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Abstract

Homeostasis of ionized calcium in biofluids is critical for human biological
functions and organ systems. Measurement of ionized calcium for clinical
applications is not easily accessible due to its strict procedures and
dependence on pH. pH balance in body fluids greatly affects metabolic
reactions and biological transport systems. Here, we demonstrate a wearable
electrochemical device for continuous monitoring of ionized calcium and pH
of body fluids using a disposable and flexible array of Ca®* and pH sensors
that interfaces with a flexible printed circuit board. This platform enables
real-time quantitative analysis of these sensing elements in body fluids such
as sweat, urine, and tears. Accuracy of Ca** concentration and pH measured
by the wearable sensors is validated through inductively coupled plasma-
mass spectrometry technique and a commercial pH meter, respectively. Our
results show that the wearable sensors have high repeatability and
selectivity to the target ions. Real-time on-body assessment of sweat is also
performed, and our results indicate that calcium concentration increases
with decreasing pH. This platform can be used in noninvasive continuous
analysis of ionized calcium and pH in body fluids for disease diagnosis such
as primary hyperparathyroidism and kidney stones.

KEYWORDS: wearable biosensors, flexible electronics, multiplexed sensing,
system integration, in situ analysis
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Introduction

Calcium is an essential component for human metabolism and minerals
homeostasis.(1) About 1-2% of human body weight is made up of calcium.(1)
Excessive alternation of ionized calcium levels in biofluids can have
detrimental effects on the function and structure of many organs and
systems in the human body, including myeloma, acid-base balance disorder,
cirrhosis, renal failure, and normocalcaemic hyperparathyroidism.(1-3) Free
Ca®* is usually measured in body fluids, such as urine for estimating kidney
stone-forming salts.(2) pH is another crucial component for potential disease
diagnosis. For instance, kidney stone patients with type Il diabetes are
reported to have a lower pH than normal individuals.(4) Change in pH of skin,
which is due to sweat, has been reported to take part in the development of
skin disorders such as dermatitis, ichthyosis, and fungal infections.(5)
Additionally, free Ca?* level in biofluids is dependent on pH.(2) Therefore,
rigorous processes and rapid analysis of Ca?* with pH correction are done in
special laboratories within hours of samples extraction for accurate analysis
of biofluids.(2) Such applications can become easier by in situ measurement
of Ca?* and pH in body fluids through a complete data analysis of a reliable
wearable sensing platform.

Wearable biosensors have become important for their potential as personal
health monitoring systems.(6-15) Recently, multiple research groups have
developed wearable devices for real-time monitoring of various electrolytes
and metabolites noninvasively using tattoo and textile-based sensors.(6, 16-
25) Despite recent development of wearable analysis of body fluids, real-
time Ca?* and pH detections have not been fully explored. Over the past few
decades, optical calcium sensors and ion-selective sensors have been
developed to study, in general, biological applications,(26-31) but wearable
Ca?* sensors for health assessment via body fluids have not been studied. On
the other hand, careful analysis of the pH of body fluids is needed for more
accurate in situ measurement.(18, 25) The usage of flexible electronics



having conformal contact with the human body has fostered more accurate
and reliable epidermal quantitative analysis.(6-25) We recently
demonstrated a fully integrated wearable sensing system for real-time
multiplexed sensing in human perspiration which allows accurate
measurement of sweat analytes through signal processing and calibration.
(32) Considering the importance of Ca?* and pH and their relationship in
body fluids, it is attractive and necessary to simultaneously and selectively
measure detailed profiles of Ca?* and pH through a fully integrated wearable
platform during the course of normal daily activities with real-time feedback.

In this work, we present a wearable sensing system that can real-time
monitor Ca?* concentration and pH of body fluids as well as skin
temperature, using a fully integrated flexible system (Figure 1a). The system
allows accurate determination of [Ca?*] and pH in body fluids including
sweat, urine, and tears. Our system reveals free Ca?* concentration and pH
by direct measurement of body fluids, such as sweat generated during
cycling. Such immediate analysis after fluid secretion minimizes cross-
contamination and avoids delayed sample analysis. This also facilitates a
closer examination of real-time change in Ca?* concentration with pH and
reduces the need for pH correction in clinical diagnosis such as
hypercalcemia and hypocalcemia tests.(2)
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Figure 1. (a) A fully integrated wearable multiplexed sensing system on a subject’s arm. (b) A schematic of a flexible sensor array containing
Ca™, pH, and temperature sensors patterned on a flexible PET substrate. The inset shows a photograph of a flexible sensor array. (c) Surface
membrane compositions of a Ca™*, a reference, and a pH sensing electrodes. (d) A schematic of a FPCB system for signal conditioning of Ca™
and pH sensors (blue and green respectively), data analysis via microcontroller (red), and data transmission to a mobile phone wirelessly via
Bluetooth (red).

