy also resulted in the peak temperature
soaring. Moreover, the LM bone cement with higher latent heat had an
extended solidification period, causing irreversible damage to the bone
tissue.

In conclusion, LM-based cement has good biocompatibility, low
melting point, and can be introduced into bodies easily'*. However,
the high latent heat associated with LMs requires more time for soli-
dification and may lead to an irreversible impairment of the sur-
rounding tissues'”. In general, the LM with a higher melting point
(Fig. 10f), higher diameter (Fig. 10g), or a larger amount (Fig. 10h)
generates a higher temperament in bone tissues. Therefore, various
orthopedic diseases could be treated with different strategies. For
example, the LMs with a higher melting point could serve as bone
tumor treatment devices, while the lower melting point LMs can be
used to treat bone defects. Nonetheless, deeper investigations are
required to unveil the miracle of LM bone cements.

E-vessels

Despite the advancements in medical technologies, cardiovascular disease
continues to pose a threat to individuals’ health. Coronary artery bypass
grafting surgery is one of the main treatments to cure the disease.

For instance, Quint et al.” introduced an arterial tissue engineering
method to fabricate short-term-transplantation tissue-engineered vessels
(TEVs). The results indicated that the endothelial progenitor cells and
endothelial cells planted in TEV's did not show a tendency for graft occlu-
sion. Besides, another research reported a TEV that shared a similar burst
strength with human vessels (>2000 mmHg)"”’. However, lots of the tissue
engineering blood vessels (TEBVs), which are fabricated by conventional
methods and materials like polyvinyl alcohol-silica (PVA-SiO,)"”*, merely
function as stents, and hardly help the new blood vessels to
regenerate'”*'”*'*", Besides, the complex interactions between the TEBV
and blood might induce inflammations, leading to other issues like
thrombosis or neointimal hyperplasia’®*'®. Fortunately, Jiang et al.'®
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curve of the cement injecting process'”’. Copyright 2014, Elsevier. b Mass change of
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introduced a kind of TEBV, which was conductive, stretchable and bio-
compatible, meeting the requirements of clinical surgeries.

The e-vessel (Fig. 11a) was manufactured by rolling up a poly(L-lac-
tide-co-e-caprolactone) (PLC) based MPC membrane (Fig. 11b) with the
assistance of a polytetrafluorethylene mandrel. The MPC had a conductivity
of about 8 x 103 S cm ™, and its resistance remained stable, even after being
bent and rubbed approximately 1000 times. This remarkable conductivity of
the MPC enables the e-vessel to hold a promising application in monitoring
and treating diseased regions. Moreover, in-situ monitoring and in vivo
implantation in rabbits demonstrated good biocompatibility and stability of
the e-vessel. Figure 11c illustrates the diameter of the e-vessel during the
implantation, while Fig. 11d shows the velocity distribution of blood flow at
the e-vessels from numerous rabbits (Fig. 11e, f) at different time points.
Both of which indicated the marvelous biocompatibility of the e-vessel.
Furthermore, the e-vessel also performs marvelously in mechanical testing
(Fig. 12a—f) and in vivo (Fig. 12g). MPC has a much greater elastic modulus
(130 MPa) and maximum tensile strength (27 MPa) than the native vessels.
Though the compliance of MPC is lower than the native vessels, MPC shares
a similar burst pressure (about 2800 mmHg) with the native carotid artery.
Generally, the robust mechanical properties like maximum elongation,

elastic modulus, and maximum tensile strength guarantee the MPC a
potentially competent in replacing the pathological vessel.

In summary, the electron vessel shows the promise in treating cardi-
ovascular disorders. In the future, by combining the e-vessel with other
stretchable electronics, such as sensors, the multifunctional electron vessels
could serve as replacements for the original vessels and enable the mon-
itoring and treatment of cardiovascular disease. Nonetheless, further
research and in vivo testing still hold immense importance before wide-
spread application can be realized.

Heater

Moderate calefaction on the skin can accelerate blood circulation, thus
relieving the pain and the cramp'®. Thermotherapy is a highly effective
clinical therapy for a wide range of diseases, known for its low side effects.
However, traditional heaters often face challenges when maintaining their
heating temperature during stretching or movement, reducing their
functionality'”. For example, the resistance of conventional conductive
fibers changes significantly after stretching, which may result in the
uncontrollability of temperature when using heaters, leading to incon-
venience and even hurt'*’. On the other hand, although the addition of
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conductive particles can stabilize the stretching conductivity of the con-
ductive fibers, it also increases the stiffness of the conductive fibers'®’. In
contrast, LM-based heaters provide an ingenious solution’"*""*.

