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Abstract 
Drug Monitoring with Wearable Sweat Sensors  

By  
Li-Chia Tai 

Doctor of Philosophy in Electrical Engineering and Computer Sciences 
University of California, Berkeley 

Professor Ali Javey, Chair 
 

Wearable sensors have been very popular among us to monitor our physical 
wellness, and they are potentially important for health monitoring with 
implications toward preventive care and clinical treatment. On the market, 
noninvasive wearables can be used to track external metrics such as heart rate and 
ECG signal. However, they fail to inform users about elusive biomarkers at the 
molecular level, which can potentially provide more insight into a person’s health 
situation. Traditionally, accessing bio-molecular information requires collecting 
blood or urine samples with invasive extraction or logistic complications. In this 
regard, sweat stands out as a great candidate because of its noninvasive property 
and abundance in biomolecules, such as electrolytes, metabolites, xenobiotic 
molecules, and heavy metals. Our group has demonstrated noninvasive and 
multiplexed sensing of biomolecules by interfacing flexible printed circuit boards 
and electrode arrays. The advantage of this kind of sensor is that it enables real-
time monitoring, requires small sample volume, and detects multiple biomolecules 
simultaneously. The sweat monitoring device allows us to potentially monitor our 
health statuses and screen diseases. However, a challenge that is equally important 
to screening diseases is to have an effective treatment that typically involves drug 
intake. So the question that remains is whether we can monitor drug molecules 
using a wearable sweat sensor? 
  
After an introduction in Chapter 1, we will explore this possibility in Chapter 2. A 
methylxanthine drug, caffeine, is selected to validate the sensor’s functionalities. 
Chapter 3 seeks the sensor’s potential applications in clinical settings. The focus is 
on levodopa, which is typically used for treating patients with Parkinson’s disease. 
In Chapter 4, the sensing platform is reconfigured for secondhand smoke detection, 
which can potentially be used by a broader population. In summary, we have 
demonstrated wearable sweat sensors capable of monitoring selected molecules 
related to drugs. This work leverages a wearable sweat sensor towards noninvasive 
and continuous point-of-care drug monitoring and management. 
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Chapter 1 Introduction  
 
 
1.1 Need for wearable drug monitoring sensors 
 

Drug monitoring plays crucial roles in doping control and precision 
medicine. It helps physicians tailor drug dosage for optimal benefits, track patients’ 
compliance to prescriptions and understand the complex pharmacokinetics of 
drugs. Conventional drug tests rely on invasive blood draws. While urine and 
sweat are attractive alternative biofluids, the state-of-the-art methods require 
separate sample collection and processing steps and fail to provide real-time 
information. Here we present a wearable platform equipped with an 
electrochemical differential pulse voltammetry (DPV) sensing module for drug 
monitoring. A methylxanthine drug, caffeine, is selected to demonstrate the 
platform’s functionalities. Sweat caffeine levels are monitored under various 
conditions, such as drug doses and measurement time after drug intake. Elevated 
sweat caffeine levels upon increasing dosage and confirmable caffeine 
physiological trends are observed. Our work leverages a wearable sweat sensing 
platform towards noninvasive and continuous point-of-care drug monitoring and 
management.  
 
 
1.2 Toward clinical applications with drug monitoring sensors 

 
After developing a wearable platform for drug monitoring, we seek potential 

applications of the sensor in clinical settings. The molecule of our choice, 
levodopa, which is the standard medication clinically prescribed to patients 
afflicted with Parkinson’s disease. In particular, the monitoring and optimization of 
levodopa dosage is critical to mitigate the onset of undesired fluctuations in the 
patients’ physical and emotional conditions, such as speech function, motor 
behavior and mood stability. The traditional approach to optimize levodopa dosage 
involves evaluating the subjects’ motor function, which has many shortcomings 
due to its subjective and limited quantifiable nature. Here, we present a wearable 
sweat band on a nano-dendritic platform that quantitatively monitors levodopa 
dynamics in the body. Both stationary iontophoretic induction and physical 
exercise are utilized as our methods of sweat extraction. The sweat band measures 
real-time pharmacokinetic profiles of levodopa to track the dynamic response of 
the drug metabolism. We demonstrated the sweat band’s functionalities on 
multiple subjects with implications towards the systematic administering of 
levodopa and routine management of Parkinson’s disease. 
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1.3 Drug monitoring sensors for the general public 

 
After demonstrating the wearable sensor’s application in practical settings, 

we aim to reconfigure the platform for use by a broader population.  The 
application of our choice is related to the tobacco epidemic, which is a public 
health threat that has taken a heavy toll of lives around the globe each year. 
Smoking affects both the smokers and those who are exposed to secondhand 
smoke, and careful tracking of exposure can be key to mitigating the potential 
hazards. For smokers, the variation of chemical compositions between commercial 
cigarettes has led to ambiguity in estimating the health risks, both for active 
smokers and others involuntarily exposed to tobacco smoke and byproducts. In this 
regard, sweat possesses an attractive opportunity to monitor smoke exposure due to 
sweat’s abundance in biomolecules and its great accessibility. Here we present a 
wearable sweat band to monitor nicotine, a prominent ingredient in cigarettes, as a 
viable way to quantitatively assess a wearer’s exposure to smoking. Both smokers 
and normal subjects are tested to demonstrate the use of this device for smoke-
related health monitoring. Our results exhibit confirmable, elevated nicotine levels 
in sweat for subjects inhaling cigarette smoke. This continuous and personalized 
sweat sensing device is leverage to monitor smoke pollution for a potentially broad 
population. 
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Chapter 2 Caffeine Monitoring with Wearable Sweat Sensors  
 
The following chapter has been previously published in a similar format.  
 
Reprinted (adapted) with permission from (Tai, L.-C.; Gao, W.; Chao, M.; Bariya, 
M.; Ngo, Q. P.; Shahpar, Z.; Nyein, H. Y. Y.; Park, H.; Sun, J.; Jung, Y.; Wu, E.; 
Fahad, H. M.; Lien, D.-H.; Ota, H.; Cho, G.; Javey, A. Methylxanthine Drug 
Monitoring with Wearable Sweat Sensors. Adv. Mater. 2018, 30, 1707442). 
Copyright (2018) John Wiley and Sons. 
 
 
2.1 Introduction to Caffeine Monitoring 
 

Drug analysis is the chemical testing of human biological samples to 
determine the subject’s drug history. It is commonly implemented for doping 
control, drug abuse testing, forensic investigation, clinical therapeutics and digital 
health monitoring.1-3 Sources of biological specimens for drug analysis include 
blood, urine, saliva, hair, sweat and exhaled breath.4-10 Conventional blood analysis 
provides the most direct and accurate approach to track drug dosage, but it is an 
invasive technique with limited sample collection. Recently, in-situ sweat analysis 
is quickly becoming an attractive alternative in noninvasive diagnosis.11,12 The 
distinct nature of secretion, accessibility and abundance in biomolecules make 
human sweat an ideal candidate for point-of-care health monitoring.11-14  

Recent advances in wearable biosensors have made great strides in 
providing non-obstructive and on-site analysis of human health conditions.14-32 A 
sensitive and selective approach to multiplexed sensing of sweat biomolecules can 
be achieved by utilizing wearable electrochemical sensors.14,19,21 Such sensors 
usually consist of flexible sensors for signal transduction coupled with electrical 
circuit components for signal conditioning and data transmission. This platform 
provides users with valuable physiological insight into their states of health. 
Previously reported wearable sweat sensors are capable of monitoring electrolytes 
and metabolites (sodium, potassium, glucose, lactate, etc) for health monitoring 
and disease diagnosis via traditional techniques such as amperometry, 
potentiometry, colorimetry, etc.19-27 However, designing wearable sweat sensors 
capable of retrieving information regarding drug intake, which is important for 
disease treatment, remains to be an obstacle. The detection of drug molecules is 
challenging owing to their ultra low concentrations in biofluids, and it usually 
requires very different detection mechanisms. As an example, the differential pulse 
voltammetry (DPV) is commonly employed to detect drug molecules. The 
mechanism is based on oxidation of the target molecule at its distinct oxidation 
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potential. The corresponding current flow is then measured with an undesirable 
capacitive component eliminated to allow sensitive determination of the 
molecule’s concentration.33-36 The oxidation potential involved in the DPV 
detection can be relatively high, so stringent requirements on electrode stability to 
retain sensor integrity at high operating potential are necessary.35,36 Thus, a 
sensible strategy to design wearable drug sensors is to combine high potential 
resilient electrochemical sensors and integrated circuitry devised with DPV 
implementation. Specifically, this can be achieved by consolidating large scale and 
low cost printed carbon electrodes and printed circuit boards. 

Here we present a wearable sweat band (s-band) for noninvasive and in-situ 
monitoring of drug levels. In this work, caffeine is selected as an example 
methylxanthine drug to demonstrate the sensor’s functionalities. Caffeine is a 
relatively safe drug and widely dosed through coffee, tea and other related 
commercial products. Clinically, its chronic overdose can potentially lead to health 
problems such as coronary syndromes, hypertension and depression.37-39 It is also 
an ergogenic drug restricted in official athletic competitions, which often require 
standard assessment of urine caffeine prior to tournaments.40 It has been reported 
that urine caffeine concentration correlates with both plasma and sweat caffeine 
concentrations.41,42 Thus, monitoring sweat caffeine would effectively provide us 
with insight into caffeine levels. More importantly, the DPV detection technique 
for caffeine is fundamentally similar to those used for many other types of drugs,33-

35 so we envision that this sensor platform can be exploited towards detection of a 
number of other drugs. In this work, caffeine detection is successfully performed in 
collected human sweat samples as well as on-body to investigate the influence of 
caffeine dosage upon sweat caffeine levels using the s-band platform. This 
platform resolves the technological challenge of wearable sweat sensors for drug 
monitoring and can serve as a powerful tool that paves the way for continuous and 
noninvasive drug monitoring.  
 
