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38 ABSTRACT

42 The emerging multifunctional flexible electronic-skin for establishing body-electric interaction
can enable real-time monitoring of personal health status as a new personalized medicine
47 technique. A key difficulty in the device design is the flexible power supply. Here, a self-
49 powered wearable non-invasive electronic-skin for perspiration analysis has been realized basing
on piezo-biosensing unit matrix of enzyme/ZnO nanoarrays. The electronic-skin can detect
54 lactate, glucose, uric acid and urea in the perspiration, and no outside electricity power supply or

56 battery is used in the biosensing process. The piezoelectric impulse of the piezo-biosensing units
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serves as the power supply and biosensing data. The working mechanism can be ascribed to the
piezoelectric-enzymatic-reaction coupling effect of enzyme/ZnO nanowires. The electronic-skin
can real-time/continuously monitor the physiological state of a runner through analyzing the
perspiration on his skin. This approach can promote the development of new-type body electric

and self-powered biosensing electronic-skin.

1. INTRODUCTION

The emerging multifunctional flexible sensor (e.g. electronic-skin) for establishing body-
electric interaction is one of the most important subjects that many researchers are focusing on.'”
A variety of new multifunctional flexible electronic-skins (skin-implanted, organic-patched or
skin-surface devices) accompanying with body activities have been studied for future medical
care, such as detecting blood glucose, blood pressure, arterial stiffening, heart rate, electrolyte

614 These wearable electronic-skins and other

balance, body temperature, breathing rate and etc..
flexible biosensors can achieve real-time detection of personal physiological metabolic
indicators, and they can realize continuous detection of personal health status as a new
personalized medicine technique.'”" And diverse wearable non-invasive perspiration-analysis
biosensors have been developed for accurate measurement of the physiological state, which can

h.2** Nowadays, an

avoid the inconvenience for the traditional invasive blood sampling approac
attractive research has been reported that a fully integrated multiplexed biosensor array system
can extract the complex available information from different biomarkers in the perspiration
secretion.”

For the further development of wearable non-invasive perspiration-analysis biosensors, the

next generation of device requires the following distinct features. The device needs to be
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designed as mechanically flexible and has conformable integration with body through working
on the skin surface or alongside the organic/tissue (not like pocket medical electronics).”**’ The
device also needs to include multi-functional biosensor arrays, which can simultaneously and
selectively measure different analytes (such as glucose, lactate, sodium ions, potassium ions, skin
temperature and etc.).”® The third key difficulty in the device design is the flexible power supply
for driving individual biosensors. The traditional bulky battery is not suitable for the wearable

skin-like device and the distribution of power units needs to be solved.*’™

In human perspiration, biological molecules and inorganic salts contain a wealth of
physiological information, and non-invasive monitoring on the human body can be achieved
through the analysis of perspiration composition.>* Taking lactate as an example, lactate is the
important metabolite of the anaerobic glycolytic pathway and the concentration of lactate in
perspiration can be proposed to evaluate the fitness level.”> Lactate monitoring is significant in
sport medicine, which can assess the maximum performance of athletes in high-intensity
activities.”® Lactate in perspiration can also act as an useful marker of tissue vitality and may
provide advance warning for pressure.’’ So, the lactate concentration is directly interrelated to
the physiological condition.*® For other biomarkers, glucose is reported to be metabolically
associated with blood glucose;* perspiration uric acid is the major metabolite of purine in human
body and it serves as a key marker biomolecule for the detection of diseases related to gout,
purine metabolism, leukemia and the change of urate level in other body fluids (blood, urine and

etc.); 404!

