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Tissue-like skin-device interface for wearable 
bioelectronics by using ultrasoft, mass-permeable, 
and low-impedance hydrogels
Chanhyuk Lim1,2†, Yongseok Joseph Hong1,2†, Jaebong Jung3†, Yoonsoo Shin1,2,  
Sung-Hyuk Sunwoo1,2, Seungmin Baik1,2, Ok Kyu Park1,4, Sueng Hong Choi1,4, 
Taeghwan Hyeon1,2, Ji Hoon Kim3*, Sangkyu Lee1*, Dae-Hyeong Kim1,2,5*

Hydrogels consist of a cross-linked porous polymer network and water molecules occupying the interspace be-
tween the polymer chains. Therefore, hydrogels are soft and moisturized, with mechanical structures and physical 
properties similar to those of human tissue. Such hydrogels have a potential to turn the microscale gap between 
wearable devices and human skin into a tissue-like space. Here, we present material and device strategies to form 
a tissue-like, quasi-solid interface between wearable bioelectronics and human skin. The key material is an ultra-
thin type of functionalized hydrogel that shows unusual features of high mass-permeability and low impedance. 
The functionalized hydrogel acted as a liquid electrolyte on the skin and formed an extremely conformal and 
low-impedance interface for wearable electrochemical biosensors and electrical stimulators. Furthermore, its po-
rous structure and ultrathin thickness facilitated the efficient transport of target molecules through the interface. 
Therefore, this functionalized hydrogel can maximize the performance of various wearable bioelectronics.

INTRODUCTION
Transcutaneous bioanalysis and therapy, such as local oxygen con-
centration measurement (1), impedance sensing (2), drug delivery 
(3), and electrical stimulation (4), are commonly conducted in clin-
ics. However, conventional devices for transcutaneous biosensing 
and treatment are generally not suitable for point-of-care–type ap-
plications, such as wearable bioelectronics, as they typically include 
a hard housing to store liquid electrolytes and accompany bulky 
electrochemical biosensing machines or drug delivery systems. 
These features of the conventional devices limit their applications 
in next-generation personalized medicine, which aims for real-time 
ubiquitous health monitoring and customized feedback treatment.

As an alternative to the conventional rigid and bulky devices, 
ultrathin flexible devices on polymeric substrates have been pro-
posed (5–9). These include biosensing devices that detect biosignals 
and/or biomarkers on human skin to gather physiological or bio-
chemical information (10–21) and drug delivery devices that supply 
feedback therapies (22–25). The ultrathin form factor of these de-
vices reduces flexural rigidity and thus prevents mechanical failure 
when the device is deformed upon human movement (26). Despite 
the promising potential of flexible biomedical devices, there are sever-
al challenges. One critical issue is that the skin has microscale wrin-
kles, and typical wearable devices based on polymer films cannot 
perfectly follow the microscopic curvature of these wrinkles (27). 
This induces microscale air pockets between the flexible device and 

the skin, prohibiting the formation of ideal electrical/physical con-
tacts and limiting the precise monitoring of biosignals (23, 28) and 
efficient delivery of drug molecules (29). In addition, these flexible 
devices cannot efficiently carry liquid-state ionic molecules, such as 
electrolytes and drugs.

Hydrogels—cross-linked polymeric networks that contain a large 
volume of water within the porous structure (30, 31)—have long been 
used in biomedical applications (32–36). The polymeric network 
imparts properties of a solid to hydrogels as they can be easily mold-
ed and structured into various shapes, while the high water content 
allows them to exhibit liquid-like characteristics. Thus, hydrogels 
have a potential to replace hard housings and liquid electrolytes of 
conventional transcutaneous biosensing devices. Furthermore, its 
soft and moisturized nature can help form extremely conformal 
contacts with the rugged skin surface, while the porous hydrogel 
structure allows for the facile transport of molecules. Therefore, a 
properly functionalized and processed form of hydrogels can have 
mechanical (soft), chemical (moisturized), and physical (permeable) 
properties similar to human tissue.

We here propose a skin-device interface with tissue-like features, 
formed by using an ultrathin type of a functionalized hydrogel. The 
functionalized hydrogel film is based on poly(acrylamide) (PAAm), 
which can form a stationary quasi-solid but moisturized interface 
between the wearable bioelectronic device and human skin (fig. S1A). 
Its ultrasoft mechanical property allows for conformal contacts 
with the corrugated skin surface (fig. S1B). Moreover, the highly 
porous three-dimensional (3D) network and the ultrathin thickness 
of the interfacing hydrogel enable the rapid diffusion and transport 
of target bioanalytes or drug molecules, which are important for 
transcutaneous bioanalysis and therapy (fig. S1Ci). In addition, the 
hydrogel functionalized with conductive polymers exhibits low im-
pedance, which is beneficial for impedance sensing or electrical 
stimulation (fig. S1Cii). Using this ultrathin, functionalized hydro-
gel with high mass-permeability and low impedance, we were able to 
develop high performance wearable bioelectronic devices, such as a 
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transcutaneous oxygen pressure (tcPO2) sensor, an impedance sensor, 
an iontophoretic drug delivery device, and a transcutaneous electri-
cal nerve stimulator (TENS), for transcutaneous bioanalysis and 
therapy.