The electrochemical platform consists of a Ca?* sensor, a pH sensor, and a
skin temperature sensor. These plastic-based biosensors are fabricated on a
flexible polyethylene terephthalate (PET) substrate by common physical
evaporation and electrochemical deposition methods as illustrated in Figure
1b. Measurements of Ca?* concentrations and pH are based on ion-selective
electrodes (ISEs), coupled with a polyvinyl butyral (PVB)-coated Ag/AgCI
reference electrode (RE). Electrical potential differences between the ISEs
and a RE, proportional to the logarithmic concentration of respective target



ions, are measured with the aid of the interfacing signal conditioning
circuitry. The Ca?* sensing electrode consists of a thin organic membrane
containing electrically neutral carrier calcium ionophore Il (ETH 129)(29) and
an ion-electron transducer (PEDOT:PSS),(32) and the pH sensing electrode
detects H* by deprotonation at the surface of polyaniline (PANI).(33) The RE
is coated with a PVB layer containing saturated NaCl to achieve a stable
potential regardless of ionic strengths of test solutions.(34) Surface
membrane compositions of the electrochemical electrodes are demonstrated
in Figure 1c. The resistive temperature sensor is based on Cr/Au microlines.
The flexible sensor array interfaces with a flexible printed circuit board
(FPCB) that includes signal transduction, conditioning, processing, and
wireless transmission.(32) As presented in Figure 1d, a differential amplifier
is used to measure the voltage output of the Ca?* and pH sensors, which is
essentially the voltage difference between the PVB-coated shared RE and the
ISEs. The high impedance of the ISE-based sensors requires the use of high-
impedance voltage buffers in front of the differential amplifier to ensure
accurate open circuit voltage measurement. The signal is then passed to a
low-pass filter to filter high frequency noise and electromagnetic
interferences. The corresponding filtered signals are read and processed
further by a microcontroller. The data are then transmitted via Bluetooth to a
mobile phone and are displayed on a customized cellphone application.
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Figure 2. General performances of Ca’ sensors: (a) sensitivity and repeatability, (b) selectivity, (c) reproducibility of Ca® sensors (n = 6),
and (d) long-term stability in 0.01 M acetate buffer of pH 4.6. Inset in (c) shows an average linear relationship of n = 6 between open circuit
potential and [Ca**] in logarithmic scale. Potentials at 0.25 mM [Ca™] are set to zero. Inset in (d) indicates a linear relationship between
open circuit potential and [Ca™] in logarithmic scale.

Results and Discussion



Concentration of Ca?* in human body fluids commonly varies from 0.5 to 3
mM.(2, 35-37) Due to the limited Ca?* concentration range, sensitivity is
important to ensure accurate measurements. Here, ETH 129 is selected as
the Ca?*-selective ionophore due to its ability to translocate Ca?* across
biological membranes.(29)Figure 2a illustrates the general performance of a
Ca?* sensor in 0.01 M acetate buffer solutions containing 0.25-2 mM Ca?*.
Dynamic response of the Ca?* sensor under consecutive change from high to
low and then to high Ca?* concentrations is performed two times. Since Ca?*
is a divalent ion, the ideal sensitivity of an electrochemical Ca?* sensor at
standard temperature is 29.6 mV/decade of ion concentration, which is half
of a monovalent ion, based upon the Nernst equation.(39, 40) The Ca?*
sensor shows a near-Nernstian response with an average of 32.7 mV/decade
in two complete cycles. The senor shows fast response to changes in Ca?*
level with a 3.0% relative standard deviation (RSD) of sensitivity. This
indicates that Ca?* detection by the sensor is reproducible and durable under
repetitive testing.