the detection of urea concentration in the perspiration is also a significant method for
some disease diagnosis.** Generally, the compositions of perspiration and blood are osmotically

related. Thereby, perspiration can be used to analyze physiological status and personal diseases

without taking an invasive blood sarnpling.43
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In this paper, a self-powered wearable non-invasive electronic-skin for perspiration analysis
basing on piezo-biosensing unit matrix of enzyme/ZnO nanoarrays has been presented. The
enzymes modified on the surface of ZnO nanowires include LOx (lactate oxidase), GOx (glucose
oxidase), uricase and urease. The electronic-skin can detect lactate, glucose, uric acid and urea in
the perspiration through actively outputting piezoelectric signal (driven by body movement). The
piezoelectric output of the piezo-biosensing unit is dependent on the analyte concentration in the
perspiration, which can be treated as the power supply and the biosensing data. In this piezo-
biosensing process, no outside electricity power supply or battery is used. The working
mechanism is ascribed to the piezoelectric-enzymatic-reaction coupling process of enzyme/ZnO
nanowires. The electronic-skin can be attached on the forehead of a runner, and real-
time/continuously monitor his physiological state. This research approach may probably point

out the developing orientation of novel self-powered multifunctional electronic-skin.

2. EXPERIMENTAL SECTION

2.1. Synthesis of ZnO Nanowire Arrays. The chemical reagents for the preparation of ZnO
nanowire arrays were provided by Sinopharm Chemical Reagent Co. Ltd. A seed-assisted
hydrothermal method was used to synthesize vertically-aligned ZnO nanowire arrays on Ti
substrate.****

2.2. Fabrication of Self-Powered Wearable Non-Invasive Electronic-Skin. The pre-cleaned
Kapton substrate was used to support the device. Horizontally-aligned ZnO nanowire arrays
(overwhelmed down) were the core materials in the device. The fabrication process (depositing

interdigital electrode pattern), including photolithography and electron-beam evaporation

processes, is similar to the previous report.”* A ZnO nanowire (length: ~12 pm) could cross the
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electrode couple (distance: 5 pm). The distance between neighboring electrode couples was 20
um, ensuring the same c-axis direction of all ZnO nanowires.

2.3. Modifying Enzyme on the Surface of ZnO Nanowires. ZnO nanowires of four different
piezo-biosensing units in the electronic-skin were then modified with LOx, GOx, uricase and
urease, respectively. LOx, GOx, uricase and urease were supplied by Sigma Chemical Co. St.
Louis, MO, USA. LOx solution (2 puL, 10 mg mL™" in PBS) was slowly dropped onto the lactate-
biosensing unit, and an incubation procedure was conducted in fume hood for two hours. After
repeating this process for four times, the substrate was rinsed by deionized water for removing
the unadsorbed LOx. The modification processes of GOx (2 puL, 10 mg mL ™" in PBS), uricase (2
uL, 5 mg mL ™" in PBS) and urease (2 pL, 15 mg mL™' in PBS) were performed on the glucose,
uric acid and urea -biosening units in the same way, respectively. The electronic-skin was dried
naturally in dark. The enzyme solutions were stored at 4°C.

2.4. Measurement. The electronic-skin was stuck on a polystyrene board (fixed in a petri dish
in a sealed dark box) and immersed in test solutions (pure water, lactate aqueous solution,
glucose aqueous solution, uric acid aqueous solution and urea aqueous solution). Sodium lactate
reagent, glucose, urea and uric acid were supplied by Sigma Chemical Co. St. Louis, MO, USA.
For generating bending deformation on the electronic-skin, a hammer (linked to a motor) was
used to provide the force. The magnitude of the force was measured by a force detector. A low-
noise preamplifier (Model SR560, Stanford Research Systems) was used to measure the
piezoelectric output of the device. The lactate, glucose, uric acid and urea concentrations of the
test solutions were close to those in human perspiration.

3. RESULTS AND DISCUSSION

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

ACS Applied Materials & Interfaces

The experimental design, device architecture and fabrication procedure of the self-powered
wearable non-invasive electronic-skin are exhibited in Figure 1. Figure la shows that the
electronic-skin can be attached on the surface of a runner at different body parts and monitor the
physiological status by analyzing perspiration components. Figure 1b is the optical picture of the
electronic-skin in our test (1.4x1.5 cm). Four piezo-biosensing units are aligned in the test device,
and the Kapton substrate is used to provide bending deformation space.” Figure 1c shows that
the electronic-skin can be easily attached on human wrist for self-powered perspiration analysis.
Fingers can provide pressing force on the device, and each piezo-biosensing unit can generate
piezoelectric signal.”' The four electrode couples are connected to the outside circuit with eight
copper leads (fixed with silver glue). In this experiment, the four piezo-biosensing units are

tested separately.

