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A graphene-based electrochemical device with
thermoresponsive microneedles for diabetes
monitoring and therapy

Hyunjae Lee"?’, Tae Kyu Choi?", Young Bum Lee'?!, Hye Rim Cho'3, Roozbeh Ghaffari#, Liu Wang5,
Hyung Jin Choi¢, Taek Dong Chung’®, Nanshu Lu®, Taeghwan Hyeon'?, Seung Hong Choi'?
and Dae-Hyeong Kim'2*

Owing to its high carrier mobility, conductivity, flexibility and optical transparency, graphene is a versatile material in
micro- and macroelectronics. However, the low density of electrochemically active defects in graphene synthesized by
chemical vapour deposition limits its application in biosensing. Here, we show that graphene doped with gold and
combined with a gold mesh has improved electrochemical activity over bare graphene, sufficient to form a wearable patch
for sweat-based diabetes monitoring and feedback therapy. The stretchable device features a serpentine bilayer of gold
mesh and gold-doped graphene that forms an efficient electrochemical interface for the stable transfer of electrical
signals. The patch consists of a heater, temperature, humidity, glucose and pH sensors and polymeric microneedles that
can be thermally activated to deliver drugs transcutaneously. We show that the patch can be thermally actuated to deliver

Metformin and reduce blood glucose levels in diabetic mice.

vapour deposition (CVD) process'?, constitutes an extremely
useful material for emerging transparent and deformable
electronics. Graphene exhibits outstanding mechanical?, electrical*
and optical properties®, by virtue of its soft carbon-based nature®,
high carrier mobility” and ultrathin form factor. The large-scale pro-
cessibility"? and biocompatibility® of graphene further facilitate its
numerous consumer and healthcare applications. However, the
low defect density of CVD graphene compared with reduced gra-
phene oxides”!? results in poor electrochemical activity. Defect
sites have high electrochemical activity and are useful for various
electrochemical sensors®. Although high-quality CVD graphene
has advantages in large-area arrayed configurations'™2, it has
limited uses in electrochemical devices for the detection of bio-
chemical markers such as pH'"3, ions'* and biomolecules'>.
Meanwhile, the continuous point-of-care monitoring of bio-
markers based on electrochemical sensing, together with real-time
physical sensing and actuation!’-?°, provide unique solutions for
the treatment of chronic, homeostasis-related diseases such as dia-
betes mellitus. There is a significant need for noninvasive monitor-
ing of important markers of such diseases using multifunctional
portable/wearable device arrays*'?2. A feedback therapeutic system
that completes the loop of sensing and therapy?! could significantly
improve the quality of care management. Here, we report the devel-
opment of skin-mounted graphene-hybrid (GP-hybrid) device
arrays capable of not only sweat-based glucose and pH monitoring
in conjunction with a sweat-control layer, but also controlled
transcutaneous drug delivery through bioresorbable temperature-

| | igh-quality, large-area graphene, synthesized by a chemical

responsive microneedles. Precise measurements of sweat glucose
concentrations can be used to estimate the levels of glucose in the
blood based on previously reported correlations**-?°. Moreover,
integrated sensors for tremor detection under hypoglycaemic con-
ditions and skin temperature monitoring during thermal actuations
induced by drug delivery could further help prevent the overdose of
drugs and low-temperature burns, respectively. Finally, the connec-
tion of GP-hybrid wearable devices to a portable/wireless power
supply and data transmission unit would enable the point-of-care
treatment of diabetes.

Device design and material strategy for the diabetes patch
The integrated system consists of the following modules: sweat-
control components (a sweat-uptake layer and waterproof film),
sensing components (humidity, glucose, pH and tremor sensors)
and therapeutic components (microneedles, a heater, and a temp-
erature sensor), as shown in Fig. 1a,b. The bilayer of a Au serpentine
mesh and gold-doped CVD graphene (Fig. 1c, bottom) ensures high
conductivity, mechanical reliability and optical transparency for
stable electrical signal transfer as well as a semi-transparent skin-
like appearance in the large-area deformable device array configur-
ation. The selective, patterned functionalization of the gold-doped
CVD graphene with electrochemically active, soft materials
(Fig. 1a,b, left and Fig. 1c, top) establishes GP-hybrid sensors with
enhanced electrochemical activity and biochemical sensitivity/selec-
tivity, while maintaining the intrinsic softness of graphene. In con-
trast to conventional liquid-type bulky counter electrodes used
for electrochemical sensing, solid-state Ag/AgCl counter electrodes
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Figure 1| Schematic drawings and corresponding images of the GP-hybrid electrochemical devices and thermoresponsive drug delivery microneedles.

a, Schematic drawings of the diabetes patch, which is composed of the sweat-

control (i, ii), sensing (iii-vii) and therapy (viii-x) components. b, Optical camera

image of the electrochemical sensor array (left), therapeutic array (right) and magnified view of the drug-loaded microneedles (inset). (i) sweat-uptake layer
(Nafion); (i) water-proof film (silicone); (iii) humidity sensor (PEDOT); (iv) glucose sensor (PB); (v) pH sensor (PANI); (vi) counter electrode (Ag/AgCl);
(vii) tremor sensor (graphene); (viii) microneedles with drugs (PVP@PCM); (ix) heater (Au mesh/graphene); (x) temperature sensor (graphene).