Body fluids contain a variety of electrolytes such as Ca?*, Mg?*, Na*, K*, H,
and NH,;*.(35-38) One major requirement of a wearable electrochemical
sensor is its ability to selectively discriminate and measure target ions. Thus,
it is essential to examine the influence of these major electrolytes on
sensor’s performance. In this study, interfering ions with physiological
relevant concentrations (2 mM H*, 2 mM NH,*, 1 mM Mg?*, 8 mM K*, and 20
mM Na*) are subsequently added into 1 mM Ca?* solution, and
measurements are done after 20 s waiting time. The change in potential due
to addition of such ions, as demonstrated in Figure 2b, is significantly smaller
than the response for typical physiological [Ca?*] variations (e.g., 1 mM to
0.5 mM). This shows that the sensor is selectively responsive to Ca?* and
hence makes it feasible for body fluid analysis. Additionally, it is important
that sensors should be reproducible such that reliable analysis can be
attained from individual sensors. Six sample sensors were tested in a
solution containing 0.125-2 mM of Ca?* concentration range. As displayed in
Figure 2c, the absolute potentials of these six sensors range from 275.9 to
283.0 mV in the presence of 0.125 mM Ca?*. These sensors show sensitivity
ranging from 29.8 to 34.2 mV/decade of concentration, with an average
sensitivity of 32.2 mV/decade and a RSD of 1.5%. The value of average
sensitivity is used as a standard slope for calibration in later studies of
biofluids. The variations in the absolute potentials of different sensors
(resulted from sensor preparations and manually drop-casting method) are
resolved by one-point calibration, as shown in inset of Figure 2c¢, in which the
open-circuit potential of the sensors in 0.125 mM Ca?* is set to zero by the
microcontroller. This is similar to commercial pH meters where a standard
solution is used to calibrate the measurement before actual measurement is
undertaken. In the case of long-term analysis on Ca?* concentration in body
fluids, variation due to potential drift can easily conceal the actual
measurement results. To test this, the Ca?*-selective sensor is kept under



0.25-1 mM Ca?* solutions for a total of 90 min and under 1 mM solution for 4
h as presented in Figures 2d and S1, respectively. A sensitivity of 33.7
mV/decade is measured in Figure 2d, and a potential drift of 1.1 mV/h is
observed in Figure S1. These results reveal that the Ca?* sensors can yield a
small error of approximately 8% over an hour of continuous measurement
without large deviation from the average sensitivity.

Similar to the Ca?** sensors, general performances of the pH sensors are
evaluated. PANI has been a popular medium for pH measurement in body
fluids due to its ease of fabrication, reproducibility, and biocompatibility.(18,
25) In this study, H*-selective PANI film is electrochemically deposited onto a
Au electrode by cyclic voltammetry. The resulting PANI-based pH sensor
presented in Figure 3a was tested repeatedly in Mcllvaine’s buffer from pH 4
to 7. Results exhibited an average slope of 62.5 mV/decade with RSD 1.0% in
two complete cycles from pH 4 to 7 and then to 4 with one-unit increments.
The pH sensor is also selective to H* with a potential variation of
approximately 3.1% compared to its sensitivity as shown in Figure 3b. Since
pH in human body fluids commonly fluctuates between 3 and 8 depending
on specific fluids,(3-5, 41) sensors are characterized from pH 3 to 8.
Reproducibility of six sensors is reported in Figure 3c. Results show that
absolute potentials range from 285.6 to 309.8 mV at pH 3 and sensitivities
vary from 60.0 to 65.4 mV/decade of concentration. Regardless of the
variation in absolute potentials, these sensors show only a RSD of 2.3% in
sensitivity with a 63.3 mV/decade average. This average sensitivity is later
used as a standard calibration value for measurement in body fluids. Long-
term performance of the pH sensor is captured in Figures 3d and S1. The
results in Figure 3d show that sensitivity of pH sensor is 63.7 mV/decade
over a 90 min measurement. Figure S1 indicates that deviation due to
potential drift is 0.7 mV/h which corresponds to 1.1% error in pH value over
an hour of continuous measurement. Previously reported wearable pH
sensors are not sufficiently accurate for detailed quantitative analysis in
body fluids due to CI- influence on solid-state Ag/AgCl RE.(18, 25, 42) Here,
pH sensing with Ag/AgCl and PVB-based Ag/AgCl REs is compared under a
constant pH 5.0 with varying CI- concentrations. Figure S2 depicts that
variation of Cl- concentration greatly influences the performance of the
sensor with Ag/AgCl RE, while that with PVB-based RE remains relatively
stable. This is because the PVB layer contains Cl- and is immune to change in
Cl- concentrations. The above results exhibit that present pH sensors provide
an accurate and reliable analysis capability compared to previously reported
electrochemical pH sensors.
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Figure 3. General performances of pH sensors: (a) sensitivity and repeatability, (b) selectivity, (c) reproducibility of pH sensors (n = 6), and
(d) long-term stability in Mcllvaine's buffer. Inset in (c) shows an average linear relationship of n = 6 between open circuit potential and pH.
Potentials at pH 8 are set to zero. Inset in (d) indicates a linear relationship between open circuit potential and pH.