As the electronic-skin can work in liquid solution, it can directly and real-time collect data
from the perspiration, as schematically shown in Figure 1d. The four piezo-biosensing units
modified with LOx, GOx, uricase and urease in the electronic-skin can detect lactate, glucose,
uric acid and urea, respectively. Upon applied deformation, the piezoelectric impulse of the
piezo-biosensing units (immersed in the perspiration) can be recorded through Ti electrodes. The
piezoelectric output is dependent on the enzymatic reaction between the enzyme and
corresponding perspiration component, acting as not only the biosensing signal but also the
electricity power for driving the device. The measurement setup is shown on the right bottom
corner of Figure 1d. In the whole perspiration analysis process, the electronic-skin does not need
external electricity power supply or battery, showing a good potential for long-term working

with human body through harvesting the mechanical energy of body motion.
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The whole pattern of the electronic-skin is shown in Figure le. 6x6 piezo-biosensing units are
aligned on the device, which can be extended to detect up to 36 biomarkers in the perspiration. In
this test, a small part of 2x2 piezo-biosensing units is used. The fabrication process of the
electronic-skin is schematically shown in Figure 1f. The detailed fabrication process of the

electronic-skin is described in experimental section.

The characterization of the material and device is exhibited in Figure 2. X-ray diffraction
(XRD, D/max 2550 V, CuKa Radiation) is used to confirm the crystal phase of ZnO. Figure 2a
shows the XRD pattern of ZnO nanowires, and the diffraction peaks can be indexed to ZnO
(JCPDS file NO. 36-1451). Transmission electron microscope (TEM, JEOL JEM-2010) and
scanning electron microscope (SEM, JEOL JSM-6700F) are used to investigate the
microstructure of ZnO and the device. Figure 2b is TEM image of ZnO nanowires, showing that
the nanowire with the growth direction of c-axis is monocrystalline. The planar distance of the
(002) plane is 0.52 nm (wurtzite structure of Zn0O).”*>>* The top view of ZnO nanowire arrays is
shown in Figure 2c. The vertically-aligned nanowires with the same growth direction have the
diameters of ~300 nm. Figure 2d shows the side view of ZnO nanowire arrays. The nanowires
have the lengths of ~12 um. Figure 2¢ is the enlarged view of the heads of ZnO nanowires,
showing the hexagon-shaped cross section. Figure 2f shows the horizontally-aligned ZnO
nanowires after being overwhelmed down in the same direction on Ti substrate. Figure 2g shows
ZnO nanowires smearing on Kapton substrate. ZnO nanowires are in the similar direction with
random angular deviation. Figure 2h shows the partial region of the device before removing
photoresists. Figure 21 shows single ZnO nanowire bridging the Ti electrodes after removing

photoresists.
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The electronic-skin connecting to the outside circuit is immersed in lactate, glucose, uric acid
and urea aqueous solutions for measuring the piezo-biosensing performance, respectively. Figure
3 shows the piezo-lactate-sensing behavior of the piezo-biosensing unit modified with LOx.
Under applied compressive force of 20 N, the piezo-biosensing unit can actively output
piezoelectric voltage (piezoelectric properties of LOx/ZnO nanowires), and the piezoelectric
impulse is obviously dependent on the lactate concentration in the aqueous solution (Figure 3a).
The outputting piezoelectric voltage stabilizes at 23.5 mV in pure water. After the lactate
concentration changing to 2.00 mM L', the outputting piezoelectric voltage decreases to 18.2
mV. As the lactate concentration increases, the outputting piezoelectric voltage decreases. As the
lactate concentration is 0.00, 2.00, 5.00, 8.57, 13.44 and 20.00 mM L! , the outputting
piezoelectric voltage of the piezo-biosensing unit is 23.4, 18.2, 13.8, 11, 6.2 and 3 mV (Figure
3b), respectively. These results suggest that the piezo-biosensing unit (with LOx modification) in
the electronic-skin can rapidly detect the lactate concentration and simultaneously output the
biosensing signal. Figure 3c-e shows the detail of the piezoelectric impulse. The response of the

piezo-biosensing unit can be simply defined as:**

VOV;"| x 100% (1)