¢, Schematic of the GP-hybrid electrochemical unit, which consists of electrochemically active and soft functional materials (xi), gold-doped graphene (xii) and
a serpentine Au mesh (xiii), from top to bottom. d, Optical camera images of the diabetes patch laminated on human skin under mechanical deformations.

(included in the sensor components; Fig. 1a,b) provide portability
and wearability of the electrochemical system. Bioresorbable
polymer-based microneedles?®? coated with the phase-change
material (PCM)?® release the drug into the bloodstream when the
the programmed threshold temperature is exceeded (Fig. 1a, right
and Fig. 1b, inset). Multichannel thermal actuators (Fig. 1b, right)
control the amount/rate of drug release in a stepwise manner. Soft
materials with stretchable designs provide extremely conformal con-
tacts to the human skin under deformation (Fig. 1d). This confor-
mal and intimate interfacing enables stable sensing and efficient
drug delivery. If the patch is delaminated, sensing and drug delivery
are not effective. More details of the system integration and com-
bined operations including portable/wireless units and sweat-
control layers are described in Supplementary Figs 1-3.

Characterization of the GP-hybrid

The electrochemical properties of the GP-hybrid are characterized
and compared with controls (an Au film and Au mesh). Optical
(left) and scanning electron microscope (SEM; right) images of
the individual electrodes with the poly(3,4-ethylenedioxythiophene)
(PEDOT) functionalization by the galvanostatic electrodeposition
are shown in Fig. 2a. Large-scale views are included in
Supplementary Fig. 4. The amount of functional materials deposited
on the Au mesh (Fig. 2a, middle) is much less than that on the Au
film (Fig. 2a, top) or GP-hybrid (Fig. 2a, bottom) electrodes because
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of the non-conducting square regions of the mesh. Au particles on
doped graphene form scattered clusters of functional materials on
the GP-hybrid surface. The GP-hybrid, therefore, exhibits better
electrochemical performance characteristics due to its large electro-
chemically active surface area under bare electrode conditions
(Fig. 2b-d) as well as during (Fig. 2e-g) and after (Fig. 2h-j)
the functionalization.

Cyclic voltammograms (CV; Fig. 2b and Supplementary Fig. 5a)
and alternative current (a.c.) impedance measurements (Nyquist
plots in Fig. 2c and Supplementary Fig. 5b, Bode plots in Fig. 2d)
for Fe(CN); ™ redox coupling demonstrate the higher charge
storage capacity (CSC) and lower interfacial impedance of the elec-
trode of the GP-hybrid than controls (see Supplementary Section
1.1 for details). The Au mesh shows the highest charge transfer resist-
ance (R, and its CV peak shifts to higher potentials due to the small
active area and low electrochemical activity. The electrode of the GP-
hybrid, bilayer of gold-doped CVD graphene and Au mesh, however,
compensates for the non-conducting regions of the Au mesh by
doped graphene, which enlarges the electrochemically active surface
area to slightly larger than that of the Au film. The estimated electro-
chemically active surface areas of these electrodes are summarized in
Supplementary Table 1. Related discussions are described in
Supplementary Section 1.1. The electrochemical stability/reliability
of the GP-hybrid electrode is further proven through temperature-
dependent impedance measurements and multiple CV operations
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Figure 2 | Electrochemical, mechanical and electrical characterization of the Au mesh, Au film and GP-hybrid. a, Optical (left) and SEM (right) images of
the Au film (top), Au mesh (middle) and GP-hybrid (bottom) after the PEDOT electrodeposition. b, CV plots of the electrodes in PBS with Fe(CN)Z"“~ (scan
rate: 0.1V s with a commercial Ag/AgCl electrode). ¢, Nyquist plots of the electrodes in PBS with Fe(CN)Z”*"

&/ at the equilibrium potential. d, Bode plots of

the electrodes in PBS with Fe(CN)Z”* at the equilibrium potential. e, Amperometric curves of the electrodes during the PEDOT electrodeposition process
(initial potential: 1.25 V versus a commercial Ag/AgCl electrode). f, CV plots of the electrodes during the PB electrodeposition process (scan rate: 0.1V s™
with a commercial saturated calomel electrode). g, CV plots of electrodes during the PANi electrodeposition process (scan rate: 0.1V s™ with a commercial
Ag/AgCl electrode). h, Bode plots of the electrodes in PBS after electrodeposition of PEDOT. i, CV plots of the electrodes in PBS after electrodeposition of
PB (scan rate: 0.1V s™ with a commercial Ag/AgCl electrode). j, pH-dependent OCP changes in the electrodes after electrodeposition of PANi (N =3, error
bars show the standard deviation, OCP versus a commercial Ag/AgCl electrode). k, Comparison of the maximum induced strain in the rectangular island of
the GP-hybrid electrode under the 0-30% stretching with that of other electrodes (Au film and indium tin oxide (ITO)). The arrows show the fracture strain
(FS) of each electrode material. I, Optical images (left) and corresponding FEM strain distribution analysis results (right) of the GP-hybrid interconnection
under compressed (left red arrow, ~30% compressed), undeformed and stretched (right red arrow, ~30% stretched) states. €2, Maximum amount of strain.
m, Relative resistance changes of the GP-hybrid electrode after the cyclic stretching test. The inset compares the resistance of the GP-hybrid electrode with

that of other transparent electrodes (graphene and ITO).