 
2.2 Device Background and Sensing Mechanism 
 

Figure 1a illustrates the wearable platform packaged into a wristband for on-
body sweat analysis. The platform consists of a triple-electrode array patterned on 
a flexible polyethylene terephthalate (PET) substrate and interfaced with a printed 
circuit board (PCB). Figure 1b shows the schematic of the printed electrodes used 
for electrochemical sensing: a carbon working electrode (WE) modified with 
carbon nanotubes (CNTs)/Nafion films, a carbon counter electrode (CE) and a 
Ag/AgCl reference electrode (RE). The choice of working electrode material 
critically determines the types of chemical reactions permitted on the electrode 
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surface. Carbon is favorably selected due to its stability under high sweeping 
voltage for drug detection, as well as its low cost and biocompatibility to human 
skin.36 Roll-to-roll printing technology is exploited to produce high performance 
electrode arrays at large scale. At the system level, as shown in Figure 1c, the 
completely integrated s-band includes signal transduction, conditioning, processing 
and Bluetooth transmission functionalities to relay electrochemical signals to a 
user interface and allow in-situ monitoring of drug levels. Figure 1d illustrates the 
electrochemical caffeine detection mechanism that underlies the technology: the 
implementation of DPV from the PCB and the oxidization of caffeine molecules at 
around 1.4 V. The electrical current level detected at the oxidation peak provides a 
quantitative measurement of sweat caffeine concentration. After drug intake, sweat 
can be accessed via vigorous physical exercise or iontophoresis and analyzed by 
the s-band, as shown in Figure 1e and detailed in the Experimental Section.  
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Figure 1. Schematic of the s-band and drug sensing mechanism. a) Schematic of 
the s-band worn on a subject’s wrist. b) Optical image of the s-band and the cross-
section view of a roll-to-roll printed flexible sensor patch. Scale bar, 5 mm. WE, 
RE and CE are working electrode, reference electrode and counter electrode. c) 
System-level diagram of the s-band platform for real-time sensing, data processing 
and wireless transmission. d) Electrochemical detection of caffeine through 
differential pulse voltammetry (DPV). Oxidation of caffeine leads to an observable 
oxidation peak around 1.4 V. e) Real-time sweat caffeine monitoring using the s-
band after caffeine intake. (Reprinted with permission from John Wiley and Sons). 
 
 
2.3 Sensor Characterization 
 

The flexible electrodes were prepared through the roll-to-roll printing 
process.43 The carbon working electrode was modified with CNTs/Nafion films 
through drop casting (detailed in the Experimental Section). This step is crucial for 
anti-fouling protection of the sensing electrodes in sweat samples and improves the 
sensor’s detection limit.20,44  

The caffeine sensor is characterized electrochemically using DPV in a 
solution containing different caffeine concentrations. Figure 2a shows the DPV 
response of the sensor in 0-40 µM caffeine solution (dissolved in 0.01 M acetate 
buffer to simulate human sweat).20,21 The voltammetry range of 1.1 V to 1.7 V is 
selected to cover the oxidation potential of caffeine.36 The current peak can be 
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measured according to a standard technique described in Figure S1 (Supporting 
Information). Figure 2b shows an extracted linear relationship of the sensor’s 
responses to the caffeine concentrations with a high sensitivity of 110 nA µM-1.  

Sweat normally contains a wide variety of chemicals that can potentially 
interfere with the sensors’ performance.20-23 Hence, the selectivity of the s-band 
sensor is evaluated in Figure 2c to ensure the fidelity of the sensor readings under 
practical conditions. Since the s-band platform relies on oxidation reactions to 
detect caffeine, major sweat biomolecules that can be oxidized are chosen for the 
selectivity test. Specifically, urea (30 µM), glucose (100 µM), lactic acid (10 mM), 
ascorbic acid (10 µM) are added to the caffeine solution with physiologically 
relevant concentrations.14,23 In addition, pilocarpine (15 mM), which is commonly 
used to induce sweat, is added in the selectivity test.19 The results show that the 
change in sensor response due to potential interferents falls within 9.2%. 

 
 

 
Figure 2. Characterization of the caffeine sensor based on roll-to-roll printed 
CNTs/Nafion modified carbon electrodes. a) Differential pulse voltammograms 
(DPV) of caffeine (0-40 µM) dissolved in a 0.01 M acetate buffer solution (pH 4.6) 
and b) the corresponding calibration curves. c) Interference studies of the caffeine 
sensor. In each subsequent DPV measurement, 30 µM urea, 100 µM glucose (GL), 
10 mM lactic acid (LA), 10 µM ascorbic acid (AA), or 15 mM pilocarpine (PC) is 
added to a 40 µM caffeine (CAF) solution. (Reprinted with permission from John 
Wiley and Sons). 
 
 
2.4 Iontophoresis and Exercise Experiments 
 

In order to demonstrate the functionalities of the sensor platform, two 
healthy subjects were selected for caffeine dose trials. Prior to an experiment, each 
subject is required to abstain from caffeine intake overnight. At the beginning of 
the trial, the subject either consumes a single-shot or triple-shot espresso coffee 
(~75 mg or ~225 mg caffeine).45 In the controlled experiment, the subject does not 
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consume any coffee. The subject then waits for half an hour in resting mode. 
Afterwards, the subject’s wrist is cleaned with alcohol wipe and loaded with a 
cholinergic agonist hydrogel to perform iontophoresis (sweat inducing technique). 
Following an iontophoresis procedure in a previous report,19 a 5-minute 1-mA 
electrical current is applied to drive sweat-inducing pilocarpine drug, entrapped in 
a hydrogel, into the sub-dermal regions for local sweat stimulation. As illustrated 
in Figure 3a, this process stimulates sweat glands. Once iontophoresis is finished, 
the hydrogel is removed and sweating can be observed on the subject’s wrist. A 
commercially available Macroduct® sweat collector is then sealed on the subject’s 
wrist to accumulate sweat for half an hour. Hence, sweat is collected from 35 
minutes to 65 minutes after drug intake. 

The collected sweat samples are analyzed with DPV measurement to 
determine the caffeine contents of sweat. Figure 3b and Figure S2 (Supporting 
Information) show that as caffeine intake increases, the collected sweat samples 
also contain higher caffeine levels. The functional correlation between DPV-
measured caffeine concentration in sweat and caffeine intake is plotted in Figure 
3c. The correlation between sweat caffeine concentration and caffeine intake is 
highly linear with Pearson’s correlation coefficient of 0.98, and the slope 
demonstrates a sensitivity of 45 µM/g. This observation is consistent with the 
literature,41,46,47 indicating that the s-band can accurately inform users about their 
caffeine intake.  
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Figure 3. Caffeine monitoring through iontophoresis induced sweat. a) Schematic 
of iontophoresis-based sweat extraction. The subject consumes 0 mg, 75 mg and 
225 mg caffeine, respectively. An iontophoresis current of 1 mA is applied on a 
subject’s wrist for 5 minutes. b) Sensor response in human sweat samples for all 
caffeine intake conditions. c) The corresponding sweat caffeine concentration 
observed upon different caffeine intake. (Reprinted with permission from John 
Wiley and Sons). 
 
 

In order to demonstrate the sensor’s ability to capture physiological trends of 
caffeine in human subjects, two types of ergometer-based cycling experiments 
were conducted. Figure 4a shows a time progression panel, indicating time of 
caffeine intake and exercise period of the first experiment. The subject engages in 
a constant-load 100 W cycling at 30 minutes after consuming a single-shot 
espresso coffee (~75 mg caffeine). In most cases, sweat secretion and collection 
begin approximately 10 minutes after the start of the exercise. Perspiration 
continues throughout the exercise trial, and sweat caffeine concentration is 
evaluated at different points in time using the collected sweat samples. Figure 4a 
shows that the caffeine concentration initially increases, reaches its peak value of 
13 µM around 60 min after caffeine intake, and subsequently decreases. The time 
corresponding to the maximum concentration falls within the expected range of 30 
– 120 minutes.48 Figure 4b-e shows the representative time-stamped plots of the 
pulse voltammetry results corresponding to Figure 4a.  