14

R%=

, where Vj and V; are the outputting piezoelectric voltage of the piezo-biosensing unit in pure
water and lactate aqueous solution, respectively. The response of the piezo-biosensing unit is in
function of the lactate concentration, as shown in Figure 3b. The response against 2.00, 5.00,
8.57, 13.44 and 20.00 mM L' lactate is about 28.6, 69.6, 112.7, 278.0 and 680.0, respectively.
Figure 3f shows that the detection limit of lactate piezo-biosensing unit is about 0.10 mM L™

and the resolution is about 0.10+0.05 mM L.
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As a control experiment, the piezo-biosensing unit modified with LOx is immersed in different
volumes of pure water. In Figure 3g, the piezoelectric output of the piezo-biosensing unit almost
keeps constant as pure water is added in the test petri dish. The outputting piezoelectric voltage
and the response in different volumes of pure water are shown in Figure 3h. As the water volume
is 25, 30, 35, 40 and 45 mL, the outputting piezoelectric voltage of the electronic-skin is 26.1,
26.3, 26.6, 27.3 and 27.1 mV, respectively. And none response is obtained. As another control
experiment, a piezo-biosensing unit without LOx modification is immersed in different
concentration of lactate aqueous solution. Figure 3i shows the outputting piezoelectric voltage of
the piezo-biosensing unit (without LOx modification) in lactate aqueous solutions. As the lactate
concentration increases, the outputting piezoelectric voltage keeps constant. As shown in Figure
3j, as the lactate concentration is 0, 2, 5, 8.57, 13.44 and 20 mM L_l, the outputting piezoelectric
voltage of the piezo-biosensing unit (without LOx modification) is 29.3, 32.1, 30.7, 30.2, 33.8
and 26.9 mV, respectively. And none response is obtained. These control experiments
demonstrate that the lactate-sensing behavior of the piezo-biosensing unit with LOx modification

arises from the enzymatic reaction between LOx and lactate.

Figure 4a exhibits the piezo-lactate-sensing performance of the piezo-biosensing unit (with
LOx modification) in the electronic-skin under different forces (20, 32 and 40 N). The applied
forces have the same frequency (1.0 Hz). Under the force of 20 N, the outputting piezoelectric
voltage of the piezo-biosensing unit against 0, 1, 3.33, 6.42, 11.63 and 15.56 mM L' lactate is
19.1, 15, 11.5, 6.5, 3.7 and 3.4 mV, respectively. Under the force of 32 N, the outputting
piezoelectric voltage is 79, 66, 51.3, 37.3, 28.5 and 14.4 mV, respectively. Under the force of 40
N, the outputting piezoelectric voltage is 222.6, 201.9, 110.8, 74.8, 51.5 and 44 mV,

respectively. As the applied force increases, the outputting piezoelectric voltage increases.
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Coincidentally, the responses of the piezo-biosensing unit under different applied forces are
almost similar, as shown in Figure 4b and c. This result demonstrates that the electronic-skin has

loose operation condition and can be easily used in practical physiological state monitoring.

Flexibility or stretchability is a key factor of the electronic-skin in practical application
because the device attached on human skin needs to accompany with body activities all the

day.”

The piezo-lactate-sensing performance of the piezo-biosensing unit (with LOx
modification) in the electronic-skin against 15.56 mM L' lactate with different bending angles is
shown in Figure 4d. In this study, the bending angle changes with the moving distance of the
motor (force: 40 N). As the bending angle is 18°, 12° and 8°, the outputting piezoelectric voltage
of the device in 0 mM L' lactate solution is 222.6, 79 and 19.1 mV. And the voltage in 15.56
mM L' lactate solution is 44, 14.4 and 3.4 mV, respectively. The relationship between the
bending angle and outputting piezoelectric voltage (as well as the response) is shown in Figure

4e. Coincidentally, the responses of the piezo-biosensing unit under different bending angles are

almost the same. This feature can further facilitate the practical operation of the electronic-skin.