(Supplementary Fig. 5¢,d). This large electrochemically active surface
area of the GP-hybrid electrode is consistent with the nanostructured
topography in visual observations (optical and SEM images), which
corroborates its superb characteristics. In contrast, electrochemical
characterization of the undoped CVD graphene shows negligible
redox reactions and high impedances due to its low electrochemical
activity (Supplementary Fig. 6a-c).

These electrochemical properties of the GP-hybrid electrode are
further highlighted through functionalization, which is supported
by enhanced electrochemical activities during and after the elec-
trodeposition of functional materials. Figure 2e-g shows larger
electrical current amplitudes and sharper characteristic peaks of
the GP-hybrid during the controlled electrodeposition process of
PEDOT, Prussian Blue (PB), and polyaniline (PANi). The electrode
of the GP-hybrid exhibits excellent electrochemical interactions
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with each monomer. The resulting GP-hybrid film shows better
electrochemical performances, including lower interfacial impe-
dance of the PEDOT/GP-hybrid (Fig. 2h and Supplementary
Fig. 7a) and more prominent characteristic redox peaks of the
PB/GP-hybrid (Fig. 2i and Supplementary Fig. 7b) compared with
others. However, the pH-dependent open circuit potential (OCP)
of the PANi/GP-hybrid shows comparable trends to that of the
Au film and Au mesh (Fig. 2j and Supplementary Fig. 7c). The
GP-hybrid clearly improves impedance-based (PEDOT) and
charge-transfer-based (PB) electrochemical activities, for which
reactions occur on the surface. However, the OCP depends on
bulk properties of the PANi rather than the surface properties and
thereby similar results are observed.

High conductivity and mechanical robustness are important for
efficient charge/signal injection into and extraction from

3
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Figure 3 | Electrochemical and electrical characterization of individual devices and their combined operation in vitro. a, Optical image (top) and calibration
curve (middle; N =3, error bars show the standard deviation) of the humidity sensor. The bottom plot shows the measurement of impedance changes under
wetting. b, Optical image (top) and calibration curve of the glucose sensor (middle; blue arrows indicate glucose concentrations in each step; initial potential:
—0.05 V versus a solid-state Ag/AgCl electrode) and pH sensor (bottom; OCP versus a solid-state Ag/AgCl electrode). ¢, Optical image (top) and
calibration curve (middle; N =3, error bars show the standard deviation) of the tremor sensor (strain gauge). The bottom plot shows the measurement of
strain changes during repeated bending deformations. d, Optical image (top) and characterization curves of the heater (middle; output temperature profiles
at different power values (P;_P3)) and temperature sensor (bottom; the slope indicates sensitivity of the temperature sensor). e, Measurement of humidity
changes with the application of different volumes of artificial sweat. When measured RH is over 80% (yellow region), sensors operate reliably. f, Monitoring
of glucose (initial potential: —0.05 V versus a solid-state Ag/AgCl electrode) and pH (OCP versus a solid-state Ag/AgCl electrode) changes in vitro under
hyperglycaemia in artificial sweat (0.3 mM sweat glucose level corresponding to 300 mg dI”' blood glucose level). g, The tremor sensor in the patch detects
tremors similar to those experienced by hypoglycaemic patients. Under hypoglycaemic conditions, physiological tremors occur with frequency over 1Hz.

electrochemical cells. Mechanical robustness under various defor-
mations is another important requirement of skin-based wearable
systems®?. In addition to the intrinsic softness of graphene
(Fig. 2k; arrows show the typical fracture strain of each material®*32),
electrodes that use serpentine designs significantly enhance mechan-
ical deformability (Fig. 21, left). To prevent mechanical fractures in
the Au mesh, we used serpentine designs***. The neutral mechanical
plane*?® and ultrathin design®-%" further increase the tolerance to
mechanical deformations. These materials and design strategies
minimize the induced strain occurring during deformations. These
experimental results are confirmed with finite element modeling
(FEM) analysis (Fig. 21, right). See Supplementary Section 1.2 and
Supplementary Fig. 8 for more details about the mechanical proper-
ties. In our design, the serpentine Au mesh subjacent to gold-doped
CVD graphene enhances the electrical conductivity in comparison
with conventional transparent electrodes while minimizing mechan-
ical fractures during a cyclic stretching test (Fig. 2m and its inset). An
extra important advantage of the GP-hybrid is in the optical

4

transparency, providing the natural skin-like appearance of the dia-
betes patch (Supplementary Fig. 9).

Characterization of the diabetes patch in vitro

After the fabrication of the interconnected array layout on a handle
substrate, the device is transfer-printed onto a thin silicone patch,
followed by the selective, patterned electrochemical functionaliza-
tion for GP-hybrid sensors (Supplementary Fig. 10). The stepwise
selective electrodeposition of each functional material prevents
cross-contamination (Supplementary Fig. 11 and Supplementary
Section 1.3). The heater, tremor sensor (strain gauge) and tempera-
ture sensor are fabricated by the resistance modulation of graphene
and the Au mesh (Fig. 1b).