The observed caffeine concentration trend is consistent with previously 
reported ex-situ data.46-49 The initial increase in caffeine levels is due to absorption 
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of caffeine into the human circulatory system, and the subsequent decline is due to 
catabolism of caffeine.47-49 In regular healthy subjects, caffeine physiological levels 
reach their peak values approximately within two hours, and then the caffeine 
concentrations are projected to diminish.48 Hence, in Figure 4f, a second 
experiment is designed with the same subject cycling under identical conditions, 
with the exception that the cycling time starts at 120 minutes after caffeine intake. 
In this trial, the caffeine levels begin with a value of 7 µM and show a decreasing 
trend almost monotonically, which is consistent with our expectation. The 
concentrations of caffeine in sweat are also lower (2-7 µM) than those in the 
previous trial after reaching the peak (12-13 µM in Figure 4d,e). These evidences 
indicate that the caffeine sensor can capture the metabolic behaviors of caffeine. 
Likewise, Figure 4g-j shows the corresponding time-stamped plots. This set of 
experiments demonstrates that the caffeine sensor can inform users about the 
dynamic pharmacokinetics of caffeine. 
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Figure 4. Caffeine monitoring through exercise induced sweat. a) Panel indicating 
the timeline of the first exercise trial and a summary plot of the caffeine levels over 
time. The exercise begins at 30 minutes after caffeine intake. b-e) Representative 
time-stamped plots of the sensor response corresponding to the first experiment. f) 
Panel indicating the timeline of the second exercise trial and a summary plot of the 
caffeine levels over time. The exercise begins at 120 minutes after caffeine intake. 
g-j) Representative time-stamped plots of the sensor response corresponding to the 
second experiment. (Reprinted with permission from John Wiley and Sons). 
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2.5 On-body Sweat Analysis 
 

An application of the caffeine sensor is shown in Figure 5a,b with a fully 
packaged wearable platform. The roll-to-roll printed electrodes connected with the 
PCB is comfortably worn on a subject’s wrist and sealed with a 
polydimethylsiloxane (PDMS) band. The PCB is assembled using a 
microcontroller and programmed with a DPV sensing module and can be activated 
at different time points during the exercise to evaluate sweat caffeine levels. The 
current peaks in DPV plots are converted to sweat caffeine concentrations using 
Figure 5c, which is extracted from Figure S3 (Supporting Information). The signal 
to noise ratio in sweat solution, computed as the current peak (40 µM curve) 
divided by half of the fluctuation in the baseline reading without caffeine (0 µM 
curve, 1.1 to 1.2 V) in Figure S3 (Supporting Information), is found to be 14. 

The subject performs an exercise trial in which cycling begins at 30 minutes 
after consuming a single-shot espresso coffee (~75 mg caffeine). The result is 
summarized in Figure 5d with current peaks extracted from Figure S4 (Supporting 
Information). In Figure 5d, the detection in sweat solution is limited by the current 
peak response variations between the roll-to-roll printed electrodes (Experiental 
Section). Upon conversion with Figure 5c, this corresponds to a detection limit of 3 
µM. In addition, we observed that sweat caffeine concentration before caffeine 
ingestion was consistently below the detection limit. In contrast, the sweat caffeine 
concentration after caffeine ingestion could be up to 11 µM. The sweat caffeine 
concentration increases until its peak value of 11 µM at 60 min after caffeine 
intake, and the concentration subsequently decreases. The data in this on-body 
experiment follows a similar pattern to the ex-situ data in Figure 4, and it 
demonstrates that the s-band technology can potentially be applied in clinical or 
other practical settings to offer users valuable information regarding their drug 
intake and metabolism.  
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Figure 5. In-situ monitoring of caffeine levels using the s-band. a) Image of a 
subject in a cycling exercise and b) a zoom-in image of the s-band drug sensing 
platform packaged in a PDMS wristband. c) Calibration curve for the s-band 
platform in sweat samples. d) Measured sweat caffeine levels during the cycling 
experiment. The horizontal axis indicates the time elapsed after the subject 
consumes a single-shot espresso (~75 mg caffeine); the subject begins cycling at 
30 min after caffeine intake. (Reprinted with permission from John Wiley and 
Sons). 
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2.7 Appendix 
 

Sensor Array Fabrication and Preparation. The electrode arrays were 
fabricated on top of flexible PET film via roll-to-roll printing technique at Sunchon 
National University. Specifically, the electrodes were fabricated with roll-to-roll 
gravure printing on polyethylene terephthalate substrate (SKC Korea AH71D). The 
silver (Ag), carbon (C) and insulation layers were printed in sequence. Ag ink was 
acquired (Paru Solar Energy Company PG-007) and reformulated by dispersing Ag 
in solution (InkTec TEC-PR-041) to enhance the Ag ink’s stability. For the Ag ink, 
the surface tension and viscosity were improved by addition of 10 % polyvinyl 
butyral in Terpineol (Sigma Aldrich). During the printing, temperature and 
humidity were controlled to be 23 ± 2 °C and 35 ± 2 %, respectively, to maintain 
the accuracy of printing to be ± 20 µm. Post-printing drying of the Ag electrodes 
was performed by passing the electrodes through a 150 °C chamber for 5 seconds 
at 6 m / min. The working electrode and reference electrode were further 
processed. Carbon paste (Dozen TECH Korea DC-15) was diluted by adding 
diethylene glycol monoethyl ether acetate (ECA) until 350 cp viscosity was 
reached. Afterwards, the carbon paste was printed to cover the Ag layer. The 
drying process was performed in 150 °C chamber for 5 seconds. Finally, the 
insulating ink was prepared by dissolving polyethylene resin (Daejung Chemicals 
and Metals. 20 g) in ECA (80 mL) to passivate the Ag layers. The printing speed 
of the insulating layer was 6 m / min. 

The electrodes were annealed at 150 °C for 1 hour (MTI Corporation 
Vacuum Oven). The working and counter electrodes were cleaned in a 8 M HNO3 
solution for 10 seconds to remove the exposed Ag. 0.1 M FeCl3 solution (0.80 µL) 
was injected on top of the Ag reference electrode for 10 seconds to produce a 
uniform Ag/AgCl film. 0.01% multiwall carbon nanotubes (MWCNT, 0.84 µL) 
and 0.01% Nafion 117 (Sigma Aldrich, 0.84 µL) were subsequently drop-casted 
onto the working electrode and annealed at room temperature till dry for 15 hours.  

Characterization of the Sensor. The printed electrodes were characterized 
electrochemically by performing DPV measurements in 0-40 µM caffeine 
solutions (dissolved in 0.01 M acetate buffer solution (pH 4.6)). CHI 1230C 
potentiostat (CH Instruments) was used for DPV measurements (initial potential: 
1.1 V; final potential: 1.7 V; increment: 4 mV; amplitude: 50 mV; pulse width: 50 
ms; sample width: 15 ms; pulse period: 100 ms). The modified working electrode 
was used here with commercially available Ag/AgCl reference electrode and 
platinum wire counter electrode. The sensor’s selectivity was evaluated by addition 
of selected analytes (urea, glucose, lactate, ascorbic acid, pilocarpine) to 40 µM of 
caffeine in the acetate buffer solutions. The concentrations of the analytes were 
decided according to their physiologically relevant concentrations. Baselines in the 
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I-V plots of the DPV measurements were normalized such that they were aligned. 
DPV measurements of 40 µM caffeine were performed once for all of the roll-to-
roll printed working electrodes to eliminate the ones with outlying performances 
(selected the ones with peak current variations within 20%, which defines the error 
in the experiments).  

Ex-situ Iontophoresis Sweat Analysis. Iontophoresis sweat extraction was 
performed by firstly placing pilocarpine hydrogel (ELITechGroup SS-023 
Pilogel® Discs) underneath the anode and cathode electrodes followed by applying 
a 1-mA DC current for 5 minutes to drive the pilocarpine into the sub-dermal 
regions of a subject to stimulate sweat glands (ELITechGroup Model 3700 
Webster Sweat Inducer). Afterwards, a commercial Macroduct® collector was 
tightly sealed around the subject’s wrist to allow sweat collection for 30 minutes. 
The collected sweat samples were analyzed with CHI 1230C potentiostat (CH 
Instruments) using DPV measurements. To improve the sensitivity, accumulation 
of caffeine molecules at -1.2 V for 30 seconds was applied prior to DPV analysis. 
The current peaks measured with DPV were converted to sweat concentrations via 
calibrations, which were obtained via addition of caffeine to sweat samples similar 
to that in Figure S3 (Supporting Information). Other conditions, the same as those 
in the characterization experiments. 

Ex-situ Exercise Sweat Analysis. The subjects performed cycling exercise 
on a stationary ergometer (Kettler E3 Upright Exercise Bike) with 100 W power 
output. Once the subjects started sweating, sweat samples were collected every 5 
minutes using centrifuge tubes from the foreheads of the subjects. After each 
collection, the subjects cleaned their foreheads with gauze. The evaluation of sweat 
samples followed the same procedure as that in the ex-situ iontophoresis sweat 
analysis.  

In-situ Exercise Sweat Analysis. The on-body analysis of the s-band was 
approved by the institutional review board at the University of California, Berkeley 
(CPHS 2016-06-8853). The s-band was packaged with a polydimethylsiloxane 
(PDMS) transparent band on top of the sensor and around the subject’s wrist, as 
shown in Figure 5b. At different time throughout the exercise trial, the s-band was 
activated to perform the in situ DPV measurements. The raw data was then 
transmitted via Bluetooth wirelessly to a user interface (CoolTerm serial-port 
terminal application), normalized to a common baseline current, and filtered 
(MATLAB® Hampel and Smooth functions) for caffeine level monitoring on a 
computer. Curve fitting was performed and plotted as the dotted line (MATLAB® 
Weibull function). A schematic diagram of the s-band’s circuit design is shown in 
Figure S5 (Supporting Information). 