The wearable biosensors need to adapt the repeated stress of body motion and physical
exercise.’® Figure 4f shows the stability of the piezo-biosensing unit (with LOx modification) in
the electronic-skin during bending for many times. The testing lactate concentration is 11.63 mM
L'; the applied force is 40 N; and the bending angle is 18°. After bending for 100, 200, 300,
400, 500, 600, 700 and 800 times, the response is 138, 130, 132, 134, 142, 135, 144 and 140,
respectively. High stability of the electronic-skin has been achieved, being beneficial for
practical applications. The device is effective in 3~6 days due to the enzyme activity, and

regularly replenishing enzymes can solve this problem. Titanium as the electrode can avoid a
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certain degree of corrosion, but ZnO may have the corrosion problem. To prolong the lifetime of

the device, new material system needs to be further developed.

The piezo-biosensing units modified with different enzymes (GOx, uricase and urease) in the
electronic-skin can detect glucose, uric acid and urea concentration in the perspiration,
respectively. The experimental results are exhibited in Figure 5. Under different applied
compressive forces, the piezo-biosensing units can generate piezoelectric impulse, and the
piezoelectric output is obviously dependent on the corresponding biomarker concentration in the
aqueous solutions. Figure 5a shows the piezo-glucose-sensing performance of the piezo-
biosensing unit (with GOx modification) under the applied force of 32 N. The initial
piezoelectric voltage stabilizes at 64.6 mV in pure water. As the glucose concentration increases
to 0.042, 0.083, 0.125, 0.166 and 0.208 mM L, the outputting piezoelectric voltage decreases to
56.4, 51, 44.8, 35.8 and 29 mV, respectively. As the glucose concentration increases, the
outputting piezoelectric voltage decreases. Figure 5b shows the piezo-glucose-sensing
performance of the piezo-biosensing unit (with GOx modification) in the electronic-skin under
different forces (20, 32 and 40 N). Figure 5c¢ and d show the responses of the piezo-biosensing
unit under different applied forces and glucose concentration. Figure Se shows the piezo-uric-
acid-sensing performance of the piezo-biosensing unit (with uricase modification) under the
force of 32 N. The initial piezoelectric voltage stabilizes at 60 mV in pure water. As the uric acid
concentration increases to 0.024, 0.044, 0.063, 0.082 and 0.101 mM Lfl, the voltage decreases to
50, 38, 31, 22.4 and 14.6 mV successively. Figure 5f shows the piezo-uric-acid-sensing
performance of the piezo-biosensing unit in the electronic-skin under different forces (20, 32 and
40 N). Figure 5g and h show the responses of the piezo-biosensing unit (with uricase

modification) under different applied forces and uric acid concentration. Figure 5i shows the
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piezo-urea-sensing performance of the piezo-biosensing unit (with urease modification) under
the force of 32 N. The initial piezoelectric voltage stabilizes at 67 mV in pure water. As the urea
concentration increases to 5, 10, 15, 20 and 25 mM L_l, the voltage decreases to 61, 37.6, 32.2,
22.6 and 15.6 mV, respectively. Figure 5j shows the piezo-urea-sensing performance of the
piezo-biosensing unit in the electronic-skin under different forces (20, 32 and 40 N). Figure 5k
and | show the responses of the piezo-biosensing unit (with urease modification) under different
applied forces and urea concentration. Figure Sm exhibits the piezo-glucose-sensing unit has the
detection limit of ~0.02 mM L', and the resolution of the biosensor is 0.0240.005 mM L.
Figure 5n exhibits the detection limit of the piezo-uric-acid-sensing unit is ~0.01 mM L', and

the resolution of the biosensor is 0.0140.005 mM L™". Figure 50 exhibits the piezo-urea-sensing
unit has the detection limit of ~0.5 mM Lfl, and the resolution of the biosensor is 0.54+0.2 mM

L '.These results suggest that the piezo-biosensing units with different enzyme modification in
the electronic-skin can rapidly detect glucose, uric acid and urea concentrations in the

perspiration.