Skin temperature is an effective marker of the thermal state of individuals
and is also informative for many skin related diseases (such as ulceration).
(43) General performance of the Cr/Au-based temperature sensors was
evaluated previously in our recent work.(32) These resistive temperature
sensors have a sensitivity of 0.18% per °C with respect to its baseline
resistance at room temperature. To investigate the influence of temperature
on Ca?* and pH sensors, sensors are tested in temperatures ranging from 23
to 37 °C in Mcllvaine’s buffer of pH 5.0 containing 0.5 mM Ca?*. Unlike
enzymatic sensors in which the performance is greatly influenced by the
change in temperature,(32) both Ca?* and pH sensors show no significant
response to temperature change as illustrated in Figure S3.

In order to ensure accurate measurement of body fluids, Ca?* and pH
analyses of human sweat and urine samples using the wearable sensors are
validated with inductively coupled plasma-mass spectrometry (ICP-MS)
technique and a commercial pH meter, respectively. Measurements of
biofluids using sensors are computed based on a calibration curve obtained
from artificial body fluids (detailed in the Experimental Section). Results
displayed in Table 1 show Ca?* concentrations and pH in sweat and urine
measured by ICP-MS and Ca?*-selective sensors. Measurements of sweat and
urine [Ca?*] acquired by sensors vary by a maximum of 7.0% and 10%,
respectively, from the ICP-MS results. On the other hand, pH sensors show
<2.2% and 3.6% variations in sweat and urine from a commercial pH meter.



These variations are relatively small, compared to normal range of [Ca?*] and
pH of body fluids.

Table 1. Ca?* Concentrations in Sweat and Urine Measured
by Ca’*-Selective Sensors and ICP-MS and pH of Sweat and
Urine Measured from a Commercial pH Meter and pH

Sensors
[Ca*] (mM) pH
Ca’ sensor ICP-MS pH sensor pH meter
gweat 1 0.96 0.92 4.4 4.5
sweat 2 0.48 048 7.2 7.3
sweat 3 0.76 0.71 8.1 8.1
urine 1 1.8 1.8 7.6 7.8
urine 2 T.2 7.1 6.3 6.5
urine 3 1.2 1:1 6.4 6.6

To further confirm the accuracy of sensor readings, additional studies were
made by adding fixed amounts of Ca?* and H* into raw sweat, urine, and tear
samples, and the change in potential with concentration was examined.
Figure 4a-c presents a change in potential upon addition of Ca?* in urine,
tear, and sweat, respectively. These measurements lie along a standard
calibration line obtained in Figure 2c with a slope of 32.2 mV/decade. Such a
method provides an alternate mean to verify the sensors’ measurement
accuracy. Due to the buffering capacity of body fluids, the actual pH of the
solutions is measured with a commercial pH meter after every H* addition to
raw urine, tears, and sweat samples. Measured pH results in urine, tears, and
sweat are plotted against the potentials in Figure 4d-f. Similar to the Ca?*
sensors, measurements of pH sensors lie nearly along the calibration line
with a slope of 63.3 mV/decade. The study confirms that complex body fluids
have minimal interference with sensors’ readings.
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Figure 4. Off-body evaluations of Ca** (a—c) and pH (d—f) sensors in urine (a, d), tear (b, ¢), and sweat (c, f). Measurements of [Ca**] are
done by consecutively adding Ca** into raw biofluids. The amounts added are indicated in the figures. Measurements of pH are done by
consecutively adding HCl into raw biofluids. The final pH is determined by a commercial pH meter. Linear regression lines in inset figures
correspond to sensors’ responses in standard calibration solutions obtained in Figure 2¢ for Ca** measurement and in Figure 3¢ for pH
meaurement.