RESULTS
Ultrasoft, mass-permeable, and low-impedance hydrogel 
for a tissue-like skin-device interface
Flexible polyimide (PI) films (typical thickness of 1 to 25 m; fig. 
S2A, left) are representative substrates for skin-mountable devices 
(25, 37, 38). Although they form a more conformal contact with the 
skin than do conventional rigid devices, a small layer of air pockets 
is still formed between the PI film and the skin surface as shown in 
the cross-sectional scanning electron microscopy (SEM) image (Fig. 1A); 
this is attributed to the microscale roughness of the human skin (fig. 
S2, B and C) (27). In contrast, PAAm hydrogels (fig. S2A, right) 
provided extremely conformal contacts with human skin due to 
their intrinsic softness (cf. Young’s modulus of PI, PAAm hydrogel, 
and human skin: 2.5 GPa, 8 kPa, and 50 to 150 kPa, respectively 
(39–41)). The ultrasoft hydrogel film followed the microscale con-
tour of the skin and left virtually no gaps at the interface (Fig. 1B).

Finite element analysis (FEA) was conducted to compare the 
contact of the PI and the hydrogel film on human skin. For the PI 
film, the linear elasticity model was used, whereas the incompress-
ible neo-Hookean model was used for the hydrogel film and human 
skin. The simulation results supported the difference in the contact 
efficacy between the hydrogel (fig. S2D, top) and the conventional 
PI film (fig. S2D, bottom). Additional clarification on the mechani-
cal simulation is provided in section S1.

An extremely conformal skin-device interface can be used for 
the wearable bioelectronics, such as devices for transcutaneous bio-
analysis and therapy. However, instead of conventional high im-
pedance and thick hydrogels, a novel type of hydrogel with further 
functionalization and a controlled thickness is required for the 
high-performance transcutaneous bioelectronics. Figure 1C briefly 
introduces the principle and requirements of the bioelectronics that 
can work through the tissue-like hydrogel interface. For example, 
an integrated wearable system for transcutaneous bioanalysis and 
therapy would consist of four types of representative device units, 
including a tcPO2 sensor, a tissue impedance sensor, an iontopho-
retic drug delivery device, and a TENS.

For measuring tcPO2, the oxygen molecules diffusing out from 
the heated skin surface must travel through the hydrogel and reach 
the electrode. For transdermal drug delivery, the ionic drugs loaded 
in the hydrogel need to be delivered to the tissue through the hydrogel. 
Therefore, these devices require the rapid transport of molecules via 
an ultrathin and mass-permeable hydrogel. For tissue impedance 
monitoring and transcutaneous electrical nerve stimulation, low 
impedance of the hydrogel is critical for sensitive and low-noise 
measurement as well as efficient charge injection into the skin. 
Therefore, lowering the impedance of a hydrogel is required, which 
can be achieved via functionalization with conductive polymers. 
The ultrathin functionalized hydrogel should meet these require-
ments, i.e., high mass-permeability, low impedance, and conformal 
contact with the skin.

Figure 1D shows an example of an integrated system equipped 
with an ultrathin, functionalized hydrogel for transcutaneous bio-
analysis and therapy. The devices were fabricated on a flexible substrate, 

and then the ultrathin, functionalized hydrogels were integrated 
on the surface of these devices. Figure 1 (E and F) shows the mass- 
permeable hydrogel on the tcPO2 sensor and the low-impedance 
hydrogel on the TENS electrode, respectively. The fabricated devices 
can be applied to any part of the skin for the aforementioned appli-
cations (Fig.  1G), and the ultrathin, functionalized hydrogel suc-
cessfully forms a tissue-like skin-device interface.

Experimental and computational analysis of mass and heat 
transfer through the hydrogel interface
When the hydrogel interface is combined with wearable devices such 
as a tcPO2 sensor or an iontophoretic drug delivery device, rapid 
diffusion of oxygen molecules or fast transport of drug ions through 
the hydrogel is important. To minimize the length of the mass transfer 
path, an ultrathin hydrogel (~150 m) is preferred. To quantitatively 
study the effect of the hydrogel thickness on the mass transfer, compu-
tational analyses using the multiscale FEA method were performed.

On the basis of the SEM image of the hydrogel (Fig. 2A), Voronoi 
cells were formed by the simulation (Fig.  2B, left). Mass transfer 
through the moisturized hydrogel matrix is affected by the inter-
connected cellular structure of the hydrogel; however, the cellular 
model is not efficient for analyzing the effect of hydrogel thickness on 
diffusion in the case of thick hydrogels because of the large compu-
tational load (fig. S3, Ai and Bi). Instead, effective diffusivity can be 
determined from the cellular model of the thin hydrogel (150 m) 
and then applied to a continuum model (Fig. 2B, right, fig. S3, Aii 
and Bii) for thick hydrogels (e.g., 500 and 1000 m). The effective 
diffusivity was calculated from the average steady-state flux passing 
through surface A in the x direction jx using the following equation

   D  eff   = –  j  x     c ─ 
x    (1)

where c and x are the concentration difference and the distance 
between surfaces, respectively. Next, a continuum media with a ho-
mogenized diffusivity was assumed for thick hydrogels (Fig. 2C).

The mass transfer of oxygen molecules and drug ions through 
the hydrogel matrix was also experimentally investigated for vari-
ous hydrogel thicknesses, and experimental results were compared 
with the simulations (Fig. 2, D to G). To visualize the diffusion of 
drug ions through the hydrogel, rhodamine B dye was used as a 
model molecule because it ionizes in water and has a similar molec-
ular weight to that of conventional drug molecules. The effective 
diffusivities of oxygen molecules and rhodamine B were calculated 
using Eq. 1. The models were discretized as eight-node linear hexa-
hedral mass diffusion elements with an element size of 10 m. The 
transient diffusion of both oxygen and rhodamine B dye molecules 
was calculated with following conditions: an initial concentration of 
zero and a surface concentration constant with solubility s.

