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A notable technology in this regard is 
customized electronic (e-) skin that can 
be mounted directly on human skin with 
tailored design depending on its pur-
pose, attached body part, and user’s body 
shape.[3] Since skin contains various physi-
ological data (e.g., electrophysiological 
signals, sweat chemistry, and pulse rate) 
such skin-attached e-skin can interpret 
the health state of the user.[4,5] Moreover, 
chronic muscular disease such as inflam-
matory myopathies and myofascial pain 
syndrome can be treated with electrical/
thermal stimulation using e-skin.[4,6]

Currently, customized e-skins are usu-
ally made by patterning and/or printing 
metal,[3] 1/2D materials,[7] and organic 
materials[8] on supporting substrates using 
conventional fabrications strategies such 
as nozzle printing,[9] screen printing,[10] 
and lithography[11] in a laboratory or fac-
tory. However, devices fabricated in this 

manner suffer from: 1) limited scalability and flexibility in their 
design, incapable of on-the-spot implementation, 2) limited 
durability (i.e., low toughness causing easy tear-off), stretch-
ability, disposability, and gas-permeability (i.e., non-breatha-
bility due to the presence of substrate covering the skin),  

Conventional electronic (e-) skins are a class of thin-film electronics mainly 
fabricated in laboratories or factories, which is incapable of rapid and simple 
customization for personalized healthcare. Here a new class of e-tattoos is 
introduced that can be directly implemented on the skin by facile one-step 
coating with various designs at multi-scale depending on the purpose of the 
user without a substrate. An e-tattoo is realized by attaching Pt-decorated 
carbon nanotubes on gallium-based liquid-metal particles (CMP) to impose 
intrinsic electrical conductivity and mechanical durability. Tuning the CMP 
suspension to have low-zeta potential, excellent wettability, and high-vapor 
pressure enables conformal and intimate assembly of particles directly on the 
skin in 10 s. Low-cost, ease of preparation, on-skin compatibility, and multi-
functionality of CMP make it highly suitable for e-tattoos. Demonstrations 
of electrical muscle stimulators, photothermal patches, motion artifact-free 
electrophysiological sensors, and electrochemical biosensors validate the 
simplicity, versatility, and reliability of the e-tattoo-based approach in bio-
medical engineering.
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1. Introduction

In recent years, personalized medical service using mini-
mally burdensome devices has been intensely investigated to 
replace conventional hospital-based diagnosis and treatment.[1,2]  
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3) expensive precursors, and 4) complex and high-cost fabrica-
tion process.[12,13]

Recently, the concept of e-tattoo with ultrathin substrate 
has emerged as a candidate for e-skin with relatively low-cost, 
simple fabrication, and on-skin compatibility.[14,15] Neverthe-
less, they also show the lack of on-the-spot designing and 
implementing capability and scalability due to the prepara-
tion of ultrathin substrate, which requires multiple processing 
steps (i.e., electrospinning).[15] Also, the presence of substrate 
limits the deformability, which make it susceptible to motion 
artifacts. Furthermore, medical wastes derived from the sub-
strate of electrodes have been considered a significant issue in 
the environment.[16] To cope with this matter, Yu et al. recently 
reported ultraconformal drawn-on-skin electronics for custom-
ized healthcare applications.[17] Various sensors and electronics 
can be fabricated directly on skin with a silver-flake-based con-
ductive ink. However, the use of silver as a direct contact elec-
trode may cause side-effect on the skin due to its toxicity,[18] and 
the preparation of the ink needs high-cost precursor materials 
and long-time (over 12h).

To deal with the conventional issues in on-skin electronics, we 
introduce a substrate-free, on-skin compatible, and cost-effective 
e-tattoo realized by direct on-skin printing via rapid assembly 
of conductive liquid-metal (LM) composite particles. In recent 
times, gallium-based liquid-metal particles (LMPs) have drawn 
attention due to their  superior mechanical/chemical stability 
compared to bulk LM, biocompatibility comparable with gold 
particles, ease of functionalization by modification of surface 
oxide layer, and ease of preparation with low-cost and short-
time.[19–22] Nevertheless, the native oxide layer formed on the 
surface of the particle acts as an electrical barrier, which has 
impeded its application in electronics. Additional activation such 
as mechanical scrubbing, tensile straining, and chemical etching 
is required to achieve electrical conductivity.[23,24] This, however, 
converts the LMP back to bulk LM, thus reintroducing the sta-
bility and biocompatibility issues faced with bulk LM. Although 
there are some e-tattoo demonstrations with bulk LM, they 
require a pre-adhesion layer for coating and post-encapsulation 
to prevent leakage.[12,25] Moreover, the reactivity of metal ions and 
the absence of gas permeability cause side effects on tissue.[26]

Herein, intrinsically conductive, biocompatible, and highly 
durable LMP covered with Pt-decorated carbon nanotubes 
(CMP) is presented, which overcomes the conventional limita-
tions of bare LMPs and bulk LM. The CMP-based e-tattoo is 
a promising candidate for conventional e-skin due to its excel-
lent on-skin biocompatibility, low-cost precursor materials, 
simple one-step solution preparation, and fast one-step direct 
on-skin coating capability without substrate. Figure 1A presents 
the direct coating of CMP ink on human skin (the preparation 
of the CMP ink is presented in Figure S1, Supporting Infor-
mation). Intrinsically conductive and mechanically durable 
particles are compactly assembled on the skin at multi-scale 
as shown in Figure  1B. Due to excellent wettability and fast 
evaporation of the ink, rapid and high-resolution patterning 
of e-tattoo is achieved (see Figure S2, Supporting Informa-
tion, for attachable shadow mask for direct patterning on the 
skin). Our e-tattoo can be coated on the skin in 10 seconds by 
brushing as depicted in Figure 1C. Furthermore, the electrical 
conductivity, ease of functionalization, and biocompatibility of 

the CMP e-tattoo make it suitable for various healthcare appli-
cations, such as electrocardiogram (ECG) monitoring system, 
biosensor, electrical stimulator, and photothermal-effect-based 
heater (Figure 1D).