The sensors for humidity, glucose/pH and tremor and the heater/
temperature sensor are described in Fig. 3. The humidity sensor
monitors the relative humidity (RH) changes based on impedance
changes in the interdigitated PEDOT electrodes to make sure a suf-
ficient amount of sweat is present on the skin (Fig. 3a and
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Supplementary Fig. 12a). The glucose and pH sensors measure elec-
trochemical signal changes of the PB/GP-hybrid by the reduction
of H,O, generated from the glucose oxidase and those of the
PANi/GP-hybrid by pH changes, respectively, in conjunction
with the solid-state Ag/AgCl counter electrode (Fig. 3b and
Supplementary Fig. 12b-d). The glucose sensor is calibrated
before its first use and tested in the glucose concentration range
between 10 uM and 0.7 mM (Fig. 3b middle and Supplementary
Fig. 13a-c). These glucose concentrations correspond to typical
sweat glucose concentrations of hypoglycaemic and hyperglycaemic
patients as well as normal people?*~?°. The glucose sensor is found to
be stable under mechanical deformations and maintains its sensi-
tivity under various motions (Supplementary Fig. 13b). The
glucose sensor reacts specifically to glucose in the presence of
other biomolecules contained in the sweat (for example, lactate,
ascorbic acid and uric acid; Supplementary Fig. 13d,e). The
glucose oxidase in the current device setting is active at least for a
day under ambient conditions and for several days depending on
storage conditions (see Supplementary Fig. 13f and Methods).
The low operation potential (initial potential: —0.05 V' versus the
solid-state Ag/AgCl electrode) of the glucose sensor prevents
electrochemical interference.

The pH sensor is calibrated with stepwise pH changes using stan-
dard pH buffer solutions and is stably operated under deformations
(Fig. 3b bottom and Supplementary Fig. 14a,b). The pH sensor is
used to correct the pH-dependent deviation of the enzyme-based
glucose sensor. The glucose oxidase (GOx) is affected by pH changes
in the sweat. The sweat pH is typically lower than the neutral condition
(that is, pH=7) due to the metabolic lactic acid secretion during
muscle movements (Supplementary Fig. 14c) and varies among
human subjects. The time-dependent stability of the glucose sensor
is also estimated. The glucose sensor measures the glucose level reliably
for 6 h without further calibrations (Supplementary Fig. 15a). The
tremor sensor (strain gauge) is calibrated and successfully measures
cyclic strain changes (Fig. 3c). The heater and temperature sensor are
calibrated (Fig. 3d) and used in the drug delivery process.

The combined operation of these sensors using the artificial sweat
in vitro is shown in Fig. 3e-g. First, the humidity sensor monitors RH
and determines the starting point for glucose and pH sensing, which
are stabilized at RH of >80% (Fig. 3e). The diabetes patch needs at
least 20 ul of human sweat for measurement of the glucose concen-
tration. No disturbance is found in larger volumes of sweat
(Supplementary Fig. 15b,c). The glucose and pH sensors measure
real-time changes in glucose and pH. Simulated hyperglycaemia
(0.3 mM sweat glucose level corresponding to a 300 mg di™" blood
glucose level)?® is then successfully detected, as shown in Fig. 3f.
Hyperglycaemia is defined when the blood glucose level is above
126 mgdl™' under fasting®®. However, owing to continuous
pH changes (blue), the efficiency of GOx and thereby the sensitivity
of the glucose sensor is susceptible to error. Therefore, glucose moni-
toring with real-time correction using in situ pH measurements
(red) agrees much better with the real glucose concentration of the
artificial sweat (dotted line, 0.3 mM) than the uncorrected one
(green). The temperature dependency of the glucose and
pH sensors are estimated. The sensitivity of the glucose sensor is
slightly decreased as the temperature decreases, whereas the sensitivity
of the pH sensor is similar at various temperatures (Supplementary
Fig. 16a,b and Supplementary Section 1.4). Our diabetes patch,
therefore, provides more reliable sensing performances than pre-
vious devices due to systematic correction of sweat glucose measure-
ments based on pH and temperature monitoring (Supplementary
Section 1.5). The potential interactions of the glucose sensor with
common drugs (aspirin, Tylenol and Metformin) are also estimated.
Their influences on glucose sensing are minimal (Supplementary
Fig. 16¢c and Supplementary Section 1.4). The wearable tremor
sensor detects simulated tremors that could possibly be induced

in hypoglycaemic states, where physiological tremors occur with a
frequency over 1Hz (Fig. 3g)*. After comparison with pre-
programmed thresholds of the acceptable glucose concentration
that are determined by a family doctor, the real-time glucose moni-
toring data can trigger the heater embedded in the patch to ther-
mally activate the drug-loaded microneedles. When the heater is
turned off, the microneedles coated with the PCM remain inactive.

Demonstration of sweat-based monitoring and therapy in vivo
Integrated system-level demonstrations of the wearable diabetes patch
in vivo are described in Fig. 4. The diabetes patch is laminated on the
human skin and is electrically coupled to a portable electrochemical
analyser (Supplementary Fig. 2), which in turn wirelessly transfers
data to remote mobile devices (for example, a smartphone or tablet
computer) and supplies power to the patch (Fig. 4a). Sweat-based
glucose monitoring begins on sweat generation (Fig. 4b and
Supplementary Fig. 17a). The humidity sensor monitors the increase
in RH. It takes ~15 min on average (10-20 min) for the sweat-uptake
layer of the patch to collect sweat and thereby to reach a RH over 80%
for measurements (Supplementary Section 1.6). The glucose and pH
measurements are initiated after the RH reaches 80% (Fig. 4c).