Signal Conditioning, Processing and Wireless Transmission Circuit 
Design. The circuit diagram of the analog signal-conditioning block of the device 
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is shown in Figure S5 (Supporting Information). The entire circuit mimics the DPV 
measurements of the potentiostat instrument. At the core of our system we use an 
Atmega328p (Atmel 8-bit) (Microchip Technology) microcontroller that can be 
programmed on-board by a pocket AVR programmer from Sparkfun. The 
microcontroller communicates with a 16-bit digital-to-analog converter (DAC) 
DAC8552 (Texas Instrument) through SPI (Serial Peripheral Interface) protocol. 
The DAC sets two voltages: one for working electrode and the other one for 
reference electrode. The DPV parameters follow the same as those in the 
potentiostat’s settings, including initial potential, final potential, increment, 
amplitude, pulse width, sample width and pulse period. The voltage for reference 
electrode is low-pass filtered by the fourth order Sallen-Key topology to provide 
stable reference. The current from the working electrode is converted into voltage 
by low-pass transimpedance amplifiers. The voltage is then measured by a 16-bit 
analog-to-digital converter (ADC) LTC1864 (Linear Technology). The ADC sends 
the voltage data to the microcontroller through SPI protocol. The microcontroller 
transmits the data to the Bluetooth transceiver using the Universal Asynchronous 
Receiver/Transmitter (UART) protocol. The Bluetooth then communicates with 
the mobile phone or computer. 

Power Delivery to the DPV Board. The PCB is powered by a single 
rechargeable lithium ion polymer battery with a nominal voltage of 3.7 V. The 
equivalent diagram is shown in Figure S5 (Supporting Information). There are 3 
paths of power delivery. The first path requires 5.0 V for the digital component of 
the circuit. This is achieved by using DC-DC converter to boost up the battery 
voltage from 3.7 V to 5.3 V, and then using low-dropout voltage regulator to 
obtain a regulated 5.0 V voltage. The second path uses the same strategy, but the 
voltage is used for the analog portion of the circuit. The third path uses only the 
low-dropout voltage regulator to realize a regulated 3.3 V potential for the 
Bluetooth module.  
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Figure S1. Measurement of the peak height from a DPV measurement. The peak 
height is the length of the vertical line connecting the peak position and the tangent 
line to the DPV curve. (Reprinted with permission from John Wiley and Sons). 
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Figure S2. Caffeine monitoring through iontophoresis induced sweat samples 
(subject II). a) Sensor response in the sweat samples for all caffeine intake 
conditions and b) the corresponding sweat caffeine concentration observed upon 
different caffeine intake. (Reprinted with permission from John Wiley and Sons). 
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Figure S3. Calibration for the s-band platform in sweat samples.  Results of the 
DPV measurements in sweat samples collected from the same subject in Figure 5. 
(Reprinted with permission from John Wiley and Sons). 
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Figure S4. In-situ caffeine monitoring through exercise induced sweat. a-e) 
Representative time-stamped plots of sensor response corresponding to the in-situ 
experiment in Figure 5. (Reprinted with permission from John Wiley and Sons). 
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 Figure S5. Schematic of the s-band platform’s voltammetry circuit.  The circuit 
incorporates three terminals, which correspond to the working, reference and 
counter electrodes. (Reprinted with permission from John Wiley and Sons). 
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Chapter 3 Levodopa Monitoring with Wearable Sweat Sensors  
 
The following chapter has been previously published in a similar format. 
 
Reprinted (adapted) with permission from (Tai, L.-C.; Liaw, T. S.; Lin, Y.; Nyein, 
H. Y. Y.; Bariya, M.; Ji, W.; Hettick, M.; Zhao, C.; Zhao, J.; Hou, L.; Yuan, Z.; 
Fan, Z.; Javey, A. Wearable Sweat Band for Noninvasive Levodopa Monitoring. 
Nano Lett. 2019, 19, 6346-6351). Copyright (2019) American Chemical Society. 
 
 
3.1 Introduction to Levodopa and Parkinson’s Disease 
 

Levodopa is the medication administered to treat patients with Parkinson’s 
disease.1-7 Despite its success, an individual’s responses to levodopa can vary due 
to factors such as dietary intake, age, gender and drug administration history.8-12 
These variations can lead to unfavorable fluctuations of the subject’s motor and 
cognitive functions if the levodopa dosage is not tailored towards the individuals.12-

14 Therefore, levodopa monitoring is an essential part of the treatment for 
Parkinson’s disease. The gold standard for optimizing levodopa dosage involves an 
assessment of the motor function of a Parkinson’s disease patient.9 This method 
requires clinicians to evaluate the subject’s motor functions, leading to difficulty of 
point-of-care testing and ambiguity in drug dosage. To address this challenge, 
monitoring blood levodopa concentration stands out as a viable solution.15-18 
However, blood-based detection is hampered by its need for invasive sampling and 
separate analytical tools, making it inappropriate for the long-term and frequent 
measurements that are necessary due to the dynamic nature of drug metabolism.  

Taking this into consideration, human sweat is an alternative to blood due to 
its accessibility through noninvasive procedures and its abundance of biomolecules. 
Like other drug molecules that undergo xenobiotic metabolism pathway, levodopa 
excretes through sweat with its concentration in sweat exhibiting a potential 
correlation with that in human plasma.19-22 Additionally, under standard levodopa 
dosage, sweat levodopa level shows up in the micro-molar ranges,17-19 making it 
amenable for reliable detection with current technologies.23,24 For these reasons, 
sweat presents an ideal means for non-obstructive monitoring of levodopa for 
dosage optimization. Sweat sensing patches have been employed for drug tests in 
athletic doping control, drug abuse investigation and forensic inspection.25,26 
Recently, sweat sensors for drugs and their related biomolecules have also been 
demonstrated via optical and electrochemical techniques.27-32 In particular, the 
electrochemical approach represents an attractive method owing to its advantages 
for electronic integration, economical cost, sensitivity and selectivity.29-36  
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In this work, we expand the strength of the electrochemical sensor through 
integrated surface innovations at the physical and chemical levels. The 
incorporation of gold dendritic nanostructures onto the electrodes remarkably 
enhanced the detection limit of the levodopa sensor down to about 1 µM in sweat 
solution, a couple times of improvement compared to previous work tested in 
human fluid.37 Moreover, the crosslinking mechanisms with glutaraldehyde 
provides us chemically robust enzymatic structures to achieve sensor stability for 
long-term and continuous usage.37-40 This approach effectively connects existing 
sensor enhancement technologies into a consolidated platform for prolonged sensor 
operation. Our solutions effectively address the challenges for drug detection, 
which are attributed to the generally low concentration of drugs in human sweat 
and the long time scale of drug metabolism.  

 
 

3.2 Device Background and Sensing Mechanism 
 

The design of the wearable sensor packaged into a sweat band (s-band) is 
illustrated in Figure 1a. The sensor is fabricated on a polyethylene terephthalate 
(PET) substrate and it employs a standard three-electrode configuration with a 
functionalized levodopa sensing electrode as working electrode, a Ag/AgCl top 
layer as reference electrode and a Au top layer as counter electrode. As shown in 
Figure 1b, during amperometric measurement, levodopa excreted in sweat can be 
oxidized via tyrosinase enzyme to dopaquinone.37 This process generates a 
Faradaic current that can be further calibrated into its corresponding sweat 
levodopa concentration. The cross-section schematic of the electrodes is shown in 
Figure 1c, and Figure 1d shows a scanning electron microscope image of the gold 
dendrite to validate the successful growth and density of the nanostructures. To 
achieve the enhancement on sensitivity, gold nano-dendrites with largely increased 
surface area are synthesized via over-potential deposition approach on the 
evaporated Au/Cr conductive layer.38,39 Further, thionin acetate salts are deposited 
via cyclic voltammetry (CV) method conformally on the as-synthesized dendritic 
gold structure and glutaraldehyde/tyrosinase are drop-casted onto the working 
electrode. Glutaraldehyde serves as the cross-linker to immobilize the tyrosinase 
enzyme that facilitates the electrochemical oxidation of levodopa.37,40 It is also 
worth mentioning that the dendritic gold plays a pivotal role to provide adequate 
interface for enzyme loading and molecular contact to achieve an improved 
sensing performance. The final modification step for the working electrode 
involves the drop-casting of Nafion, which enhances the long-term stability and 
anti-fouling features of the electrochemical sensor.41 The prospective application of 
the sensor is illustrated in Figure 1e, which shows the application of iontophoresis 
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for noninvasive and stationary stimulation of sweat to monitor levodopa levels 
after a subject consumes the drug. The s-band enables continuous monitoring of 
levodopa, which allows for personalized optimization of levodopa dosage.  

 
 

 
Figure 1. Schematic of the s-band and drug sensing mechanism. (a) Optical image 
of the s-band worn on a subject’s wrist. (b) Sensing mechanism of the levodopa 
sensor. WE, RE and CE are working electrode, reference electrode and counter 
electrode. (c) The cross-section view of the gold electrode on a flexible sensor 
patch. (d) Scanning electron microscope image of the gold dendritic structure. (e) 
Real-time sweat levodopa monitoring using the s-band after levodopa intake. 
(Reprinted with permission from American Chemical Society). 
 
 
3.3 Sensor Characterization 
 
 The functionalized levodopa sensing electrode was characterized with CV 
scanning, which indicates the oxidation peak of levodopa. Figure 2a shows the CV 
curves using the functionalized electrode in phosphate-buffered saline (PBS) with 
different concentrations of levodopa. The oxidation and reduction peaks for 
levodopa are around 0.34 V and 0.30 V (method of peak identification is illustrated 
in Supporting Information Figure S1), respectively, which are consistent with the 
literature.23 Figure 2b shows a CV in the proximity of levodopa’s oxidation peak in 
the physiologically relevant concentration range.19 The functionalized electrode 



31"
" " "

responds to levodopa with high sensitivity in the micro-molar range. This is a 
remarkable enhancement of more than two orders of magnitude compared to the 
response of a bare Au electrode (Supporting Information Figure S2). Figure 2c 
shows the amperometric response of levodopa at the oxidation potential (0.34 V). 
The inset displays the calibration curve with a sensitivity of 15 nA/µM, which is 
on par with the best levodopa sensors reported.23 This is notable considering the 
simplicity of electrode functionalization and the electrode’s excellent stability for 
long-term usage.  
 