2. Results

2.1. Electrical and Mechanical Properties of CMP

The left side of Figure  2A and the left bottom image of 
Figure  2B are schematic diagram and scanning electron 
microscopy (SEM) image of LMPs, which is generated by tip 
sonication of bulk LM in aqueous solution (preparation of LMP 
suspension is presented in Figure S3, Supporting Informa-
tion).[19,21] The LMP has LM encapsulated by an outer shell of 
a thin native oxide (≈3 nm).[19,24] The LMP has a zeta potential 
(ζ) of +76.5  mV, indicating that it is positively charged in the 
solution (Figure 2B). Since the oxide layer is easily ruptured by 
external force (i.e., gentle rubbing),[19] the LMPs are deemed 
mechanically unstable. Furthermore, the oxide layer is an insu-
lator that limits electrical conductivity of the LMP film.[19] In our 
work, bulk liquid metal was dispersed in an aqueous solution 
containing a negatively charged polyelectrolyte (poly(sodium 
4-styrene sulfonate) (PSS)) and carbon nanotubes (CNTs) deco-
rated with Pt nanoparticles (CNT@Pt) (preparation steps for 
CNT@Pt is presented in Figure S4, Supporting Information). 
PSS was added to facilitate the electrostatic interaction between 
CNT@Pt and LMP, as the negatively charged PSS covers LMP 
(Figure S5, Supporting Information); without the PSS, the 
CMP could not be formed (Figure S6, Supporting Informa-
tion). The solution of CNT@Pt and PSS had a large negative 
ζ of −65.5 mV (ζ of CNT@Pt without PSS was −5.1 mV). With 
the inclusion of LMP in the same solution, the ζ was −41.1 mV, 
suggesting an interaction between LMP and CNT@Pt/PSS 
(Size distribution of CMP is presented in Figure S7, Supporting 
Information). The SEM image on the bottom right of Figure 2B 
and Figure S7, Supporting Information, reveal that LMPs are 
indeed surrounded by CNTs. It is also evident that the CNTs are 
expanding across many LMPs due to their larger length com-
pared to that of the particle diameter (i.e,. LMPs are generally 
not being wrapped individually with CNTs).

Unlike the LMP film, the CMP film shows intrinsic conduc-
tivity (Figure 2C) (i.e., conductive without the need for electrical 
activation). To analyze this behavior, we first conducted transmis-
sion electron microscopy (TEM)-based energy-dispersive X-ray 
spectroscopy (EDS) (Figure  2D). The EDS images of different 
elements reveal that Pt traces out the shape of the LM particles 
but not the CNTs, indicating that Pt migrates from the CNTs 
to cover the LMPs. This can be attributed to the high affinity 
between Pt and surface of LM.[27] Furthermore, as seen in the 
X-ray photoelectron spectroscopy (XPS) peaks in Figure  2E, 
the CMP films had a Ga peak along with the oxide peak,  
indicating that Ga extrudes out of the oxide shell with the 
addition of CNT@Pt. For the LMP film, only the native oxide 
peak is observed, which indicates that the Ga is well-encapsu-
lated within the oxide shell. These results align with the close-up  
view of the oxide layer using high-resolution TEM-based EDS 
(Figure S8, Supporting Information). Also, LMP mixed with PSS 
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and bare CNT film also showed only the native oxide peak in 
XPS and high resistance compared to CMP film as presented 
in Figure S9, Supporting Information. We hypothesize that the 
combination of extruded Ga and the coverage of Pt on surface of 
particles render the CMP film intrinsically conductive. Figure 2F 
shows decreasing CMP film sheet resistance with increasing 
CNT@Pt wt% (see Figure S10, Supporting Information, for bar-
coating-based film deposition to measure sheet resistance). This 
can be attributed to the increased extruded Ga and coverage of 
Pt on the surface of particles. At wt% exceeding 0.4, the film 
did not deposit uniformly, likely due to clustering of particles 
with excess amount of CNTs surrounding them. In this work,  
CNT@Pt wt% of 0.25 was used unless stated otherwise.

Another key feature of CMPs is their exceptional mechanical 
durability. Individual LMP and CMP were isolated by coating 
a diluted solution, and compression test was conducted using 
a flatted microtip (Figure  2G,H). CMP requires larger load 
under the compressive strain compared to that of LMP. Inter-
estingly, after releasing compressive force, the spherical shape 

of the CMP was fully recovered, indicating that the compres-
sion was elastic. This result is matched with a steep increase of 
normalized load during compression. On the contrary, the LMP 
was permanently deformed after compression, thus indicating 
plastic deformation. Such behavior of CMP can be attributed 
to the surrounding PSS and CNTs that enable the particle to 
restore its shape; whereas, for LMP, the brittle nature of oxide 
shell renders the deformation nonrecoverable.

Next, the shear force needed to either scratch or peel the 
CMP and the LMP films were measured (Figure 2I). Here, a 
tip with a tip-radius of 5  µm was dragged across the film at 
gradually increasing force until film damage was observed. 
For peel test, the initial tip position was beyond the edge of the 
film (i.e., at a point absent of the film); thus the tip dragged 
across the edge of the film (Figure S11, Supporting Informa-
tion). For scratch test the initial and final tip positions were 
both on top of the film. The LMP film ruptured and delami-
nated at 1.5 and 4.5  mg of force respectively; while, CMP 
film did not show any damage even at the maximum force  
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Figure 1. Pt-decorated CNT-attached LMP (CMP)-based electronic (e-) tattoo. A) Schematic illustration of direct assembly of the CMP on skin for 
an e-tattoo. B) Photograph of CMP-based e-tattoos on skin at high-resolution. C) Photographs of one-step coating of CMP on various body parts.  
D) Photographs of healthcare applications with the CMP-based e-tattoo.



