ABSTRACT
YOKUS, MURAT A. Multiplexed Biochemical and Biophysical Sensing Systems for
Monitoring Human Physiology(Under the directioof Dr. Michael A. Danieleand Dr. Tushar
Ghosh).

Noninvasive access to biochemical biomarkers of human physiology is one of the most
challenging tasks in digital health. Today, measurement of the biomarkers of health, wellness, or
even diseases requires frequent lab visits for routine blood or urinpaesls for fullbody
screening. Treatment or medical prescriptionssallyprovided based on the measured metrics
and patientods recall of sympt oms. However, S0
painful, or inconvenient, and most importly, they do not offer regime measurement
physiological dataThus, addressing these challenges requires the development of multiplexed
wearable systems that converge biochemical and biophysical sensing functionalities into a single
platform and provid reattime measurement of biomarkers of human physiology in daily settings.

In this dissertation we providewireless, wearable health monitoring syssetmat can
noninvasively and continuously measure the biomarkers of human physidlogydeveloped
sydems can measure metabolites (glucose, lactate), pH, and other physical signals (skin
temperature, heart rate, and tissue oxygenation) via electrochemical sweat analysis and optical
methods. The dissertation introduces the fabrication of flexible sensigsafabrication and
characterization of biosensors, design and validation of the wearable electronic systems, and off
body multiplexed analysis of artificial and collected real sweat samples. The developed wearable
systems provide multimodal, noninvasianalysis of biomarkers of metabolism and respiration,
extending itsapplicationsfrom diet management and performance monitoring to the prolonged

assessment of overall health and wellness in ambulatory settings.
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Figure S3.4. Benchtop chronoamperometric analysis of glucose (a) and lactate (b) sensors
with varying exfoliated graphl)im®BX concent
PBS(n=3)Bi as: 1T0. ... Vo..pH. . Zo b, 101

Figure S3.5. Sensitivities of glucose (a) and laetdb) sensors after 10 days storage’at 4
n=4)Bi as: T0. 1. V. ..pH. .7 . d.———. 102

Figure S3.6. (a) Full system block diagram of the custom multiplexing system. The system
includes four potentiostats (LMP91000). The three potentiostats are connected
to the 12 working electrodes through three sipgée, singlethrow switches
(SPST), which control wbh electrode is connected to the potentiostats for
each channel. The last potentiostat provides a virtual ground for the working
electrodes when they are not active. The temperature and pH sensors use a
voltage divider and a pH sensor IC (LMP91200), resipely. The system uses
two 16 bits ADCs and a Bluetooth low energy microcontroller (BLE113). (b)
Make-beforebreak switch operation from WE1l to WEEach working
electrode is connected to two switches in the multiplexer: one is connecting the
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Figure S3.7.

Figure S3.8.

Figure S3.9.

the working electrode to the virtual ground (1 V) when the electrode is not in
use. As the working electrode is alternating between readout and standby
mode, a mak®éeforebreak multiplexng scheme is utilized to prevent instant

peaks during the transitions when the current flow is briefly cut.off......... 103

(a) Digital output vs. inputcurret f or varying gain (14 k)
350 kY, 510 kY, 1 MY, 2 MY, and 3.92 MY)
(TIA) in LMP91000 potentiostat. Applied
values: 100 kY, 220 kY, 560hekiXandand 1 M
an applied bias (1T0.1 V) in the potent.

was changed to find the value of ADC digital output that corresponded to the
magnitude of the current that flowed through the resistor. These four digital
output vdues were extrapolated to find the maximum current that can be read
with the custom designed system for a given amplifier gain setting (dotted
lines). (b) A replot of the left figure for a narrow range of input currents. These
plots help to adjust the gaw the amplifier without saturating the ADC output
based on the maximum reduction currents obtained from glucose or lactate

Circuit diagrams of the wearable multiplexing system. The schematic shows a
systemon-chip, power management units (a battery management unit and
switching regulators), an analbgrdigital converter, boartb-board
connectors, and a PpUSHEN CONNECION.........uuiiiiiei e 106

Circuit diagrams of the wearable multiplexing system. The schematic shows
three potentiostats, three multiplexers, a potentidetavirtual ground and
three virtual ground isolation units, a pH sensing unit, an anatdgital
converter, level shifters, a temperature sensing unit, Hodvdard
connectors, and a SEeNSOr NEAUET...........oovveiiiiiiceee e 107

Figure S3.10.Optical and SEM images of bare gold electrode and gold nanoparticle

deposited electrodes. Images from left to right indicate increasing gold
nanoparticle deposition times (0, 5, 10, 15, 30, 45,%nmhin). (ag) Optical
microscopy images of the bare gold electrode and AuNPs deposited gold
electrodes. The amount of electrodeposited AuNPs increase with the increased
deposition time. (fn) SEM images of the bare gold electrode and AuNPs
deposited golcelectrodes. The nucleation of the gold nanoparticle growth
starts from the edges of the bare gold electrodas) §EM images taken from

the center of the eleCtrodes..............uvvuuiiiiicccee e 110

Figure S3.11.Electrochemical impedance spectroscopy and cyclic voltammetry

characterization of the bare gold electrode and gold nanoparticle deposited
electrodes in an aqueous solution of 5 mbF&CN) in 1xPBS and 10 mM
KsFe(CN) in 1xPBS, respectively. (a) Bode plots of the bare gold electrode
and AuNPs deposited gold electrodes with varying electrodeposition time (5,
10, and 15min). Deposition of AuNPs on the bare gold electrode surface
significantly decreases its DC impedan(@®.Cyclic voltammetry plots of the
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bare gold electrode and AuNPs deposited gold electrodes with varying
electrodeposition time (5, 10, 15, 30, 45, and 90 min). Scan rate: 500:mV-s
Increase of the electrochemically active surface area of the bardegitddes
results in high current levels. (c) Square root of the scan rate vs. peak current
of the bare and AuNPs deposited gold electrodes with varying
eleCtrodepoSition tIMES.......cciii i eceeer e e 111

Figure S3.12.Chr onoamperometric respon$eKselCNgl ucose

(10 myTmbd | act at e Yo KFedCNp(el Q 1ryifmylT mL

1X PBS to increasing glucogé to 600 pM) and lactate(l to 40 mM)

concentations, respectively (n = 1). The enzymes are dispersed in 1X PBS

solution along with the mediator to assist with electron transfer from the active

side of the enzyme to the electrode surfdge. a s : T 0. 1(aay, pH 7.
Measurement of Gurrent resporesusing (a,b) a benchtop potentiostat and

(c,d) the custom multiplexing system.-i{g Measurement of LOcurrent

response measurement using (e,f) a benchtop potentiostat and (g,h) the custom
MUItIPIEXEd SYSIEM... ..o e 114

Figure S3.13.Multiplexed reading of glucose, lactate, pH, and temperature with a custom

Figure S314.

multiplexed sensing system in 1xPBS solution. Glucose was added at 5, 10,
and 15 min, yielding 200, 400, and 6QM of glucose in the test solution.
Lactic acid was added at 20, 25, and 30 min, giving 5, 10, and 15 mM in the
test solution. Conditions of the chrono.
V, pH: 7.4, working electrode area: 0.03-§mThe grey highlighte regions

in the figure shows 400 uM glucose and 10 mM lactic acid, respectively. The
highlighted regions were shown in Figure 3.5a and Figure 3.5b of the main
article in detail. WE1 to WEw4: glucose sensors, WE to WE>.4: blank
electrodes, WE; to WEz.4: lactate sensors (WE, for x: 1,2,3 and y: 1,2,3,4,
where x and y indicate the channel number and the working electrode number,
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Multiplexed reading of glucose, lactate, pH, and temperature with a custom
multiplexed sensing system in 1xPBS solution. Glucose was added at 5, 10,
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solution was calculated using the voltage output of the system in Figure S3.13
and the sensitivity of the sensors. The black curve for glucose and lactate
sensors represents the average of voltage outputs of four working electrodes.
Averaging the responses from four working electrodes smooths the output of
sensor and improves the accuracy of analyte detection. The red curves in the
plot show further median averaging (100 points) of the black raw.data...116

Figure S3.15.Multiplexed measurement of (a) glucose, (b) lactate, (c) pH, and (d)

temperature in the collected sweat sample (pH 7.34) from the Subject 1 using
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the custom multiplexing system. Thiack line shows the collected sample in
all graphs. The red line indicates the collected sweat solution with added
glucose or lactate. Addition of glucose or lactate to the collected sweat sample
was detected by the custom system (20°C)....coeeviiieeiiiiiiiiieeeee e, 118

Figure S3.16.Multiplexed measurement of (a) glucose, (b) lactate, (c) pH, and (d)
temperature in the allected sweat sample (pH 6.03) from the Subject 2
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Figure S3.17.Multiplexed measurement of (a) glucose, (b) lactate, (c) pH, and (d)
temperature in the artificial sweat solution (pH 4.48) using the custom
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Figure 4.1. A fully integrated wireless wearable system with electrochemical and optical
sensing capabilities. The overall system houses flexible optical and
electrochemical sensors that are attached to the custom system via an FFC
connector. The optical sensor includes theeeelength LEDSs, a light sensor
integrated circuit (IC), and a therstor, whereas the biochemical sensor
incorporates amperometric lactate and potentiometric polyaitnbsed pH
sensors on a flexible polyimide film. The custdesign system is packaged in
silicone and mounted on a nonwoven fabriC..............oovvviiiiiccc e 130

Figure 4.2. (a) Characterization of electrical resistance change of 0402 size 100k
thermistor (Murata) with temperature (from 22°C to 45°C). (b) Measurement
of the voltage output of polyaniline pH sensor in varying pH buffer solutions
(4 to 8) relative to a printed Ag/AgCl reference electrode......................... 131

Figure. 4.2. Continuous photoplethysmogramRB) measurement using the developed
wireless, wearable system. The PPG signal (black line) was denoised, and its
baseline shift was subtracted. LED wavelength: 850 nm. Electrocardiogram

Figure 4.3. Continuous assessment of tissue oxygenation ¢Hif) and blood volume
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CHAPTER 1: Introduction

1.1.Objective

Wearable health monitoring systems are baayn electronic devices for retime
monitoring of physiological parameters of the boolgvaluate and understaaderall tealth and
wellness as well aslisease pathology. These wearable systems decodghtsological
information from the body using biophysiaatd biochemical sensors, process and interpret the
physiological data, and eventualhform the user or althcare provideabout the overall health

status of the uséFigure 1.1).

Wearable Biochemical and Biophysical Health Monitoring Systems
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Figure 1.1. Overview of wearablehealth monitoring system#/ultiplexing biochemical and biophysical sensors
opens up new opportunities for health applications toward a coemsigle understanding of overall health and
disease states.

Currently available wearablesonitor physical parameteréke activity, heart rate,
respiration rate, burned calories, number of stapsl SpQ. However, they fail to provide
information about human biochemistia molecular level, which is critical for the assessment of
overall health and disease conditiombe handheld biochemical monitorssuch as glucose or

1



lactate meters, enable discreteasigrement of capillary glucose or lactate levietavever their
invasiveness and inflammation risk limits their ubiquitous Besides.they usually miss the
sudden drops or peaks of biomarker lewdlsing the day due to the frequency of device. use
Therefore, there has been a need rfarlitimodal wearable systemthat are unobtrusive and
comfortable and can providdae measurement ain increased number of clinically relevant
biomarkers. These wearables sholfprovide acontinuousand noninvasive aessment afhe
human biochemistry from biofluids such as swesad (2) enablemultiplexed detection aweat
biomarkersalong with other biophysical signals.

Within this context | developedvarious wearable health monitoring systefos the
assessment @ardiovascular healtlidehydrationdiet management, and performance monitoring
throughout my time in graduate schdbigure 1.2). My initial research efforts focused on the
devel opment of a wearabl e fAsmart E Coascglarr me nt «
health. This work involved the investigation of dry Ag/AgCl printed electrodes and printed
stretchable interconnecten textiles to enable thecontinuous acquisition of distributed
biopotentialsacrossthe body surface. My subsequent reseaxets on the development of a
wearable sweat rate monitoring system for continuous assessment of dehyt@ifasiorsearch
involved the fabrication of flexible impedance sensors and gageed microchannels for real
time sweat loss measuremehfter on, | deeloped awearable systentoward continuous
monitoring of lactate in sweat. This study involved prolonged sensing of lactate in sweat using
hydrogels and papdras& microfluidic channels mainly intended for passive extraction and
analysis of sweat for W sweating conditionsMy recent efforts was on the development of
wearable multiplexed sensing systems for the detection of biomarkers of human metabolism and

respiration (glucose, lactate, and oxygen), which constituted the main theme of this dissertation.
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Figure 1.2. Chrorological overview of the developed wearable health monitoring systems in this disserfdteon.
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numbers on each figure (1 to 5) indicate the order of the developed systems.

Theobjective of this dissertation te develop wearable, wireless systems fortiooous

and multiplexedletection of biomarkers of human metabolism and respiraiibanovelty and

contribution of this dissertatiors threefold. (1) It demonstratesexamples ofnoninvasive

wearable platform for the reattime monitoringof vital biomarkers of human respiran and

metabolism (i.e., glucosé¢actate and oxygehvia sweat analysiand optical sensing2) The

developed wearable system includes a rarttay sensingelectrode(i.e., redundant electrodes)

for increasingthe precision andgensitivity of glucose and lactate detecti¢) The wearable

system further implementson-site pH and temperature sensdosvard accouning for the

fluctuation in enzyme activity due to environmental effects on the wearable sensor.



1.2.Dissertation Outline

Chapter 2ntroducesthe concept of wearable health monitoring from its inception to the
present angrovidesthe requirements of such systerhiseviews the methods sfveat extraction
and collection, wearable biochemical and biophysieakorgystems and highlights examples of
wearable multimodal systemsith their system specificationst eventually summarizes the
challenges of the current wearable systems and promggserspectives on multimodal health
monitoring systems.

Chapter 3eporsa conprehensive study fahedesignandcharacterization of a wearable
wirelesssystem with a flexible sensor array for Aorasive and continuous monitoring of human
biochemistry(glucose, lactate, pH, and temperajurhe studyprovidesthe fabrication adh
functionalization steps @& multielectrode array for the detection of sweat biomarkers. It explains
thedesign of acustomdesigned hardware that can measure chronoamperometric signals?
working electrodes along with skin temperature and sweafl pel.study further dives into the
characterization of the fabricated sensors with ¢dhstom wearabldardwareand benchtop
equipmentlt eventuallydemonstratem-vitro sensing with an artificial sweat and sampled sweat
from human trials.

Chapter 4 sumarizes the current work and provides recommendations for future lvork.
also briefly discussescustomdesignedvearable systerfor continuous detection of lactate, pH,
skin temperaturdjeart rateand tissue oxygenation.

Appendix A to Fcompilestheother two journal articles and four conference papers that |
publishedn chronological order

Appendix A provides a detailed characterization of printed Ag/AgCl dry electrodes as an

alternative to wet electrodés be used focontinuousECG monitoring It investigates thekin-



electrode interface, form factor desighelectrodesand onbody placement ofhe printed dry
electrodeslt also compares the signal quality of ECG sigoéisined with dry and wet electrodes
as a function of body posture andvementtoward the development of a smart garment for
ambulatory ECG measurement

Appendix B includes the characterization of stretchability and fatigue life of printed
stretchable interconnects on textiles. This research investigates the design amchiogmtirof
serpentineshaped printed conductive linesd demonstrates the integration of electronics on
textiles andacontinuous ECG sensimgrmentT he finmompr i nted el ectronic
can be easily scaled and integrated into the textdmufacturing chain, enables continuous
monitoring of bioelectrical signals while keeping the breathable and stretchable nature of
garments.