 

 
Figure 2. Characterization of the functionalized working electrode in PBS. (a) CV 
of levodopa (LD) dissolved in PBS and (b) zoom-in view for smaller concentration 
range. (c) Amperometric response of levodopa dissolved in PBS. Inset shows the 
calibration curve. (Reprinted with permission from American Chemical Society). 
 
 

The sensors were further characterized in sweat solution to demonstrate its 
practical applications for noninvasive monitoring. Figure 3a shows a CV in the 
proximity of levodopa’s oxidation peak, which is identified to be 0.25 V. The 
amperometric response of levodopa was similarly tested at the oxidation potential, 
shown in Figure 3b. The corresponding calibration curve in sweat is displayed in 
Figure 3c, and the sensitivity is found to be 1.7 nA/µM. This value is different 
from that in PBS and it is expected due to bio-fouling activity.29 For the purpose of 
the study, we define drift as the maximum change in the signal of the 
amperometric response of a fixed concentration (e.g., 10 µM) over a period of 
operation (e.g., 30 minutes). The sensor drift is approximately 18 nA as shown in 
Supporting Information Figure S3. The error of concentration measurement due to 
drift is estimated to be 1.2 µM. The limit of detection is 1.25 µM as shown in 
Figure 3b. The signal-to-noise ratio (SNR) is the ratio of the square of the 
amplitude of the signal to the background noise. Based on Supporting Information 
Figure S3b, the amperometric response signal is found to be 225 nA. During the 
measurement, the noise level is observed to be approximately 50 nA, which results 
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in a SNR of 20. The selectivity of the sensor is essential in the presence of other 
common sweat biomolecules. Therefore, the amperometric response of the addition 
of levodopa and its potential interferents such as uric acid (20 µM), glucose (166 
µM) and ascorbic acid (16 µM) is recorded in Figure 3d. The concentrations are 
chosen to be in their physiologically relevant ranges.29-32 The result shows that the 
interference on the levodopa sensor performance is within an error range of 0.35 
µM.  
 

"

 

Figure 3. Characterization of the levodopa sensor in sweat solution. (a) CV of 
levodopa dissolved in sweat. (b) Amperometric response of levodopa dissolved in 
sweat, and (c) the corresponding calibration curve. (d) Interference study of the 
levodopa sensor after the addition of levodopa (LD), uric acid (UA), glucose (G) 
and ascorbic acid (AA). (Reprinted with permission from American Chemical 
Society). 
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3.4 Sweat Analysis 
 

To explore the viability of using the s-band to track the metabolism of 
levodopa in human subjects, sweat was extracted from a healthy volunteer through 
iontophoresis and after vicia faba (fava bean) consumption. Fava beans are 
levodopa-containing legumes consumed for culinary and medicinal purposes.18 
The use of fava beans allows for extensive testing of the s-band’s functionalities on 
non-vulnerable, healthy subjects.  

Figure 4a shows the time progression panel of fava beans consumption and 
iontophoresis application, as well as continuous sensor readings of the sweat 
levodopa concentration. The result demonstrates that the s-band can continuously 
capture the sweat levodopa trend that resembles the blood levodopa profile 
observed.15-18 During iontophoretic stimulation, sweating begins after iontophoresis 
and lasts for about 20 to 45 minutes. Therefore, two consecutive applications of 
iontophoresis are performed at -20 minutes and 25 minutes, with respect to the 
time of fava beans intake, to cover a broad time range that captures levodopa’s 
metabolic trend. The subject consumes 450 grams of fava beans after 12 hours of 
fasting, and its sweat levodopa concentration is monitored after each iontophoresis. 
The observed sweat levodopa level versus time shows an increasing trend up to 6.6 
µM at about 47 minutes, after which the concentration begins to decrease. The 
levodopa concentration decreases to 3.3 µM at about 74 minutes, so the half-life of 
the decay is found to be 27 minutes. The time scales of levodopa’s half-life and its 
time of peak concentration are expected based on previous observations.15-18 In 
Figure 4b, the subject first consumes a 426-gram sandwich (see Methods), 
followed by 450 grams of fava beans. Three consecutive applications of 
iontophoresis are performed at -20, 25 and 80 minutes, with reference to the time 
of fava beans consumption. The result shows a slight delay of 13 minutes in the 
pharmacokinetic peak time compared to that in Figure 4a. This finding is expected 
as dietary intake can affect the pharmacokinetic profile of levodopa in human 
secretory systems.11 The data in Figures 4a and 4b verifies the s-band’s capability 
of continuous levodopa measurement.  
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Figure 4. Levodopa monitoring via iontophoresis-induced sweat. Sweat levodopa 
concentration is monitored continuously after fava beans consumption and 
subsequent applications of iontophoresis (a) without and (b) with prior dietary 
consumption. The horizontal axis indicates the time elapsed after the subject 
consumes 450 mg of fava beans. (Reprinted with permission from American 
Chemical Society). 
 
 

While sweating caused by iontophoresis can be limited in its duration, 
sweating generated through exercise can typically last longer and allow us to 
capture a more complete picture of the drug’s pharmacokinetics. Figure 5 explores 
the possibility of exercise as a means to extend the sweating period. Figure 5a 
shows the time progression panel of fava beans intake and an image of a subject 
engaging in ergometer cycling. The representative pharmacokinetic profiles of 
sweat levodopa for three different subjects are included. In each trial, the subject 
consumes 450 grams of fava beans and exercises on a stationary ergometer. Each 
subject exercises for multiple trials and the cumulative result is shown in Figure 
5b, with the averaged time of peak concentration for subject 1, 2 and 3 being 44 ± 
20 minutes, 42 ± 26 minutes and 67 ± 14 minutes. It is worth noting that Figure 4a 
and Subject 1 of Figure 5a correspond to the same subject. The results from 
iontophoresis and exercise sweat show similar time of peak concentration (47 
minutes versus 50 minutes). The set of on-body studies are compared to the case 
where no fava beans are consumed, which demonstrates almost zero concentration 
of levodopa (Supporting Information Figure S4). The on-body experiments 
demonstrate the novelties and feasibilities of the wearable s-band for noninvasive 
and continuous monitoring of levodopa’s dynamic metabolic rate. We envision that 
this sensor platform can enable clinical understanding of xenobiotic metabolisms 
and dosage optimizations.  
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In summary, dendritic growth, enzyme immobilization and stabilizing film 
are seamlessly incorporated to improve the robustness and stability of the 
electrochemical sensor. We have also demonstrated the application of the s-band 
for prolonged, continuous and noninvasive drug monitoring in human subjects 
after fava beans intake. Through analyzing sweat generated via iontophoresis and 
physical activities, the metabolism of the drug can be tracked in real-time to allow 
for dosage optimization. Future directions include investigating 
pharmacodynamics between drugs, lengthening iontophoresis sweating duration 
and improving electrode lifetime upon repeated use. We envision that the wearable 
s-band can be leveraged to study the intrinsically complex drug profiles, optimize 
drug dosages to regulate Parkinsonian behaviors in patients and integrate with drug 
delivery systems. This platform serves as a pathway towards drug management for 
increasingly personalized, point-of-care medicine for the future. 
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Figure 5. Levodopa monitoring via exercise induced sweat. (a) Cycling and sweat 
analysis. Examples of sweat levodopa concentrations for three different subjects 
after they consume 450 mg of fava beans. (b) Averaged time of peak levodopa 
concentration for three different subjects across multiple exercise trials. (Reprinted 
with permission from American Chemical Society). 
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3.6 Appendix 
 

Sensor fabrication. The flexible electrodes were fabricated on PET 
substrates via photolithography and evaporation. The electrodes were patterned 
through photolithography with positive photoresist (Shipley Microposit S1818) 
and electron-beam evaporation of Cr (30 nm) and Au (50 nm). Afterwards, lift-off 
in acetone solution was performed. Au nano-dendrites were grown on top of the 
electrodes with a Gamry Electrochemical Potentiostat (signal type: square wave; 
signal frequency: 50 Hz; amplitude: 1V; DC offset -1 V; cycles: 6000) and 
chloroauric acid solution (mixture of 50 mM AuCl3 and 50 mM HCl). The 
precursor concentration will affect the morphology and length of the 
nanostructures; while increasing the deposition time will normally increase the 
length of the nanostructures.42 The 6000 cycles (120 seconds) of Au deposition 
were chosen because the resulting functionalized electrode shows the largest 
current change upon the addition of 10 µM of levodopa, as shown in Supporting 
Information Figure S3. The electrodes were immediately cleaned with deionized 
water and left in room temperature for 2 hours for drying. On top of the Au nano-
dendrites, 0.25 mM of thionin acetate salt (Sigma-Aldrich) was deposited 
electrochemically with CV (initial potential: -0.6 V; final potential: 0.1 V; scan 
rate: 0.1 V/s; segment: 40). The electrodes were then left in room temperature for 2 
hours. Subsequently, a mixture of enzyme and crosslinker solution was drop-casted 
on top of the electrodes (2.5 µL). The solution was prepared by mixing tyrosinase 
(Sigma-Aldrich. 1 mg) with 2% glutaraldehyde (Sigma-Aldrich. 0.866 µL) in PBS 
(66.6 µL). The electrodes were left in room temperature for 12 hours. Finally, 
Nafion 117 (Sigma Aldrich. 1 µL) was drop-casted on top of the electrodes, and 
the electrodes were left in room temperature for 2 hours. For the reference 
electrodes, Ag/AgCl paste was painted on top of the Au electrodes and left in room 
temperature for 12 hours. 