Following the ex situ analysis of sweat, urine, and tear, real-time on-body
evaluation in human perspiration using the flexible integrated wearable
device was also performed. As illustrated in Figure 5a, a subject wears a
headband embedded with the fully integrated flexible sensing system while
cycling. Real-time analysis is then wirelessly transmitted to a mobile phone
and displayed in a custom-developed cellphone application. On-body
assessment of sweat Ca?* and pH was performed with a 5 min ramp-up and a
20 min biking at a power of 150 W, followed by a 5 min cool-down session
(Figure 5b). Sweat is simultaneously collected for analysis using ICP-MS and
a commercial pH meter. Figure 5c shows change in skin temperature with
exercise time. Initially, the temperature increases as exercise progresses,
and a trough in the measurement curve is observed between 6 and 11 min
of cycling time. This indicates that perspiration begins and initiates the
measurements of other ion-selective sensors. Temperature then remains
stable in the rest of the cycling time. This behavior is consistent with our
previously reported work.(32)Figure 5d depicts real-time sweat pH profile
with exercise time. Initially, the sensors have no response during the first 10
min because there is not enough sweat generated. After 10 min into cycling,



sweat pH is observed to increase gradually for 5 min which is mainly due to a
decrease of lactic acid concentration in sweat.(32) Sweat pH then stabilizes
in the remaining 15 min of exercise. This on-body result had close readings
with a commercial pH meter. In Figure 5e, the Ca?* sensor shows an opposite
trend compared to pH. Concentration of Ca?* initially decreases rapidly with
increasing pH and stabilizes after 15 min. ICP-MS result also shows a similar
trend with slightly lower concentrations than the on-body readings. This
result is consistent with literature which reports an inverse relation between
concentration of Ca?* and pH.(2) These on-body results further affirm the
utilization of the wearable system in personal health care. Such real-time
continuous analysis can alert the wearer regarding excessive loss or rise of
electrolytes.
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Conclusion

In conclusion, we have developed a fully integrated wearable
electrochemical platform for simultaneous in situ analysis of Ca?* and pH in



body fluids. The wearable system, containing flexible sensors coupled with
integrated circuits and a wireless transceiver, enables accurate
measurements of biofluids, including urine, tear, and sweat with real-time
feedback. The study emphasizes the practical applications of wearable
sensing systems as a simplification of the traditional extensive laboratory
analysis for accurate measurement of analytes in complex biofluids. The
sensors’ capabilities for long-term quantitative analysis and real-time on-
body monitoring can also provide insightful information about Ca%* and pH
homeostasis in the human body. Owing to its miniaturization, system
integration, and measurement simplification, the proposed platform
manifests a useful wearable sensing system that can be exploited for disease
diagnosis where rapid analysis is desired for Ca2* and pH in body fluids.
Future efforts toward a reliable sensing system will focus on minimizing
potential drifts and performance variations for large-scale population-based
investigations to further understand the physiological states of individuals.

Experimental Section
Materials

Calcium ionophore Il (ETH 129), bis(2-ethylehexyl) sebacate (DOS), sodium
tetrakis[3,5-bis(trifluoromethyl)phenyl] borate (Na-TFPB), high-molecular-
weight polyvinyl chloride (PVC), tetrahydrofuran (THF), polyvinyl butyral resin
BUTVAR B-98 (PVB), sodium chloride (NaCl), 3,4-ethylenedioxythiophene
(EDQT), poly(sodium 4-styrenesulfonate) (NaPSS), and aniline were
purchased from Sigma-Aldrich (St. Louis, MO). Moisture-resistant 100 um-
thick PET was purchased from McMaster-Carr (Los Angeles, CA). All reagents
were used as received.

Fabrication of Electrodes Array

The fabrication process is the same as our previously reported work.(32) In
brief, PET was cleaned with isopropyl alcohol and O, plasma etching. An
electrode array of 3.2 mm in diameter was patterned via photolithography
and was thermally evaporated with 30/50 nm of Cr/Au, followed by lift-off in
acetone. The electrode array was additionally coated with 500 nm parylene
C insulation layer in a SCS Labcoter 2 Parylene Deposition System, and the 3
mm-diameter sensing electrode area was defined via photolithography. The
fabricated array was further etched with O, plasma to remove the parylene
layer at the defined sensing area. Finally, 200 nm Ag was deposited via
thermal evaporation and lift-off in acetone.