Appendix C is about the design and COMSOL Multiphysics® simulation of avaiin
capacitive hydration sensorhis study models the capacitance variation of an interdigitated
capacitive sensor as a function of the relative permittivity of the underlying substrate, frequency,
and wetness of skir(y vs.wet skin conditions

Appendix D is about the development afvearable wirelesssystem for perspiration
monitoring. The study provides the fabrication steps of a serpestiaped interdigitated sensor
as an impedance sensor. It further demonstrates the fabrication and characterization of-a custom
designed, lowpowerimpedance sensingystem on a flexible substrate. The study analyzes the
effect of electrolyte concentration, flow rate, and fluid volume on the impedance measured by the
wearable system.

Appendix Epresers a wearable biosensor patch for biofluid exti@tt sampling, and

guantitative sensintpr low sweating conditions or sedentary subjelitgvestigates the use of



hydroge$ and papebased microfluidichanneldor combined osmotic and capillary pumping of
sweatand continuous lactate sensing witieenprinted electrodesThe study researches the
extraction and transportation of lactate from a model skin to the evaporation pad as a function of
time and lactate concentration a model skin Furthermore, it demonstrates the fabrication
functionalizaion, and characterization afcreenprinted lactate sensors for continuous lactate
sensing. The proposed approach minimizes the challenges related tbhasezhsensing systems,
such as sweat evaporation, contamination from the skin, and mixing of r&aw\sith old sweat.
It enables continuous and passive sensing of other biomarkers of interest in sweat.

Appendix F provides the benchtop characterization of an impedmsssl wearable
sensolintegratedwith a papetbased microfluidic channébr continuous sweat rate monitoring.
The study provides the fabrication steps of the integrated system, investigates the spatiotemporal
characteristics of fluid flow in the microfluidic channel, and finally demonstrates a continuous
impedancebased sweat ragensing.

Appendix G provides an approved human trial protocol by the Institutional Review Board
(IRB) for the evaluation chwearable, wireless multiplexed system for the measurement of sweat
biomarkers and tissue oxygenation.

Finally, Appendix H listany contribution to the scientific literature (asafirst authoror
co-author): 3 full research articles (and 1 article in preparatidhyohference papers, 1 issued

patent, and 2 review articles.



CHAPTER 2: Literature Review
By Murat A. Yokus and Michael A. Daniele

*submittedfor publication (inder reviey

2.1.Introduction

The history of diagnostics dates back to ancient Egypt and Mesopotamia, where the earliest
physicians made diagnoses and treatment using their Seis@sedieval times, physicians used
palpation to understand diseases relatatdgdeart and lungs, and utilized coloration of the skin,
smelling, and tasting of wounds, breath, sweat, and urine to describe dysfunctions related to the
digestive tract, liver, and spleen. Later on, with the invention of the stethoscope, microscope,
erdoscope, thermometer, -pays, electrocardiogram, and other medical devices, significant
advancements were made in the study of histology, cytology, and human physiology. The medical
diagnostics progressively moved from qualitative and subjective exanmgidtyothe physicians
to new sensing systems, in which the data could be recorded, analyzed, and compared with the
data recorded in the past. With the advent of telemetry, it became common to monitor the
physiological condition of patients at a distancemfréhe clinic. The remote hommased
monitoring enabled the exchange of discrete medical data (blood pressure cuff, glucose meters,
pulse oximeters, or heart monitors) between a patient at home and medical personal at clinics using
phone or wireless techragy.

Wearable health monitoring systems provide the opportunity to monitor users continuously
or ondemand while the users engage in usual daily activities. These wireless systems usually
necessitate bodworn systems and are applicable for specific meédmaditions where the home
based telemonitoring is not adequate. Some of the best examples of wearable systems are ECG

Holter monitor and continuous glucose monitors (CG#MsDften abnormal heart conditions and



unforeseen changes in blood glucose levels may not be present on routine clinical visits.
Ambulatory monitoring with these systems can detect periagrhythmias, monitor large
fluctuations in blood glucose levels, and provide clinicians with a snapshot of the health condition
of patients. Another use of mobile wearable systems is ideomand and posttervention
monitoring, where the recovery af athlete or patient from an injury or a medical conditeg.(

heart attack or peripheral artery disease) can be monitored continuously, and efficacy of treatments
and planning of subsequent medication can be asstS§deslusage of the ambulatory monitoring

can be extended mergency moniting of first responders, fifighters, and aircraft pilots, and

the performance parameters can be remotely monitored by qualified staff with the aim of survival
management®.

System architecture of a wearable health monitoring system consists of external sensors, a
central processing ithanalogto-digital converter (ADC), a wireless interface, battery, and energy
management unifgure 2.1). The external sensors for mobile applications can include sensors
for monitoring heart and lung activity (ECG, respiration, oxygen saturationhead rate),
biochemical composition (pH, glucose, hormones, and proteins), and body characteristics
(temperature and activity). These sensors convert electrical, mechanical, chemical, and radiant
energy into an electrical signal that can be recordedhéyptocessing unit. Each biosensor may
require specific prprocessing and amplification stages depending on the output type of the
sensors €.g, voltage, current output), dynamic range, and frequency of the biosignals. While
typical preprocessing stagesare lownoise amplifiers and anéliasing filters, additional
components may be added depending on the sensor type, such as potentiostats for biochemical
sensors and lighemitting diodes, photodetectors, and current drivers for optical sensors. §ilterin

is performed to reduce the contribution of higgectral components as well as to remove the



external noises, such as motion artifacts, which is followed by an ADC stage with adequate
resolution to acquire biosignals. The processing unit and data stomjdes acquire, process
(feature extraction and classification), store, and transmit the physiological data. The wireless
interface includes wireless communication technologies, such asangd RF communications
(Bluetooth and Zigbee) and shoange nductively coupled links (RFID and NFC), for the transfer

of the physiological data to a nearby device or comgufEnhe connection of tise devices with
medical servers over the internet is carried out via GSM/CDMA/LTE/5G cellular networks or Wi

Fi, where physicians and caregivers are connected through a network of health servers and
databases. Battery and energy management unit poweamssthaf the system and regulates the
voltage required for the parts of the system. The design and relevance of the wearable systems
usually determine their final use, and in most cases, will be contingent on the requirements of
mobile monitoring applicatims, such as critical importance of physiological biomarker and
frequency of device usage.

The integration of wearable health monitoring systems with the body can have different
configurations based on the application, source of biosignals, portabilieyoéase, and user
comfort 8, Commercial wearable devices, such as wristwatches, armbands, chest patches, and
smart clothing, have been developed by various companies to monitor blood pressure (iHealth),
activity and sleep (iHealth, Fitbit, Apple, andain), pulse oximeter (iHealth and Nonin
Medical), cardiovascular health (Hexoskin, Zephyr strap, MC10 BioStamp), and glucose
(Glucowatch G2 Biographer and GlucoTraék§. The employment of these systems can range
from fitness/wellness monitoring and disease prognosis to anomaly detection and medical
diagnosis. Despite the popularity of wearables, user acceptance is limited to specific areas, mostly

due to their limited sesing capabilities. This condition restrains their widespread use in health and



clinical applications as most of the clinical conditions cause changes in body biochemistry. As
such, wearable systems with multimodal sensing capabilities (physical and bicaiheran

provide a wealth of information for a broader understanding of health conditions and disease states.
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Figure 2.1. A schematic illustration of the architecture of wearable multimodal health monitoring systems. The system
consists of external sems, a central processing unit, anatogdigital converter (ADC), a wireless interface, battery,

and energy management unit. The processing module acquires, processes, and transmits the signals from external
biochemical and biophysical sensors. The wdarsystems have the capability of sampling and analyzing biofluid of
interest (sweat) via biochemical sensors and can wirelessly send the biochemical information with other physical,
sensory data to a smartphone or a tablet. The medical data from thiess tfesent to the medical servers (i.e., cloud)

via cellular networks or Wi, where physicians and caregivers are connected through a network of health servers
and databases to provide feedback, treatment, prognosis, and diagnosis based on tbéthistdigically relevant

data.
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The new class of skiworn wearable systems can collect and sense biological fluids, such
as sweat, in addition to sensing other physiological parameters. Detection of analytes from eccrine
sweat glands offers various advages over other biofluids (blood, tear, and urine) due to its ease
of sampling, nofinvasiveness, and availability of the eccrine sweat glands across the body. Sweat,
specifically, contains electrolytes, metabolites, proteins, and hormones, and offdimeea
molecular analysis of the physiological stat&'. The ability to accommodate physical and
biochemical ensors on a single wearable platform with-bmard processing and wireless
connectivity enables new classes of biochemical sensors that can address the needs of clinicians,
athletes, and daily userSigure 2.1).

The design of such wireless, skiorn sysems should meet numerous specifications at
the sensor, device, and systlwels. The sensdevel requirements include stability (pH,
temperature, ionic strength, and humidity), sensitivity, and limit of detection of a sensor for the
detection of a biogmical analyte or a physical parametér The devicdevel requirements
embody the design of microfllics for sweat extraction and collection to minimize analyte
degradation, sweat evaporation, and contamination from the?$kin addition to the fluid
handling, ease of wear, namvasiveness, no toxicity, and unobtrusiveness are essential for
weaable devices for the mitigation of skitevice mechanical mismatch, skin irritation, and
motion artifacts?®. The systenievel requirements comprise raahe data acquisition, power
consumption and battery lifetime, communication and ubiquitous coverage, fault tolerance
(robustness to the common interferences), decision sugponser interface, multisensory data
management and data mining, data encryption and security, standardization, cost, and scalability

2526 Al the design requirements make the design of-slom wearable systems a tedious process
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to meet the needs of the intended application, such as the selection af sptisors, mulievel
integration and fabrication, and electronic system design.

This review highlights the research and development ingkim, sweabased wearable
sensors and systems in the last five years towards health and performance mohiianmged
to be complementary to the existing reviews in this #elf3* by summarizing the current
research on biochemical (metabolites, electrolytes, oxygen, and other chemicals) and biophysical
(sweat rate r@d temperature) sensors/systems and featuring examples of wearable multimodal
systems with a focus on their systégwel operation. With that in mind, sections two to four
summarize sweat sampling and collection techniques as well as biochemical angibaphy
sensors in current wearable devices. Subsequently, the wearable systems with multimodal
biochemical and biochemical sensing capabilities were demonstrated. We eventually discuss and
present related challenges and our perspectives on wearable systeensontext of prolonged
physiological monitoring.
2.2.Wearable Biochemical Sensors
2.2.1.Sweat Extraction and Sampling Methods in Wearable Sensors

Extraction and continuous collection of sweat is vital for accurate and reliable detection of
analytes in realime sweat sensing applications as the sweat generation varies between individuals
and shows regional variatiof®®. Extraction of sweat from skin can be accomplished by thermal
bathing, exercise, or local iontophoresis stimulation. Once an adequate amount of sweat is
accumulated on the skin surface, it needs to be further sampled and stored to prevent sweat loss
and ay potential degradation of analytes. Traditional sweat sampling techniques involve whole
bodywashdown technique and sweat collection with absorbent patches and Macrd/dTdt®

whole bodywashdown technique is the gold standard for the measurement of total sweat loss and
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its compositior’®. In this method, subjects exercise on a cycle ergometer in a sealed plastic box.
Upon completion of the exercise, subjects, the plastic box, clothes, and eguapenensed with
deionized water to collect sweat for further analysis. This method involves complex steps and
controlled lab settings; therefore, it does not apply to field settings. The absorbent patches are
usually applied at specific locations on Husly, such as the forearm, upper arm, thigh, and lumbar
area, along with a supporting outer membr&if€ The collected sweat is weighed for sweat loss
or extracted and analyzed for fuetr analysis. Although this method is simple, its results vary with
different sweat regions, and it may overestimate the analyte concentration as compared to the
bodywashdown technique. The absorbent patches may also block the sweat ducks (hydromeiosis
effect) and affect the sweat rate if the sweat pool is formed on the skin surface. Macroduct®, a
sweat collecting device for sweat rate and composition analysis, allows continuous collection of
sweat in its spiral plastic tubes and minimizes hydromefds&he traditional sampling methods
require trained personnel, complex procedures, and may suffer from low sweat volumes. They are
susceptible to sample evaporation, regional and/img sweating rates, potential sample
degradation between collection and analysis steps, making it not suitable-fonesahd dynamic
sweat monitoring. Therefore, novel approaches and miniaturized sampling devices have been
proposed to mitigate somé the challenges of the traditional methods that enabitinand
continuous sweat collection and analysis on a single sensing device.

Engineering the skisensor interface to minimize the contamination from the skin is one
of the essential design conerdtions in sweat sampling. The gap between skin surface and sensor
determines the volume of the sampled sweat as well as the time required to thoroughly flush out
the old sweat from the skigensor interfac&’. Uneven skin surface, presence of hair, and low

sweat rates from the sweat glands increase the time required for replenishment ofabjd swe
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consequently, it increases the potential of skin contamination from cosmetics or bacteria.
Hei kenf el dbés gr omembrane appraasheodeduce theesensirg saimple volumes
from pL to nL to minimize the analyte contaminatf@nA micro-porous polycarbonate membrane

is coaed with a watesoluble polyvinyl alcohol (PVA) polymer and a cosmajrade oil and

placed onto the ski(Figure 2.2a). Isolating the sweat only to the region abdlkie sweat ducts
reduces sweaampling time to the order of several minutes, and it bltdo&dow oil solubility
contaminants from the skin surface. This method may make the wearable sensor susceptible to
biofouling from the lipophilic analytes and the dissolved PVA membrane.

An alternative way of engineering the slgansor interface is thglacement of sweat
absorbing materials at the slgensor interface. The absorbent materials are not only used for
absorbing sweat but also for eliminating the direct skin contact, skin irritation, and reducing the
motion artifacts in wearable systerfRggure 2.2b shows a spongkke substrate for the collection
and analysis of sweét Its integration with thin and stretchable electronics enabled assessment of
sweat volume via aielectric change and colorimetric analysis of sweat composition, such as pH,
copper, and iron concentration. When the pores of the absorbent material were filled with sweat,
it caused changes in color and dielectric properties of the absorbent matedalthen could be
interrogated with a digital camera and near field communication device nearby. Although
colorimetric sensing with the absorbent material looks promising, on the system level, the radio
frequency characteristics of the sensing devicearsitive to mechanical stretching, salinity, and

ionic content of sweat.
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Figure 2.2. Sweat extraction and sampling methods in wearap¢emsa) An oil-membrane approach for sweat
sampling. Reproduced with permissiti Copyright 2016, The Royal Society Chemistoy.An absorbent porous
substrate for sweat collection. Reproduced with permis¥iddopyright 2014WILEY -VCH Verlag GmbH & Co.

c) A silicone headband for guiding sweat to thesseg deviceReproduced with permissiofi. Copyright 2017,
American Chemical Societyl) Superwettable flexible band for sweat sampling. Reproduced with permf§sion
Copyright 2019,American Chemical Societye) A hexagonal nework for transport and sampling of low sweat
volumes. Reproduced with permissitin Copyright 2018, The Royal Society Chemistr§) A papermicrofluidic
channel for continuous sweat transport and evaporation. Reproduced with perffissomyright 2017, Elsevieg)

3D microfluidic channels for sweat sampling and measurement of sweat loss. Reproduced with pettnission
Copyright 2019, The Royal Society Chemistiny.A microfluidic patch with capillary bursting valves for chreno
sampling of sweat. Reproduced with permissiorCopyright 2017WILEY -VCH Verlag GmbH & Coi) A fully
integrated platform for iontophoretic sweat stimulation and sensing. Reproduced with perphi€imyright 2017,
National Academy of Scienc&sSA.