Sensor characterization and calibration. The functionalized electrodes 
were characterized electrochemically using CHI 1230C potentiostat (CH 
Instrument) in CV and amperometric measurements. The CV and amperometric 
responses corresponding to different concentrations of levodopa were subsequently 
evaluated. The interference test involved the addition of various biomolecules at 
the physiologically relevant concentrations. In Figure 2, the functionalized working 
electrodes were characterized with commercial Ag/AgCl reference electrode in 
PBS. In Figure 3, on-body functionalized electrode arrays, including functionalized 
working electrodes, Ag/AgCl pasted reference electrodes and Au counter 
electrodes (all on PET substrate), were characterized in sweat solutions collected 
from the exercise trials.  
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Iontophoresis sweat analysis. Iontophoresis was conducted by gently 
mounting pilocarpine hydrogel (ELITechGroup SS-023 Pilogel) on a subject’s 
wrist for 5 minutes at 1 mA DC current (ELITechGroup Model 3700 Webster 
Sweat Inducer). During in situ evaluation, electrode arrays were placed conformal 
to the skin and connected to the CHI 1230C potentiostat. The on-body sweat 
analysis of human subjects was approved by the institutional review board (CPHS 
2016-06-8853) at the University of California, Berkeley. The on-body sweat 
analyses were processed with MATLAB’s Hampel and Smooth functions for noise 
reduction.  

Exercise sweat analysis. The subjects engaged in stationary cycling on an 
ergometer (Gold’s Gym 290C Upright Cycle Trainer) at a biking power of 100 W. 
The electrode arrays were calibrated and tested with the same method as that in the 
iontophoresis sweat analysis section. The continuous data is plotted when the 
sensor starts to respond in sweat solutions. This corresponds to the time when we 
observe obvious sweating on the subject and sufficient accumulation of sweat 
around the sensor. The uncertainty for the time of peak concentration in Figure 5b 
was defined as the standard deviation of all the exercise trials for the same subject. 
One trial was performed for subject 3, and the uncertainty was estimated from the 
slope (concentration/time) around the proximity of the pharmacokinetic peak and 
the sensor drift (uncertainty in concentration).   

Food intake. Fava beans were purchased from a local community market 
(Berkeley Bowl). 250 g of fava beans consumption is equivalent to about 125 mg 
of levodopa intake.18 The sandwich was a 12-inch Italian B. M. T. sandwich 
(Subway®). The fava beans’ seeds were taken out from the bean pods and cooked 
in boiling water for 20 minutes prior to consumption. 
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Figure S1. Method of determining the peak potential. A tangent line is drawn at 
the proximity of the CV peak, and the potential corresponding to the largest peak 
height can be traced via the vertical dotted line. (Reprinted with permission from 
American Chemical Society). 
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Figure S2. CV of levodopa dissolved in PBS tested with bare Au working 
electrode, commercial Ag/AgCl reference electrode, and Pt counter electrode. 
(Reprinted with permission from American Chemical Society). 
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Figure S3. Long-term amperometric test for the functionalized working electrode 
for Au dendrite deposition time of (a) 60 seconds, (b) 120 seconds and (c) 240 
seconds. (Reprinted with permission from American Chemical Society). 
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Figure S4. Levodopa sensor response with iontophoresis-induced sweat without 
fava beans consumption. The sweat levodopa concentration is almost zero 
compared to the case with fava beans consumption. (Reprinted with permission 
from American Chemical Society). 
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Chapter 4 Nicotine Monitoring with Wearable Sweat Sensors  
 
The following chapter has been previously written in a similar format.  
 
Reproduced with permission from ACS Sensors, submitted for publication. 
Unpublished work copyright 2020 American Chemical Society. Tai, L.-C.; Ahn, C. 
H.; Nyein, H. Y. Y.; Ji, W.; Bariya, M.; Lin, Y.; Li, L.; Javey, A. Nicotine 
Monitoring with Wearable Sweat Band.  
 
 
4.1 Introduction to Secondhand Smoke 
 

Tobacco exposure is a leading modern-day epidemic that has claimed more 
than eight million lives worldwide every year from direct tobacco use and indirect 
exposure to secondhand smoke.1 These statistics convey the broad scope of people 
affected by smoking and the need to spearhead effective measures against smoke 
pollution. The adverse physiological and psychological side effects of ingredients 
in cigarettes can lead to sleep disorders, cardiovascular diseases, addictions, 
diabetes, and respiratory dysfunctions.1-6 Therefore, tobacco smoke that permeates 
into various environments presents a serious public health threat that merits careful 
attention. The cumulative exposure to secondhand smoke in public spaces and 
private environments can be hard to quantify, which leads to the underestimation 
of irreversible health consequences on nonsmoking individuals.7 Therefore, a 
tobacco monitoring device is necessary to properly evaluate the scope of health 
risks among nonsmoking populations. The conventional technique to detect 
tobacco smoke mounts a sensor at a fixed location, which lacks the flexibility to 
determine smoke exposure on specific individuals and offer personalized alerts.8 
Commercially available tobacco test strips allow users to analyze urine and saliva 
specimens to monitor nicotine exposure at separate time points.9 However, a test 
strip’s inability for continuous monitoring and inconvenient processing steps make 
it practically challenging to capture a complete picture of an individual’s exposure 
to tobacco, and thus making efforts of tailoring preventive strategies difficult. To 
address the abovementioned obstacles, we present a wearable sweat band (s-band) 
for nicotine monitoring to bridge the technological gap between mounted tobacco 
detectors and discrete nicotine testing strips. In this work, sweat is distinctively 
chosen as the sensing bio-fluid because of its abundance in biomolecules and its 
great accessibility.10-17 Nicotine is selected as an attractive target due to its 
presence in nearly all tobacco products.20 Like many xenobiotic biomolecules, 
nicotine has been demonstrated to excrete in sweat, with its concentrations 
positively correlated with smoking.17-19,21 Additionally, under normal smoking 
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conditions, sweat nicotine concentration is expected to reach up to several micro-
molars, which is within the detectable range with existing nicotine sensing 
technologies.17,21-25 This intimate connection between individuals’ exposure to 
nicotine and their sweat nicotine levels provides us the framework to design a 
wearable s-band for nicotine monitoring. An electrochemical technique is chosen 
for sensor development because of its advantages for high sensitivity, good 
selectivity, compatibility with electronics, and low costs.10-16 Our approach 
addresses the shortcomings of the current smoke monitoring devices and paves a 
way to continuous, real-time, and on-site secondhand smoke monitoring.  

 
 

4.2 Device Background and Sensing Mechanism  
 
Figure 1a shows the nicotine s-band consisted of a flexible electrode array 

connected to a compact printed circuit board. During an on-body use, the s-band is 
worn on the subject’s forearm to detect the level of nicotine in human sweat after 
nicotine inhalation. The cross sectional layers of the electrode array are shown in 
Figure 1b. On a polyethylene terephthalate (PET) film, a gold working electrode is 
grown with gold nano-dendrites and modified with cytochrome P450 2B6 
(CYP2B6), a nicotine oxidizing enzyme.26-29 A silver/silver chloride reference 
electrode and a gold counter electrode are also integrated. Figure 1c shows a zoom-
in view of the functionalized working electrode. Gold nano-dendrites are directly 
grown on the gold electrode, and a self-assembled monolayer of 11-
mercaptoundecanoic acid (MUA) is coated on top.30,31 The MUA then immobilizes 
the enzyme by covalently bonding with CYP2B6.32-34 The successful addition of 
each layer is supported by the electrochemical impedance spectroscopy, shown in 
Figure S1.  
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Figure 1. The design and application of the s-band. (a) Optical image of a nicotine 
s-band and a schematic showing the application of the wearable device on 
monitoring secondhand smoke. (b) A cross-sectional illustration of the flexible 
sensor patch, which consists of a functionalized working electrode modified with 
CYP2B6 enzyme, a reference electrode pasted with silver/silver chloride, and a 
counter electrode. (c) Zoom-in schematics of the functionalized working electrode, 
which has gold nano-dendrites grown on top of the gold substrate. The nano-
dendrites are connected to CYP2B6, a nicotine oxidizing enzyme, via a self-
assembled monolayer of 11-mercaptoundecanoic acid (MUA). (Reprinted with 
permission from American Chemical Society). 
 