Two healthy volunteers (both men in their twenties) with no
medical history of heart problems or diabetes participated in the
study. All subjects were informed of risks and benefits and provided
informed consent. The pH of human sweat is different among subjects,
as are the subject’s physiological and/or environmental conditions
(Fig. 4d). The pH sensor monitors these changes/differences and cor-
rects the pH-dependent glucose measurements in situ. Daily glucose
monitoring data in vivo are presented in Fig. 4e. Sweat glucose concen-
trations measured by the diabetes patch (red circles) and a commercial
glucose assay kit (Cayman chemical, USA; red dots) are well matched.
In addition, changes in the sweat glucose concentration (red, left y axis)
are well correlated with those of the blood glucose concentration (blue,
right y axis) (correlation factor: ~0.017; the ratio of the sweat glucose
concentration to the blood glucose concentration). Blood glucose con-
centrations are measured by a commercial glucose meter (Accu-chek
performa, Roche, Switzerland). A statistical analysis confirms the
reliable correlation between sweat glucose data from the diabetes patch
and those from the commercial glucose assay (P<0.001, R*=0.89)
(Supplementary Fig. 17b) as well as the correlation between the
sweat glucose data from the diabetes patch and blood glucose data
from the commercial glucose meter (P<0.001, R?=0.83)
(Supplementary Fig. 17c). The pH correction effect on the glucose
monitoring is shown in Fig. 4f. Corrections using the measured pH
(red) provide more accurate glucose monitoring data than those
without corrections (orange) compared with the real glucose concen-
tration measured by the glucose assay (green). Another practical
advantage of the diabetes patch is that the sensitivities of the
glucose and pH sensors are barely affected after multiple lami-
nation/delamination ~ processes for reuse (Fig. 4g and
Supplementary Fig. 17d,e). The glucose and pH sensors also show
similar sensitivities in multiple sensors (Supplementary Fig. 17f).

Detection of hyperglycaemia triggers the thermal actuation of the
drug-loaded microneedles. Details of the microneedle fabrication
process are provided in Supplementary Fig. 18 and the Methods. A
large-scale view of the fabricated microneedles is presented in
Supplementary Fig. 19a. Microneedles are composed of a bioresorb-
able polymer (polyvinyl pyrrolidone (PVP)?**?) in combination with
a pharmacological agent (Metformin*®; Product #D150959, Sigma-
Aldrich, USA). A thermally active bioresorbable coating layer of
PCM (tridecanoic acid; Product #T0412, Tokyo Chemical Industry,
Japan)? further protects the PVP/drug from moistures and/or bio-
fluids below the transition temperature (T.=41-42°C), as shown
in Fig. 4h. Thermal actuation above T, melts the PCM and releases
drug into the bloodstream (see Supplementary Section 1.7).
Analysis using a high-performance liquid chromatograph (HPLC;
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Figure 4 | Demonstration of the wearable diabetes monitoring and therapy system in vivo. a, Optical image of the integrated wearable diabetes monitoring
and therapy system connected to a portable electrochemical analyser. The electrochemical analyser wirelessly communicates with external devices via
Bluetooth. b, Optical image of the GP-hybrid electrochemical device array on the human skin with perspiration. ¢, RH measurement by the diabetes patch.

d, Measurement of the pH variation in two human sweat samples from two subjects. e, One-day monitoring of glucose concentrations in the sweat and blood
of a human (subject 2 in d). f, Comparison of the average glucose concentrations with the commercial glucose assay data in e before and after correction using
the measured pH (error bars show the standard deviation). g, Plots showing the stable sensitivity of the glucose and pH sensors after multiple reuses of the
patch. h, Schematic illustrations of bioresorbable microneedles. i, Drug release from the microneedles at different temperatures (N = 3, error bars show the
standard deviation). j, Infrared camera images of multichannel heaters showing the stepwise drug release. k, Optical images of the stepwise dissolution of the
microneedles. I, Optical image of the heater integrated with the microneedles, which is laminated on the skin near the abdomen of the db/db mouse. The hair
on the skin was shaved off before treatment with the microneedles. m, Optical image (left) and its magnified view (right) of the db/db mouse skin stained with
trypan blue to visualize the micro-sized holes made by the penetration of the microneedles. n, Optical (left) and infrared (right) camera images of the patch

with the thermal actuation.

0, Blood glucose concentrations of db/db mice for the treated group (with the drug) and control groups (without the patch and

without the drug). The error bars show the standard deviation in each group and small P values show that the results are statistically reliable. The asterisks
indicate significant difference (P < 0.05) between the treated (red) and the non-treated group (blue and green) on each time point.

Ultimate 3000, Dionex, USA) shows the elution of drug at elevated
temperatures (>41 °C; Fig. 4i and Supplementary Fig. 19b). The inte-
grated temperature sensor monitors temperature changes on the skin
and prevents any overheating (Supplementary Fig. 19c). The pat-
terned heating triggers drug release in a stepwise manner (two step
release in Fig. 4j.k, and four step release in Supplementary Fig. 19d.e).
By increasing the total area of the microneedles, the maximum
number and/or amount of the drug deliveries can be increased
(see Supplementary Section 1.7 for details).