Directing sweat from the skin surface toward a sensing area is one of the unconventional

approaches for analyte sensing. This method is usually achieved either by confining the available
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sweat on the skinusface to the welblefined sensing sites or transporting it away from the skin
surface to the sensor for chemical analyBigure 2.2c demonstrates a flexible platform with
hydrophobic and hydrophilic regions for multiplexed analyte sensing of pH, ahlgliccose, and
calcium”®. The hydrophobic areas were achieved by thetoaibll coating of nanodendritic silica,
which was followed by oxygen plasma to define hydrophilicsgnmicrowells. The hydrophobic
regions limited wetting only to the hydrophilic microwells and enabled colorimetric detection of
analytes in the indicator embedded microwells via a nearby camera. This approach offers a facile
semiquantification of sweathut it fails to achieve redglme monitoring of sweat. Wang et al.
designed a sweat collection channel mounted on the forehead for the collection ofFgyueat (
2.2d) “°. The exercisénduced sweat was transported to the sensor surface and enabledeeal
measurementfeodium levels with the wearable system.

With the advancement in materials and fabrication techniqueslilskiand miniaturized
microfluidic devices have been developed and integrated with wearable systems with the goal of
continuous sensing of anadgt® °2°3, These epidermal microfluidic devices take advantage of the
secretion pressure of sweat glands and capillary pressure of microfluidic channels to guide sweat
from the skin surface to the sensing stteThese novel devices are designed to achieve efficient
spatiotemporal sampling of sweat, reduced sweat evaporaimd minimal contamination from
the skin surface. Hei kenf el dos -cogated migroclthensli gn e d
for rapid transport of low sweat volumes to the sensing electrédgsré 2.2¢) ’. The gold
surface was modified with peptides to have a biocompatible and hydrophilic surface. Engineering
the design and surface of the wicking surface endowed the device with increased fluid transport
and minimal analyte loss. However, the fluid couplegween the hexagonal network and sensing

electrode was made with rayon, which may potentially cause analyte depletion as well as erroneous
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readings due to insufficient electrode contact in-tiea¢ monitoring. In another study, Anastasova
et al. used paper microfluidic channel to avoid the problems associated with sweat accumulation
on the skin surfac®. As Sweat entered the channel, it was drawn across the length of the paper
channel via capillary forces(gure 2.2f). The transported sweat was collected at the end of the
channel (reservoirs), where it was continuously evapordtbd. continuous fluid sampling,
transport, and evaporation enabled the-tiea¢ measurement of pH, sodium, and lactate in sweat
with a wireless system. Lin et al. devised a simple and inexpensive fabrication method for biofluid
sampling, manipulation, argknsing'®. The method involved laser cutting and vertical alignment
of flexible film sheets and doubkded tapes to form 3D and complex microfluidic architectures,
such as devices for sweat collection, sample filtration, and biothidstion and sensingigure
2.20). The high throughput manufacturing technique presented an alternativegdoaisposable
solution to minimize challenges related to contamination from old sweat residues and sensor
biofouling. In another study, Choi @l. designed a skin conformable microfluidic patch for
chronesampling of lactate, sodium, and potassitinThe device consisted of a network of
microfluidic channels that incorporates capillary bursting valves that allow the fluid passage at
different fluid pressures, enabling sequential filling of multiple microreservéigsi(e 2.2h). The
microfluidi ¢ devices captured and stored fluids abo
collected fluids for essitu analysis. Despite its remaining challenges related to low sweat
collection volumes and undesired adsorption of some analyeshprmonesand vitamins) on
the microfluidic walls, this proposed microfluidic patch enables temporal measurement of some
of the physiologically abundant biomarkers in sweat.

The sweat collection methods require prolonged active exercise for the activation of sweat

glands and sweat generation, making it inconvenient for elderly and sedentary subjects. For this
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purpose, ordemand and continuous monitoring of analytes with wearable sweat extraction and
sensing platforms are needed for in situ sweat analysis. Emathategdh developed a wireless
system with an electronic iontophoresis interface and sensing electrodes -taneeahloride,
sodium, and glucose monitorifg The iontopheetic stimulation was carried out with a pair of
sweat induction electrodes that interfaced the skin with a sweat gland secretory stimulating
agonists, such as acetylcholine or pilocarpfigyre 2.2i). The induced sweat was sensed using
sensing electrodecovered with a watebsorbent rayon pad to maintain a reliable sensor reading.
Long-term iontophoretic sweat generation may have the potential of electrode corrosion and local
skin irritation. Nevertheless, the unique capability ofdemand iontophoret sweat induction
with varying excretion rates and intervals as well as subsequent sweat collection and sensing
enabled in situ and wireless measurement of relevant analytes with an integrated wearable system.
Unconventional sweat sampling methods incthdevel approaches for engineering the
deviceskin interface, iontophoresis, and transporting the sweat away from the skin with a paper
or polymeric microchannel with the goal of sweat sampling with reduced skin contamination,
minimal sweat evaporation, @mprolonged or ordemand sensing. Continuous delivery of sweat
to the sensing sites via these methods enabled the continuous detection of analytes via colorimetric,
fluorometric, or electrochemical method$’. Unlike colorimetric methods, the wireless sensing
with electrochemical methods require the integration of sensing and contact electrodes with

microchannels for redlme sensing and data acquisition.
2.2.2.Biochemical Sensing in Current Wearable Devices

2.2.2.1.Metabolites
Metabolites are small molecules produced in biochemical pathways of human metabolism

and involved in a myriad of functions, from energy production to signalintaiddétes in sweat,

18



such as glucose, lactate, urea, and ethanol, are promising candidates for noninvasive monitoring

of human physiology. Glucose, for instance, is the primary source of energy production of the
human body and associated with diabetes, &dlehmer 6 s di sease, cognitive
complications®, Lactate is a primary biomarker of anadsicometabolism and clinically associated

with lactic acidosis. It is the indicator of poor tissue oxygenation (myocardial infarction, sepsis,

and hypovolemia), common diseases (diabetes, liver and renal disease, and leukemia), and drugs
and toxins®. Therefore, glucose and lactate are regarded as a critical heatidtansliand have

received significant attention for the development of noninvasive wearable systems.

Realtime monitoring of glucose and lactate has been accomplished by integrating
electrochemical sensing elements in wearable deffcdset al. demonstrated one of the first
examples of noninvasive and epidermal lactate seff$ofhe lactate sensor was realized by
casting a mixture of carbon nanotube (CNT), tetrathiafalval and chitosan on screarnted
carbon electrode. The generation of electric current was based on enzymatic reactions of lactate
oxidase (LQ) with lactate in sweatFjgure 2.3a) %2 The tattodike electrochemical sensor
conformed to the skin surface and was robust against repeated bending and stretching cycles. In
another study, a tattdmased electrochemical sensor with reverse iontophoretic biofluid extraction
was demonstratétd. The Prussian blue (PB) printed epidermal sensor was modified with glucose
oxidase (GG and chitosan for enzymatic sensing of glucose. A constant current was applied
between a pair of electrodes for theragtion of interstitial fluid, and glucose sensing was
performed on the cathodic electrodeglure 2.3b). The developed platform is an alternative to
invasive and minimally invasive sensing techniques and holds a potential for continuous diabetes
managemen Similarly, a Prussian bldeased glucose or lactate sensor with a microfluidic

reservoir was developed by the same research group to minimize direct skin contact and sample
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evaporatior?*. The microfluidic channels provided short sampling times and efficient transport of
glucose or lactat on the sensing electrodes, where the generated current was detected and then
wirelessly transmitted to a computer by a wearable systggurgé 2.3c). Imani et al. and
Sempionotto et al. integrated lactate sensors with electrocardiogram and potassioirs, sens
respectively °>%6, Figure 2.3d shows an epidermal patch with a printed thelestrode
electrochemical sensor and two ECG electrodes for wireless |aatateslectrocardiogram
monitoring. The sensing electrode of the lactate sensor was functionalized with PB mediator and
LOx enzyme. It was separated from AgQ/AgCl electrocardiogram electrodes via a printed
hydrophobic layer to minimize the electrical crodstal the presence of perspiration. During a
high-intensity workout, the epidermal patch simultaneously measured the sweat lactate and cardiac
signals, hence provided simultaneous measurements with both sensors to gain insights regarding
cardiac health, huam performance, and exertion levelsgure 2.3e shows a multanalyte
eyeglass for amperometric and potentiometric detection of lactate and potassium, resp&ctively
The printed sensors were integrated on the nose pads of the glasses and conrecfathted

circuit boards on the different arms of the eyeglasses. This wireless+kblass biosensor
system demonstrated continuous and cros$tatk measurement of metabolite and electrolyte
levels.

Seltpowered lactate and glucose sensing fromrsgagation eliminates the need for external
power sources, amplification, and filtering, making it advantageous for the applications that
require continuous recharging iorvivo operation.Figure 2.3f shows an example of stretchable
biofuel cells (BFCs) om bodyworn sock®”. The BFC comprises a printed anode functiaed
with LOx and a redox material, and a cathode with a silver (I) oxide/silver redox couple. Fhe self

powered biosensor increases its short circuit current with the increase in lactate concentration in
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sweat without a need for an applied bias, demaisya promising method for epidermal self
powered and energy harvesting applications. Similarly, Lu et al. demonstrategpave=iéd and
continuous glucose, Naand K sensing system based on N#Oamicro-supercapacitors (MSCs)
®8 The MSC was used as power units to drivenitieenzymatic NiCgDa/chitosanbased glucose
and ionselective Naand K sensors during a strenuous exercidgyre 2.39).

Apart from glucose and lactate, there are other clinically relevant analytes in sweat, such
as ethanol, uric acid, and urea. Ovestanption of alcohol contributes to the emergence of
various health complications such as cardiovascular diseases, stroke, and liver dfrhosis
Similarly, uric acid and ureare linked with hypertension, diabetes, cerebral infarction, renal
insufficiency, and nervous system infecti@tf®. Therefore, monitoring of these indicators is
crucial in clinical settings from therapeutics to diagtics. Reatime measurement of ethanol has
been introduced by Hauke et al. using askorn integrated deviceéF{gure 2.3h) 2 The device
comprises an iontophoretic sweat stimulation, fluid handling, and ethanol sensing parts. The
ethanol sensor was fabricated by dogsting alcohol oxidase (AJ) BSA, and chibsan on the
sensing electrode. The reaction between ethanol andg&@erated hydrogen peroxide as a
byproduct, which was transduced by the platinum electrode. The authors demonstrated a
significant correlation between blood and sweat ethanol concenteattbmeported a bloetb-
sweat lag time due to the complex pharmacokinetics of ethanol in the body. Lastly, Han et al.
developed a selfowered electronic skin for uric acid, urea, lactate, and glu€oskhe self
powering and sensing mechanism is based on the coupling between enzymatic reactions of uricase,
urease, GQ and LQ, and piezoelectric effetinc oxide nanowiresHigure 2.3i). The study
demonstrated redime selfpowered operation of the electronic skin during a running exercise,

enabling simultaneous energy harvesting and sensing on flexible substrates.
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Figure 2.3. Examples of electrochemical wearable metabolite serspfsprinted electrochemical temporary tattoo
sensor for lactate sensirigeproduced with permissiéh Copyright 208, American Clemical Societyb) A printed
tattoo sensor with reverse iontophoresis option for glucose seR&pgoduced with permissiéd Copyright 2015
American Chemical Society) An epidermal microfluidic platfornwith sweat collection and glucose or lactate
sensing capabilitieReproduced with permissidh Copyright 2017 American Chemical Societyl) An epidermal
senso for lactate and electrocardiogram sensReproduced with permissiéh Copyright 2016Creative Commons
Attribution 4.0 International License) Eyeglases with integrated electrochemical lactate and potassium sensors.
Reproduced with permissid. Copyright 2017 The Royal Societypf Chemistry.f) Self-powered lactate sensing
with biofuel cells.Reproduced with permissioii. Copyright 2016, The Royal Societf Chemistry.g) A self-
powered and continuous glucoddg’, and K sensing system based on NyOa micro-supercapacitorfkeproduced
with permission®®. Copyright 2019 Elsevier.h) A sweat biosensing device with integrated sweat stimulation for
ethanol sensindReproduced with permissidA Copyright 2018The Royal Societpf Chemistry.) A self-powered
electronic skin for measurement of uric acid, urea, glucose, and lactate with piezeelentriatiereaction
coupling.Reproduced with permissidi Copyright 2017American Chemical Society.
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The overall system architecture of the electrochemical wearable systems consists of an
analog frontend circuit (AFE), a microprocessor (MCU) fdata collection, processing, and
transmission, and an energy management circuit. Amperometric sensors with two or three
electrodes require a more complex AFEs for biasing the electrodes and reading currerit.output
Commercial potentiostat AFEs consist of a differential input amplifier and a programmable gain
transimpedance amplifier for biasinipe electrodes at a constant voltage. Potentiostats enable
current reading on the orders of pA to mA and have the capability of carrying out various
electrochemical techniques, such as chronoamperometry and cyclic voltammetry. For instance, the
wearable gstem inFigure 2.3d used an LMP91000 potentiostat, which was controlled by a
CC2541 BLE systeron-chip for data processing and communicaffoiThe data wasansmitted
to a PC via BLE 4.0. The system used a button cell battery (3V, 220 mAh) and a boost converter
for energy management. The total current draw of the wearable system was 5 mA and consumed
15 mW in active mode. The systenHigure 2.3eused a snilar microcontroller (MCU) and AFE
and reported 1.6 mA current draw with 100 mAh lithiiton rechargeable battery during
continuous operatiof®. In another study, Xu et al. demonstrated an NFC powered wearable
glucose sensing systefh The system included an NFC chip (NT3H2111, NXP $enductor)
for power delivery and data transmission with a cellphone. The NFC chip was used to power the
MCU (MSP430FR5959, TI) and potentiostat (LMP91002, Tl). The MCU included a 12 bits ADC
for digitization of output of the potentiostat, which was storethe EEPROM of the NFC chip.

The data was then wirelessly transmitted to a smartphone using a coiled antenna at 13.56 MHz and
displayed on an Android app.