 
4.3 Sensor Characterization  
 

The gold nano-dendritic structure of the functionalized working electrode 
was captured with a scanning electron microscope (SEM), shown in Figure 2a. The 
gold nano-dendrites increase the surface area of the electrode to improve the 
sensitivity and stability of the sensor.13,30  Figure 2b shows the oxidation peak from 
cyclic voltammetry (CV) of the functionalized electrode in phosphate-buffered 
saline (PBS) solution, with the subsequent addition of nicotine (0 – 30 µM). The 
oxidation peak increases in its height with increasing concentration of nicotine and 
is centered at 0.8 V, the potential chosen for amperometric testing.22-25 For the 
purpose of comparison, Figure S2 shows nicotine’s distinct peak relative to other 
xenobiotic molecules such as caffeine and levodopa. Figure 2c shows a 
representative plot of the amperometric response of the functionalized electrode to 
nicotine, and its corresponding current-to-concentration calibration curve is shown 
in Figure 2d. The sensitivity is calculated to be 4.3 nA/µM, which is on par with 
the state-of-the-art nicotine sensors.22,23 Figure 2e shows a histogram plot of the 
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sensor-to-sensor variation in terms of their sensitivities. The standard deviation is 
found to be 1.4 nA/µM, which contributes up to 30 % of deviation that dominates 
the linear calibration curve’s uncertainty. For a high sweat nicotine level of 5 µM, 
this translates to about 1.6 µM of uncertainty. The effects of pH and temperature 
can potentially influence the performance of enzymatic-based sensors.11 Figure 2f 
shows the functionalized electrode’s response to varying degrees of pH, prepared 
using McIlvaine buffer. The range of pH (5 – 7) is selected in the physiologically 
relevant range of human sweat, and the corresponding sensitivities have a standard 
deviation of 0.9 nA/µM, which is within the standard deviation calculated from 
sensor-to-sensor variations.11 The effect of the temperature is demonstrated in 
Figure 2g, where the functionalized electrode is first spiked with 5 µM of nicotine, 
followed by gradually increasing the temperature from 20 °C to 40 °C. The result 
shows the sensitivity to temperature is 2.2 nA/°C, which is used to calibrate the 
amperometric readings prior to conversion into nicotine concentrations. The 
functionalized electrode’s responses to interferents are tested in Figure 2h, with the 
addition of common biomolecules such as glucose (100 µM), ascorbic acid (10 
µM), uric acid (20 µM), and caffeine (10 µM). The interferences are found to 
contribute to about ± 1 µM of uncertainty when compared to the sensor’s response 
to nicotine.  
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Figure 2. Characterization of the functionalized working electrode in PBS. (a) 
SEM image of the gold nano-dendrites. (b) Zoom-in view of a CV of nicotine 
(NIC) dissolved in PBS. (c) The amperometric response of nicotine dissolved in 
PBS and (d) linear relationship of the amperometric current and nicotine 
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concentration. (e) Sensor-to-sensor variations in terms of sensitivities. (f) The 
effect of pH on sensor sensitivities. (g) The effect of temperature on the 
amperometric response. (h) The effect of potential interferents, such as glucose 
(G), ascorbic acid (AA), uric acid (UA), and caffeine (CAF), on the amperometric 
response. (Reprinted with permission from American Chemical Society). 
 
 

To characterize the sensor performance in human sweat, Figure 3 shows the 
functionalized electrode’s response in sweat solutions. Figure 3a shows a 
schematic of the sensing of nicotine molecules in sweat solutions, where the 
CYP2B6 enzyme oxidizes nicotine into nicotine iminium ion.26-29 Figure 3b shows 
the amperometric response of nicotine being oxidized at a constant applied 
potential of 0.8 V. By adding nicotine into the sweat solution, the Faradaic current 
increases gradually, and the current-to-concentration calibration is shown in Figure 
3c. The sensitivity is found to be 4.4 nA/µM, which is similar to the sensitivity 
tested in PBS. 
 

"

 
Figure 3. Characterization of the nicotine sensor in sweat solutions. (a) Sensing 
nicotine molecules in sweat solutions. Sweat nicotine is oxidized via CYP2B6 on 
the working electrode (WE) into nicotine iminium ion. The reference electrode 
(RE) and the counter electrode (CE) are also shown. This oxidation generates a 
current that is measured in terms of (b) the amperometric response to nicotine. (c) 
The corresponding calibration curve. (Reprinted with permission from American 
Chemical Society). 
 

"
4.4 Sweat Analysis  
 

Figure 4 explores the possibility of utilizing the nicotine s-band to detect an 
individual’s exposure to nicotine. Both nonsmoking subjects and smokers 
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volunteered for this study. The subjects were permitted to generate sweat via 
various approaches, such as cycling, intense walking, and sports competition. 
Nonsmokers had no tobacco exposure, and their sweat solutions were directly 
analyzed after perspiration. Regular smokers started exercising within five minutes 
after they each smoked a standard cigarette. Their sweat solutions were similarly 
analyzed when they started sweating, typically five to ten minutes after the start of 
their exercise. Figure 4a shows the experimental design using the s-band for 
nicotine monitoring. The subjects smoked before engaging in physical activities to 
generate sweat. Sweat nicotine levels were then analyzed, as described in the 
Experimental Section. In Figure 4b, different exercise trials, including both 
nonsmokers and smokers, were performed to compare the sweat nicotine levels 
between controls and subjects exposed to nicotine. Our results show consistently 
low concentrations for nonsmokers, with average nicotine levels below the limit of 
detection. The smokers’ sweat samples exhibit elevated nicotine concentrations 
with an average value of 4.8 µM, which is within the concentration range 
previously observed.17,21 One smoker shows a low nicotine level. This is 
potentially due to various factors, such as metabolic rates, the amount of nicotine 
content in cigarettes, and the degree of nicotine inhalation during smoking. 
Nevertheless, on average, we observe a good distinction between the sweat 
nicotine concentration between the nonsmokers and smokers. This set of 
experiments demonstrates the potential for distinguishing the subjects’ exposure to 
nicotine using sweat solutions. Prior to on-body trials, the nicotine sensor is tested 
for a long duration, as shown in Figure S3. The signal-to-noise ratio (SNR) is 
calculated by dividing the change in amperometric current with the addition of 5 
µM nicotine (about half of the maximum observed value of sweat nicotine 
concentration after regular smoking) by the amplitude of current fluctuation.17 
Based on Figure S3, the SNR is calculated to be 4, which corresponds to about 1.3 
µM of uncertainty due to noise. The sensor's overall drift is small, corresponding to 
less than 0.16 µM/min. The detection limit is then calculated by looking at the 
uncertainty calculated earlier due to the interference (1 µM), sensor-to-sensor 
variation and linear calibration (1.6 µM), noise level (1.3 µM), and sensor drift 
over the average duration of on-body testing (1.3 µM) and assigning the largest 
value. The precision of our measurement is then constrained by the detection limit 
of 1.6 µM. 
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Figure 4. Nicotine monitoring via exercise-induced sweat. Sweat samples are 
collected after smoking (for smoking subjects) and subsequent exercise. (a) 
Schematics of the experiment. (b) Nicotine concentrations measured for 
nonsmokers and smokers. (Reprinted with permission from American Chemical 
Society). 
 
 

In order to demonstrate the use of nicotine s-band for continuous nicotine 
monitoring, multiple subjects were recruited for sweat analysis. Figure 5a shows 
the experimental design with the subjects going through cycling on an ergometer. 
The on-body s-band seamlessly measures the nicotine level over time, with time 
zero indicating the start of sweating. Figure 5b shows the images of a subject 
cycling on an ergometer and a zoom-in view of the s-band. Two types of on-body 
experiments were performed. The first group includes healthy nonsmokers, and 
they were instructed to cycle on the ergometer for half an hour or until fatigue. As 
shown in Figure 5c, the nonsmokers’ sweat profiles demonstrate a low nicotine 
concentration typically below the detection limit. Figure 5d monitors the smokers’ 
sweat nicotine profiles. The smokers smoke one cigarette, which contains about 13 
mg of nicotine, right before cycling on an ergometer.35-37 Their sweat profiles are 
then analyzed to evaluate the concentrations of nicotine. The nicotine 
concentrations indicate an average peak level of 5.8 µM. In both smokers’ profiles, 
the sweat nicotine concentrations increase in the beginning, which may be 
attributed to the absorption of nicotine that typically happens on the order of 
minutes. After reaching their respective peaks, we do not observe obvious variation 
in their nicotine concentrations. This may be attributed to nicotine’s slow 
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metabolic decay, with the expected half-life on the order of hours.38-40 Comparing 
Figure 5c and 5d, the distinctions between sweat profiles from smokers and 
nonsmokers show that the s-band can pick up the inhalation of nicotine.  

In conclusion, we have demonstrated a noninvasive and wearable s-band 
capable of monitoring nicotine. Our work combines several layers of modification 
on the working electrode to allow for effective sensing. By integrating the physical 
properties of gold nano-dendrites and the chemical bonding enabled through the 
self-assembled monolayers, the sensor exhibits good sensitivity and stability that 
are essential for detecting nicotine in sweat solutions. This amenable platform can 
serve as a template for future sensor designs. We have also investigated the sweat 
nicotine concentrations between nonsmokers and smokers, as well as their nicotine 
profiles over time. Our observation shows that the nicotine s-band is capable of 
directly picking up nicotine levels in real-time for those inhaling cigarette smoke.  