First, the amount of penetrated oxygen molecules through the 
hydrogels was measured (Fig. 2D); the thinner the hydrogel was, the 
more oxygen molecules penetrated. The simulation showed that 
the thick hydrogel (1000 m) retarded the diffusion of oxygen mole-
cules significantly (Fig. 2E). Moreover, molecular diffusion through 
the thick hydrogel (>1500 s) required more time than diffusion 
through the thin hydrogel (190 s for the 150-m film). In the case of 
rhodamine B, ionized molecules diffused into the hydrogel. When a 
designated amount of rhodamine B was applied onto the hydrogel, 
the dye reached a depth of 150 m within 1 min (Fig. 2F). However, 
diffusion slowed down significantly in the deeper regions of the 
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hydrogel because of the reduced concentration gradient. Simulation 
results also showed that delayed diffusion occurred in the thick hy-
drogel film (Fig. 2G). Further elaboration on the details and supple-
mentary results of the mass transfer analysis can be found in section S2.

When the human skin is heated to ~43°C, oxygen molecules can 
be extracted from the blood vessels (1). Therefore, facile heat trans-
fer, as well as mass transfer, through the hydrogel is important for 
tcPO2 sensing. We thus examined heat transfer through hydrogels 
of different thicknesses. To experimentally determine the amount 
of heat transfer occurring, hydrogels with different thicknesses were 
placed on a plate preheated to 43°C, and their surface temperature 
was measured using an infrared (IR) camera (Fig. 2, H and I). Sim-
ulations were also carried out for comparison (Fig. 2J).

When the heating plate was covered with an ultrathin hydrogel 
(150 m), the surface temperature of the hydrogel reached 43°C 
within 10 min (cf. 2 min for the bare plate to reach 43°C). In con-
trast, the target temperature (43°C) was not achieved within the 
timeframe of this study (15 min) when a thick hydrogel (1000 m) 
covered the plate, as it hindered heat transfer. Next, the vertical 
temperature gradient inside the hydrogel was simulated for various 
hydrogel thicknesses (150, 300, 500, and 1000 m); the temperature 
of the heat source in contact with the hydrogels was set to 45°C and 
the calculated steady-state temperatures were 44.5°, 43.8°, 42.8°, 41.6°, 
and 39.5°C for each hydrogel-skin interface, respectively (Fig. 2J). 
These analyses demonstrate the importance of using an ultrathin 
hydrogel. Note that the 60-m-thick hydrogel film is expected to 

Fig. 1. Tissue-like skin-device interface obtained using an ultrasoft, mass-permeable, and low-impedance hydrogel. (A and B) Scanning electron microscopy 
(SEM) images of the PI film (A) and the tissue-like ultrasoft hydrogel (B) mounted on artificial skin. (C) Illustration of the structure, requirement, and roles of the hydrogel 
interface between human skin and the wearable bioelectronics. The exemplified wearable device is used for transcutaneous bioanalysis and therapy, such as tcPO2 mon-
itoring, transdermal drug delivery, tissue impedance sensing, and electrical stimulation. (D) Picture of the integrated wearable device on a flexible substrate. The system 
includes four representative types of devices for biosensing and therapy, and each device is integrated with the ultrathin functionalized hydrogel. (E) Picture of the 
mass-permeable hydrogel on the tcPO2 sensor. (F) Picture of the low-impedance hydrogel on the TENS electrode. (G) Picture of the integrated device applied to human 
skin. Photo credits: (D to F) Yongseok Joseph Hong, Seoul National University and (G) Sangkyu Lee, Institute for Basic Science.
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have higher performances than the 150-m-thick hydrogel film. 
However, the 60-m-thick hydrogel film can be easily torn during 
its handling. Future studies to improve the mechanical property of 
the hydrogel film are needed to use the 60-m-thick hydrogel film. 
Detailed information on the simulation method for heat transfer 
analysis is included in section S3.

Synthesis and characterization of the  
low-impedance hydrogel
Another important feature of the tissue-like hydrogel interface is low- 
impedance. In this study, we used a PAAm hydrogel as the base mate-
rial. PAAm hydrogels are typically synthesized by adding salts to PAAm 
precursors; however, this conventional PAAm results in high im-
pedance (42), which reduces the signal-to-noise ratio of impedance 
sensing and the charge injection efficiency of the electrical stimulation. 
Therefore, a low-impedance hydrogel was synthesized by incorpo-
rating the conductive polymer poly(3,4-ethylenedioxythiophene): 
polystyrene sulfonate (PEDOT:PSS). PEDOT:PSS increases electri-
cal conductivity (43, 44), decreases impedance (45), and improves 
charge injection capability (44), making it useful for fabricating 
conductive hydrogels (33, 46).

An aqueous solution of PEDOT:PSS (Fig. 3Ai) was freeze-dried 
to solidify PEDOT:PSS (Fig. 3Aii). Then, the solidified PEDOT:PSS 
was mixed with the PAAm precursor solution containing acrylamide 

(AAm; monomer), bis-acrylamide (cross-linker), and ammonium 
persulfate (APS; initiator) (Fig. 3Aiii). The prepared solution was 
poured into a glass mold to control its thickness, after which the 
mold was placed on a hot plate set to 90°C for 15 min to obtain a 
solidified film (Fig. 3Aiv). During this process, the PEDOT:PSS par-
ticles can be distributed inside the PAAm hydrogel matrix, which 
forms a PEDOT:PSS/PAAm hydrogel (Fig. 3B).