Preparation of Ca?* Selective Sensors and pH Sensors

Ca?*-selective cocktail was prepared by dissolving 100 mg of 33:0.5:65.45:1
wt % ratio of PVC:NaTFPB:DOS:ETH129 in 660 pL THF. Surface of the Ca?*-
selective electrodes was modified by galvanostatic electrochemical
polymerization of 0.01 M EDOT with 0.1 M NaPSS at a constant current of 2
mA-cm™ to produce polymerization charges of 10 mC. Ten pL (1.4 yL:cm™?) of
Ca?*-selective cocktail was then drop-casted onto a PEDOT:PSS coated



electrode and left to dry overnight in a dark environment. Aniline was
distilled at a vapor temperature of 100 °C and a pressure of 13 mmHg before
usage. It should be pointed out that a freshly distilled aniline solution should
be used within a week. PANI was polymerized in a 0.1 M aniline/0.1 M HCI
solution. Au surface was first modified by depositing Au (50 mM HAuCl, and
50 mM HCI) for 30 s at 0 V, followed by PANI deposition using cyclic
voltammetry from —0.2 to 1 V for 25 cycles at 100 mV/s.

Evaluation of Ca?* and pH Sensors General Performances

General performance of Ca?* sensors was tested under a 0.01 M acetate
buffer solution (pH 4.6) containing varying Ca?* concentrations unless stated
otherwise. Interference study was performed by subsequent addition of
chloride solutions containing various cations (2 mM H*, 2 mM NH,*, 1 mM
Mg?*, 8 mM K*, and 20 mM Na*) into a 1 mM Ca?* solution. pH sensors were
tested using Mcllvaine’s buffer with varying pH to characterize general
performances of the sensors. Interference study was conducted by
subsequent addition of chloride solutions containing 1 mM Ca?®*, 1 mM NH,",
1 mM Mg?*, 8 mM K*, and 20 mM Na* into a Mcllvaine’s buffer solution of pH
4.0. All measurements were paused while changing solutions, and
measurements were done after 20 s waiting period.

Ex Situ Evaluation of Body Fluids

Urine, sweat, and tear samples were collected from volunteer subjects for
off-body evaluation. Sweat and urine were initially tested with ICP-MS to
measure [Ca?*], and the results were compared with the sensor readings of
same sweat and urine samples. Sweat samples were diluted four times with
deionized water for ex situ evaluations using ICP-MS and wearable sensors.
The results were converted back in Table 1 to reflect raw sweat Ca?*
concentrations. [Ca?*] measured by the sensor was computed using a
calibration curve. The calibration curve was obtained from artificial body
fluids containing 50 mM NaCl and 4 mM KCI with 0.25, 0.5, and 1 mM CacCl; in
0.01 M acetate buffer. pH of the samples was measured with a commercial
pH meter (Horiba LAQUA Twin pH meter B-713) and PANI-based pH sensors.
PANI-based pH sensor measurement was obtained by using similar methods
as the [Ca?*] measurement. pH values were computed from a calibration
curve obtained from solutions containing 50 mM NaCl and 4 mM KCI with
Mcllvaine buffer of pH varying from 4 to 7. To further confirm sensor
readings, raw sweat, urine, and tear samples were subsequently added with
a fixed amount of Ca?*, and initial [Ca?*] was back-calculated based on the
change in potential with concentration. The relationship between potential
change and logarithmic concentration was analyzed by comparing with a
standard calibration curve obtained from Figure 2c. As in measuring [Ca®*],
HCl was subsequently added into the original body fluids, and final pH was
verified by a commercial pH meter and compared with PANI-based sensor
readings. In this case, a pH meter due to buffering capacity of body fluids



measured the actual pH of the body fluids. The measured pH results were
compared with a standard calibration line obtained from Figure 3c.

In Situ Assessment of Sweat [Ca?*], pH, and Skin Temperature

On-body evaluation of sweat [Ca?*] and pH was performed in compliance
with the protocol that was approved by the institutional review board at the
University of California, Berkeley (CPHS 2014-08-6636). Five healthy male
subjects, aged 20-30, were recruited from the University of California,
Berkeley campus. All subjects gave written, informed consent before
participating in the study. An electronically braked leg-cycle ergometer
(Kettler E3 Upright Ergometer Exercise Bike) was used for stationary cycling
trials. Subjects were told to bike for 30 min at a constant workload cycle
ergometry. Subject’s forehead was wiped and cleaned with alcohol swab and
gauze prior to wearing the sensor. Cycling protocol included a 5 min ramp-up
and a 20 min biking at a power of 150 W, followed by a 5 min cool-down
session. Data are directly recorded in a mobile phone via a customized
application. Sweat was simultaneously collected every 5 min during cycling
to compare on-body data with measurements from the ICP-MS and a pH
meter. Collected sweat was diluted four times for ICP-MS measurements.
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