Wang et al.'”, proposed a stretchable LM-based heater that showcases
the immense potential of LM in wearable thermotherapy devices. The heater
is made of Ga-based LM and polydimethylsiloxane (PDMS). The
LM@PDMS  heater  demonstrated  outstanding  conductivity
(1.81 x 10°Scm ™) and stretchability (over 100% strain). Figure 13a illus-
trates the relationship between saturation temperature and stretching strain
under 2.0 V for heating 240 s, and the decay of saturation temperature is less
than 8%. Moreover, Wang and the team captured photos of the heaters
during various exercise states, accompanied by corresponding infrared
thermal images (Fig. 13b), thus illustrating the heater’s ability to maintain a
stable heating temperature during physical activity. Furthermore, owing to
its high stretchability and simple fabrication procedures, the LM@PDMS$S
heater can be easily molded into various shapes to ensure compatibility with
different parts of the body.

Another LM-based heater was introduced in 2022. Tan et al."*’ pro-
posed a strategy for manufacturing liquid metal/carbon nanotube@Ecoflex
(LCEF) coaxial conductive filaments. As shown in Fig. 14a-g, the LCEF
textiles showed excellent electro-thermal performance under diverse vol-
tages, which indicated the LCEF fabrics have a promising application in
wearable heaters.

Besides, there are multitudes of potential applications for LM-based
heaters, such as wireless heater-based thermotherapy platforms'”, electro-
nic tattoos”, and the LM-filled magnetorheological elastomer'”. None-
theless, the LM heaters still cannot adjust the temperature automatically

with the tissue temperature changing, which might lead to potential scald.
Therefore, more research is significantly required to cope with this issue.

Applications oriented towards the human function
augmenting

Exoskeleton device and artificial muscle

Exoskeleton devices have the potential to assist elderly and disabled patients
in movement, increase human strength, and seize human’s sights. Scientists
have already proposed designs for such devices''. With the soar of tech-
nology, plentiful novel materials are being explored for exoskeleton devices,
and LM is considered as a potential material in this field"”. The artificial
joint is a key focus in the exoskeleton and human function augmenting, and
in 2010, scientists developed a smart hydraulic joint for robotic structures'”,
making the manufacturing of artificial joints for mankind a promising
endeavor'”’.

For instance, Liu et al."” reported a flexible mechanical exoskeleton
(Fig. 15a) with a low melting point and easily underwent liquid-solid phase
transition. This exoskeleton had two working states. When the wearer
needed to carry loads, the LM-based exoskeleton was cooled into a solid state
with the assistance of the cooling device, which then supported the arm
handling the loads. On the contrary, the exoskeleton would be heated into a
liquid state after working to improve the comfort level. The mechanical test,
compared with the paraffin phase change material (Fig. 15b), demonstrated
the extraordinary mechanical strength of the LM-based exoskeleton.

Similarly, the LM-based exoskeleton can also be applied to artificial
muscles. Shu et al.”* proposed a liquid metal artificial muscle (LMAM) that
could work in various solutions with a pH range from 0 to 14. The LMAM
had a maximum expanding speed of 15 mm s~ and generated actuation
strains of up to 87%. Moreover, the low driving voltage (0.5 V) indicated that
a small energy supply system satisfied the need for LMAM. Furthermore,
LM consisted of the actuating component, averting mechanical fatigue and
movement limitation. Not only could the LMAM mimic the tail fin of the
fish, but it also had a promising future in biomedical devices.

The intrinsic fluidity and the electrical conductivity of Ga-based liquid
metal (GbLM) enable the GbLM to play an irreplaceable role in stretchable
electron devices. A method of manufacturing the high-aspect-ratio LM was
presented in 2022, and the high-aspect-ratio LM pattern could be applied to
the area of wearable flexible devices, orienting towards human function

augmenting and therapy'”.

E-skin

Electronic skins have also attracted wide scientific interest. One of the most
important functions of e-skins is monitoring human health. Several e-skin
monitors have been proposed in recent years by researchers'**'*, and LMs
have already been regarded as a potential material for e-skins™**"".