Fourier transform–IR (FT-IR) spectroscopy analysis confirmed 
the successful synthesis of the PEDOT:PSS/PAAm hydrogel (Fig. 3, 
C and D), which—compared with the bare PAAm hydrogel (Fig. 3C)—
had additional peaks derived from the –SO3 functional group of 
PEDOT:PSS (Fig. 3D) (47). More detailed FT-IR data are shown 
in fig. S4. Energy dispersive x-ray spectroscopy (EDS) analysis 
also confirmed the homogeneous distribution of PEDOT:PSS 
chains within the hydrogel matrix (fig. S5). The microporous struc-
ture of the hydrogel was maintained, although the surface area in-
creased from 2.945 to 11.267 m2/g as the amount of PEDOT:PSS 
increased from 0 to 1.8% (Fig. 3, E  to H). The incorporation of 
external substances facilitates the formation of small pores within 
the hydrogel, increasing the overall surface area (48). More charac-
terization data including images of the microstructure are shown 
in fig. S6.

Next, we characterized the electrical properties of the PEDOT:PSS/
PAAm hydrogel with different concentrations of PEDOT:PSS. To 

Fig. 2. Experimental and computational analysis of mass transfer and heat transfer through the hydrogel. (A) SEM image showing the cellular structure of the 
hydrogel. (B) Diagram illustrating the conversion of a Voronoi cell–based model into a continuum model. (C) Thick hydrogel model made from stacking a couple of thin 
hydrogel models. (D) Amount of oxygen penetrating hydrogels with various thicknesses. (E) Computational analysis of oxygen diffusion through hydrogels with various 
thicknesses. (F) Diffusion depths of rhodamine B dye into the hydrogel observed via confocal microscopy. (G) Computational analysis of the diffusion of drug ions into the 
hydrogel. (H and I) Infrared (IR) camera images (H) and temperature versus time plots (I) of a bare heated plate and heated plates covered with the thin (150 m) and thick 
(1000 m) hydrogels. (J) FEA of heat transfer through hydrogels with various thicknesses.



Lim et al., Sci. Adv. 2021; 7 : eabd3716     7 May 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

5 of 11

control the size of the patterned hydrogel, the hydrogels were cut by 
a laser cutter (Fig. 3, I and J). Two patterned hydrogel films were 
prepared, and each hydrogel film was placed on a Pt electrode. Two 
sets of the Pt electrode with the hydrogel were stacked with the hydro-
gel sides facing each other, and the impedance of the hydrogel was 
measured with an electrochemical analyzer. As shown in Fig. 3K, imped-
ance of the hydrogel tended to decrease as the amount of PEDOT:PSS 
increased, verifying the impedance lowering effect of PEDOT:PSS 
(45). In addition, impedance can be lowered by increasing the sur-
face area of electrodes (45). Thus, the presence of PEDOT:PSS and 
the unique porous structure of the PEDOT:PSS/PAAm hydrogel 
contribute to the low impedance.

Given that a TENS typically operates in a frequency range of 1 to 
100 Hz (4), we analyzed the impedance of hydrogels with various 

PEDOT:PSS concentrations at 1 and 100 Hz (Fig. 3L). At a low fre-
quency (1 Hz), the impedance lowering effect of PEDOT:PSS was 
more prominent than at a high frequency (100 Hz). Compared with 
the bare hydrogel or hydrogel with ion salts (0.1  M NaCl), the 
PEDOT:PSS/PAAm hydrogel showed much lower impedance within 
1 to 100  Hz (green dotted box in Fig.  3M). In addition, Nyquist 
plots confirmed that only the PEDOT:PSS/PAAm hydrogel main-
tained low resistance and reactance (Fig. 3N).

Wearable biosensors with the hydrogel interface for 
transcutaneous measurement of oxygen pressure and 
local impedance
We next applied the ultrathin, functionalized hydrogel to wearable 
biosensors. Figure 4A and insets show schematic illustrations of the 

Fig. 3. Synthesis and characterization of the low-impedance hydrogel. (A) Fabrication process of the low-impedance hydrogel using PEDOT:PSS. (B) Illustration of the 
internal structure of the low-impedance hydrogel. (C and D) Fourier transform–IR (FT-IR) spectra of the bare PAAm hydrogel (C) and the PEDOT:PSS/PAAm hydrogel (D). 
(E to H) SEM images of the bare PAAm hydrogel (E) and the PEDOT:PSS/PAAm hydrogel (F to H). (I and J) Images of the laser-cut sample of the bare PAAm hydrogel (I) and 
the low-impedance hydrogel (J). (K) Bode plots of the hydrogels with various concentrations of PEDOT:PSS. (L) Impedance of hydrogels with various concentrations of 
PEDOT:PSS at 1 and 100 Hz. (M and N) Bode (M) and Nyquist (N) plots for the bare PAAm hydrogel, the PAAm hydrogel with 0.1 M NaCl, and the hydrogel with 1.8 wt % 
PEDOT:PSS. Photo credit: Yongseok Joseph Hong, Seoul National University.
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tcPO2 and local impedance sensors. The devices were encapsulated 
with a multilayered oxygen barrier film made of PI/Al/PI, which pro-
hibits influx/efflux of oxygen between the device and the external 
environment (fig. S7) (49). In addition, the encapsulation layer pre-
vents the hydrogel from its dehydration, thus maintaining the elec-
trochemical performance of the hydrogel-electrode interface (fig. S8). 
The biosensors are pictured in Fig. 4B. A layer of Pt black was elec-
trodeposited on a Pt thin film electrode (red dashed box in insets), 
and the resulting electrode has a 3D nanostructure that maximizes 
the electrochemically active surface area (fig. S9).