For biosensors, the selectivity is a significant parameter in practical application for
distinguishing various biomarkers. The selectivity of the four piezo-biosensing units (modified
with LOx, GOx, uricase and urease) in the electronic-skin against lactate, glucose, uric acid and
urea in the perspiration is shown in Figure 6. As shown in Figure 6a, the piezo-biosensing unit
modified with LOx can only detect lactate, and the responses against glucose, uric acid and urea
are nearly zero. As shown in Figure 6b-d, the piezo-biosensing units modified with GOx, uricase
and urease can only detect glucose, uric acid and urea, respectively. High selectivity of the piezo-
biosensing units in the electronic-skin has been obtained, which is very significant for practical

applications of the electronic-skin.
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The piezo-biosensing performance arises from the coupling effect between the surface
enzymatic reaction (LOx and lactate, GOx and glucose, uricase and uric acid, urease and urea)
and the piezoelectric characteristic of ZnO nanowire. The piezoelectric property of ZnO
nanowires and their application as piezo-nanogenerator have been widely investigated.® '** >
When the deformation applied to the c-axis of ZnO nanowire, intrinsic polarization appears
inside the nanowire, resulting in the presence of positive and negative charges on the opposite
surfaces of the nanowire.’’ The piezoelectric negative/positive charges can create the
piezoelectric potential, which can lead to the piezoelectric output in the external circuit through
driving electrons in the load migrating between the two electrodes.”® Simultaneously, the
piezoelectric field can also drive the carriers inside ZnO nanowire migrating. In this process, the
carrier migration partially screens the piezoelectric field, which reduces the piezoelectric output
of the nanowire.” The piezo-screening effect of ZnO nanowire can be affected by the carrier
density inside the nanowire.® Our previous reports have described that the surface adsorption of
bio/chemical molecules can change the surface carrier density of ZnO nanowire, thereby

61-63 In this work,

changing the piezo-screening effect and influencing the piezoelectric impulse.
the enzymatic reactions (LOx and lactate, GOx and glucose, uricase and uric acid, urease and

urea) can enhance the surface carrier density of ZnO nanowire, thus strengthening the piezo-

screening effect and decreasing the piezoelectric impulse.

Figure 7 schematically illustrates the detailed working mechanism of the piezo-biosensing
units in the electronic-skin. As shown in Figure 7a, the four piezo-biosensing units in the
electronic-skin are modified with the LOx, GOx, uricase and urease, respectively. The
enzyme/ZnO nanowires are crossing on the interdigital electrodes (Figure 7b). Under applied

force, the enzyme/ZnO nanowires can be bended, as shown in Figure 7c. In pure water (Figure
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7d and e), LOx@ZnO nanowire has not come into contact with lactate. The nanowire without
applied deformation has zero piezoelectric voltage (Figure 7d). The nanowire can output
piezoelectric impulse with applied deformation (Figure 7e). As the enzymatic reaction does not
take place, the surface carrier density is low, and the weak piezo-screening effect results in high
outputting piezoelectric voltage. As shown in Figure 7f and g, after the nanowire being immersed
in lactate aqueous solution, the enzyme reaction between LOx and lactate takes place. At the first

step, pyruvate and H,O, are produced as follows:**

Lo
Lactate + H,0 + 0, = pyruvate + H,0, (2)

It has been reported that H,O, can transfer electrons into ZnO nanowire and increase the surface

carrier density through producing H" and ¢ by the following decomposition process:®
H,0, - 2H* + 0, + 2e~ 3)

In this process, H' ion (as extra carriers) adsorption can also take place on the nanowire.®® Under
applied deformation (Figure 7g), the outputting piezoelectric voltage of ZnO nanowire is reduced
due to the strong piezo-screening effect from the large amount of H' and e on the surface of the
nanowire. The other three enzymatic reactions are shown in Figure 7h. The enzymatic reaction
between GOx and glucose can produce gluconic acid and H202,67 and then H,O, can increase the
surface carrier density through producing H' and e". The enzymatic reaction between uricase and
uric acid can produce allantoin and HzOz,68 and then transmitting extra carriers into ZnO
nanowires. The enzymatic reaction between urease and urea can produce NH, ™ and H™.% In this