© 2022 Wiley-VCH GmbH2204159 (4 of 10)

www.advmat.dewww.advancedsciencenews.com

applicable by the instrument (15  mg) (see Figure S12, Sup-
porting Information, for further detail). This can be attributed 
to the CNT network covering the particles, which enhances the 
mechanical stability of the film. Also, CNT networks render 
CMP film to endure applied strain as shown in Figure S13,  
Supporting Information. These results together confirm that 
CMP film is feasible for direct on-skin applications where 
the e-skin is generally exposed to mechanical stimuli under  
everyday usage.

2.2. Ink Design and On-Skin Compatibility of CMP

To employ CMP as an e-tattoo, compact, conformal, and rapid 
assembly of the CMPs is critical to ensure on-the-spot deposition 

of the electrode with sufficiently high electrical conductance.  
In this regard, low contact angle, low ζ, and high vapor pressure 
are needed, as portrayed in Figure 3A. Contact angle is related 
to the wettability of the ink and ζ is related to the stability of 
the particles in the solution, which in turn effects the particle 
assembly during thin-film formation.[28] Furthermore, the ink 
should: 1) evaporate quickly, 2) be nontoxic, and 3) be easy  
to prepare to ensure user-friendly usage. In this work, water, 
dilute aqueous solution of acetic acid (Di. AA), and ethanol 
(Eth) were tested as solvents, since these candidates meet 
the above-preferred characteristics. Among them, Di. AA and 
ethanol have been used as a sterilizer in biomedical applica-
tions. Figure 3B presents the contact angle and ζ of inks with 
different solvents. The ethanol-based ink shows the smallest 
magnitude of ζ and contact angle. Moreover, CNT@Pt on the 
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surface of particles likely enhances the wettability of ink due to 
its abundance of chemical binding site (Figure S14, Supporting 
Information). Attributed to these effects, the most compact 
assembly of CMP (Figure  3C) and conformal coating (fill in 
the valleys and troughs evenly) on a wrinkled and bumpy sur-
face such as pig skin (Figure 3D) were observed with ethanol 
as the solvent. The CMP film coated with ethanol-based sol-
vent was also electrically conductive, while other two films 
had no conductivity likely due to the lack of compact assembly 
of particles. Furthermore, due to the high vapor pressure of  
ethanol (43.9 Torr at 20 °C) compared to that of water (17.5 Torr 
at 20°), the ethanol-based ink exhibited solvent drying within 
10 s; whereas, that of the water and Di. AA took over 150 s 

(Figure 3E) (under relative humidity of 53%). Such rapid film 
formation and intrinsic film conductivity of ethanol-based 
ink made it the preferred choice for our e-tattoo applications. 
Finally, we have confirmed that ethanol-based CMP ink has 
long-term stability over a few days (Figure S15, Supporting 
Information).

On-skin biocompatibility of our e-tattoo is of paramount 
importance to ensure no collateral side effects during usage. 
To investigate the cytotoxicity of the CMP, the WST-1 assay 
of mouse embryo fibroblast NIH-3T3 cells was conducted on 
the CMP-coated SBS, SBS, and immersed in DMSO for quan-
titative analysis (Figure  3F). The values reported in the figure 
are averages of triplicated measurements. Cells incubated on  
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Figure 3. One-step coating of CMP-based e-tattoo and its on-skin compatibility. A) Schematic illustration of direct coating of CMP on skin. B) Zeta 
potential and contact angles of CMP suspension with different base solvent. C) Contrast optical microscopy (OM) image and SEM image of coated 
CMP with different base solvent. D) OM top-view image and SEM cross-section image of coated CMP on pig skin with different solvent. E) Photograph 
of CMP coating on skin with different solvent. F) WST-1 assay of 3T3 fibroblast cells upon exposure to SBS, CMP-coated SBS and DMSO for 3 days. 
G) Live/dead staining images of 3T3 fibroblast cells at day 1. Live cells in green, with dead cells in red. H) Photograph and OM image for measuring 
on-skin compatibility. CMP and bulk LM were coated on mouse skin for 3 days.
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CMP-coated SBS and SBS represented high cell viability 
over 80% for 3 days; on the other hand, cells incubated in 
DMSO (control group) underwent severe death. As shown in 
Figure 3G, bright-field optical image and fluorescent live/dead 
staining presented the morphology of live cells on CMP-coated 
SBS and SBS, which was different from dead cells at the posi-
tive control. Even if materials have biocompatibility, the skin 
covering of film with a lack of gas-permeability (breathability) 
induces severe side effects.[29] Since the CMP film consists of a 
network of particles, it has a gas-permeability unlike bulk LM 
(Figure S16, Supporting Information). When both CMP and 
bulk LM were coated on the skin of the mouse for 3 days, only 
the region coated with bulk LM showed rash, as presented in 
Figure  3H. These results further legitimize the suitability of 
CMP as e-tattoo.

2.3. E-Tattoo for Healthcare Applications

Simple on-the-spot implementation of various designs of 
e-tattoo with biocompatible, ultraconformal, and intrinsically 
conductive CMP is highly suitable for personalized on-skin-
based treatment and diagnosis. For instance, muscle-related 
chronic diseases such as inflammatory myopathies and myo-
fascial pain syndrome can be treated with physical therapy 
including electrical and thermal stimulation.[30,31] In this 
regard, the electrical conductivity and photothermal conversion 
capability of CMP make it suitable for application in on-skin  
physical therapy. We have demonstrated the validity of the  
CMP-based e-tattoo as an electrical muscle stimulator with in 
vivo mouse model as portrayed in Figure 4A. E-tattoo was coated 
on the coxae region and ankle of the mouse and connected 
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Figure 4. Healthcare applications of CMP-based e-tattoo. A) Schematic illustration of e-tattoo-based electrical stimulator. B) Real-time activated EMG 
signals with e-tattoo based on CMP and LMP. C) Amplitude of EMG signal as a function of applied voltage. D) Infrared image of heated e-tattoo with 
laser (wavelength: 808 nm). E) Cyclic temperature variation with different laser power. F) Photograph of simultaneous electrical muscle stimulation and 
thermal treatment on the forearm by e-tattoo. G) Schematic illustration of e-tattoo-based wireless ECG monitoring system. H) ECG signals measure 
with CMP-based e-tattoo. I) Real-time ECG monitoring with e-tattoo and carbon electrodes under mechanical deformation. J) Photograph of CMP-based 
e-tattoo before and after washing with soap.
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with the portable electrical stimulator. Here, EMG electrodes 
are attached to the thigh for measuring the activity of stimu-
lated muscle. Figure 4B shows real-time EMG signals induced 
by discrete electrical stimulation (1.48 V is applied in a discrete 
manner represented as a dot) using CMP- and LMP-based  
e-tattoo. EMG signal was amplified with the application of 
external voltage through the CMP-based e-tattoo. However, 
muscle activation was not observed when electrically noncon-
ductive LMP-based e-tattoo was utilized. The amplitude of the 
activated EMG signal is proportional to the applied voltage, 
which indicates robust electrical contact between skin and 
e-tattoo (Figure 4C).