When the developments in the past few years are considered, the wearable systems for

metabolite ensing have moved from just tattbased flexible sensors without signal conditioning
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circuitries to more complex wireless systems. The integrated, wireless systems included fluid
handling channels for continuous analyte sensthgs well as biofueland solaqpowered

autonomous monitoringy: ¢

2.2.2.2.pH and Electrolytes

Regulation of pH in the hman body has a crucial role in maintaining physiological
homeostasis as the activity of most enzymatic reactions are dependent on pH. Body pH is
determined by the dissociation of organic acids intadds in living cells. Any fluctuations in
acid-base baince in the body may contribute to the development of fatigue and other metabolic
diseases’. Continuous monitoring of acidase levels of the bodyay provide insights on
ongoing disorders, such as metabolic and respiratory acidosis/alkalosis. Therefore, pH sensing has
been an extensively researched field of wearable sesguse 2.4a demonstrates a reib-roll
printed wearable electrochemical senfor detecting pH, K and Na "8 The pH sensing was
achieved by the funionalization of the sensing electrodes with-gemsitive polymeric layers.
The flexible pH sensor was interfaced with a custom PCB for measurement of the potential change
on the sensing electrode with respect to the reference electrode. In anothétatetsl. designed
a wearable bandage for the measurement of pH changes using impedimetric &nglys @b)
® The bandage included an omniphobic paper, comprising a quiegsd electrode pairs with a
polyaniline emeraldine salt (PAMNES)silver microflakes. Based on the concentration dfrt-the
surrounding environment, PANI underwent a reversible chemical reaction between its oxidized
and reduced states, leading to an impedance change between the electrode pairs. Integration of the
sensomwith a miniaturized impedance analyzer atop enableetirealwireless assessment of pH.
In a different study, Kassal et al. demonstrated an optical approach for the quantification of pH

within a narrow range (pH 6 to B)gure 2.4c8. The skinworn bandage included a polyurethane
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based hydrogel containing a fgendive indicator. The pH indicator dye changed its absorbance

at 534 nm as the pH of the buffer solution varied. The sensor was coupled with a LED (527 nm)
and a photodiode for the measurement of the reflected light. The intensity of the reflected light
deaeased as the indicator dye changed its degree of deprotonation. The wearable system used an
RFID reader for powering and data transmission as well as a current source and a transimpedance
amplifier for driving the LED and measuring the photodiode curfeatto et al. demonstrated a
wearable barcodike microfluidic patch integrated with pBensitive ionic liquid polymer gels

81 Incorporaibn of pH-sensitive dyes with varying pKa values into the ionogels enabletimesl

analysis of sweatHjgure 2.4d). pH measurement was made by capturing pictures of the barcode

at different time intervals with a camera and outputting a single pH valegually weighing the
contribution of each pksensitive dye. The addition of reference colors onto the microfluidic patch
eliminated the effect of ambient light variations.

The pH monitoring wearable systems employed different AFEs based on their pH
trangluction techniquesi.é., potentiometric, impedimetric, optical, or colorimetric). The
potentiometric sensors included an instrumentation amplifier and filtering stages (1 Hz) to
minimize the commomode interferences and hififequency noisé? The impedimetric sensor
included an impedance analyzer (AD5933, Analog Devices Inc.) for pH analysis at 10arHz
contrast toelectrochemical methods, the optical and colorimetric sensors measured pH by
evaluating the change in light intensity and color of the sensor using a photodetector and image

analysis, respectively.
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Figure 2.4. Examples of electrochemical, optical, and colorimetric wearable sensors for electrolyte sgmsiod)-
to-roll printed electrode arrays for pH; Kand N4 sensingReproduced with permissidh Copyright 208, American
Chemical Societyb) An omniphobic papebased smart bandage for pH sensiRgproduced with permissiofi.
Copyright 208, Elsevier ¢) A smart bandage for optical monitoring of gReproduced with permissiéh Copyright
2017, Elsevier d) A wearable chemical barcode microfluidic platform for pH sendreproduced with permission
81 Copyright 202, Elsevier €) An RFID patch for Nasensing.Reproduced with permissid. Copyright 205,
IEEE.f) SWEATCHwearableNa' sensing deviceReproduced with permissidfi Copyright 208, John Wiley and
Sons.g) A wearable patch for monitoring of Nand K'. Reproduced with permissidh Copyright 208, The Royal
Societyof Chemistry.h) A thin elastomeric patch with open cellular desigmsgdH, K*, C&* sensingReproduced
with permissiorfé. Copyright 207, WILEY -VCH Verlag GmbH & Coi) A microfluidic patch with superabsorbent
valves for timesequenced colorimetric monitoring of GReproduced with permissié Copyright 208, WILEY -
VCH Verlag GmbH & Co.
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Apart from H sensing, wearable systems for réale analysis of other ions have been
developedFigure 2.4edemonstrates an RFID sensor patch for monitoring of swefdeds®®.
The flexible patch used ieselective electrodes (ISEs) with paper microfluidics for potentiometric
measurement of electrolyte levels. The patch included a coiled antennaifiuitie/e powering
of an RFID transponder chip. The chip measured the potential difference between two ion
selective electrodes. The transfer of the pH data to the aggregator was done via NFC. The patch
operated up to seven days and enabled bditeeyddéection of other ionic solutes in sweat. In
contrast to the batteifyee operationfigure 2.4f-g shows batterpowered, wireless wearable
devices for reatime Na or K" measuremeft®®. The wearable systems included an absorbent
pad for extended sweat collection,4sEnsitive ISEs as well as a miniaturized Shinffdéoard
for the differential voltage measurement and wireless transmission. The sweat [faiglren
249 used magnetic connectors between the sensor and the electronic module to minimize the
motion artifact noise in potentiometric measurements during the human trials, which was
necessary for signals with high fidelity. Lee et al. demonstrated aichlesansing patch with an
open cellular design comprising a multiplexed array of sensing electrodes, f&i',Hand C&"
monitoring®. The thin patch enabled an intimate contact with the skin surface without mechanical
irritation and provided a spatiotemporal mapping of the target electrolytes on the auoe su
(Figure 2.4h). Finally, Kim et al. developed a microfluidic device for colorimetric detection of
chloride (Cl) ions®’. The flexible and skin conformable device comprised microchannels, isolated
reservoirs, and supabsorbent polymer valves for tinsequencedliscrete sampling as well as
measurement of Cin sweat Figure 2.4i). The chloride assay relied on competitive chelation

between mercury (11), ferrous (1) with a chelating agent, 2idsg2-pyridyl)-s-triazine, yielding
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blue assay color with increasehloride concentration. The quantitative analysis of thevas
done using digital images of the microfluidic patch.

The wearable systems for pH and electrolyte monitoring included much broader signal
transduction alternatives (electrochemical, optieald colorimetric) compared to the metabolite
sensing. While the colorimetric systems are simple to fabricate, they may not be the first choice
for the applications that require continuous electrolyte monitoring due to its infrequent sampling
and lower sesor resolution. The preonditioning circuitry and signal processing for
electrochemical electrolyte sensing are more straightforward than that of the optical systems.
Therefore, they have been widely used in various applications, ranging from exeysistogly
in sports medicine to cystic fibrosis detection in clinical medicine.
2.2.2.3.0xygen

Oxygen has critical roles in the human body, such as in metabolism (energy production via
oxidative phosphorylation), biochemistry (reactive oxygen species and gene transcription), and
pathology (determining the condition and function of tissue structlie)excess leads to
inflammation and tissue damage, while its shortage induces severe tissue damage in the heart and
brain®, Due to its critical importance, various optical methods (photoplethysniogeayl pulse
oximetry) have been developed to quantify its concentration in the body.

Photoplethysmography (PPG) is an optical method that relies on a light source and a
detector for the measurement of changes in blood vditir@entinuous beating of the heart causes
fluctuations in the blood volume of arteries and changes the light attenuation through blood and
tissue. The PPG sensors measure the change in the light attenuiaiiphghsemitting diodes
(LEDs) or photodiodes (PDs). Similarly, pulse oximeter relies on light absorption differences of

oxygenated (Hbg) and deoxygenated hemoglobin (Hb) and provides an estimation of the arterial
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oxygen saturation (SpP using two PPGsignals from specific regions of the light spectrum
(greenred or redinfrared) °°. PPG and pulse oximetry give critical information about
cardiovascular health by measuring heart rate, blood pressure, blood oxygenation, and heart rate
variability 9,

In this regard, organic optoelectronic devicasénbeen reported for the development of
flexible and stretchable wearable optoelectronic systéiggire 2.5a shows an ultrdlexible
organic photonic skin for measurement and a digital display of pulse oximeter inforfiafiba
flexible photonic skin was made up of organic LEDs (red and green) and a PD. Due to the soft
nature of polymers and prestraining of the underlying substrate, the optical devintsned
their optoelectronic characteristics under repeated stretching cycles and yielded low noise PPG
signals due to its excellent adhesion with skin. Khan et al. designed a reflectance oximeter array
for the measurement of Sp@nd spatial 2D oxygenati °3. The flexible patch utilized screen
printing andblade coating for the fabrication of 2 x 2 pixels of organic LEDs (612 nm and 725
nm) and 8 pixels of organic PD devices on flexible substr&igsire 2.5b). The study showed
singlepoint PPG, heart rate, Sp@easurement. Reéime 2D tissueoxygenation during an
ischemic event was also demonstrated. This function enabled the measurement of localized tissue
oxygenation when the pulsatile arterial blood signal of PPG was low. In another study, Han et al.
designed an organic ambient light oxierefALO) for the measurement of PPG and $from
the index finger Figure 2.5¢) °4. The optoelectronic device used only PDs, eliminating the need
for any light source and LED drivers. Since the absorbance spectrum of organic polymers is broad,
the ALO used flexible filters on top of PDs for selective detection ofng(@25 nm), red (610),
and neaiinfrared lights (740 nm) with negligible spectral overlap. Overall, organic optoelectronic

devices are skiweonformable and can be fabricated to cover large areas on the skin surface.
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However, due to the air stability of @gic devices, the operation of the wearable systems in
ambient conditions is limited to orders of a few days.

Inorganic optoelectronic devices are-stiable and reliable; therefore, they have been
widely used in wearable sensors for oxygen monitorigure 2.5d shows a skirworn
optoelectronic system for optical interrogation of the skinThe wearable device is skin
conformable and uses magnetic inductive coupling andfreddrcommunication for powering
the LED (950 nm) and transmission of the PPG signal. In another study, Chung et al. designed
wireless chest and limb patches for the physiological monitoring of neonatal and pediatric patients
(Figure 2.5¢) °. Both patches employed flexible PCBs with stretohainterconnects and
batteries, which were entirely encapsulated in a flexible silicone material. The chest patch provided
sensory data such as the electrocardiogram (ECG), respiratory rate, and seismocardiogram (SCG),
whereas the limb patch measured PP@).Sand temperature. The tirsgnchronized operation
of two patches enabled the extraction of pulse arrival time, pulse transit time, and systolic blood
pressure from ECG, SCG, and PPG signals, which may not be easily obtainable from a single
device. Simlarly, Zhang et al. demonstrated an optical system for extended measurement of tissue
oxygen saturation levels (rSf0using microscale inorganic ligleimitting diodes (¢LEDs) and
photodetector ({IPD) ®’. The system included an injectable sensing filament with integrated p
LEDs (540 nm and 625 nm) andIRD, as shown irigure 2.5f. Similar to other oximeters, the
M-LEDs operated in a timsultiplexed fashion, and the- lpD measuzd the backscattered light
by the surrounding tissue and vasculature. Even though the fabrication of the optical sensor
included complicated fabrication steps, the use-bEDs and HIPD along with a miniaturized
wearable system enabled localized tissagenation measurements in deep tissues, which would

not be easily achieved by commercial inorganic LEDs and PDs.
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The instrumentation for wearable optical systems includes a microcontroller, a wireless
transmission module as well as LED drivers, amplifiarsl filters for sequential driving of LEDs,
amplification of photodiode current, and elimination of low and iglquency nois€®. For
mobile applications, fully integratedFEs that house an LED driver and a lownise receiver
channel with an integrated ADC have commonly used. For instance, the reflective oximeter array
and ambient light oximeter iRigure 2.5b and2.5c used an integrated AFE (AFE4490, TI) with
external analog switches for the sequential drive of an array of OLEDs and read out from the
OPDs. The optical AFE was controlled by an Arduino Uno microcontroller (500 Hz sampling),
and the data was collected ngia USB interface. In another studyRigure 2.5d, the wireless
optoelectronic system used a bare die NFC chip (SL13A, ams AG) to measure PPG signals and
heart rate using an LED and a photodetector. The photodetector current was amplified by a
transimpednce amplifier and sampled by-b@ ADC at 25 Hz, which was satisfactory for the
detection of systolic and diastolic peaks in the PPG signal. AnéifeGled smartphone was used
for powering the system and data transmission (13.56 MHz, ISO 15693) frowr@ehip. The
power management unit of the NFC chip provided the external biasing for the LED and
photodetector. The wireless systenfigure 2.5e consisted of a timeynchronized operation of
the wearable chest and limb units for health monitoring inapécl and neonatal intensiveare
units. The limb unit included an integrated pulse oximeter AFE (MAX30101, Maxim Integrated)
for the measurement of duwakvelength PPG using aship LEDs (660 nm and 880 nm) and a
photodiode. A BLE SoC (nRF52832, NordierSiconductor) was used for sampling the PPG
signals (100 Hz), processing, and data logging to a computer. Therposssing of the collected
PPG data included baymhss filtering (0.8 Hz), onset and beat detection algorithms, as well as

FFT, red/IR rab density estimation and SpQalculation. Batterypowered and wireless
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powering operation of the system was demonstrated for alternative health monitoring options in

intensivecare units.
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Figure 2.5. Examples of wearable optical sensors for the deteaf oxygen.a) Smart eskin system comprising
ultra-flexible polymer lightemitting diodes (PLEDs) and an organic photodetector (OPD). Reproduced with
permissiorf. Copyright 2016, Creative Commons Attribution 4.0 International Licdn)sereflective oximeter with
an array of red and NIR LEDs and OPDs. Reproduced with permi&si@opyright 2018, Creative Commons
Attribution 4.0 International License&) An ambient light oximeter (ALO) with printed OPDseproduced with
permission ®%. Copyright 2020, WILEYWCH Verlag GnbH & Co. d) A batteryfree, wireless, epidermal
optoelectronic system. Reproduced with permissianCopyright 2016, Creative Commons Attribution 4.0
International Licensee) A soft, wireless chest and limb units fehysiological monitoring of neonatal and pediatric
patients. Reproduced with permissf8nCopyright 2020, Springer Natur@.A miniaturized, wireless oximeter with
microscale LEDs (tLEDs) and a microscale inorganic photodetectolRR). Reproduce with permission®.
Copyright 2019, Creative Commons Attribution 4.0 International License.