For tcPO2 sensing, an electrochemical device with three electrodes, 
which consists of a working electrode (Pt black nanostructure), a 

counter electrode (Pt thin film), and a reference electrode (Ag/AgCl), 
was fabricated. Mild heating was applied to the skin through the 
hydrogel interface, extracting oxygen molecules from the blood vessels 
under the skin through the hydrogel interface to reach the device. 
The diffused oxygen is electrochemically reduced on the working 
electrode, measuring the reduction current. To avoid overheating, a 
temperature sensor was integrated. For local impedance sensing, a 
pair of Pt electrodes were used.

Cyclic voltammetry (CV) measurement showed an oxygen re-
duction peak near −0.7 V (Fig. 4C) (50). For reliable detection, the 
dimension of the working electrode was adjusted to be small, which 
results in a small oxygen reduction peak. This can be explained by 

Fig. 4. Wearable transcutaneous biosensors for the measurement of tcPO2 and local impedance. (A and B) Illustration (A) and a corresponding picture (B) of wear-
able transcutaneous biosensors for the measurement of tcPO2 and local tissue impedance. PDMS, poly(dimethylsiloxane). (C) Cyclic voltammetry (CV) analysis of working 
electrodes with different dimensions. (D) Schematic illustration of the ultramicroelectrode (UME) concept. (E) Electrochemical impedance spectroscopy analysis of the 
tissue impedance using electrodes with different contacts. (F) Impedance at three different parts of the human body. (G) Calibration curves of an oxygen sensor with the 
liquid electrolyte and the hydrogel interface. (H) Image of the sensor attached on the foot for measuring tcPO2 in vivo. (I and J) Results of in vivo tcPO2 measurement for 
various leg positions; while the subject is standing (I, left), while the leg is at a flat position (I, right), and when a raised leg is moved back to the flat position (J). Photo 
credits: (B) Chanhyuk Lim, Seoul National University and (H) Yongseok Joseph Hong, Seoul National University.
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the diffusion behavior of substances near the working electrode 
depending on the electrode dimensions (51). In a large working 
electrode, substance diffusion follows a linear diffuse-out model. In 
contrast, when a small working electrode is adopted, substance dif-
fusion follows a spherical diffuse-out model (Fig. 4D). Such adjust-
ment of the peak current level is helpful for reliably measuring 
the oxygen reduction current due to the linear diffusion behavior 
of substances.

For in vivo evaluation of biosensor performance, local imped-
ance was measured on the front of the forearm using a device with 
three types of electrodes, i.e., an electrode with a dry surface, a con-
ventional ionic hydrogel (PAAm hydrogel with 0.1 M KCl), and a 
low-impedance hydrogel (PEDOT:PSS/PAAm hydrogel). The detailed 
procedure for the measurement of the local impedance was explained 
in Materials and Methods. The electrode with the PEDOT:PSS/
PAAm hydrogel showed the lowest impedance, especially in the low 
frequency range (<102 Hz; Fig. 4E), which enables precise imped-
ance sensing. In addition, local impedances were measured on the 
instep and the heel of the human foot with the low-impedance 
hydrogel electrode (fig. S10). The impedance values obtained on the 
three different parts of the human body were compared at 1, 10, and 
100 Hz (Fig. 4F).

When tcPO2 was measured in vivo, we found that the reduction 
current showed a linear correlation with the oxygen concentration, 
under both the liquid electrolyte (0.1 M KCl) and hydrogel (Fig. 4G) 
interface. Therefore, the amount of oxygen molecules extracted 
from the human skin can be estimated from the reduction current. 
The tcPO2 sensor with the oxygen barrier film was attached to a 
human foot (Fig. 4H) to measure tcPO2 under various leg positions 
(Fig. 4, I and J). First, the skin is gently warmed by the integrated 
heater for 10 to 15 min to extract oxygen. When the subject stood 
up, the blood flowed downward and the current gradually increased 
(Fig. 4I). When the leg was resting horizontally, the current slowly 
decreased. Meanwhile, the current slightly decreased and then 
rapidly increased when the leg was kept upright and then lowered 
(Fig. 4J). We repeated the in vivo tcPO2 measurement. Similar 
tendencies for the relationship between the current and the leg 
positions could be observed (fig. S11). To enhance the accuracy of 
the in vivo tcPO2 measurement, further improvements in the fabri-
cation of electrodes and the measurement protocol as well as com-
parison to the commercial medical equipment should be done in 
the future. Thus, tcPO2 sensor can monitor physiological changes 
such as the blood flow rate and the local amount of oxygen supplied 
to the tissue.

Wearable therapeutic devices with the hydrogel  
interface for transcutaneous drug delivery and  
electrical stimulation
Last, the ultrathin, functionalized hydrogel was integrated with a 
transcutaneous drug delivery device and TENS (Fig. 5, A and B). 
For drug delivery, iontophoresis is normally used (52); this consists 
of an electric field between two electrodes that drives the penetra-
tion of ionized drug molecules into the skin. Although an external 
power supply is typically used, a self-powered wearable device with-
out a connection to a power supply was fabricated for point-of-care 
therapy. The galvanic reaction between the cathode (AgCl) and 
anode (Zn) generates a potential of ~1.08 V; the insets in Fig. 5B 
show the microstructure of the cathode and anode. As the target 
drugs (e.g., diltiazem hydrochloride) are positively charged, the 

drug-laden hydrogel film was integrated on the anode and a hydro-
gel film with 0.9% NaCl was integrated on the cathode. In the 
case of the TENS, the low-impedance hydrogel was integrated with 
Pt electrodes.