Importantly, the s-band overcomes the shortcomings of other commercial 
tobacco detectors that are limited by their lack of mobility and inability for 
continuous measurements. From the society’s point of view, the s-band provides 
the general population an excellent device to monitor secondhand smoke and 
allows for effective policymaking related to smoke prevention. In tandem with 
existing sensor networks and big data analysis, the nicotine s-band can remarkably 
impact the healthcare industry by enriching the bioinformatics available to its 
users. We envision that the nicotine s-band’s long-term monitoring capability and 
its application geared toward the general public will significantly expand the realm 
of wearable sensing technologies and chart new territories for biomedical 
discoveries. Further, the longitudinal and cross sectional studies enabled through 
the nicotine s-band will provide us with profound insight into various chronic and 
underlying pathological conditions that can be explored for preventive care and 
personalized medication. 
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Figure 5. On-body nicotine monitoring via exercise-induced sweat. (a) Schematics 
of the experiment and (b) optical images of the experiment. Examples of sweat 
nicotine concentrations for subjects cycling on an ergometer (c) without smoking, 
and (d) with smoking. (Reprinted with permission from American Chemical 
Society). 
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4.6 Appendix 
 

Functionalization of electrodes to fabricate the nicotine sensor. Each 
sensor consists of a working electrode, a reference electrode, and a counter 
electrode, all prepared on a PET film. The sensors were initially patterned by 
photolithography technique with positive photoresist (Shipley Microposit S1818), 
and chromium (30 nm) and gold (50 nm) were evaporated subsequently with 
electron-beam to form a conductive three-electrode system. The working electrode 
was modified by growing gold nano-dendrites by immersing the electrode in a 
mixture solution of 50 mM chloroauric acid and 50 mM hydrochloric acid and 
applying an alternating potential via a Gamry Electrochemical Potentiostat (signal 
type: square wave; amplitude: 1 V; DC offset -1 V; signal frequency: 50 Hz; 
cycles: 1500). The electrodes were gently immersed in deionized water for ten 
seconds and left in room temperature for two hours. Afterward, the electrodes were 
immersed in 11-mercaptoundecanoic acid (MUA) solution (0.5 g MUA, 1 L 
ethanol) for 16 hours to allow self-assembled monolayers to form on top of the 
gold surface. Then, the electrodes were incubated in room temperature in a mixture 
of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and N-
hydroxysuccinimide (NHS) solution (283 µL EDC, 62 mg NHS, 4 mL PBS) for 15 
minutes. Afterward, the electrodes were incubated in a CYP2B6 enzyme solution 
for 1 hour before drop-casting the same solution on top of the working electrode 
(2.5 µL). The solution was prepared by mixing CYP2B6 (Sigma-Aldrich. 37.8 mg) 
in PBS (1 mL). The image of CYP2B6 in Figure 1 was created with 
www.rcsb.org.41 The reference electrode was prepared by pasting silver/silver 
chloride ink onto the existing, evaporated gold electrode to provide a stable 
reference. The counter electrode was not modified further and remained as a 
simple gold electrode. The electrodes were left in room temperature for overnight 
for the enzyme and silver/silver chloride paste to stabilize prior to testing with a 
potentiostat.  

Nicotine sensor’s characterization and calibration in buffer solution. To 
characterize the functionalized working electrode, a commercial silver/silver 
chloride reference electrode and platinum wire were used to form a complete three-
electrode electrochemical system in a PBS solution. CHI 1230C potentiostat (CH 
Instrument) was used for electrochemical measurements. Different concentrations 
of nicotine were subsequently added into the solution to obtain the corresponding 
CV and amperometric response. The sensor’s response to temperature variation 
was performed by heating up the nicotine solution with a hotplate and measuring 
the solution’s temperature with a thermometer. The amperometric response was 
captured once the solution reached the desired temperature. The sensor’s response 
to pH was tested in McIlvaine buffer, which had an easily tunable range of pH. The 
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slight difference in baseline current was normalized between McIlvaine buffer with 
different pH. The interference test was performed by the subsequent addition of 
selected categories of common biomolecules in human bio-fluid. The 
concentration of each interferent was determined to be within the normal 
physiological range.   

Nicotine sensor’s characterization in sweat. The characterization of the on-
body nicotine sensor in sweat solutions, shown in Figure 3, was conducted by first 
collecting sweat samples from volunteers. The amperometric response of the 
sensor was performed by directly connecting the functionalized working, 
reference, and counter electrodes to CHI 1230C potentiostat. The average value at 
each nicotine concentration in Figure 3b was used for plotting Figure 3c. 

Sweat collection and nicotine concentration analysis. The sweat samples 
were collected via various methods. Volunteers were recruited from around the 
City of Berkeley. Sweat was generated by intense walking, cycling (Kettler E3 
Upright Exercise Bike), or playing basketball. After perspiration began, a 200-µL 
centrifuge tube was used to collect sweat samples from the volunteers’ foreheads. 
The volunteers cleaned their foreheads with gauze prior to each subsequent 
collection with a new centrifuge tube. Prior to testing the collected sweat samples, 
the nicotine sensor was characterized following the procedure described in the 
nicotine sensor’s characterization section. Afterward, the collected sweat samples 
were evaluated with amperometry to convert the amperometric responses into 
nicotine concentrations. The institutional review board number approved at the 
University of California, Berkeley, is CPHS 2014-08-6636. 

In situ sweat nicotine analysis. The volunteers engaged in cycling on a 
stationary ergometer at a biking (Kettler E3 Upright Exercise Bike) power of 100 
W. The nicotine sensors, packaged in terms of the s-band, were mounted on top of 
the subjects’ wrists over the entire duration of the cycling. The temperature 
calibration curve was used to convert the amperometric responses of the sensors 
operated at the skin temperatures of the subjects back to the current levels at room 
temperature, at which the sensors were characterized. The current levels were then 
converted to nicotine concentration using the calibration curves obtained prior to 
on-body exercise experiments. The raw data converted into nicotine concentration 
was further filtered (MATLAB Hampel Function and Smooth Function) on a 
personal computer.  

Cigarette smoking. The smoking subjects smoked a cigarette right before 
engaging in physical exercise. A standard cigarette consists of approximately 13 
mg of nicotine.35-37  

Statistical procedures. During sensor characterization, statistical procedures 
were used. The sensors’ sensitivities to nicotine are incorporated into a histogram 
plot in Figure 2e (10 sensors). The mean, median, and standard deviation are 4.4 
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nA/µM, 4.6 nA/µM, and 1.4 nA/µM, respectively. A representative sensor was 
chosen for figure 2d, with a sensitivity of 4.3 nA/µM. In subsequent sensor 
characterization in Figure 3 with sweat solution, the sensor is retested for 
confirmation purposes if its sensitivity shows a value that is more than a standard 
deviation away from the statistical mean. 
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Figure S1. Electrochemical impedance spectroscopy of the gold electrode under 
various stages of modification. The increasing magnitude of impedance shows the 
addition of different modification layers onto the gold electrode. Bare gold (Au), 
gold and self-assembled monolayer (AuSa), gold and self-assembled monolayer 
and CYP2B6 enzyme (AuSaC) are shown, respectively. (Reprinted with 
permission from American Chemical Society). 
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Figure S2. Oxidation peaks for selected xenobiotic molecules measured with 
cyclic voltammetry. The levodopa and caffeine data are from our previously 
published papers.10,13 (Reprinted with permission from American Chemical 
Society). 
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Figure S3. Long-term stability test of a functionalized working electrode. 5 µM 
nicotine is added at 400 sec. The drift corresponds to less than 0.16 µM/min. 
(Reprinted with permission from American Chemical Society). 
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Chapter 5 Conclusion 
 

In conclusion, we have demonstrated skin-conforming wearable sensors 
capable of noninvasive, real-time and in-situ drug monitoring. The s-band 
compensates conventional drug monitoring techniques involving blood draws, 
urine collection or sweat collection by eliminating the requirement for separate 
sampling and analysis. The sweating profile measured by the s-band demonstrates 
its ability to inform users of their drug intake and metabolism. We also show that 
both iontophoresis and exercise induced sweat can serve as bases for drug 
detection.  

In Chapter 2, the observed caffeine levels and metabolic trends are 
consistent with the physiological data reported in the literatures. Importantly, our 
work expands the realm of wearable sweat sensors towards drug monitoring, which 
is essential for clinical treatment of disease beyond diagnosis. The platform 
equipped with amenable DPV capabilities can be easily and broadly exploited to 
recognize a variety of drugs. Thus, the development of the drug monitoring s-band 
is an essential bridge for future applications in clinical pharmacology and precision 
medicine, such as therapeutic drug monitoring, drug abuse intervention and other 
aspects of the drug-related healthcare system.   

In Chapter 3, we demonstrated the performance of a wearable sweat band for 
monitoring the metabolic behavior of levodopa, the standard medication prescribed 
to Parkinson’s disease patients. The levodopa s-band integrates various material 
innovations and enables us to gain fundamental insights into the pharmacokinetic 
behavior of levodopa noninvasively. 

In Chapter 4, the s-band overcomes the shortcomings of other commercial 
tobacco detectors that are limited by their lack of mobility and inability for 
continuous measurements. From the society’s point of view, the s-band provides 
the general population an excellent device to monitor secondhand smoke and 
allows for effective policymaking related to smoke prevention. We envision that 
the nicotine s-band’s long-term monitoring capability and its application geared 
toward the general public will significantly expand the realm of wearable sensing 
technologies and chart new territories for biomedical discoveries. Further, the 
longitudinal and cross sectional studies enabled through the nicotine s-band will 
provide us with profound insight into various chronic and underlying pathological 
conditions that can be explored for preventive care and personalized medication. 

Our drug monitoring wearable platform, with other existing networks of 
wearable sweat sensors, can enable unprecedented studies on pharmacokinetics to 
understand the interplays between drugs and wide-ranging biomolecules in the 
human body. In tandem with big data and artificial intelligence techniques, we 
envision that these systems of biomedical sensors can provide profound insight 
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into the intrinsically complex and inextricably linked human physiology, pathology 
and neuropsychology related to drugs.  
 
 
 
 
 
 
 
 
 
 
 