When NFC and BLEoperated wireless optoelectronic systems are compared, the wireless
powering eliminates the need for battery use; however, the maximum power that can be delivered
to the system is limited by the orientation and distance of the NFC delatiwe to the wireless

coil. In wearable optical systems,-board signal processing and optimization of the critical
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parameters of wireless transmission and LEDs, such as duty cyclingdéfebtor distance,
sampling frequency, clock frequency, and traission of physiological data in pockets, determine

the total power consumption of wearable optical systems in the presence of motion &tifacts

2.2.2.4.0ther Chemical Biomarkers

In addition to metabolites and electrolytes, other biomarkers and chemical sabssaich
as hormones, and vitamins, heavy metals, and drugs, emerge in sweat that can be used towards
stress assessment, doping control, and health and disease moHitdfigigure 2.6a shows a
flexible multiplexed array for heavy metal detection in sweat. The multiplexed array comprises a
bismuth (Bi) and a gold (Au) working microelectrod& The study used electrochemical square
wave anodic stripping voltammetry (SWASYV) for the detection of cadmium (Cd), lead (Pb), and
zinc (Zn) on the Bi microelectrode. The Au microelectrode was used for the detection of lead,
copper (Cu), and mercury (Hdpn-body trials of the flexible array with sweat demonstrated the
use of the wearable sensor for gaining insightful information on heavy metal exposure. In another
study by Javeybds group, a wtime mdnieng of calffe;éne m was
sweat upon a caffeine intak®. The flexible sensor was modified with carbon nanotube/Nafion
solution, and the ettrochemical detection of caffeine was made via differential pulse
voltammetry (DPV). The DPV parameters were controlled with a microcontroller by adjusting the
voltages on the reference and working electrodes using an externattigitelog converter.
The current on the working electrode was converted into voltage using a transimpedance amplifier,
digitized by an external ADC through SPI protocol, and sent to the data aggregator via Bluetooth
(Figure 2.6b). The wearable device measured the presenaeafééine in iontophoresis and
exerciseinduced sweat and revealed the potential of using this platform towards clinical

pharmacology and precision medicine.
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Figure 2.6. Examples of wearable sensors for the detection of other analytes inawe#éxible multiplexed array

for detection of Zn, Cd, Pb, Cu, and Hgeproduced with permissiof* Copyright 208, American Chemical
Society b) A flexible sweatband for caffeine monitoririgeproduced with permissidff. Copyright 208, WILEY -
VCH Verlag Gmlid & Co. ¢) A laserengraved graphereased sensor for uric acid, tyrosine, temperature, and
respiration rate monitoringReproduced with permissiol’”. Copyright 2020 Springer Natured) An organic

electrochemical transistor modified with molecularly imprinted polymer for cortisol senRiglgroduced with
permission'® Copyright 208, Creative Canmons Attribution Noncommercidiicense 4.0

In another stug, Yang et al. demonstrated a las@graved wearable sensor for uric acid
(UA) and tyrosine (TYR) detection in sweat for gout and fitness analygjsre 2.6¢) °’. The

chemical sensing of UA and TYR was done using lasgraved graphene due to itshhgurface
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area and electrochemical activity. A similar AFE design report&iure 2.6b was used for the
measurement of UA and TYR in sweat via the DPV methodb@ly sweat and serum
measurements revealed the correlation of uric acid in healthy subjects and patients with gout. In
another study, Parlak et al. fabricated an organic electmdchktransistor (OECT) for cortisol
sensing towards stress evaluatiGig(re 2.6d) %3 Detection of cortisol was done by covering
the semiconducting channel of the OECT with a corsstdctive molecularly imprinted paner.
In the presence of the analyte, the ion exchange between the sensing medium and the transistor
channel was prevented, leading to a reduced salnede current of the OECT. The authors
demonstrated regime and selective measurement of cortisdweat with the wearable OECT
during an exercise.

The detection of heavy metals and drugs in sweat required complex electrochemical
methods, such as SWASV or DPV. Systlavel implementation of these methods were similar
to the other electrochemical metlsade., chronoamperometry), only differed in the regulation of
reference and working electrode voltages using an external DAC to set electrochemical parameters
(i.e., frequency, potential, and pulse parameters).
2.3.Wearable Biophysical Sensors
2.3.1.Sweat Rate

Sweat rate is an important physical parameter for the diagnosis and evaluation of excessive
sweating and monitoring of dehydration statd$'°®. Dehydration causes physical, mental,
physiological loss in performance and is commonly associated witkhiriteated cramps, fatigue,
dizziness, or stroked®1'2 Therefore, sweat rate sensors have been included ufetrelopment
of wearable sensors. For examligure 2.7ashows a simple approach for the detection of sweat

volume. The wearable device employed a soft PDMS channel and a Teflon tube for collection and
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guiding of sweat into the microchannel. Sweat vaumas measured by determining the distance
traveled by the fluid in the channel over the duration of the testing. The sweat rate was then
calculated by taking the time derivative of the sweat voltithén a different study, a microfluidic
channel with a pair of electrodes was constructed for measurement of sweat rate over a wide
dynamic range of flow rate§igure 2.7b) 1% Once sweat was captured through amaong it

formed a droplet in the hydrophobic channel, which electrically shorted the bottom electrode (gold
electrode) and top electrode (Nickel conductive wicking material) and resulted in a current spike
under a constant DC bias. The continuous sweat sahsing was ensured by a mbish
conductive top electrode, which removed the collected sweat away from the sensing area and
enabled the formation of a new droplet between electrodes. The sweat rate was estimated by
dividing the droplet volume by thente between two consecutive current spikes. However, the
deposition of salt at the inlet of the device distorted the acquired signal and limited the lifetime of
the sensor.

Similarly, JaveyoOs g r-lmaseg, wehelnreoswesat rata seasthg | mp
systems with integrated microfluidic channels, as showhiguire 2.7c and 2.7d. Both studies
incorporated microfluidic channels for extended sweat collection and sweat rate measurement. For
instance, the wireless systenfigure 2.7c comprises a Nasenso and a spiral impedance sensor
with a microfluidic channel for realme sweat rate measuremeéft An impedance analyzer
(AD5933, Analog Devices) was used for the measurement of impedance at 100 Hz. As the sweat
filled out the microfluidic channel, the admittanddlte sensor increased because of an increased
sweat volume and total ion concentration.” Na@ncentration in the microfluidic channel
contributed to the admittance change; therefore, “ashliasor was included at the entrance of the

microfluidic channel focontinuous measurement of Navels. Reatime estimation of the sweat
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rate was performed using both the admittance ariccdblacentration. In this study, the output of
this sensor was influenced by both sweat ion composition and sweat volume; thexafore
improved impedimetric sweat rate sensor was proposed by the same!ttolipe sensor
consisted of an interdigitated electrode and a serpestiaped micrddiidic layer. Each time the
collected sweat in the microfluidic channel encountered a new electrode finger, the admittance
between electrodes gave a sharp jump. The sweat rate was calculated by dividing the total fluid
volume between electrodes by the timet ween admi ttance jumps. I n
group, a fully integrated battefyee, reusable, NFC integrated sweat rate system was reported
(Figure 2.7e)''". The wearable system included a microfluidic channel with integrated electrodes
for impedimetric sweat rate sensing, and an NFC electronic module for powering, energy
harvesting, andlata communication. An NFC compatible device.(smartphone) wirelessly
powered the NFC module. On powsgs, the system applied a 5 kHz waveform to the electrodes
in the microfluidic channel, causing a current to flow. Sweat flow in the microchannejetha
the resistance between electrodes and attenuated the magnitude of the applied waveform. The
waveform was rectified and processed by a microcontroller and sent back to the smartphone over
the NFC link. Utilization of a fully integrated fabrication apach along with a rattachable NFC
electronic system via small magnets facilitated -taé monitoring of sweat loss in various
exercise conditions. Overall, the integration of electrical impedance sensing with sophisticated
fabrication techniques, unigumicrochannel designs, fluid wicking materials, and miniaturized
electronics enabled accurate and-teak detection of sweat rate information.

Alternative wearable sweat rate sensing approaches have also been répguted?.7f
shows a skislike wateproof microfluidic sensor laminated on the skin for sweat capture and

colorimetric assessment of sweat loss in aquatic environnféni&he inlet of the microfluidic
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channel houses a colorimetric geat for visual assessment of the extent of sweat filling in the
microfluidic channel (total volume ~60 pL). The study reported a good correlation between the
sweat collected by the microfluidic device and other sweat loss evaluation techniques such as
aborbent patch and wheleody weight loss measurements during swimming and biking
exercises. In another study, a skorn device with swellable hydrogels were designed for
monitoring sweat raté®. Hexagomrshaped hydrogels increased their surface area with the
absorption of sweatHigure 2.79). The increase in the geometry, thus the sweat volume, was
measured by taking an image of the hexagon or by measuring the optical reflectance of a local area
(white-colored wicking fabric) as the bleolored hydrogel slowlycovered it upon sweat
absorption.

Other wearable sweat rate sensors based on the diffusion of the water vapor from the skin
surface Figure 2.7h) and chemiresistors-igure 2.7i) were explored. The first wearable system
relied on differential measuremearitom humidity and temperature sensors to calculate the weight
of evaporated vapor in a sealed chamber close to the skin surface and enakiled sradat rate
and sweat loss monitoring®. The latter study used singlealled @rbon nanotube (SWCNTS)
based ink on paper substrates for tgak measurement of the sweat Id$5 Upon sweat
absorption, the cellulose fibers swelled and increased stende between the SWCNTS, thus the
resistance. The integration of the chemiresistors with a wireless system provided an inexpensive
and disposable sweat sensing approach foitiraal dehydration monitoring.

Wearable systems employed various approafdrethe estimation of sweat rate, such as
impedance and water vapebased assessment, visual evaluation of microchannels as well as
volumetric expansion of hydrogels upon sweat absorption. The impedased approaches were

commonly integrated with miofluidic channels and their associated electronics fortnea!
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assessment of sweat loss. The sweat rate calculation based on sweat vapor is robust to variation in
sweat composition and can provide accurate sweat rate measurement. In contrast toote previ
approaches, the techniques that relied on visual assessment may require user intervention for

discrete and temporal assessment of local sweat rates.
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Figure 2.7. Examples of wearable sweat rate sensa)sA wireless sweat volume and conductivity sensor.
Reproduced with permissiort®. Copyright 2016, Elsevieb) A digital volume dispensing system for sweat rate
measurement. Reproduced with permiss$idrCopyright 2019, The Royal Society ChemistyA wearable wireless
sweat patch for Naand sweatate sensing. Reproduced with permissi®n Copyright 2018, American Chemical
Society.d) A multi-model sweat sensing patch for measurement 6f dl@eat rate, and total ionic concentration.
Reproduced withpermission!*6, Copyright 2019, The Royal Society Chemistg). A batteryfree, wireless
microfluidic system for sweat rate and loss monitoring. Reproduced eithigsion'!”. Copyright 2018, WILEY

VCH Verlag GmbH & Cof) A waterproof, epidermal microfldic sweat patch for virtual assessment of sweat loss
in an aquatic environment. Reproduced with permis$t&nCopyright 2019, Creative Commons Attribution 4.0
International Licenseg) A sweat volume monitoring patch with swellable hydrogels. Reproduced with permission
119 Copyright 2020, The Royal Society ChemishiyA wearable sweat rate sensor based on the diffusion of the water
vapor evaporated from the skin. Reproduced with permid&ioCopyright 2018, Elseviei) A wearable and wireless
sweat rate monitoring system based on chemiresistors. Reproduced with pertits€lopyright 2019, WILEY-

VCH Verlag GmbH & Co.
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2.3.2. Temperature

Core body temperature is a significant health indicator in addition to heart rate, blood
pressure, and oxygenation. It varies due to endogenous (measurement site, circadian and menstrual
rhythms, fitness and aging) and exogenous factors (environment, diet, and lifestyfes.
Varitk i on from the homeostatic body temperature
thermoregulation, viral/bacterial infections, inflammation, and pathological conditions, which
makes the body temperature as an essential diagnostic indf¢ater

Current wearable temperature sensing systems employed resistive andhetalori
methods with varying levels of integration of electronics towards health and wellness monitoring.
Figure 2.8aand2.8b show examples of flexible resistive temperature sensors for skin temperate
monitoring 12612’ The sensors were made by scrkpenting a mixture of carbon nanotube and
poly(3,4ethylenedioxythiophene)polystyrene sulfonate (PEDOT:PSf)tion. However, the
sensors exhibited sensitivity to humidity changes due to the hydrophilic nature &¥ASgure
2.8c shows a fully flexible, wireless temperature sensing system based on PEDG?P3@
humidity variation of the temperature sensor was minimized by encapsulating the sensors with a
fluorinated polymer. The flexible circuitry wasaleed by inkjet printing silver ink on a PEN
substrate. The system was able to performitstemperature reading, conditioning, and wireless
transmission of the ehody temperature reading to a smartphone. In another study by Khan et al.,
a wearable sesor patch with continuous ECG and temperature sensing was demon§igiesl (
2.8d) 30 The study used a thermistor composed of nickel oxide nanoparticles mixed in
polystyrenebutadiene binder. The resistance of the thermistor was sensed with a voltdge divi
network. After digitization of the temperature data, the information was sent to a host computer

via Bluetooth for further processing.
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Figure 2.8. Examples of wearable temperature sensay#\ flexible healthcare patch with temperature and ECG
sening capabilities.Reproduced with permissiofi®. Copyright 20%Z, WILEY -VCH Verlag GmbH & Co.b) A
wearable, flexible sensor with pH and temperature seng&mproduced with permissiott”. Copyright 207,
American Chemical Society) A flexible wireless temperatwsensing platform with a printed temperature sensor.
Reproduced wit permissiont?®. Copyright 2020 Creative Commons Attribution 4.0 International LicendpA
wireless wearable sensor patch FEG and temperature sensifeproduced with permissidi® Copyright 208,
WILEY -VCH Verlag GmbH & Coe) An epidermal wireless thermal sensor (eWTS) with a thin and soft thermal
sensing/actuating componeReproduced with permissidi’. Copyright 208, WILEY -VCH Verlag GmbH & Co.

f) A thermoresponsive colorimetric temperatsensor with plasmonic gold nanoparticles in PNIPAM hydrogels.
Reproduced with permissidf. Copyright 208, Creative Commons Attribution 4.0 International License.

Different from other wireless systems, Krishnan et al. reported a bterand NFC
operated flexible system for thermal characterization of the ‘SkiThe system measured the
blood perfusion, hydration, and ti@a on the skin by measuring the thermal conductivity change
of the skin with the Cr/Au temperature sensor. The overall system consisted of an inductive coil,
a microcontroller, and its associated passive components for RF energy harvesting and data
transmssion Eigure 2.8e). In a different study, Choe et al. demonstrated a-efbsttive

colorimetric temperature sensor for skin temperature monitoring. The colorimetric sensors were
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created by combining plasmonic gold nanoparticles with thermoresponsiy@psbpropyl
acrylamide) (PNIPAM) hydrogefs? (Figure 2.8f). The volumetric change of PNIPAM hydrogels

upon heating changes the plasmonic coupling between the nanopatrticles, resulting in a red shift in
its extinction spectra and a change in the RGB color values of the image of the sensor. By tuning
the lower criticasolution temperatures of the hydrogels, the authors created a colorimetric patch
for spatial skin temperature mapping with a satisfactory temperature resolution (0.2°C) and
dynamic range.