To evaluate the performance of the galvanic cell in the self-powered 
iontophoretic device, a galvanostatic discharge test was performed 
at an applied current of 200 A for ~6700 s (Fig. 5C), which is suffi-
cient for the complete delivery of the drug payload. The potential 
and current of the AgCl/Zn galvanic cell were also measured at var-
ious external resistances to obtain the output power of the galvanic 
cell (Fig. 5D); when the external resistance was 1 kiloohm, the max-
imum output power was 60 W.

Drug delivery via iontophoresis was compared to the control 
(i.e., natural diffusion) using porcine skin (Fig. 5E). Rhodamine B 
molecules (model drug for easy visualization) delivered by the self- 
powered iontophoretic patch penetrated twice more deeply into the 
skin than that of control. The similar result was obtained in the ion-
tophoretic delivery of rhodamine B molecules into the skin near the 
abdomen of a rat in vivo (fig. S12). Transdermal drug delivery was 
also verified in vivo (Fig. 5F), where local delivery of diltiazem chlo-
ride was conducted on 8-week-old male Sprague-Dawley (SD) rats. 
diltiazem chloride is a calcium channel blocker (53) that expands 
blood vessels and decreases heart rate. Thus, a three-lead electro-
cardiogram (ECG) was used to visualize drug delivery. The aver-
age R-R interval (n = 4) in the ECG (i.e., the time interval between 
heartbeats) increased from ~160 to ~195 ms during monitoring, in-
dicating that the heart rate decreased from ~373 to ~307 beats 
per minute. Therefore, the results of the ECG confirm the successful 
delivery of diltiazem hydrochloride to the rat through the mass- 
permeable hydrogel.

For the TENS, the potential difference between two electrodes 
generates an electric current, which is delivered through the skin to 
stimulate peripheral nerves. The magnitude of the electric current 
depends on the applied potential difference. We tested the charge in-
jections into porcine skin using various electrodes in vitro, including 
an electrode with a wet contact [deionized (DI) water], a hydrogel 
with ion salts (0.1 M KCl), and a PEDOT:PSS/PAAm hydrogel. Bi-
phasic electrical pulses of 1 Hz (Fig. 5G), 10 Hz (Fig. 5H), and 100 Hz 
(Fig. 5I) were applied between the electrodes. The electrode with the 
PEDOT:PSS/PAAm hydrogel transmitted the largest amount of cur-
rent at 1, 10, and 100 Hz (Fig. 5J), confirming its high-charge injection 
efficiency.

DISCUSSION
In the present study, we developed a tissue-like quasi-solid interface 
using an ultrathin, functionalized hydrogel. This ultrasoft hydrogel 
integrated wearable devices with the human skin seamlessly. Further-
more, the hydrogel featured a high mass-permeability for bioanalytes 
and drugs. We also formulated a PEDOT:PSS-based low-impedance 
hydrogel. The properties of the ultrathin, functionalized hydrogel 
were confirmed through theoretical analyses. To verify the utility of 
the proposed hydrogel interface, wearable bioelectronic devices with 
the hydrogel interface were developed for tcPO2 sensing, impedance 
sensing, iontophoresis, and TENS. Through a series of experiments 
in vitro and in vivo, the performance of such devices for wearable 
diagnosis and therapy were demonstrated. Thus, this tissue-like 
hydrogel interface has a great potential for making various kinds of 
wearable bioelectronics a reality.
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MATERIALS AND METHODS
Synthesis of mass-permeable and low-impedance 
PAAm hydrogels
For fabricating the mass-permeable PAAm hydrogel, 2.2 M AAm 
(A8887, Sigma-Aldrich, St. Louis, MO) aqueous solution, 0.06 weight % 
(wt %) N,N-methylenebisacrylamide (MBAA; M7279, Sigma-Aldrich), 
and 0.16 wt % APS (A0878, Samchun Chemicals, Seoul, Republic of 
Korea) were mixed and degassed. After adding 0.25 wt % N,N,N′,N′- 
tetramethylethylenediamine (T7024, Sigma-Aldrich), the mixture was 
poured into a custom-made mold with a space (thickness, 100 m) 
and covered with a glass slide. Next, the mixture was allowed to polym-
erize by curing with ultraviolet light (Fusion Cure System, Minuta 

Technology, Osan, Republic of Korea) for 2 hours to produce ultrathin 
PAAm hydrogel films. The preparation of low-impedance PEDOT:PSS/
PAAm hydrogel began with freeze-drying PEDOT:PSS solution (739332, 
Sigma-Aldrich). The solidified PEDOT:PSS was then dissolved in DI 
water and degassed. The degassed PEDOT:PSS solution was mixed 
with 0.5 ml of AAm/MBAA solution (A9926, Sigma-Aldrich) and 
50 l of 10 wt % APS solution. The mixed solution was poured into 
the mold and covered with a glass slide. Thermal polymerization was 
conducted on a hot plate at 90°C for 15 min to produce low-impedance 
PEDOT:PSS/PAAm hydrogel films. The hydrogel films were patterned 
with a laser cutter (VLS 2.30, Universal Laser Systems, Scottsdale, 
AZ) and stored in DI water until further use.