Based on photothermal conversion capability and high 
thermal conductivity of CMP, our e-tattoo can also be utilized 
as a thermal patch that generates heat by shining the light 
without electrical energy.[19,32] Figure 4D is an IR image of skin 
coated with CMP and bare skin after shining the light (wave-
length: 808 nm). The presence of a CMP-based e-tattoo signifi-
cantly elevates the temperature of the region of interest (R.O.I.) 
compared to the absence counterpart (temperature change 
in the R.O.I. is presented in Figure S17, Supporting Informa-
tion). The amount of converted heat energy from e-tattoo can 
be modulated by changing the optical power of the light source 
(Figure 4E). The high thermal conductivity of CMP allows fast 
heating and cooling. Furthermore, since electrical stimulation 
and thermal activation of our e-tattoo relies on different mecha-
nisms, simultaneous electrical muscle stimulation and thermal 
treatment can be enabled as demonstrated on the forearm 
(Figure  4F). Figure S18, Supporting Information, shows the 
real-time monitoring of muscle activity and skin temperature 
under the simultaneous stimulation. This allows the single-
device-based personalized multi-treatment on a large area of 
skin in need of therapy, thereby eliminating any inconvenience 
that can be caused by preparation of multiple devices.[2,30]

The mechanically imperceptible e-tattoo can also facilitate 
continuous health monitoring in our daily life. For example, 
long-term monitoring of heart activity can help to diagnose 
arrhythmias by identifying abnormal heart beats. To show the 
potential capability of the CMP-based e-tattoo for wearable ECG 
sensing, we measured ECG signals by connecting the e-tattoo 
with a wireless electrophysiological measurement system as 
presented in Figure  4G and  4H (see Figure S19, Supporting 
Information, for ECG monitoring setup). When a bare LMP-
based e-tattoo was used, no signals were captured due to its lack 
of electrical conductivity. In general, any delamination or defor-
mation of the skin-attached electrode induced by body motion 
can cause motion artifact in the ECG signal. Unlike conven-
tional thin-film-based electrodes, however, the CMP-based 
e-tattoo is able to provide stable monitoring of the ECG signal 
even with mechanical deformation (torsion) of the electrode 
(Figure  4I). This is mainly due to its intimate, ultraconformal 
adhesion to the skin without any additional substrate, which 
makes the entire electrode invulnerable to motional (ECG 
signal under cyclic compressing and stretching is presented 
in Figure S20, Supporting Information). Also, the CMP-based 
e-tattoo was not detached or removed by sweat and maintained 
its electrical conductivity during usage (Figure S21, Supporting 
Information). Figure S22, Supporting Information, shows 
the impedance of e-tattoo after immersion in artificial sweat 

at 30  min. After usage, unlike conventional medical device 
which requires several disposal processes, the CMP-based  
e-tattoo can be easily washed away with soap without any  
medical waste (Figure 4J). This is a highly desired feature for 
bioelectronics since medical waste has now become a serious 
issue for the environment and the economy.[16,33] These 
demonstrations validate that the CMP-based e-tattoo can be 
adapted to various healthcare applications in a simple and 
low-cost manner.

2.4. CMP as Electrochemical Biosensors

Although a presence of binding sites for functionalization on 
the surface of LMP makes it a potential candidate as catalysis 
or biosensor, mechanical/chemical instability and the lack of  
electrical conductivity have impeded its applications.[20] As 
aforementioned, CMP overcomes the current limitations 
regarding mechanical stability and conductivity of LMP, while 
containing CNT (well-known medium for enzyme immobiliza-
tion); therefore, it can be used as a wearable biosensor. Also, 
its biocompatibility, low-cost precursors, and ease of fabrication 
are preferred characteristics for biosensors.[2]

Figure 5A depicts CMP-based electrochemical biosensors for 
monitoring the levels of sweat-rich biomarker such as glucose, 
alcohol, and lactate after functionalization with the relevant 
redox enzyme (see Figure S23, Supporting Information, for 
the preparation steps of the CMP-based biosensor with glu-
cose oxidase, GOx; alcohol oxidase, AOx; lactate oxidase, LOx).  
Continuous monitoring of these analytes with a skin-attachable  
biosensor is vital for daily-life healthcare including man-
aging diabetes, alcohol disorder, and rehabilitation.[34] Here,  
CMP-based electrode is used as working electrode (WE) with 
conventional counter (CE) and reference electrodes (RE). 
Through redox enzyme immobilized CMP-based WE, increment  
of current level induced by hydrogen peroxide from enzymatic 
reactions can be measured.[35] To analyze the successful func-
tionalization of CMP as WE, we have taken Fourier transform 
infrared (FTIR) spectroscopy with LMP, CMP, bare GOx, and 
CMP immobilized with GOx (CMP/GOx) as presented in 
Figure  5B. The absorption bands of the N–H bond in GOx 
(amide I and II bands) at 1644 and 1538 cm–1 are slightly down-
shifted to 1637 and 1534 cm–1 for CMP/GOx, due to the covalent 
bonding of GOx and CNT. Also, the peaks at 1070 cm–1 corre-
sponding to the stretching vibration of the CO bond in GOx 
are observed, confirming the successful immobilization of the 
enzymes on CMP.[36] For the reliable electrochemical sensing, 
chemical stability of electrode is crucial. CMP-based electrode 
shows an enhanced stability compare to bare LMP, where its 
impedance value shows a relatively small variation in PBS solu-
tion (Figure 5C).