In comparison to the resistive temperature sensors and thermigtergolorimetric
temperature sensing does not provide sufficient temperature resolution and accuracyténiong
monitoring. Benefits of flexible resistive temperature sensors and thermistors (miniaturization,
simplicity of circuit design, and ease iotegration with the skin) extended their uses to other
exciting applications, such as estimation of the core body temperfdtumalibration of the
response of temperatudependent biosensdts and mitigating the risks of the formation of skin

ulcers!®4,

2.4.Wearable Systems with Multimodal Sensing

Skinrinterfaced wearable biochemical s®s provide insights on molecuawvel changes
in human performance and physiology. A comprehensive understanding of human physiology
necessitates continuous monitoring of biochemical data in addition to biophysical and
environmental informatiok®>. The integration of biochemical sensors with other physical sensors,
such as heart rate, Sp sweat rate, and temperature, provides a wealth of information that may
not be easily obtained from a single type of senBable 2.1). These systems not only provide an
overall assessment of health and performance by synthesizing and correlating the multisensory

data but also enables other features, such as improving the accuracy of the diagnostic decision
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based on multiple sensor outp and calibration of enzymatic sensors with pH and temperature

Sensor§5, 75, 82, 127, 13637

Table 2.1. List of biochemical and biophysical sensors with their health applications.

Analyte or Signal Health Application

References

glucose diabetes, diet management
physical performance, anaerobic
lactate met abolism, Freyo

ischemia
urea, uric acid, creatinine, .
: renal dysfunction

ammonia
acid-base balance, cystic fibrosis,

pH, sodium, chloride dehydration, wound healing

cortisol stress monitoring
ethanol assessment of intoxication
zinc, copper, cadmium, lead, .
assessment of toxic metal exposure
mercury

electrocardiogram, heart rate

g cardiovascular and pulmonary diseas
heart rate variability P y

hypertension, vascular aging, blood
perfusion, hypovolemia, oxygenation
dehydration

hyperthermia, infectioripnflammation,
physical exertion

motiondisorders, fitness tracking

photoplethysmogram, SpO
sweat rate
temperature

accelerometer

138

139

140

141-144

145

146

104

147148

149151

152

153

154

Recent studies have demonstrated the concept of multimodal sensing by integrating

multiple sensing modalities into unified wireless platforiigiure 2.9a shows a wearable and

wireless multiplexed biosensor system for continuous measurement of glucose, lactate, pH, and

temperature using a flexible sensor af@yThe auxiliary physical sensors could measure pH and

temperature in physiological range and provide aties supplementargata that can be used

for compensation of enzymatic loss of the biosensors. The flexible sensing array incorporated

twelve working electrodes for simultaneous and multiplexed detection of glucose and lactate.

Utilization of three multiplexers and potergtats enabled parallel readout from glucose or lactate
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sensors. As biosensors are sensitive to biofouling and wear and tear due to their prolonged use,
continuous sensing with multielectrodes increases the precision of the biochemical sensors by
averagingthe biosensor responses from electrode arrays. In a similar manner, Hong et al.
demonstrated a fully integrated wireless system for the estimation eéxersise blood glucose
levels from sweat glucose leveBigure 2.9b) 1°° The wristworn wearable system included
disposable patch with glucose and temperature sensors as well as an optical interface and an
accelerometer for heart rate, Sp@nd calculation of burned calories. The glucose sensors utilized
three working electrodes that were operated sequentiallg wultiplexer and a potentiostat for
the detection of sweat glucose. The optical AFE utilized an integrated IC with three LEDs and a
photodiode for heart rate and Sp€alculation from PPG signals. The accelerometer daga (
burned calories), prexercise glucose levels, and swtablood correlation factors of each
subject were used in the calculation of pastrcise glucose levels. Continuous measurement with
the biochemical and physical sensors provided a stream obfgisal data under dynamic and
static exercise conditions, enabled correlation between human activity and blood glucose levels,
and helped to estimate pesstercise blood glucose levels.

Fully integrated wearable systems with novel integration schemegsselhpowered
operation have also recently reported to minimize matdoced noises and to enable battery
free operationt>”1%8 Figure 2.9c denonstrates a wearable freestanding system for continuous
measurement of glucose, lactate, choline, and acceletatidrhe system comprises an optional
iontophoresis module, a multilayer stack for fluid ngeraent, analyte sensing and transduction
modules, and data acquisition and transmission with a total power consumption about 100 mW.
Due to its unique oubf-plane design, the wearable system minimized strain accumulation on the

signal pathway and revealegbisefree detection of amperometric signals under exercise

44



conditions. The study tested the robustness of the system to rmatimed noises by
simultaneously recording biosensor and acceleration data while the subjects were engaging in
variousmotionss uch as punching, arm swinging, and for
research group created a biofpelwered wearable multiplexed system for continuous monitoring
of urea, ammonia, glucose, pH, and skin temperdfiiréThe wearable system consisted of a
biofuel cell (BFC), a boost converter, a biosensor array, signal conditioning circuitries, a system
on chip with an integrated microcontroller, a BLE module, and a temperature setis@n
overall power consumption of 9.35 mW. The BFC relied on the presence of lactate in sweat and
generated power as high as 3.6 mW2cithe boost converter drew current from the BFCs, which
was used for powering the rest of the circuitry. The stlgiyonstrated seffowered operation
and detection of urea and NHbr glucose and pH in sweat during an active exercise protocol.
Multimodal systems with different functionalities have been developed towards increasing
the precision and robustness of theanable systems to external fact@sgy( sensor failure and
motioninduced interferences), multisensory data correlation,-pesifered operation, and
prediction of posexercise biomarker levels. Yet, there are still significant tradeoffs that need to
be made when developing such wearable, wireless systems for continuous monitoring, such as
power availability from selpowered devices and optimization of power consumption of the

multisensory systems with iontophoretic sweat stimulation and wireless tsaiam
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Figure 2.9. Examples of wearable and wireless systems illustrating the integration of biochemical and biophysical
sensors on a single platforan A wearable multiplexed biosensor system with a flexible sensing array for glucose,
lactate, pH,and skin temperature measuremd®¢produced with permissiofi®. Copyright 2020 Elsevier.b) A
disposable strip with a wristorn system for measurement of glucose, temperature, heart ratg,ad®pCactivity.
Reproduced with permissiof®. Copyright 2018, WILEY-VCH Verlag GmbH & Co c¢) A freestanding
electrochemical system with an enftplane signal interconnection design for strain isolation in the signal pathway.
Reproduced with permissiofy”. Copyright 2020, Creative Commons Attiion 4.0 International Licensel) A
perspiratioapowered soft electronic skin for urea, NHglucose, pH, and temperature measureniReproduced

with permissiont®® Copyright 2020The Ameican Association for the Advancement of Science

2.5.Summary and Outlook
Wearable biochemical sensing from sweat offers new alternatives for noninvasive and real

time monitoring, and it holds significant potential for wellness and performance monitoring as
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well as disease diagnostics and prognosis in healthcare. In this review, we outlined sweat sampling
and collection methods that are important for achieving continuous biochemical sensing. We
highlighted skirinterfaced wearable sensors and systems for morgtéey sweat analytes and
biophysical parameters, such as metabolites, pH, electrolytes, heart rate, arterial oxygenation,
sweat rate, and skin temperature, with an emphasis on their sensing techniqueslesgstem
specifications, and multimodal sensifugnctionalities. Nevertheless, there are still outstanding
challenges that restrict the broader acceptance, implementation, and market adoption of such
systems. Systedevel implementation and user/clinical acceptance of wearable multimodal
systems will rquire optimization of multiple factors to meet the requirements of their intended
use. To realize such functional platforms, multidisciplinary efforts are needed to create disruptive
technologies in wearable and personalized healthcare. Our perspectibes@rchallenges and
potential research areas are briefly outlined below.

1 Continuous sweat analysis for sedentary subjects andantitsterpersonal sweat volume
variance. Current biochemical sensors rely on exercise/thermal or iontophoretically
induced sweat for sweat analysis, limiting its use only to ambulatory subjects and leaving
out the sedentary and elderly population. Novel passive sweat extraction, storage, and
sersing techniques need to be explored for passive and gioseeextraction of sweat to
overcome challenges related to sweat generation or skin irritation due to the application of
iontophoretic current to the skif? 6% Additionally, as sweating and its congition differ
across different regions of the body and vary across different individuals, understanding
the secretion mechanism of analytes and integration of sweat rate sensors with the sensing
platforms would be helpful for improving the measurement r@oyuof sweat analytes by

compensating the effect of analyte dilutidf 162
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1 Sensitive and stable sensor operation in the presence of common interfefauncent
biochemical and biophysical sensors have bdemonstrated to exhibit excellent
performance inn-vitro tests or stationary human trials. Extended and repetitive human
trials need to be carried out in the presence of external interferences, such as motion
artifacts, external pressure, ambient lighgiidity, and temperature, to assess their
operational stability for longerm daily use. The clinical impact of biochemical and
biophysical wearable systems should be evaluated by comparing them wittayaddrd
measurements/devices, such as swéaid correlation for the biochemical sensors and
performance evaluation of biophysical sensors with clinically approved devices. In
addition to the clinical validation, highly sensitive biochemical sensors with a high-signal
to-noise ratio should be developeaat the measurement of low levels of analytes in sweat
with custom miniaturized electronic systems.

1 Powering of wearable systems, lpawer operation, and wireless communicatidhe
increase in the number of sensing modalities in wearable systems \aétgardtive power
sources, wireless communication technologies, and efficient systeoperation for
extended operation. Most of the current wearable systems use Hblaised batteries, but
they are rigid and difficult to miniaturize due to their gyadlensity limitations. Alternative
energy storage devices with high energy density, capacitance retention, leakage, and
cycling performance and energy harvesting techniques (photovoltaic, thermoelectric,
piezoelectric, triboelectric, and biofuel cellssid be employed to enable autonomous
self-powering of wearable system$ 163164 Besides energy harvesting alternatives, the
power consumption of the systems can be minimized by implementing siestem

optimizations, such as selection of lpewer naneenabled sensors, low power radios,
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duty cycling, as well as the use of enegjficient adaptive sampling and contextiare
dynamc sensor selection techniques without sacrificing the accuracy of the physiological
sensor§35' 165166.

Multimodal sensing and data miningusion of biochemical and biophysical data in a
wearable system for providing clinical diagnosis and treatmentresgonultimodal data
fusion techniques with the objective of improving the signal quality and reliability, as well
as reducing the uncertainty in dditased clinical decisions. Different gpeocessing (data
synchronization, filtering, feature extractionprmalization), data correlation, multiple
hypothesis tests, and machine learning algorithms can be incorporated into the signal,
feature, or decisiotevel data fusion for discovering the disease patterns, establishing the
causes of potential pathologiesd administering a viable treatméftee,

Wearability, user acceptance, and scalabilihs the wearablesystems get more
complicated with the addition of various sensing modalities, significant attention should
be placed on biocompatibility, breathability, miniaturization, and overall mechanical
reliability of the wearable devices to achieve aestheticadlggphg options that are robust
against motion artifacts and device failures. Besides;eftesttive and scalable fabrication
methods should be implemented for large are coverage and commercial adoption of the

new technologies.
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CHAPTER 3: Wearable Multiplexed Biosensor System Toward Continuous Monitoring of
Metabolites
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3.1. Abstract

Comprehensive metabolic panels are the most reliable and common methods for

monitoring general physiology in clinical healthcare. Translation of this clinical practice to
personal health andellness tracking requires reliable, Amwasive, miniaturized, ambulatory,
and inexpensive systems for continuous measurement of biochemical analytes. We report the
design and characterization of a wearable system with a flexible sensor array-ifovagve and
continuous monitoring of human biochemistry. The system includes signal conditioning,
processing, and transmission parts for continuous measurement of glucose, lactate, pH, and
temperature. The system can operate three discrete electrochesfifcallee system draws 15
mMA under continuous operation when powered by a 3.7 V 150 mAh battery. The anal@ptront
of the electrochemical cells has four potentiostats and three multiplexers for multiplexed and
parallel readout from twelve working elemties. Utilization of redundant working electrodes

improves the measurement accuracy of sensors by averaging chronoamperometric responses
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across the array. The operation of the system is demonstrated in vitro by simultaneous
measurement of glucose and laefgoH, and skin temperature. In benchtop measurements, the
sensors are shown to have sensitivities of 26.31 pA*e?for glucose, 1.49 pA-mM-cm?

for lactate, 54 mV-pH for pH, and 0.002C* for temperature. With the custom wearable system,
thesevalues were 0.84 + 0.03 mV-uhMcm? or glucose, 31.87 + 9.03 mV-mivcm? for lactate,

57.18 + 1.43 mV-pHf or pH, a nHUfor EeMperaturd Vhls Antiaturized wearable

system enables future evaluation of temporal changes of the sweat biomarkers.

3.2.Introduction
Wearable health and wellness monitoring systémearables) are promising solutions to
all eviate the burden of chronic diseases on
dependence on bulky and expensive lab equipment forpbadretesting and diagnosis. Chronic
diseases, such as cardiovascular disorders, cancer, obesity, and diabetes, are projected to account
for almost 75% ball deaths worldwidé. The development and progression of chronic diseases
are dependent on dietary, activity, and metabolic patfetnsegrating wearables into health and
wellness regimens can aid in early diagnosis or management of these diseases. To this end,
wearables may improve patient health by providing continuous streams of physiological data to
healthcare providers to track biomark and quickly identify anomalous or pathological patterns.
Long-term monitoring of metabolic biomarkers is one way of benchmarking general
patient wellness. Glucose, oxygen, pH, and lactate are some of the metabolic biomarkers. When
monitored continuoug, these biomarkers can give insights regarding abrupt or chronic changes
of physiology®. For example, during intense exercise, metabolic production of energy switches
from aerobic to arerobic processes, resulting in lactate accumulation in the Bldosufficient

supply of glucose or ingired clearance of lactate may jeopardize the viability of many organs and
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result in emergence of various symptoms that may affect the daily life such as exhaustion, cramps,
rapid heart rate, shortness of breath, and rapid decrease in blood pR [Eketgfore, continuous
monitoring of these biomarkers may provide | c
reaktime acticmable information for the healthcare provider.

Although continuous monitoring of metabolic biomarkers can provide new medical
insights, clinical characterization of biomarkers traditionally requires expensive equipment, skilled
technicians, and long turramd time (hours or days) with very poor temporal resolution
however, with the advent of poiof-care (PoC) deviee (.9, i-STAT®, Abbott), blood
metabolite levels can be measured within a few minutes with a single blood draw volume of about
65-95 pL ’ or even less today (<5 pL). PoC devices enable discrete sanublbiomarker levels;
however, they cannot measure abrupt or unforeseen fluctuations between discrete measurement
times. Current continuous glucose monitoring devices overcome this issue by monitoring the
analyte levels from a few weeks (Dexcom G6® atuthdtt FreeStyle Libre®) up to three months
(Senseonics Eversense®), but they are invasive systems requiring the insertion of a subcutaneous
needle or surgical implag®.

In the recent decade, a shift toward ovasive metabolite and electrolyte sensors, based
on sweat analysis, has been reported because conventional blood tests for analyzing glucose and
lactate levels arivasive and painful®'2. Sweat offers noinvasive and paifree assessment of
biomarkers of human metabolism. Sweat comstdiiologically relevant ionse(g, Na’, CI, K*,
and NH"), small moleculesg(g, ethanol, glucose, lactate, and urea), and small prot&ths
Sweat based sensors have been develfapatketection of ethandf, glucose®, pH and alcium
19 and lactaté*. For example, lactate in sweat was studied for the characterization of physiblogic

performance, pressure ischemia, cystic fibrosis, and panic dis®rtdeDespite the ongoing
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debateregarding the exact correlation between sweat and blood metabtfiiethere have been
recent reports illustrating the correlation between sweat and blood glucose concerifrafiths
Therefore, sweat maygsent an alternative way of continuous monitoring of overall physiological
condition.