Fig. 5. Wearable therapeutic devices for transcutaneous drug delivery and electrical stimulation. (A and B) Illustration (A) and the corresponding picture (B) of the 
device for self-powered iontophoresis and TENS. Insets in (B) show the microstructure of the AgCl cathode and Zn anode. (C) Time-resolved discharge curve (under 200 A) 
of a galvanic cell that consists of the AgCl cathode and Zn anode for self-powered iontophoresis. (D) Estimation of the maximum power of the galvanic cell. (E) In vitro 
drug delivery into porcine skin via natural diffusion and the self-powered iontophoretic patch (red, rhodamine B ions as a model drug for easy visualization). (F) Delivery 
of the drug (diltiazem hydrochloride) using the self-powered iontophoretic patch in vivo. The R-R interval was obtained via ECG measurement. Inset shows the self-powered 
iontophoretic patch attached to the abdomen of a Sprague-Dawley (SD) rat. (G to I) Charge injection test on porcine skin using electrodes with a wet contact, a PAAm 
hydrogel with 0.1 M KCl, and a PEDOT:PSS/PAAm hydrogel under 1 Hz (G), 10 Hz (H), and 100 Hz (I). (J) Maximum current injection at different frequencies for each type of 
electrode. Photo credits: (B) Chanhyuk Lim, Seoul National University and (F) Yongseok Joseph Hong, Seoul National University.
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Characterization of mass-permeable and  
low-impedance hydrogels
The microstructure and chemical composition of freeze-dried PAAm 
hydrogels were assessed using SEM (S-3400N, Hitachi, Tokyo, Japan) 
and field emission SEM (MERLIN Compact, ZEISS, Oberkochen, 
Germany) equipped with an EDS. An FT-IR spectrometer (Nicolet 
iS50; Thermo Fischer Scientific, Waltham, MA) was used to con-
firm the complete polymerization of AAm into PAAm. The surface 
area of hydrogels was measured with a Brunauer-Emmett-Teller sur-
face area analyzer (BELSORP-mini II, MicrotracBEL, Osaka, Japan). 
The diffusion of drug molecules through the PAAm hydrogel was 
demonstrated using rhodamine B dye (R6626, Sigma-Aldrich); a 
drop of 0.1% rhodamine B solution was placed onto a 1000-m-
thick film of PAAm hydrogel, and its diffusion depth was measured 
by confocal microscopy (LSM 780, Zeiss). The transfer of heat flux 
through PAAm hydrogel was characterized using an IR camera 
(ThermoVision A320, FLIR Systems, Wilsonville, OR); PAAm hy-
drogel films were placed onto a heating plate that was set to 43°C 
and their surface temperatures monitored. For the impedance mea-
surement, two hydrogel films were patterned into a rectangular 
shape (1 cm by 2 cm) by a laser cutter. Next, each piece of the hy-
drogel film was placed on a Pt electrode (1 cm by 5 cm). Then, the 
sample was partially exposed (exposed area, 1 cm by 1 cm) and 
dried in a convection oven at 60°C for 10 min. For reswelling of 
the hydrogel film, 30 l of DI water was dropped on the hydro-
gel film. Two sets of the Pt electrode with the hydrogel film were 
stacked with the hydrogel sides facing each other, and the imped-
ance of the hydrogel film was measured with an electrochemical an-
alyzer (CHI660E, CH Instruments, Austin, TX) in a frequency range 
of 10−1 to 105 Hz.

Preparation of artificial skin
A negative skin replica was made out of a silicone rubber (Body Double, 
Smooth-On, Easton, PA). The skin replica was then treated with a 
mold release agent (Ease Release 200, Mann Release Technologies, 
Macungie, PA), after which another silicone rubber (Dragon Skin, 
Smooth-On) was applied. After curing, the cured Dragon Skin sili-
con rubber was detached from the negative skin replica. The surface 
of the artificial skin (Dragon Skin) was examined using SEM and a 
3D laser scanning microscope (VK-X200K, Keyence, Osaka, Japan).

Fabrication and characterization of the tcPO2 sensor
The oxygen barrier film for the tcPO2 sensor was fabricated by 
stacking a PI layer (1.3 m), Al film (300 nm), and PI layer (1.3 m). 
The oxygen permeability of the oxygen barrier film was measured 
using an oxygen transmission rate analyzer (OX-TRAN 2/21 MD, 
MOCON, Minneapolis, MN). The PI layer was formed by spin coating 
poly(pyromellitic dianhydride-co-4-4′-oxydianiline), amic acid 
solution (575798, Sigma-Aldrich), and subsequent thermal imidization. 
Then, Cr/Au (7/70 nm) was deposited and patterned for Pt electro-
deposition. A Pt thin film was deposited using an aqueous solution 
containing 0.1 M H2PtCl6 (C0641, Kojima Chemicals, Sayama, 
Japan) and 0.1 M KCl (P3911, Sigma-Aldrich) at −0.3 V for 30 s. Sub-
sequently, a layer of Pt black was formed on the electrodeposited Pt 
electrode with an aqueous solution containing 0.1 M H2PtCl6 and 
0.001 M lead acetate trihydrate (L33, Alfa Aesar, Haverhill, MA) 
at −0.2 V for 30 s. The extraneous parts of the Cr/Au film were etched 
away and an encapsulation layer of epoxy (SU-8 2002, Kayaku 
Advanced Materials, Westborough, MA) was formed. Last, the 

fabricated sensor was transferred onto a medical-grade flexible sub-
strate (Tegaderm, 3M, Saint Paul, MN) using a water-soluble tape 
(Water- Soluble Wave Solder Tape 5414, 3M), after which the ultrathin 
PAAm hydrogel with 0.1 M KCl was placed onto the fabricated sen-
sor. The electrochemical property of the Pt electrodes with different 
dimensions was compared using a CV method. A counter electrode 
of the Pt wire and a reference electrode of Ag/AgCl were used for 
the measurement. The CV curves were obtained in the 0.1 M KCl 
aqueous solution under a scan rate of 0.1 V s−1.