By using a CMP-based biosensor, the amount of glucose 
(Figure  5D), ethanol (Figure  5E), and lactate (Figure  5F) are 
reliably measured by chronoamperometric (CA) response. 
Each figure contains calibration plots corresponding to the CA 
response (Figure S24, Supporting Information), which shows 
the linearity of R2  = 0.99 or 0.98. Continuous monitoring of  
glucose level is presented in Figure S25, Supporting Information. 
Also, the selectivity of the sensors was confirmed with various 
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combinations of glucose, ethanol, and lactate as in Figure S26,  
Supporting Information. These results verify the potential of the 
CMP-based e-tattoo as a future wearable biosensing application.

3. Conclusion

Personalized bioelectronics becomes of pivotal importance in 
healthcare owing to their capability to provide health moni-
toring, disease diagnosis and therapy with individually opti-
mized design. However, its wide adoption and implementation 
have been impeded due to expensive precursors and labora-
tory/factory-based complex fabrication processes, which in 
turn increase the cost and manufacturing lead-time of per-
sonalized bioelectronics. To address this issue, in this work, 
we developed a CMP-based e-tattoo, which enabled low-cost, 
facile implementation on-the-fly to offer bioelectronics opti-
mized for various individual needs. CMP has intrinsic electrical 
conductivity, mechanical durability that endures rubbing, and 
excellent on-skin biocompatibility. By making composite with  
CNT@Pt, CMP overcomes the fundamental limitations of 
LMP, which lacks electrical conductivity and mechanical/chem-
ical stability required for electronics. Furthermore, the CMP-
based e-tattoo can be conformably and intimately deposited on 
the skin at multi-scale in about 10 s and easily washed away 
with soap after usage. Demonstrations of an electrical muscle 
stimulator, a photothermal electronic skin patch, a motion 
artifact-free electrophysiological sensor, and an electrochemical 
biosensor with various designs verify the versatility, reliability, 

and applicability of e-tattoos for personal health monitoring 
and therapy. We envision that the CMP-based e-tattoo can be a 
notable underpinning that allows widespread use of personal-
ized bioelectronics for improved health and medical care.

4. Experimental Section

Preparation of Pt-Decorated CNTs: Single-wall CNTs (CNT, OCSiAl), 
70% HNO3, Pt(NH3)4(NO3)2 (Pt precursor) were used to prepare  
CNT@Pt. CNTs were immersed in 70% HNO3 at 90  °C for 4 h to 
carboxylate. Subsequently, carboxylated CNTs were collected on a 
membrane filter (Millipore, 0.22 µm pore size) by vacuum filtration with 
DI water rinsing. 5 wt% of Pt precursor was added to the carboxylated 
CNTs with DI water at 40 °C for 1 h. After immobilization of precursor at 
carboxyl group of CNTs, vacuum filtration and drying were conducted. 
Finally, the dried CNTs were reduced at 300 °C in H2 atmosphere for 2 h 
to obtain Pt-decorated CNTs.

Preparation of CMP Suspension: The CMP suspension was prepared by 
adding 1 g of EGaIn (bulk LM, Rich-Metals) and 0.03 g of poly(sodium 
4-styrenesulfonate) (PSS, Mw 1 000 000) and 0.0025 g Pt-decorated CNT 
(0.003 g for biosensor) in 2 mL of ethanol and conducting tip-sonication 
(VC 505, Sonics & Materials, 3 mm microtip) for 15 min. To analyze the 
CMP ink with different solvents, 2 mL of DI water or diluted acetic acid 
(5 vol% in DI water) were used instead of ethanol.

E-Tattoo for Electrical Stimulation, Photothermal Heater, and ECG 
Sensor: Commercial medical tapes were patterned using a UV laser cutter 
(MD-U1000C, Keyence) as a stencil mask. The prepared ethanol-based 
CMP suspension was coated on human or mouse skin by brushing.

Fabrication of Biosensor: Commercial medical tape was used as 
a supporting layer for the immobilization of enzymes. The CMP 
suspension was uniformly coated on medical tape as a working 
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electrode (WE) using patterned thermal release tape (Haeun Chemtec, 
RP70N5), and Baker type applicator (Wellcos, Korea). EDC/NHS 
solution was prepared as a previously reported method. Briefly,  
0.1 m 2-(N-morpholino)ethanesulfonic acid buffer solution (MES, pH 5.0)  
containing 0.2 m 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) 
and 0.5 m N-hydroxysuccinimide (NHS) was dropped on the WE and 
incubated for 30  min at room temperature. Subsequently, the WE was 
washed with 0.1 m phosphate buffered saline (PBS, pH 7.4) to remove the 
residues. 4 µL of glucose oxidase from Aspergillus niger (GOx, 40 mg mL−1),  
alcohol oxidase solution from Pichia pastoris (AOx, 77  mg mL−1), and 
lactate oxidase from Aerococcus viridans (LOx, 1.5  mg mL−1) in PBS 
were dropped on each WE and dried overnight at 4  °C for enzyme 
immobilization. 2  µL of 0.5  wt% bovine serum albumin (BSA) in PBS 
was dropped on the WE and dried at 4  °C to prevent non-specific 
binding. The WE was then washed with PBS to remove the unbound 
enzymes and BSA. Ag paste was used as a counter electrode (CE) and 
interconnections. Ag/AgCl ink was used as a reference electrode (RE).

For the preparation of biomarkers, d-(+)-glucose (glucose) concentrations 
of 0, 50, 100, 200, 300, 400, 500 × 10−6 m, and ethanol concentration of 
0, 0.25, 0.5, 1, 1.5, 2 mm, and l-(+)-lactic acid (Lactate) concentration of 
0, 0.5, 1, 2.5, 5 × 10−3 m were spiked in 0.1 m PBS for in vitro biosensing.