Therapeutic effects are tested in vivo using 8- to 10-week-old dia-
betic (db/db) mice (Supplementary Fig. 20) using a genetically
derived diabetic animal model. Treatment begins by laminating
the patch on the skin near the abdomen of the db/db mouse
(Fig. 41). The microneedles penetrate through the surface of the
skin, reaching the subcutaneous region, as shown in the optical

images (Fig. 4m). Once the db/db mouse is treated with thermally
actuated microneedles (optical and infrared camera image in
Fig. 4n), the drug (Metformin) is released into the bloodstream.
The experimental group treated with microneedles shows a signifi-
cant suppression of blood glucose concentrations with respect to the
control groups (Fig. 40; P <0.05, ANOVA with post hoc analysis).
One can easily replace the used microneedles with new ones
(Supplementary Fig. 21a,b). The drug-loading capacity of the micro-
needles can be further increased by using its backing layer*!-3
(Supplementary Fig. 21c). Treatment with Metformin through the
skin is much more efficient than the digestive system** because
the drug is directly introduced into metabolic circulation through
the skin*>. More studies into transdermal drug delivery for human
patients are needed in the future. The Metformin is effective not
only for treating diabetic patients, but also for people at risk of
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the diabetes for preventive purposes?, which maximizes the utility
of the current diabetes patch.

Conclusions

We report soft materials, device designs and system integration strategies
for a new class of diabetes monitoring and therapy devices based on
functionalized CVD graphene. Graphene biochemical sensors with
solid-state Ag/AgCl counter electrodes show enhanced electrochemical
activity, sensitivity and selectivity in detecting important biomarkers con-
tained in human sweat. The GP-hybrid interconnections and physical
sensors efficiently transmit the signal through the stretchable array and
supplement electrochemical sensors, respectively. The orchestrated
monitoring of biomarkers and physiological cues with sweat control
and transcutaneous drug delivery achieves a closed-loop, point-of-care
treatment for diabetes. The detection of RH over a critical point due
to sweat activates the glucose sensing, which is corrected by simultaneous
measurement of pH and temperature. High glucose concentration
recordings trigger the embedded heaters to dissolve PCM and as a
result, bioresorbable microneedles release Metformin as a feedback trans-
dermal drug delivery to the glucose sensing. The use of intrinsically soft
materials enhances the conformal integration of devices with the human
skin and thus improves the effectiveness of biochemical sensors and drug
delivery. The wireless connectivity further highlights the practical appli-
cability of the current patch system. These advances using nanomaterials
and devices provide new opportunities for the treatment of chronic dis-
eases such as diabetes mellitus.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods

Fabrication process of the device array. The device fabrication begins with the
spin-coating of the epoxy layer (~1.5 um; SU8-2, Microchem, USA) on a nickel
sacrificial layer (~50 nm; thermal evaporation) deposited on a silicon handle wafer.
After curing of the coated epoxy, the bottom epoxy layer is patterned using
photolithography. Thermal evaporation is used to form the Cr/Au (~7 nm/~70 nm)
film, which is patterned as the Au mesh interconnects using photolithography and
wet etching. The graphene, synthesized on a Cu foil (Product #46365, Alfa Aesar,
USA) through the CVD process, is transferred and patterned. Finally, the device is
encapsulated with another epoxy layer. The fabricated device is transfer-printed
onto a PDMS substrate (Sylgard 184, Dow Chemical, USA) after the wet etching of
the sacrificial nickel layer.

Electrochemical characterization of the electrodes. The a.c. impedance, CV,
galvanostatic method, amperometric I-¢ curve and OCP measurements are
performed using an electrochemical analyser (CHI660E, CH instrument, USA).
Characterization of the electrodes and functional materials (Fig. 2b-j) is carried out
using the three-electrode method with the reference electrode (commercial Ag/AgCl
electrode, saturated calomel electrode (SCE), Ag electrode), Pt counter electrode and
fabricated working electrode (designed area is 1 cm? for intrinsic characterization of
each electrode).

Selective functionalization of electrochemical devices. Selective functionalization
is carried out through electrodeposition using the three-electrode method for the
electrodes described above. The process is as follows:

(i) Au doping. Before the selective functionalization, Au doping on the bilayer
electrode of Au mesh and graphene is proceeded by the treatment with 20
mM AuCl; (Product #43360, Alfa Aesar, USA) aqueous solution for 5 min.
After Au doping, active sites are gently washed with water.

(ii) Ag/AgCl electrodeposition. An aqueous solution of 5mM AgNO; (Product
#209139, Sigma-Aldrich, USA) and 1 M KNO; (Product #P8394, Alfa Aesar,
USA) is prepared. The GP-hybrid electrode is dipped into the prepared solution.
The potential is swept from —0.9 to 0.9 V versus an Ag electrode for 20 segments
ata scan rate of 0.1 V s'. For chlorination, the electrode is dipped in an aqueous
solution of 0.1 M KCI (Product #P5405, Sigma-Aldrich, USA) and 0.01 M HCI
(Product #H1758, Sigma-Aldrich, USA). The potential is swept from —0.15 to
1.05 V versus SCE for 4 segments at a scan rate of 0.05 V s™".

(iii) PEDOT electrodeposition. A solution of 0.01 M 3,4-ethylenedioxythiophene
(Product #483028, Sigma-Aldrich, USA) and 0.1 M LiClO,4 (Product
#271004, Sigma-Aldrich, USA) in acetonitrile (Product #271004, Sigma-
Aldrich, USA) is prepared. The GP-hybrid electrode is dipped into the solution
and the galvanostatic electrodeposition is performed with 0.5 mA of anodic
current (potential versus commercial Ag/AgCl electrode) for 40 s. PEDOT
deposition starts when the potential is higher than 1.2 V.