=+ + . . .
process, NHs and H' ions as extra carriers can be absorbed on the nanowire.
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A practical application of the wearable non-invasive electronic-skin on the skin of a runner for
perspiration analysis (detecting lactate, glucose, uric acid and urea) without outside electricity
power source is shown in Figure 8. As shown in Figure 8a, the four piezo-biosensing units are
modified with LOx, GOx, uricase and urease, respectively. The electronic-skin is attached on the
forehead of a runner, as shown in Figure 8b. Figure 8c shows the tester running with different
speed. Firstly, the tester runs for 8 min (speed: 6 km h™"). And the electronic skin is pressed
under a continuous and stable force by finger, and the piezoelectric is detected using a low-noise
preamplifier. The outputting piezoelectric voltage of the four piezo-biosensing units (with LOXx,
GOgx, uricase and urease modification) is 72.4, 57.8, 72.8 and 57.6 mV, respectively (Figure 8d).
Then the person keeps running for 30 min (speed: 12 km h™"). And the subject of the running test
does not have water intake in all the process. The electronic-skin is pressed under a continuous
and stable force by finger (the magnitude of the force are the same as before). The outputting
piezoelectric voltage of the four piezo-biosensing units (with LOx, GOx, uricase and urease
modification) is 28.2, 39.2, 40.4 and 45 mv, respectively (Figure 8¢). The two sweat samples are
collected from the forehead of the tester, and the specific concentrations of these four biomarkers
are ex-body tested using standard analyzer. For the sweat sample of the tester who runs for 8 min
(speed: 6 km h™"), the concentration of lactate, uric acid and urea is about 4.958, 0.041 and 4.50
mM L, respectively. For the sweat of the tester who runs for 30 min (speed: 12 km h™"), the
concentration of lactate, uric acid and urea is about 13.044, 0.148 and 9.50 mM L', respectively.
The glucose concentration is too small to test, and the previous literature confirms that the
glucose concentration may increase with vigorous exercise for ~20 min.”> Figure 8f shows the
comparison of the response (piezo-biosensing) between on-body and ex-body testing. For lactate

analyzing, the data are similar. These results show that the concentration of the four biomarkers
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in the perspiration increases with time (30 min), especially the lactate concentration. This is
coincident with the fact that lactate is constantly produced during normal metabolism and
physical exercise.”’ Due to the accumulation of body metabolism, the body sweat can release
some biomarkers (including glucose, uric acid and urea) in the sports. With the increase in
exercise intensity and duration, the sweat with these biomarkers is constantly being discharged
on the skin, the result is similar to other research findings.” > """ Continuous monitoring of the
human subject’s physiological status by analyzing the perspiration has been realized using the
self-powered wearable non-invasive electronic-skin. The electronic-skin can detect lactate,
glucose, uric acid and urea concentrations in human perspiration, demonstrating potential
applications for sports medicine and related clinical monitoring. In future work, we will further
try to bridge the current technology between power supplying, electrical signal conversion,

signal modulation and signal processing in the wearable and fully integrated electronic-skins.

4. CONCLUSIONS

In conclusion, a self-powered wearable non-invasive electronic-skin for perspiration analysis
has been realized basing on piezo-biosensing unit matrix of enzyme/ZnO nanoarrays. The piezo-
biosensing units in the electronic-skin can detect lactate, glucose, uric acid and urea in the
perspiration through actively outputting piezoelectric signal, and the outputting piezoelectric
signal can be treated as power supply and the biosensing data. All the biosensing process does
not use any outside electricity power supply or battery. The new piezoelectric-enzymatic-
reaction coupling effect has been proposed. The device attached on the human skin can real-
time/continuously monitor the physiological state during running. The present results can

promote the investigation of body electric and self-powered biosensing electronic-skin.
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Figure 1. Experimental design, device architecture and fabrication procedure of the self-powered

wearable non-invasive electronic-skin. (a) The electronic-skin attached on the surface of a runner
at different body parts for monitoring the physiological status by analyzing perspiration
components. (b, ¢) Optical images of the electronic-skin (on human wrist). (d) The experimental
design of the electronic-skin for detecting lactate, glucose, uric acid and urea. (¢) The whole