Chemical Characterization: The surface of the CMP was analyzed 
using XPS (K-alpha, Thermo VG Scientific), TEM (Talos F200X, FEI), and 
equipped EDS at 200 kV, SEM (Hitachi S4800) at 10  kV. Zeta potentials 
were measured by DLS (Zetasizer nano zs, Malvern). Contact angles 
were measured using a contact angle analyzer (SEO Phoenix). Compact 
assembly images were taken using an optical microscope (MRL-100, Motic)  
and by SEM after coating 50  µL of each CMP suspension based on DI 
water, diluted acetic acid, and ethanol with using Baker type applicator.

Mechanical Characterization: In situ compression tests of the LMP 
and CMP were performed with an in situ SEM pico-indenter (Hysitron 
PI-87). A flat punch tip with a diameter of 3 µm was precisely placed on 
top of each particle and compressed with a constant displacement rate 
of 20 nm s−1 while observing in situ. Since uniaxial loading caused 3D 
stress state formation in the spherical particle, normalized load (load/
particle diameter) versus normalized depth (depth/particle diameter) 
was determined and plotted as previously reported.[37] The in situ scratch 
and peel tests were conducted with stylus force determined alpha step 
(Bruker). For these tests, 100  µL of LMP and CMP suspensions were 
coated on a slide glass using Baker type applicator.

Electrical Characterization: Sheet resistance of deposited film and 
was measured with four point probe (2420 Source Meter, Keithley). 
Resistance variation according to strain was measured with an LCR 
meter (4284A, HP).

Biocompatibility Test: 10  wt% poly(styrene-co-butadiene) (SBS, 
butadiene 4 wt%) and toluene were used for fabricating SBS films (SBS). 
In vitro cytotoxicity of both SBS and CMP coated SBS was examined 
using NIH 3t3 cells (ATCC, US). WST-1 and Live/Dead assay were 
performed for both quantitative and qualitative analysis. In summary, 
1 × 105 3t3 cells were seeded in 24-well plates for at least 24 h before 
performing any test. After 24 h of incubation, half of the cell medium 
was discarded and replaced with fresh medium, followed by adding of 
2 mm2 sterile SBS or CMP-coated SBS to the 24-well plate. The fresh 
medium and 20% of DMSO/fresh medium were used.

For analysis of cell survival and cell proliferation, WST-1 assay was 
performed as follows. The cells were first washed with DPBS for three 
times and incubated with WST-1 solution for 30  min in the incubator 
while being protected from light. The absorption at 450 nm was detected 
by a microplate reader (Molecular Device, US).

For the Live/Dead assay, the cells were first washed with DPBS for 
three times and then treated with calcein-AM (2  × 10−6 m, Thermo 
Fisher Scientific) and ethidium homodimer-1 (4  × 10−6 m, Thermo 
Fisher Scientific) in DPBS. The cells were then incubated for 45 min at 
room temperature, further the cells were observed under a fluorescent 
microscope (Zeiss, Germany).

Demonstrations: Real-time monitoring of ECG was conducted with 
commercial wireless electrophysiology measurement equipment 
(BioRadio, Great Lakes NeuroTechnologies).

Electrical stimulation with e-tattoo was conducted with the 
commercial electrical stimulator (Dwell). Activated EMG was monitored 
with electrophysiology measurement equipment (Tucker-Davis 
technology). The e-tattoo-based heater was activated by laser with a 
wavelength of 808  nm (Shanghai Dream lasers) and monitored by  
a commercial IR camera (FLIR) with Matlab GUI.

For application as a biosensor, FTIR spectroscopy (Nicolet iS50, 
Thermo Fisher Scientific Instrument) was conducted to verify enzyme 
immobilization on the WE. To demonstrate the electrochemical stability 
of the fabricated biosensor, the electrodes were stored in PBS at 37 °C, 
and their impedance (absolute Z) was measured by electrochemical 
impedance spectroscopy (EIS) with the frequency range of 10  Hz 
to 0.5  MHz and 20  mV sinus amplitude (Zive SP1, Zive Lab). The 
impedance was selected at the frequency of 1 kHz. Chronoamperometry 
(CA) was conducted under a constant potential of −0.2  V (Zive SP1, 
Zive Lab). A selectivity test was conducted with various combinations of 
glucose 0.2 × 10−3 m, ethanol 1 × 10−3 m, and lactate 1 × 10−3 m.

Experiments on Human Subjects: Experiments on human and animal 
skins were conducted with the approval of the Korea Advanced Institute 
of Science and Technology Institutional Review Board (protocol number: 
KH2022-085). All subjects voluntarily participated in the experiments 
with informed consent.

Statistical Analysis: Figure 2F and 3B contain box plots (n = 3). Figure 
4F contains box plots and whiskers (n  = 10). Figure 5D–F contain the 
mean and standard deviation (n = 3).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Acknowledgements
G.-H.L. and H.W. contributed equally to this work. This work was 
supported by the National Research Foundation of Korea (NRF-
2017M3A9E4047243, NRF-2022R1A2C2006076, NRF-2022M3E5E9017759, 
and NRF-2020R1C1C1007589). The research has been conducted as part 
of the KAIST UP Program.

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
The data that support the findings of this study are available from the 
corresponding author upon reasonable request.

Keywords
bioelectronics, electronic tattoos, liquid-metal particles, solution 
processing, personalized healthcare

Received: May 9, 2022
Revised: May 31, 2022

Published online: July 8, 2022

[1] a) J. Kim, A. S. Campbell, B. E.-F. de Avila, J. Wang, Nat. Biotechnol. 
2019, 37, 389; b) J. Andreu-Perez, D. R. Leff, H. M. D. Ip, G. Z. Yang, 
IEEE Trans. Biomed. Eng. 2015, 62, 2750.



© 2022 Wiley-VCH GmbH2204159 (10 of 10)

www.advmat.dewww.advancedsciencenews.com

Adv. Mater. 2022, 34, 2204159

[2] P. Li, G. H. Lee, S. Y. Kim, S. Y. Kwon, H. R. Kim, S. Park, ACS Nano 
2021, 15, 1960.