(iv) PANi electrodeposition. An aqueous solution of 0.1 M aniline (Product
#242284, Sigma-Aldrich, USA) in 1 M HCl is prepared. The GP-hybrid
electrode is dipped into the solution and the potential is swept from -0.2to 1 V
versus a commercial Ag/AgCl electrode for 40 segments at a scan rate of 0.1 Vs~

(v) PB electrodeposition. An aqueous solution of 0.1 M KCl, 5 mM Kj;[Fe(CN)s]
(Product #P702587, Sigma-Aldrich, USA) and 5 mM FeCl; (Product
#236489, Sigma-Aldrich, USA) in 0.01 M HCl is prepared. The GP-hybrid
electrode is dipped into the solution and the potential is swept from 0.2 to 1 V
versus SCE for three segments at a scan rate of 0.1 Vs~

(vi) Drop-casting of GOx on glucose sensor and Nafion passivation. A solution of
0.1 M KCl and 0.5 g mlI™" GOx (Product #G7141, Sigma-Aldrich, USA) is
prepared in 1x PBS (Dulbecco’s phosphate-buffered saline, WELGENE Inc.,
Republic of Korea). A 2 pl aliquot of the solution is drop-casted on the PB/GP-
hybrid twice. After the electrodes are dried, Nafion (Product #309389,
Sigma-Aldrich, USA) is drop-casted on the humidity sensor (2 pl) and other
sensors (10 pl).

Characterization of the humidity sensor. The humidity sensor is calibrated using
the a.c. impedance method. Measurements are performed using the two-electrode
method with PEDOT/GP-hybrid interdigital electrodes. RH is controlled by
introducing a mixed stream of dry nitrogen and deionized water vapour into the test
chamber, and measured using a commercial humidity meter (Center310, Center,
Taiwan). The humidity sensor is calibrated between 20% and 80% RH at 100 Hz
(Fig. 3a middle). For real-time monitoring of humidity, the impedance-time
measurements are performed at 100 Hz (Fig. 3a bottom).

Characterization of the glucose sensor. The glucose sensor is characterized under
ambient air conditions by using amperometric I-t curves (initial potential: —0.05 V
versus the solid-state Ag/AgCl electrode) according to the following tests.

« Calibration and stretching test. The glucose sensor is calibrated in the glucose
concentration range between 10 uM and 0.7 mM (Supplementary Fig. 13a,b).
For the stretching test, measurements are performed from 0 to 0.7 mM under
10%, 20% and 30% applied strains (Supplementary Fig. 13b).

o Selectivity test. The selectivity of the sensor is tested by the stepwise addition of
0.3 mM glucose (Product #G7141, Sigma-Aldrich, USA), 4 mM lactate (Product
#69775, Sigma-Aldrich, USA), 10 uM ascorbic acid (Product #A7506, Sigma-
Aldrich, USA), 59 uM uric acid (Product #U2625, Sigma-Aldrich, USA) and
0.5 mM glucose every 60 s (Supplementary Fig. 13d).

« pH and temperature dependency test. The pH dependency of the glucose sensor
is estimated with solutions of 0 to 0.5 mM glucose at different pH values
(Supplementary Fig. 14c). The temperature dependency of the glucose sensor is
estimated at 5 °C, 15 °C and 25 °C (Supplementary Fig. 16a).

o Time dependent stability test. The stability of the glucose sensing in artificial
sweat (0.3 mM) for 6 h with a 2 h interval is estimated at room temperature
(Supplementary Fig. 15a). For the long-term stability test over several days, the
glucose sensor is tested at room temperature and stored at 4 °C when not in use
(Supplementary Fig. 13f).

o Drug interaction test. The effects of drug interactions on the sensitivity of the
glucose sensor is estimated in a series of test solutions that contain glucose and
common drugs (Supplementary Fig. 16¢): glucose only (control), a mixture of
glucose and 20 pg ml™" acetaminophen (Tylenol; Product #A7085, Sigma-
Aldrich, USA), a mixture of glucose and 100 pg ml™" acetylsalicylic acid (Aspirin;
Product #A5376, Sigma-Aldrich, USA) and a mixture of glucose and 100 pg ml™"
Metformin (Product #D150959, Sigma-Aldrich, USA).

Characterization of the pH sensor. pH-dependent changes in the zeta potential of
the PANi/GP-hybrid are measured using an electrokinetic analyser (SurPASS,
Anton Paar, USA; Supplementary Fig. 12d, bottom). The pH sensor is characterized
under ambient air conditions using real-time OCP measurements with an
electrochemical analyser. The two-electrode method with the PANi/GP-hybrid as
the working electrode and the solid-state Ag/AgCl electrode as the counter electrode
is used for the measurement. The pH sensor is calibrated using standard buffered
pH solutions (buffered solutions pH from 5 to 8, Alfa Aesar, USA), as shown in
Fig. 3b, bottom. The same measurement procedure is used for the stretching test
under 10%, 20% and 30% applied strains (Supplementary Fig. 14a). The effect of
temperature on the pH sensor is also tested by measuring the OCP change of the pH
sensor using the standard buffered pH solutions at 5°C, 15 °C and 25 °C
(Supplementary Fig. 16b).