Wearable system integration and redundancy are major technical hurdles. First, most
reports demonstrate sensors for single analyte detection, which may be insuffiesaltiate the
overall health condition. These sensors use a single working electrode, which results in poor
reliability due to fundamental sensor failure, sensor delamination from skin surface, or cessation
of sweating where the sensor is in contact whehskin. Second, the best performing sensors are
demonstrated with benchtop hardware, but they are rarely demonstrated as wearabliewgistem
solutions. To date, there are a few emerging examples ofiftélgraed wearables for sweat
analysis® 2731, These systems monitor levels of sweat metabolites and electrolytes along with
additional sensors, such as sweat rate, blood oxygenation, or ECG. The systems use either
electrochemical or colorimetric detectiorch@iques for quantification of biomarkers. Selected
studies are summarized8upplementary Table $.1. A common feature of these systems, with
one exceptior®, is that they have a single sensing electrode per analyte. This lack of redundancy
may yield impecise or inaccurate results due to sets@ensor variation and operating
conditions, which is very common in enzymatic electrochemical sensors used in wearables.

To build on the groundbreaking work by the Heikenfeld, Javey, Lee, and Gao research
teams developing a system with an electrode array for multiple analyte detection and redundancy
may mitigate signal reliability issues. First, electrode arrays can be functionalized with various
recognition elements so that multiple concurrent tests can fegrped. Second, the precision of

sensor output can be improved by running simultaneous measurements across multiple electrodes
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or by including functionalized and ndunctionalized electrodes.€., positive and negative
controls) to subtract the effect obmmon interferences. Last, mdftiasing can be applied to
detect analytes with different redox potentials. However, to provide these benefits, the operation
of electrode arrays requires a ngeineration of miniaturized and multiplexed electronic hardwa
Accordingly, the use of electrode arrays for the detection of multiple analytes requires a
system with signal conditioning modules (biasing, filtering, and amplification) and multiplexing
capabilities for each type of sensor. Many single analyte éselgttrode) detection systems have
been reported, they include custol@signed potentiostats for electrochemical detection of
metabolites, heavy metals, drugs, and DNA molecules for applications, such as cellular
microphysiometry, wearable sensing, anéhpof-care sensingSupplementary Table 3.2) 3%
34 These systems were able to perform electrochemical techngpssashronoamperometry,
cyclic voltammetry, and square wave voltammetry. Fewer reports have designed systems for
multiplexed analyte detection. These designs used either a separate readoueanh working
electrodes®™3’ or multiplexing between aarray of working electrode¥3° (Supplementary
Figure S3.1). A separate readout urfior each working electrodes offers rapid measurement
because of simultaneous measurement functionality but requires a large circuit area. The latter
approach uses multiplexing scheme to read from each individual electrode results in an area
efficient desig, but with a compromise of reduced sampling rate as it scans through an entire array
of electrodes. To overcome some of these challenges, a hybrigplexitty topology was
proposed'®*! (Supplementary Figure S3.1d), providing multiplexing and parallelization that
results in both reduced circuit area and improved-tieed performance. Consequbnta
miniaturized and inexpensive hybmdultiplexing system would enable simultaneous detection of

multiple analytes as well as multiplexed reading from redundant electrodes.
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Herein, we report an arrdyased flexible sensor platform integrated with a-tmst
multiplexing system for simultaneous detection of glucose, lactate, pH, and temperature. The array
of electrodes was fabricated on a flexible thin polymeric film and functionalized via selective
electrodeposition. The wearable hardware is a minmgdrand inexpensive staiatbne system,
which is fabricated with commercially available discrete components. The custom system consists
of analog frortend designs for pH and temperature sensors. It also includes potentiostats along
with multiplexers to ecord from twelve working electrodes designed for glucose and/or lactate
sensing. The multiplexing system along with the flexible sensing array presents another step
toward an orbody solution for continuous monitoring of metabolic biomarkers.

3.3. Materials and Methods
3.3.1.Fabrication of Flexible Electrode Array

A more detailed fabrication procedure is provided in the supplementary text. Briefly,
polydimethylsiloxane (10:1 ratio; Sylgard 184, Dow Corning) was-spated on a 100 mm glass
wafer as a sacrificial Yeer. The PDMS film was cured at 70°C for 1.5 h in a vacuum oven. A 50
pum thick polyimide (PI) film was temporarily adhered to the PDMS coated wafer. The wafer was
cleaned with acetone and isopropyl alcohol. A Cr/Au thin film (20 nm/300 nm) was deposited on
the PI film by DC sputtering. The Cr/Au thin film was patterned by photolithography and wet
etching. The conductive traces were encapsulated by spin coating of a positive photoresist
(Microposit® S1813). The electrode areas and the pads were exposedvddgpihg the
photoresist layer. Additional details are provided Supplementary Text 3.61.3 and

Supplementary Figure S3.2.
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3.3.2.Functionalization of the Flexible Electrode Array

() Electrodeposition of gold nanoparticle$he surface of planar gold electesdwas
cleaned in 50 mM SOy solution (product #258105, Sigafddrich) using cyclic voltammetry
met hod from 7T0.4 to 1tforl0ayclesaAnsgueons soluionef2mM 100
HAUCI4 (product #254169, Sigmaldrich) in 2 M H:SQ4 (product 2258105, SigmaAldrich) was
prepared. The electrode was dipped in the prepared solution. Gold nanoparticles (AuUNPSs) were
electrodeposited on bare gold electrode surface using chronoamperometric method. The deposition
was performed f or dnSxtemal iPt caunter Eléctrole avd amw AgrAQCI
reference electrodes(ipplementary Figure S3.3a). AUNPs deposited electrodes were used for
glucose and lactate sensors.

(if) Electrodeposition of Prussian blué&n aqueous solution of 100 mM KCI (product
#746436, SigmaAldrich), 2.5 mM Fed (product #97064656, VWR), and 2.5 mM kre(CN}
(product #9706260, VWR) in 100 mM HCI (product #AAAL13091, VWR) was prepared. The
AuNPs deposited gold electrode was dipped into the solution. Prussian blue was elesitexiepo
by cyclic voltammetry method from 0 to 0.5 V at a scan rate of 20 Wwith an external Pt
counter electrode and an Ag/AgCI reference electr8deglementary Figure S3.3¢).

(i) GOx immobilization.5 mg-mL! exfoliated graphite (product #282863, Sigma
Aldrich) solution was prepared in 1X phosphhtéfered saline (PBS) (product #BP2944, Fisher
Scientific). The exfoliation process was completed using an ultrasonic bath (product #15337410,
Fisher Scientific) fo 1.5 h. The exfoliated graphite solution was mixed with GOx (50 mg;mL
product#G7141, SigmaAldrich) and bovine serum albumin (BSA) (10 mg-Hlproduct #0332,

VWR). GOx/BSA/exfoliated graphite (0.5 pL) was droast on the Prussian blue coated (4

cycles) electrode. The electrodes were kept in ambient temperature for 30 min for drying.
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Glutaraldehyde solution (0.5 pL of 2 wt. %; product #TC0067, VWR) was-cdagp on the
electrode and kept in the fridge (4°C) for drying. Afterwards, 0.8 pL of 0.5 wtafloiN® (product
#70160, SigmaAldrich) was dropcast on the electrode and dried at room temperature.

(iv) LOx immobilizationA solution of LOx (50 mg-mt!, product#E2030703P1, Gwent
Group) and BSA (10 mg-mt) was prepared in 1X PBS. LOx and BSA solut{om} pL) were
drop casted on the Prussian blue coated (20 cycles) planar gold electrode. The electrodes were
dried at room temperature for 30 min. Glutaraldehyde solution (0.4 pL of 2 wt. %) wasa$top
on the electrode and kept at 4°C until it wase@sNafion® (0.8 pL of 0.5 wt. %) was drajast
on the electrode and dried at room temperature. The exfoliated graphite was not used in fabrication
of the lactate sensor because its incorporation did not improve the sensitivity of the sensor
according to bnchtop analysisSupplementary Figure S3.4b).

(v) Electrodeposition of polyanilineAn aqueous solution of 0.1 M aniline
(product#242284, Sigmaldrich) in 1 M HCI was prepared. Polyaniline (PANI) was deposited
on the planar gold electrode by cyclic vatme t r y met hod by sweeping tl
to 1 V at a scan rate of 100 m¥-for 30 cycles with an external Pt counter electrode and an
Ag/AgCl reference electrod&(pplementary Figure S3.3b).

(vi) Encapsulation of temperature sensd@he surfaceof the temperature sensor was
exposed by patterning in the fabrication process. Its surface can be coated with polymeric films to
control its thermal properties. In our case, the encapsulation of the temperature sensor was made
using liquid bandage sprgyWa | gr eend s ) .

(vii) Fabrication of reference electrod&he reference electrodes of glucose, lactate, pH
sensors were fabricated by drop casting an Ag/AgCl ink (product #C2130809D5, Gwent Group)

on the planar gold electrodes. The electrodes were subsequently cured at 80°C for 15 min.
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(viii) Selective functionigation of the electrode<lectrodeposition is a technique for
selective deposition of various materials on a single platform with minimal-coogéamination.
We used electrodeposition of AUNPs and Prussian blue (PB) for fabrication of glucose aed lacta
sensors. Similarly, polyaniline (PANI) electrodeposition was carried out for fabrication of pH
sensors. The selective functionalization of the flexible array started with the electrodeposition
PANI on the working electrode of the pH sensor. Then, thgpkawas cured at 8C for 5 min.
PANI was chosen due to its surface sensitivity to protonation in different pH solutions. This step
was followed with the electrodeposition of AUNPs on the planar gold electrode suréace (
working electrodes of glucosend lactate sensors). Afterwards, PB was electrodeposited on the
AuNPs electrodes, and the sample was cured @ &% 45 min. PB is selected due to its high
catalytic activity towards hydrogen peroxide, which is a byproduct of the reaction betweew glucos
oxidaseglucose or lactate oxidasactate. Afterwards, an Ag/AgCl ink was drop casted on the
reference electrodes of the pH, glucose, and lactate sensors. The sample was cCefbial BO
min. Later on, the working electrode surfaces of glucose autdté sensors were functionalized
with GO and LG enzyme mixtures, respectively. Chemical crosslinking of the enzymes to bovine
serum albumin (BSA) was performed with 2% glutaraldehyde solution. Finally, a 0.5% Nafion®
film was dropcasted on top of theorking electrodes as encapsulation layer. The samples were

stored at 4C when not in use.

3.3.3.Characterization of the Flexible Sensor Array

() Characterization of electrodeposited gold nanoparticl&se characterization of
electrodeposited porous gold ehlectes was performed by electrochemical impedance
spectroscopy (EIS) with a Gamry 600+ benchtop potentiostat. The electrodes were dipped into an

agueous solution of 5 mM ¥FKe(CN} in 1X PBS. EIS measurement was performed with an
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external Pt counter electrechind an Ag/AgCl reference electrode from 1 Hz to 5 MHzf10
mV and \bc=0 V). Cyclic voltammetry measurements were carried out in an aqueous solution of
10mMMKsFe(CNyi n 1 X PBS from 7T0.3 to Olwthanesemnalh a s
Pt counter electrode and an Ag/AgCl electrode. Scanning electron micrographs were obtained with
an FEI Verios 460L.
(i) Characterization of glucose and lactate sens@istonoamperometric characterization
of glucose and lactate sensoeswe performed with a Gamry 600+
V. in 1X PBS solution. A conditioning step was
obtained after 10 min. Measurements of glucose or lactate were made at 5 min intervals to ensure
albmogenous solution. Chronoamperometric measu
(i) Characterization of pH and temperature sens@pen circuit potential measurements
(OCP) in buffer solutions (pH = 4.8.0, Fisher Scientific) were performed withenlbhtop Gamry
600+ potentiostat. The PANI deposited electrodes were dipped into the buffer solutions and OCP
readings were carried out for 5 min. The characterization of the temperature sensor was performed
on a hot plate. Resistance measurements wererpexd to calibrate the temperature sensor as the
hot plate temperature was changed fr@2C to 45°C at a rate of 1°C-mih The temperature
sensor was brought in contact with the surface of the hot platetypeksurface thermocouple
with adhesive backmwas adhered next to the sensor to measure the surface temperature of the
hot plate. The temperature sensor was connected to source measure unit (B2902a, Keysight) for
resistance measurement. A custdesigned LabVIEW script was used to measure the surfac
thermocouple temperature and the resistance change of the temperature sensor.
(iv) Intraelectrode and interelectrode crosstalk stubhjraelectrode crosstalk test was

performed in aqueous solution of 5 mMR€(CN} and 1 M KCl in 1X PBS. Four carbemorking
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electrodes (product# RRPE1001C, PINE Research) were electrically connected toWH >,

WE.:.3, and Wk of the first channel (Wi, for x: 1,2,3 andy: 1,2,3,4, whera andy indicate the

channel number and the working electrode number, regpgt The counter and reference
electrode inputs of the potentiostat were connected to an external Pt counter electrode and an
Ag/AgCI reference electrode. The carbon electrodes were conditioned in the same aqueous
solution at T 0. 1entVwas obtaired ater B mins A RANeé coated carbon
electrode and an Ag/AgCI reference electrode (PINE Research) were used as pH sensors.
Afterwards, the intraelectrode crosstalk test was started. The reference and working electrode of
the pH sensor wereistonnected after 10 min. Similarly, WE WE.3 and WE-> were
disconnected at 15, 20, and 25 minutes, respectively. The overall test was completed in 30 min.

For interelectrode crosstalk, new carbon electrodes were electrically connected tathe WE
1, WE2.1, and WE.1 of the first, second, and the third channels of the multiplexing system. The
electrodes were then dipped into a similar aqueous solution and preconditioning step was
completed at the same conditions as the intraelectrode crosstalKIdtadyterelectrode crosstalk
study was performed by disconnecting the reference and working electrode of the pH sensor after
10 min. Similarly, W1 and WE.1 were disconnected at 15 andr@butes, respectively. The
overall test was completed in 25 mifhe temperature sensor was not involved in the crosstalk
test since its surface is encapsulated and thus insulated from crosstalk.

