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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-
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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. Introduction

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] 
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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 

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 
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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. 
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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 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. 

2. Results and Discussion
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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 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 
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results show that the change in sensor response due to potential 

interferents falls within 9.2%.

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 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 
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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. 

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 of caffeine into the human circulatory system, and the

subsequent decline is due to catabolism of caffeine.[47-49] In regular healthy 
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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.

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 
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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. 

3. Conclusion

In conclusion, we have demonstrated a skin-conforming wearable 

sensor capable of noninvasive, real-time and in-situ methylxanthine 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 
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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 caffeine 

detection. 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.  

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 into the intrinsically 

complex and inextricably linked human physiology, pathology and 

neuropsychology related to drugs. 

4. Experimental Section 

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 
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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 
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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 

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 
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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 
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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 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 
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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. 

Supporting Information 
Supporting Information is available from the Wiley Online Library or from 
the author.
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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.
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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. 
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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.
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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 
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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.

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. 

The table of contents entry:
Drug monitoring has an important role in doping control and precision 
medicine. In this paper, we demonstrate a wearable sweat sensor 
implemented with an electrochemical differential pulse voltammetry 
technique for drug detection. A methylxanthine drug, caffeine, is favorably
selected to validate the sensor’s functionalities. Our work leverages a 
wearable sweat sensor towards noninvasive and continuous point-of-care 
drug monitoring and management. 
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