Fabrication and characterization of the impedance sensor 
and TENS electrode
For the impedance sensor and TENS electrode, Pt electrodes were 
prepared and transferred onto a medical-grade flexible substrate in 
the same manner as the tcPO2 sensor. For the TENS electrode, 
charge injection tests were performed on a porcine skin. Patterned 
hydrogel films covered both TENS electrodes connected to an electro-
chemical analyzer. A biphasic pulse was applied between the two 
electrodes with target currents of 1 to 2048 A. The potential difference 
before, during, and after applying the biphasic pulse was monitored 
using the electrochemical analyzer. For data analysis, the potential 
difference before applying the biphasic current was subtracted from 
the peak potential difference.

Fabrication and characterization of the 
iontophoresis electrode
A dumbbell-shaped Cr/Au (7/70 nm) pattern was formed on a PI- 
coated SiO2 wafer by thermal evaporation through a shadow mask. 
The cathode and anode regions of the iontophoresis device were defined 
with a patterned epoxy layer. The AgCl slurry (cathode) and Zn slurry 
(anode) were coated on the exposed part of Au electrodes. The AgCl 
slurry contains poly(vinylidene fluoride-co-hexafluoropropylene) 
(PVdF-HFP; Kynar 2801, Arkema, Colombes, France), AgCl nanopar-
ticles, and Ag flakes (00783, Alfa Aesar) in a 1:7.9:1.1; the AgCl 
nanoparticle was synthesized via the chlorination of Ag nanopowder 
(45509, Alfa Aesar) in FeCl3 (157740, Sigma-Aldrich) aqueous 
solution (200 mM). The Zn slurry contains PVdF-HFP, Zn powder 
(13789, Alfa Aesar), and Ag flakes in a 1:8:1 weight ratio. N-methyl- 
2-pyrrolidone was used as a solvent to make the slurries. Last, the 
fabricated iontophoresis device was transferred onto a medical- 
grade flexible substrate. The efficacy of the self-powered ionto-
phoresis patch was assessed by monitoring the diffusion depth of 
rhodamine B dye molecules through porcine skin. As control, a film 
of PAAm hydrogel containing 0.1% rhodamine B was applied onto 
porcine skin. After diffusion for 20 min, the cross-sectional area was 
observed using an inverted fluorescence microscope (Eclipse Ti-S, 
Nikon, Tokyo, Japan). The same experiment was performed with 
8-week-old male SD rats. The delivery of rhodamine B molecules 
into the abdomen of rats was measured by confocal microscopy 
(LSM 710, Zeiss, Germany).

Device demonstrations via in vivo experiments
All in vivo experiments on human subjects were performed under 
approval by the Institutional Review Board (IRB) of Seoul National 
University (IRB nos. 1605/003-003 and 2011/002-018). In vivo tcPO2 
monitoring was conducted on the instep of the foot after attaching 
the sensor to the skin using a pretaping spray (Tuffner Pre-Tape 
Spray, Mueller, Prairie du Sac, WI). The skin was preheated to 
45°C, and the oxygen reduction current was monitored using an 



Lim et al., Sci. Adv. 2021; 7 : eabd3716     7 May 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

10 of 11

electrochemical analyzer. For the in vivo measurement of the local 
impedance, devices with three different types of electrodes, i.e., 
a Pt electrode with a dry surface, a conventional ionic hydrogel 
(PAAm hydrogel with 0.1 M KCl), and a low-impedance hydrogel 
(PEDOT:PSS/PAAm hydrogel) were prepared. Two pieces of the 
hydrogel were patterned into 11-mm-diameter circles. Next, each 
hydrogel piece was placed on a Pt electrode with a circular opening 
area with a diameter of 1 cm and dried in a convection oven at 60°C 
for 10 min. The dried hydrogel pieces were reswollen by dropping 
30 l of DI water on each set of the hydrogel on the Pt electrode. Two 
sets of the Pt electrode with the hydrogel were placed on the forearm 
side by side with a central distance of 2 cm, and the local impedance 
was measured with an electrochemical analyzer in a frequency range 
of 100 to 104 Hz. In addition, the in vivo measurement of the local 
impedance was conducted on the instep and heel of the human foot 
with the low- impedance hydrogel electrode. The procedure for the tis-
sue impedance measurement was the same as the above description. 
The local delivery of diltiazem hydrochloride (D3662, Tokyo Chem-
ical Industry, Japan) was conducted on 8-week-old male SD rats. A 
PAAm hydrogel film (3% diltiazem hydrochloride + 0.9% NaCl) 
was placed on the Zn anode, while another PAAm hydrogel film 
(0.9% NaCl) was placed on the AgCl cathode of the iontophoretic 
device. The three-lead ECG of SD rats was recorded with a data 
acquisition device (PowerLab 8/35, ADInstruments, Sydney, Australia). 
During ECG measurement, the iontophoretic device was placed on 
a shaved abdominal region of SD rats and fixed with a medical-grade 
flexible film.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/19/eabd3716/DC1
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