Characterization of the strain gauge, heater and temperature sensors. Changes in
the resistance of the strain gauge are measured using a digital multimeter
(USB-4065, National Instrument, USA). The temperature sensor is also calibrated
using the same digital multimeter. The temperature is monitored using the
fabricated temperature sensor while the heater is turned on. The temperature
sensor data is compared with data from a commercial infrared camera (FLIR E8,
FLIR, USA).

Wireless control of GP-hybrid electrochemical devices on the human skin.
GP-hybrid electrochemical devices are connected to a portable electrochemical
analyser (PalmSens3, Palm instrument B.V., Netherlands) using anisotropic
conductive film (HST-9805-210, Elform, USA). The electrochemical analyser is
controlled wirelessly using an Android application (PStouch from the Google Play
Store) via Bluetooth. The humidity sensor first monitors RH changes inside the
patch (Fig. 4c) during sweating on the human skin under warm conditions. When
RH is over 80%, the glucose and pH sensors begin monitoring. It takes ~15 min on
average, which correspond to the warm-up time. The relative current changes of the
glucose sensor are converted into the sweat glucose level according to the calibration
curve with pH-based corrections (Supplementary Fig. 14c).

Glucose level measurement process using glucose and pH sensors. Every glucose
and pH sensor needs a two-step calibration process before their first use to ensure
precise monitoring of glucose and pH levels. The glucose and pH sensors are first
calibrated using artificial sweat solutions. For the glucose sensing, we used the
amperometric measurement that gives a current (I) versus time (t) curve under
constant potential (initial potential: —0.05 V versus the solid-state Ag/AgCl
electrode). Relative current changes (AI/I,) are obtained at different glucose
concentrations. Then AI/I, will be converted into the glucose concentration based on
the calibration curve (Supplementary Fig. 13a—c). For the pH sensing, the measured
OCP is converted into the pH value using the calibration curve (Supplementary
Fig. 14a,b). The measured pH value is then used to adjust the glucose concentration
(Supplementary Fig. 14c). After the characterization of the glucose and pH sensors
in vitro, the correlation factor between the glucose levels in the sweat and blood is
obtained by measuring blood and sweat glucose concentrations in vivo
(Supplementary Fig. 17¢). In our device array, two glucose sensors are fabricated as a
pair, as are the pH sensors. Therefore, glucose and pH sensing can be continued even
if one of the paired sensors fails. If all paired sensors are not functioning properly,
the whole integrated system should be replaced.

Fabrication process of PCM-coated bioresorbable microneedles. The intaglio
PDMS mould for the microneedles is prepared using commercial microneedles
(PAMAS, Prestige, Republic of Korea) as a master. The microneedles have a base
diameter and height of 250 um and 1 mm, respectively. A liquid mixture of vinyl
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pyrrolidone (Product #V3409, Sigma-Aldrich, USA), 1 wt% free-radical initiator
(azobisisobutyronitrile; Product #A1482, Samchun, Republic of Korea) and 5 wt%
Metformin (Product #D150959, Sigma-Aldrich, USA) is casted onto the mould.
Then a device array is placed on top and the sample is dried in a vacuum chamber at
room temperature. The sample is then radiated with the UV light for 30 min at room
temperature using a 40 W UV lamp. After the full cross-linking, the microneedles
are gently peeled off. Finally, PCM (tridecanoic acid, Product #T0412, Tokyo
Chemical Industry, Japan) is spray-coated on the microneedles. For the replacement
of the microneedles a slightly different fabrication process is used. In this process, a
polyethylene naphthalate (PEN) film (thickness ~12 um; Teonex Q51, Teijin
Dupont Film, Japan) is used as a substrate.

In vivo animal experiment. Female db/db mice at the age of 8 to 10 weeks that
exhibit type II diabetes are used. Among 30 mice, 18 mice are selected at random
without blinding. Drug-loaded microneedles on the heater and temperature sensor
(Supplementary Fig. 19) are attached to the mouse skin with gentle pressure.
Transcutaneous drug delivery is initiated by the thermal actuation. The changes in
blood glucose concentration are measured using a commercial glucose meter (Accu-
chek performa, Roche, Switzerland). The measured blood glucose levels from treated

NATURE NANOTECHNOLOGY | www.nature.com/naturenanotechnology

and control (no patch application and patch with drug-unloaded microneedles)
groups are analysed using ANOVA with a post hoc method.

In vitro and in vivo characterization of microneedles. Temperature-dependent
drug release from PCM-coated microneedles is characterized by an HPLC (Ultimate
3000, Dionex, USA) in vitro (Fig. 4i and Supplementary Fig. 19b). The drug
(Metformin; Product #D150959, Sigma-Aldrich, USA) is eluted in 4.3 min. The
microneedles are dissolved by heating under droplets of artificial sweat. The changes
in temperature are monitored using both a commercial infrared camera and the
fabricated temperature sensor (Fig. 4j,n and Supplementary Fig. 19¢). The
therapeutic effect of the drug released from the microneedles is also tested in vivo
with the db/db mouse model (Supplementary Fig. 20). The changes in blood glucose
concentrations are monitored using a commercial glucose meter (Accu-chek
performa, Roche, Switzerland), as shown in Fig. 4o.

Ethical approval for the animal experiment. All procedures are approved by the
Institutional Animal Care and Use Committee (IACUC) of the Biomedical Research
Institute of Seoul National University Hospital. All experiments are performed
according to IACUC guidelines.
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