pattern of the electronic-skin. (f) The fabrication process of the electronic-skin.
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33 Figure 2. (a) XRD pattern of ZnO nanowire arrays. (b) High-resolution TEM image of ZnO
35 nanowire. (c) The top-view and (d) side-view SEM image of ZnO nanowire arrays. (e) The
37 enlarged view of the heads of ZnO nanowires. (f, g0 SEM images of horizontally-aligned ZnO
40 nanowires paving on Ti and Kapton substrate respectively. (h) SEM image of partial region of
42 the electronic-skin (before removing photoresists). (i) SEM image of single ZnO nanowire

bridging two Ti electrodes (after removing photoresists).
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Figure 3. The piezo-lactate-sensing performance of one piezo-biosensing unit (with LOx
modification) and the control experiments. (a) The piezoelectric impulse of the piezo-biosensing
unit (with LOx modification) under applied deformation with the change of lactate
concentration. (b) The outputting piezoelectric voltage and response of the piezo-biosensing unit
against different lactate concentrations. (c—e) The piezoelectric output against 2, 8.57 and 20 mM
L™ lactate solution. (f) The detection limit and the resolution of the lactate piezo-biosensing unit.

(g) The outputting piezoelectric voltage of the piezo-biosensing unit (with LOx modification) in
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different volumes of pure water. (h) The outputting piezoelectric voltage and response in pure
water. (i) The outputting piezoelectric voltage of the piezo-biosensing unit (without LOx

modification) in lactate aqueous solution. (j) The outputting piezoelectric voltage and response

©CoO~NOUTA,WNPE

11 of the piezo-biosensing unit (without LOx modification) against different lactate concentrations.
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Figure 4. (a) The relationship between the outputting piezoelectric voltage of the piezo-
biosensing unit (with LOx modification) in the electronic-skin and lactate concentration under
different forces (20, 32, 40 N). (b) The lactate response under different forces. (c) The responses
under different forces and lactate concentrations. (d) The outputting piezoelectric voltage of the
piezo-biosensing unit (with LOx modification) in the electronic-skin under different bending
angles (18°, 12° and 8°). The testing lactate concentration is 15.56 mM L. (¢) The relationship
between piezo-lactate-sensing performance and bending angle. (f) The relationship between

response and bending number. The testing lactate concentration is 11.63 mM L',
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Figure 5. The piezo-sensing performance of the piezo-biosensing units (modified with GOx,

uricase and urease) for detecting glucose, uric acid and urea. (a-d) The piezo-glucose-sensing

performance of the piezo-biosensing unit modified with GOx under different applied forces. (e-

h) The piezo-uric-acid-sensing performance of the piezo-biosensing unit modified with uricase

under different applied forces. (i-1) The piezo-urea-sensing performance of the piezo-biosensing

unit modified with urease under different applied forces. (m-0) The detection limits of the piezo-

biosensing units (modified with GOx, uricase and urease).
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Figure 6. The selectivity of the piezo-biosensing units modified with LOx (a), GOx (b), uricase

(c) and urease (d) in the electronic-skin for detecting lactate, glucose, uric acid and urea,

respectively.
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Figure 7. The working mechanism of the self-powered wearable non-invasive electronic-skin for
25 perspiration analysis. (a) The piezo-biosensing units in the electronic-skin are modified with
27 LOx, GOx, uricase and urease, respectively. (b) The enzyme/ZnO nanowires crossing on the
30 interdigital electrodes. (¢c) The enzyme/ZnO nanowires can be bended under applied force. (d)
32 The LOx/ZnO nanowire in pure water without applied deformation. (e) The piezoelectric
potential of LOx/ZnO nanowire in pure water created by applied deformation. (f) The LOx/ZnO
37 nanowire in lactate aqueous solution without applied deformation. (g) The piezoelectric output of
39 LOx/ZnO nanowire in lactate aqueous solution under applied deformation. (h) The enzymatic

reactions: GOx and glucose, uricase and uric acid, urease and urea.
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Figure 8. The self-powered wearable non-invasive electronic-skin on the skin of a runner for

perspiration analysis (detecting lactate, glucose, uric acid and urea) without any external

electricity power supply. (a) The four piezo-biosensing units in the electronic-skin. (b) The

electronic-skin is attached on the forehead of a runner. (c) A runner with different speed. (d, e)

The piezoelectric output of the four piezo-biosensing units with different running speed and

duration. (f) The comparison of the response between on-body and ex-body testing.
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