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Introduction
• The continuous point-of-care monitoring of biomarkers 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 diabetes mellitus.
• A significant need is there for noninvasive monitoring of important 
markers of various diseases using multifunctional portable/wearable 
device arrays. A feedback therapeutic system that completes the loop 
of sensing and therapy could significantly improve the quality of care 
management.
• This paper reports the development 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 responsive microneedles.
• Precise measurements of sweat glucose concentrations can be used 
to estimate the levels of glucose in the blood.
• Moreover, integrated sensors for tremor detection under 
hypoglycaemic conditions and skin temperature monitoring during 
thermal actuations induced by drug delivery could further help 
prevent the overdose of drugs and low-temperature burns, 
respectively.
• The connection of GP-hybrid wearable devices to a portable/wireless 
power supply and data transmission unit would enable the point-of-
care treatment of diabetes.



c, 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

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); (ii) 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 drawings and corresponding images of the GP-
hybrid electrochemical devices and thermoresponsive drug 
delivery microneedles



Operation process of the diabetes monitoring and 
therapy system

Schematic illustrations of the 
system-level operation. The 
diabetes patch controls the 
sweat, in which integrated 
graphene-hybrid 
electrochemical sensors 
monitor markers for diabetes.
Thermal actuation through 
heaters initiates the feedback 
transdermal drug delivery via 
thermoresponsive 
microneedles in the 
hyperglycaemia. The 
hypoglycaemia can be 
detected by the tremor sensor. 
Monitored data are wirelessly 
transmitted to remote 
electronic devices, such as
smart phones

Portable electrochemical analyzer



Device fabrication 
process. 
Schematic illustration of the 
fabrication process of the 
graphene-hybrid 
electrochemical sensor array

Fabrication process of the drug-
loaded microneedles. Schematic 
illustrations of the fabrication process 
of the drug-loaded microneedles. 
Microneedles are made of the 
bioresorbable polymer (PVP) and 
coated with the biocompatible PCM 
(tridecanoic acid).



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)6

3−/4−.

 c, Nyquist plots of the 
electrodes in PBS with 
Fe(CN)6 3-/4- at the equilibrium 
potential. 
d, Bode plots of the 
electrodes in PBS with 
Fe(CN)6 3-/4- at the equilibrium 
potential. 
e, Amperometric curves of 
the electrodes during the 
PEDOT electrodeposition 
process.
 f, CV plots of the electrodes 
during the PB 
electrodeposition process.
g, CV plots of electrodes 
during the PANi 
electrodeposition process.
 h, Bode plots of the 
electrodes in PBS after 
electrodeposition of PEDOT.
 i, CV plots of the electrodes 
in PBS after electrodeposition 
of PB.

j, pH-dependent OCP changes in the electrodes after  electrodeposition of PANi. 
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. 
l, 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. εmax, 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).

Electrochemical, mechanical and electrical characterization 
of the Au mesh, Au film and GP-hybrid. 



a, Optical image and 
calibration curve of the 
humidity sensor. The 
bottom plot shows the 
measurement of 
impedance changes 
under wetting. b, 
Optical image 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). c, 
Optical image and 
calibration curve of the 
tremor sensor (strain 
gauge). The bottom 
plot shows the 
measurement of strain 
changes during 
repeated bending 
deformations.
d, Optical image and 
characterization curves 
of the heater (middle; 
output temperature 
profiles at different 
power values (P1–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 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 dl–1 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 1 Hz.

Electrochemical and electrical characterization of individual 
devices and their combined operation in vitro. 



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. c, 
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
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. j, Infrared camera images of multichannel 
heaters showing the stepwise drug release. k, Optical images of the stepwise dissolution of the microneedles. l, 
Optical image of the heater integrated with the microneedles, which is laminated on the skin near the abdomen 
of the db/db mouse. 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 and 
infrared camera images of the patch with the thermal actuation. o, Blood glucose concentrations of db/db mice 
for the treated group (with the drug) and control groups (without the patch and without the drug). 

Demonstration of the wearable diabetes monitoring and 
therapy system in vivo



Conclusions
• They have reported 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 contained in human 
sweat.
• 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.
• High glucose concentration recordings trigger the embedded 
heaters to dissolve PCM and as a result, bioresorbable 
microneedles release Metformin as a feedback transdermal 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 applicability 
of the current patch system.
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your goals,             
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