[3] a) A.  Chortos, J.  Liu, Z. A.  Bao, Nat. Mater. 2016, 15, 937;  
b) J. C.  Yang, J.  Mun, S. Y.  Kwon, S.  Park, Z. N.  Bao, S.  Park,  
Adv. Mater. 2019, 31, 201904765.

[4] G. H. Lee, H. Moon, H. Kim, G. H. Lee, W. Kwon, S. Yoo, D. Myung, 
S. H. Yun, Z. Bao, S. K. Hahn, Nat. Rev. Mater. 2020, 5, 149.

[5] M. Bariya, H. Y. Y. Nyein, A. Javey, Nat. Electron. 2018, 1, 160.
[6] L. R. Sheffler, J. Chae, Muscle Nerve 2007, 35, 562.
[7] a) D.  Son, J.  Kang, O.  Vardoulis, Y.  Kim, N.  Matsuhisa, J. Y.  Oh,  

J. W. F. To, J. W. Mun, T. Katsumata, Y. X. Liu, A. F. McGuire, M. Krason, 
F.  Molina-Lopez, J.  Ham, U.  Kraft, Y.  Lee, Y.  Yun, J. B. H.  Tok,  
Z. N. Bao, Nat. Nanotechnol. 2018, 13, 1057; b) G. H. Lee, G. S. Lee, 
J.  Byun, J. C.  Yang, C.  Jang, S.  Kim, H.  Kim, J. K.  Park, H. J.  Lee,  
J. G. Yook, S. O. Kim, S. Park, ACS Nano 2020, 14, 11962; c) J. S. Meena,  
S. B. Choi, J. W. Kim, Electron. Mater. Lett. 2022, 18, 256.

[8] G. H. Lee, J. K. Park, J. Byun, J. C. Yang, S. Y. Kwon, C. Kim, C. Jang, 
J. Y. Sim, J. G. Yook, S. Park, Adv. Mater. 2020, 32, 1906269.

[9] P. A.  Lopes, B. C.  Santos, A. T.  de  Almeida, M.  Tavakoli, Nat. 
Commun. 2021, 12, 4666.

[10] S. Z. Liu, D. S. Shah, R. Kramer-Bottiglio, Nat. Mater. 2021, 20, 851.
[11] a) D. H.  Kim, N. S.  Lu, R.  Ma, Y. S.  Kim, R. H.  Kim, S. D.  Wang, 

J. Wu, S. M. Won, H. Tao, A. Islam, K. J. Yu, T. I. Kim, R. Chowdhury, 
M.  Ying, L. Z.  Xu, M.  Li, H. J.  Chung, H.  Keum, M.  McCormick, 
P.  Liu, Y. W.  Zhang, F. G.  Omenetto, Y. G.  Huang, T.  Coleman, 
J. A.  Rogers, Science 2011, 333, 838; b) J. W.  Jeong, W. H.  Yeo, 
A.  Akhtar, J. J. S.  Norton, Y. J.  Kwack, S.  Li, S. Y.  Jung, Y. W.  Su, 
W.  Lee, J.  Xia, H. Y.  Cheng, Y. G.  Huang, W. S.  Choi, T.  Bretl,  
J. A. Rogers, Adv. Mater. 2013, 25, 6839.

[12] L. X. Tang, J. Shang, X. Y. Jiang, Sci. Adv. 2021, 7, eabe3778.
[13] Y. D. Xu, G. G. Zhao, L. Zhu, Q. H. Fei, Z. Zhang, Z. Y. Chen, F. F. An, 

Y. Y. Chen, Y. Ling, P. J. Guo, S. H. Ding, G. L. Huang, P. Y. Chen,  
Q. Cao, Z. Yan, Proc. Natl. Acad. Sci. USA 2020, 117, 18292.

[14] S. K.  Ameri, R.  Ho, H. W.  Jang, L.  Tao, Y. H.  Wang, L.  Wang,  
D. M. Schnyer, D. Akinwande, N. S. Lu, ACS Nano 2017, 11, 7634.

[15] a) D. Kireev, S. K. Ameri, A. Nederveld, J. Kampfe, H. Jang, N. S. Lu, 
D.  Akinwande, Nat. Protoc. 2021, 16, 2395; b) N.  Gogurla, Y.  Kim, 
S. Cho, J. Kim, S. Kim, Adv. Mater. 2021, 33, 2008308.

[16] J. S. Shim, J. A. Rogers, S. K. Kang, Mater. Sci. Eng., R 2021, 145, 100624.
[17] F.  Ershad, A.  Thukral, J. P.  Yue, P.  Comeaux, Y. T.  Lu, H.  Shim, 

K.  Sim, N. I.  Kim, Z. Y.  Rao, R.  Guevara, L.  Contreras, F. J.  Pan,  
Y. C.  Zhang, Y. S.  Guan, P. Y.  Yang, X.  Wang, P.  Wang, X. Y.  Wu,  
C. J. Yu, Nat. Commun. 2020, 11, 3823.

[18] S. Choi, S. I. Han, D. Jung, H. J. Hwang, C. Lim, S. Bae, O. K. Park, 
C. M. Tschabrunn, M. Lee, S. Y. Bae, J. W. Yu, J. H. Ryu, S. W. Lee, 
K.  Park, P. M.  Kang, W. B.  Lee, R.  Nezafat, T.  Hyeon, D. H.  Kim, 
Nat. Nanotechnol. 2018, 13, 1048.