For instance, Gao et al.””* proposed an LM-based electronic skin based
on embedded Galinstan microchannels and could distinguish the pressure
variation less than 50 Pa under the initial pressure of fewer than 100 Pa
within 90 ms. Another research reported a wearable touch sensor that could
operate from 4 kPa to 100 kPa with a high sensitivity of 0.05 kPa™" **. The
e-skins not only served as sensors, but they could also be used for
temperature-conditioned devices’. In 2021, Xiang et al.”” introduced a
self-powered LM-based electronic skin, which helped with thermoregula-
tion. The team adjusted the proportion of Ga, In, and Sn to modify the
melting point of the alloy, so that thermoregulating electronic skin (TE-
skin) could transform its phase according to the surrounding temperature.
As shown in Fig. 15c¢, the temperature of TE-skin kept stable at around 30 °C
when melted, which was a comfortable temperature for human skin*”.
Moreover, LM-based electronic skins could also be utilized as anti-microbial
screens and other electronic devices (Fig. 15d-g). Xu et al.””” proposed an
EGaln-based soft conductor with high anti-leakage and anti-microbial
characteristics. The experiment showed that the soft conductor could
inactivate more than 97% of the SARS-CoV-2 virus in 10 s. Thus, it could
serve as a long-term biomedical electronic skin.
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1'". d The elongation at break comparison between the electronic vessel and

native vessel'”. e The modulus of elasticity comparison between the electronic vessel
and the native vessel'”’. f The ultimate tensile strength comparison between the
electronic vessel and the native vessel'*’. b—f The error bars show the standard

deviation. g A schematic of the e-vessel of the rabbit'*’. a-g Copyright 2020, Elsevier.
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Fig. 13 | Electrical and thermal behavior tests of LM-based heaters. a The strain-temperature diagram of the stretchable LM-heater under 2.0 V for heating 240 s. The error
bars show the standard deviation'”’. b Photographs and IR thermal images of exercise at different states'®. a, b Copyright 2018, John Wiley and Sons.

Challenges and prospects

Equipped with properties such as good biocompatibility™, electrical
conductivity’**’, and stretchability’”’, LMs are promising materials for bio-
medical devices. Nevertheless, several challenges must be addressed before
their widespread use.

First and foremost, the corrosion of LMs in a biological environment is
an issue that needs to be solved. Many LMs are susceptible to corrosion in
the presence of moisture’”, which can damage LM-based devices and
impair their performance. Additionally, LMs are highly reactive and can
release ions”, potentially causing harm to local tissue if they react with
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. ¢ The heating

results of the woven fabric at different voltages'*’. d The heating results of the woven
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f Heating cyclic test results of the woven fabric at 6 V and 12 V'*’. g Long-term

heating stability test of the woven fabric at 6 V and 12 V'*. a-g Copyright 2023,

Elsevier.
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ventional paraffin-based mechanical joints and that based on low melting point
alloy'”. a, b Copyright 2014, American Society of Mechanical Engineers. ¢ The
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temperature changes of TE-skin under various airflows, where the temperature of
the film heater is 40 °C*”. d, e A bracket was charged by TE-skin on the human
arm’”. f, g A cellphone was dialed by the TE-skin’”. c-g Copyright 2024, John Wiley
and Sons.

human organs'”. Moreover, there is still a lack of long-term biosafety

experiments and clinical practice, limiting the clinical results"**”. Another
challenge is the high cost of LMs compared to other materials used in
biomedical devices™’. Furthermore, the fabrication of LM-based biomedical
devices requires specialized equipment'*’, adding to the manufacturing
costs. Additionally, LMs are not ideal for fabricating disposable electronic
devices™"'. The stability of LM-based devices is also a significant issue that
needs to be addressed. The active nature of Ga, Bi, In, and Sn atoms can
result in incorrect connections under electric fields*”. Besides, the con-
nection between rigid electron devices and the LM circuit is unstable,
leading to the inhomogeneous current distribution and accelerating the
failure of LM-based devices.

LMs also show their marvelous effect in other biomedical fields. For
instance, LMs can serve as raw materials for fabricating nano-targeted
medicine for cancer treatment’'"”. However, as a relatively new material, LMs
require deeper investigation before being applied to biomedical devices.
Further research is needed to optimize the application of LMs in biomedical
devices, such as modifying LM-based nano-targeted medicine using

213

proteins®”. Despite these challenges, the prospects for LMs in biomedical
devices remain promising. With continued research and development,
more effective, efficient, economical, and easily processed facilities can be
developed. LM-based biomedical devices can revolutionize medical
technology.

Conclusions

As biocompatible, electrical, and thermally conductive, stretchable, and
chemically stable materials, LMs exhibit promising prospects in biomedical
applications. LMs can serve as neural interfaces, alloy cements, e-vessels, and
heaters, facilitating disease treatment and improving human health. LMs
also hold great potential for human function augmenting, such as exoske-
letons and e-skins. Nevertheless, there are challenges to address in the
biomedical use of LMs, including high costs and corrosive issues. With
deeper investigations and further development of LMs, the revolution of
medical technology can be realized, satisfying the public’s demand for an
enhanced quality of life.
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