[19] Y. L. Lin, J. Genzer, M. D. Dickey, Adv. Sci. 2020, 7, 2000192.
[20] W. J. Xie, F. M. Allioux, J. Z. Ou, E. Miyako, S. Y. Tang, K. Kalantar-zadeh,  

Trends Biotechnol. 2021, 39, 624.
[21] K. Y. Kwon, V. K. Truong, F. Krisnadi, S. Im, J. W. Ma, N. Mehrabian, 

T. I. Kim, M. D. Dickey, Adv. Intell. Syst. 2021, 3, 2000159.
[22] a) K. Y. Kwon, S. Cheeseman, A. Frias-De-Diego, H. Hong, J. Y. Yang, 

W.  Jung, H.  Yin, B. J.  Murdoch, F.  Scholle, N.  Crook, E.  Crisci,  

M. D. Dickey, V. K. Truong, T. I. Kim, Adv. Mater. 2021, 33, 2104298; 
b) G. H.  Lee, Y. R.  Lee, H.  Kim, D.  Kwon, H.  Kim, C.  Yang,  
S. Q. Choi, S. Park, J. W. Jeong, S. Park, Nat. Commun. 2022, 13, 2643; 
c) J. J. Yan, M. H. Malakooti, Z. Lu, Z. Y. Wang, N. Kazem, C. F. Pan,  
M. R.  Bockstaller, C.  Majidi, K.  Matyjaszewski, Nat. Nanotechnol. 
2019, 14, 684.

[23] a) E. J.  Markvicka, M. D.  Bartlett, X. N.  Huang, C.  Majidi, Nat. 
Mater. 2018, 17, 618; b) Y. Y.  Li, S. X. Feng, S. T. Cao, J. X. Zhang,  
D. S. Kong, ACS Appl. Mater. Interfaces 2020, 12, 50852.

[24] C.  Thrasher, Z.  Farrell, N.  Morris, C.  Willey, C.  Tabor, Adv. Mater. 
2019, 31, 1903864.

[25] a) R.  Guo, X. Y.  Sun, S. Y.  Yao, M. H.  Duan, H. Z.  Wang, J.  Liu, 
Z. S.  Deng, Adv. Mater. Technol. 2019, 4, 1900183; b) J.  Alberto, 
C.  Leal, C.  Fernandes, P. A.  Lopes, H.  Paisana, A. T.  de  Almeida, 
M. Tavakoli, Sci. Rep. 2020, 10, 5539.

[26] Z. J. Ma, Q. Y. Huang, Q. Xu, Q. N. Zhuang, X. Zhao, Y. H. Yang, 
H. Qiu, Z. L. Yang, C. Wang, Y. Chai, Z. J. Zheng, Nat. Mater. 2021, 
20, 859.

[27] a) T.  Daeneke, K.  Khoshmanesh, N.  Mahmood, I. A.  de  Castro, 
D.  Esrafilzadeh, S. J.  Barrow, M. D.  Dickey, K.  Kalantar-zadeh, 
Chem. Soc. Rev. 2018, 47, 4073; b) Y. G.  Park, H.  Min, H.  Kim, 
A. Zhexembekova, C. Y. Lee, J. U. Park, Nano Lett. 2019, 19, 4866.

[28] a) G.  Cossio, E. T.  Yu, Nano Lett. 2020, 20, 5090; b) S.  Park, 
G. Pitner, G. Giri, J. H. Koo, J. Park, K. Kim, H. L. Wang, R. Sinclair, 
H. S. P. Wong, Z. N. Bao, Adv. Mater. 2015, 27, 2656.

[29] A. Miyamoto, S. Lee, N. F. Cooray, S. Lee, M. Mori, N. Matsuhisa, 
H.  Jin, L.  Yoda, T.  Yokota, A.  Itoh, M.  Sekino, H.  Kawasaki, 
T. Ebihara, M. Amagai, T. Someya, Nat. Nanotechnol. 2017, 12, 907.

[30] J. W.  Myrer, G.  Measom, E.  Durrant, G. W.  Fellingham, J. Athletic 
Train. 1997, 32, 238.

[31] J. A. Glaser, M. A. Baltz, P. J. Nietert, C. V. Bensen, J. Pain 2001, 2, 
295.

[32] a) J. J.  Yan, X. D.  Zhang, Y.  Liu, Y. Q.  Ye, J. C.  Yu, Q.  Chen,  
J. Q. Wang, Y. Q. Zhang, Q. Y. Hu, Y. Kang, M. Yang, Z. Gu, Nano 
Res. 2019, 12, 1313; b) X. L. Wang, W. H. Yao, R. Guo, X. H. Yang,  
J. B. Tang, J. Zhang, W. P. Gao, V. Timchenko, J. Liu, Adv. Healthcare 
Mater. 2018, 7, 1800318.

[33] D. Gao, J. Lv, P. S. Lee, Adv. Mater. 2022, 34, 2105020.
[34] a) H. Lee, Y. J. Hong, S. Baik, T. Hyeon, D. H. Kim, Adv. Healthcare  

Mater. 2018, 7, 1701150; b) B.  Lansdorp, W.  Ramsay, R.  Hamid, 
E.  Strenk, Sensors 2019, 19, 2380; c) I.  Shitanda, M.  Mitsumoto, 
N.  Loew, Y.  Yoshihara, H.  Watanabe, T.  Mikawa, S.  Tsujimura, 
M. Itagaki, M. Motosuke, Electrochim. Acta 2021, 368, 137620.

[35] J. R. Sempionatto, M. Y. Lin, L. Yin, E. de la Paz, K. Pei, T. Sonsa-Ard, 
A. N. D.  Silva, A. A.  Khorshed, F. Y.  Zhang, N.  Tostado, S.  Xu,  
J. S. Wang, Nat. Biomed. Eng. 2021, 5, 737.

[36] a) P. Si, S. J. Ding, J. Yuan, X. W. Lou, D. H. Kim, ACS Nano 2011, 
5, 7617; b) Y.  Yao, J. Y.  Chen, Y. H.  Guo, T.  Lv, Z. L.  Chen, N.  Li,  
S. K.  Cao, B. D.  Chen, T.  Chen, Biosens. Bioelectron. 2021, 179, 
113078; c) S. C.  Wang, J.  Yang, X. Y.  Zhou, J.  Xie, Electron. Mater. 
Lett. 2014, 10, 241.

[37] S. H.  Choi, G.  Nam, S.  Chae, D.  Kim, N.  Kim, W. S.  Kim, J.  Ma, 
J.  Sung, S. M.  Han, M.  Ko, H .W.  Lee, J.  Cho, Adv. Funct. Mater. 
2019, 9, 1803121.