(v) Offbody measurement of sampled swddte offbody evaluation of the custom
multiplexing system was performed in complta with the protocol that was approved by the
institutional review board at University of North Carolina, Chapel Hill (8284). Three healthy
subjects (1 female and 2 males), aged3%8were recruited from the North Carolina State

University campus tlmugh word of mouth. All subjects gave written and informed consent before
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participation in the study. The study was conducted at a constant workload on a cycle ergometer
(Life Sciences ® 95Ri recumbent exercise bike). The power output was monitored ttiveugh
cycle ergometer. For the constant workload exercise, the subjects exercised at 50 W for 5 min. The
workload was increased to 150 W and the exercise was maintained at this workload for 20 min.
Then, it was followed by coalown at 50 W for 5 min. Theycling was kept at 60 rpm for all
exercise levels. Sweat was collected in the 20 min intense exercise period by dragging a 1.5 mL
microcentrifuge vial across the forehead of the subjectsb@fyy measurement of the collected
sweat samples were performedtbe custorrdesigned multiplexing system. The system was also
tested with a stabilized artificial sweat solution (product#100Q20, Pickering Laboratories) as a
reference. The artificial sweat solution includes 19 different amino acids, 4 metaboidesigir
urea, lactic acid, and ammonia), and 8 different minerals. For our measurements, 200 uM glucose
was added to the artificial sweat solution since it did not contain glucose. The concentration of
glucose and lactate in the collected and artifichedat was measured using colorimetric glucose
(Amplex™ Red Glucose Assay Kit, product#A22189, ThermoFisher Scientifid) lactate
(Amplite™ L-Lactate Assay Kit, product#13815, AAT Bioquest) assay kits. Blackbimoaing
(product# 07000634, Fisher Scidmfi and white medium binding (product# 07000097, Fisher
Scientific) 96 well plates were used for glucose and lactate assays, respectively.
3.4.Results and Discussion
3.4.1.Design of Flexible Sensor Array and Custom Multiplexing System

The design of the flexible ssor array (length: 28 mm, width: 22 mm) is showikigure
3.1. The sensor was fabricated on a polyimide film to form a flexible sensor. The sensor is
comprised of a layered structutgdure 3.1a): polyimide (bottom), metallization (intermediate),

and encapsulation (top) layers. The metallization layer allows the various sensors along with their
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corresponding electrical contact pads to be easily inserted into a surface mount connector on the
custan-built printed circuit board (PCB)F{gure 3.1b). The flexible sensor array consists of a
total of twelve (12) working electrodes along with three reference and counter electrodes for
glucose, lactate, and background curré&upplementary Figure S3.6a). The array also has a
serpentine resistive temperature sensor and a pair of electrodes for pH dagsmeg3(1c). Each
channel has a thredectrode electrochemical cell configuration with an array of four working
electrodes (WE: to WEw4, WEx1 to WE4, and WE.1 to WEs4), a reference and a counter
electrode. The working electrodes in each individual channel have been either functionalized for
amperometric detection of glucose and lactate or left blank for background current detection. The
four working electrodes in each channel are connected to a potentiostat through a multiplexer in
the custorrdesigned systeni{gure 3.1d andSupplementary Figure S3.6a).

A four-layer PCB was designed to interface with the flexible serfiagufe 3.1b). The
system onsists of six different units: systeom-chip (a microcontroller with wireless transceiver),
three multiplexing units for glucose and lactate sensors, four potentiostatssengHg unit, a
temperaturesensing unit, and a power management &igfure 3.1d). The systeron-chip (SoC)
is a Bluegiga BLE113 Bluetooth® Smart Module and provides the processing and communication
capability. The SoC coordinates proper switching between working electrodes, data processing,
and wirelessly transmits to a data aggtter, such as a smartphone or tablet via Bluetooth Low
Energy (BLE). The multiplexers are connected to three potentiostats (LMP91000, Texas
Instruments). To measure different analyte concentrations, the three potentiostats are configured
as thredead eletrochemical cells, one potentiostat for each of the analyte channels. Each analyte
channel contains four working electrodes, one reference and one counter electrode

(Supplementary Figure S3.6a). The fourth potentiostat is used for generating 1 V virtualigd.
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The four working electrodes of each potentiostat are connected tchemBel singlgole, single

throw (SPST) switch (MAX14662, Maxim Integrated) to multiplex between the four working
electrodes. In total, twelvéQd controlled single pull singldéarow (SPST) switches can be toggled

to connect each of the four electrodes on each analyte channel to the potentiostat individually.
Twelve additional SPST switches connect each of the electrodes to a virtual ground, which
matches the virtual ground imte&al to the potentiostat. This creates a softveangtrolled make
beforebreak singlepull doublethrow (SPDT) switch for each working electrode wherein each
working electrode is connected to the virtual ground when not inSuggplementary Figure

S3.1d and Figure S3.6b). This is necessary because multiplexing with bisefloremake SPDT
switches or simply using SPST switches between the working electrodes and the potentiostat
creates intermittent biasing, which disrupts the electrochemical processes of tfie Tht
LMP91000 alsocontains a transimpedance amplifier with adjustable gain, which allows for
measurement of very high and very low analyte concentrations without saturation or inadequate
precision Supplementary Table 8.3 andSupplementary Figure S3.7a-b). The pHsensingunit
(LMP91200, Texas Instruments) performs the pH measurement between a reference electrode and
pH indicator electrode. The temperatgensing unit measures temperature via a voltage divider
(10 kY). The potentiostat o uentp are all, readp by,the and
microcontroller via 1ébit analogto-digital converters (ADS1115, Texas Instruments). The power
management circuit of the system starts with a 3.7 V, 150mAh litpioiymer battery to power

the device. This battery can be charggdlb V external power supply (USB) through a battery
management and a fuel gauge integrated circuit (MCP73831, Microchip). To increase power
efficiency, switching regulators are utilized for the voltage rails of the device. The battery voltage

is regulate to 3.3 V by a step down converter (TPS62162, Texas Instruments) in order to power
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the microcontroller and peripherals. The 3.3 V rail is boosted up to 5 V by a boost converter
(TPS61222, Texas Instruments). The 5 V rail serves as a reference for thgoptate and
increases range of voltage sweeps. A pushbutton controller (MAX16054, Maxim Integrated)
allows the user to power the device on and off.

Overall, the system can perform concurrent cyclic voltammetry (CV) sweeps on all 12
channel s b/eandw.2 ¥ at swieep raies between 10 rhasd 1000 mV-$ with a 0.1
V step size, while simultaneously measuring pH and temperature. Alternatively, the system can
carry out concurrent chronoamperometric measurement of all 12 channels at a sampiritprate
Hz, again while measuring pH and temperature. The system is powered by a 3.7 VV 150 mAh battery
and consumes around 15 mA when actively measuring analyte concentrations and transmitting
data, giving a battery life of 9.9 hours for continuous measureame wireless data transmission.
The system consumes 60 pA when in idle mode, allowing for a drastic reduction in average power
consumption for applications in which intermittent sampling is appropriate. For example, reducing
thesampling rate by sampliyfor 30 seconds and then entering idle mode for 10 minutes decreases
the average current consumption to 0.25 rmtAaad extends battery lifetime to 600 hours. The
final system has a diameter of 40 mm and a thickness of 9 mm. The custom multiplexing
potertiostat system costs $92 each at prototype quantities, with significant cost reduction possible
at higher production quantities. The summary of specifications of the cussigned
potentiostat, the specifications of the components used in the custam sgsprovided in

Supplementary Table $.3-S3.5 andSupplementary Figure S3.8, S3.9.
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Figure 3.1. Images and system block diagram of the custom multiplexing system along with a flexible sensor array.
(a) Exploded view of the flexible sensor array showthg polyimide (bottom), metallization (intermediate), and
encapsulation (top) layer¢b) Left: Picture of wristworn, wearable multiplexing system in a 3D printed watch
enclosure for demonstration purposes oRlight: Picture of the flexible sensor arrgg) Left: CAD design of the
flexible sensor arrayRight: Fabricated flexible sensor arrg) System block diagram of the custom multiplexing
sensor system

3.4.2.In-vitro Characterization of Glucose, Lactate, pH, and Temerature Sensors

The concentration of glucose and lactate in sweat depends on various factors such as
sampling site, sampling techniques, participa
and activity level$®. Sweat concentrations are different from blood concentrations and have been
reported to be 5.6 pM to 2.mM for glucose and 3.7 mM to 50 mM for lactate***>. Median
concentrations for glucose and lactate are reported to be 170 uM and 14 mM, resp€ctively
wide working range, fast response, and interferdrem operation is required for continuous

monitoring of sweat metabolites.
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The fabrication of glucose and lactate sensors staiibdthe electrodeposition of gold
nanoparticles on the planar gold electro@gplementary Text3.61.4, Supplementary Figure
S3.3aandFigure S3.10). 15 min gold deposition time was used because the deposition time was
sufficient to cover the surfacef the bare gold electrodes. After 15 min of the porous gold
deposition, the electrochemically active surface area increased by 1.38 Sinpgde(nentary
Table S3.6), which decreased the DC electrode impedance by two orders of magnitude
(Supplementary Figure S3.118 and resulted in 1.36 times increased curr8uofpplementary
Figure S3.11b-c).

We first characterized the sensors using a benchtop potentiostat. The chronoamperometric
response of glucose and lactate sens@isown inFigure 3.2aandFigure 3.2c, respectively. The
response of glucose and lactate sensors were separately recorded using a benchtop potentiostat at
a constant potenti al of 1T0.1 V vs. an Ag/ AgCl
The operation potential was selecteddshsn electraxidation of glucose and lactate by the
fabricated flexible sensor during cyclic voltammetry tests. When the sensor is exposed to glucose
or lactate in the solution, GOx or LOx enzymes catalyze the oxidation of metabolites and generates
glucanic acid and pyruvate, respectivéfyBoth reactions generate hydrogen peroxid®ghthat
is reduced by the Prussian blue mediator, leading to a change in the cathodic*¢éuffbat
cathodic detection of ¥, at low potentials eliminates interferences from other oxidizable
metabolites in sweat(g, uric acid and ascorbic acith *®4°, The chronoamperometric response
of the glucose and lactate sensors to increasing glucose and lactate concentrations are shown in
Figure 3.2a-b andFigure 3.2c-d. The linear range of the sensors were 60 uM to 1000 uM and 5
mM to 20 mM for glucose and lactate sensors, respectively. While the linear range of the lactate

sensors covemboth blood and interstitial fluid levels, the linear region of the las@tsor could
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be further extended to cover sweat levels by decreasing the diffusion coefficient of the lactate
through the encapsulation layare( selection of proper encapsulation layer material with a
different substrate permeability), selecting aatiéht electrotsiransfer system, or increasing the
thickness of the encapsulation lay&p®. Such improvements may cometlaé cost of reduced

signal magnitude.

The sensitivity of the glucose and lactate sensors were 26.31 + 0.63 pAemi¥(or
0.186 +0.004 pA-mM) and 1.49 +0.20 pA-mM-cm?(or 0.011 + 0.002 pA-mM), respectively.

The specifications of the sensors fabricated in this study fall within specifications of the previously
reported glucose and lactate sensors that are ckaract by a benchtop potentiostat
(Supplementary Table 8.7 and S3.8). The differences in fabrication methodsy, dropcasting,
layerby-layer deposition, or electrodeposition), materiadsy( electrode, nanoparticles, and
encapsulating film), test oditions €.g, applied potential, pH of test solution, stirring effect)
results in sensors with varying specifications. The storage stability of the sensors was tested by
keeping the fabricated sensors in a sealed petri disiCah4 fridge. The sensiity of the glucose

and lactate sensors decreased to 8.96 + 0.65 pA-grk? (or 0.064 + 0.005 pA-mM) and 0.23

+ 0.08 pA-mMi.cm? (or 0.002 + 0.001 pA-mM) after 10 days storage, respectively
(Supplementary Figure S3.5).

Sweat pH varies between 4®8.0 during an intense exerciSe®. In our flexible sensor
array, we &ctrodeposited electrically conductive polyaniline polymer as a pH sensor
(Supplementary Figure S3.3b), whose protonation strongly depends on the oxidation state of the
polymer and the pH of the aqueous solufibiThe pH sensor was calibrated with standard buffer
solutions Figure 3.2€). The opercircuit potential of the sensor vs. printed Ag/AgCI reference

electrode decreased in high pH buffer solutions dubddeprotonation of the polyaniline. The
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sensitivity of the pH sensor was 54 + 3.61 mVaHigure 3.2f). The sensitivity of ta PANI pH

sensor falls between the sensitivity range of other polymer or-teasled pH sensors (40 to 61
mV-pH?) %859 The sensors showed good repeatability in successive measurements of pH in buffer
solutions Supplementary Fig. $.3d).

Human skin temperature is dependenbody core temperature, ambient conditions, and
exercise intensity, and it varies between roughly 25 to 48%CA skin conformable temperature
sensor should be sensgito the variations in skin temperature. The serpestia@ed temperature
sensor on the flexible sensor arr&yglre 3.1¢) is made of a thin chromium/gold layer, whose
resistance varies with temperatufgg(re 3.2g,h). As the temperature increases, thermal
vibrations of the atoms in the solid lattice increages phonons). The likelihood of electrons and
phonons collision increases, resulting in a resistance increase. The temperature coefficient of
resistance (U) of t he°% €he ®moperatweacsefiicientvalued werie e d  a

similar to othethin-film-based €.g, platinum or gold) temperature senstt¥.
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3.4.3.System Validation of the Custom Multiplexing System

The custom system was validated using commercial elestragl€ontrols. First, cyclic
voltammetry measurements of the ferricyanide/ferrocyanide redox reaction were performed to
demonstrate the operation of the custom hardware. A carbon working electrode, an Ag/AgCI
reference electrode, and a Pt counter electnweiee used for all tests. The electrodes were
submerged an aqueous solution of 5 miF&CN) and 1 M KCI Figure 3.3e,f). Similar cyclic
voltammetry tests were also repeated with a benchtop potentiostat. The ferricyanide/ferrocyanide
redox potentials angpeak amplitudes obtained with the custom system and the benchtop
potentiostat were identicaFigure 3.3a,8. In cyclic voltammetry experiments, the resolution of
the applied bias in our system was set as a percentage of the reference voltage in tbstg@otent
The resolution of the applied bias in the custdesigned potentiostat is 0.1 V, which is less than
the resolution of the commercial benchtop potentiostat (0.2 Bupglementary Table 3.3).
The resolution of the applied bias could be furtheraased by decreasing the reference voltage
of the potentiostat. The peak current of oxidation and reduction was proportional to the square root
of the scan rate, indicating that the surface reaction on the electrode is reversible and-diffusion
controlled Figure 3.3b,f). Similarly, we verified the chronoamperometric response of our custom
system by performing standard enzymatic glucose and lactate assays. The enzymatic oxidation of
glucose (1 uM to 600 puM) and lactate (1 mM to 40 mM) were measured in camcBsg enzyme
and mediator solutions €., GO+ KzaFe(CN}in 1X PBSor LOx+ KsFe(CN}in 1X PBS) Figure
3.3g,handSupplementary Figure S3.12c,dandFigure S3.12g,h). The same experiments were
also repeated with the benchtop potentiost@fure 3.3c,d and Supplementary Figire S3.12a,b
and Figure S3.12e,). Our custorrdesigned system was able to differentiate the addition of

glucose or lactate into the gedimilar to the benchtop potentiostat. It is important to notethieat
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magnitude of theathodic current decreased as we increased the concentration of glucose or lactate
in the tessolution, which was different from the response when the enzyme was functionalized on
the electrode surfac€&igure 3.2a and3.2b). This different trend may bétabuted to the electron
transport differences betwetdreenzyme and electrode surface when they are either immobilized

on an electrode surface or dispersed in an aqueous solution. Since glucose does not dissociate into
ions in water, increasing the ghse concentration in the test solution and conformational changes

of the protein make it even more difficult to transfer the electronstiienedox site of the enzyme

to the electrode surface.

It is crucial to have a crosstalkee operation of glucoséactate, pH, and temperature
sensors fabricated as a part of the flexible sensor array. The intraelectrode crosstalk is defined as
the interference between the four working electrodes for a given channel. Similarly, the
interelectrode crosstalk is defined the interference between the working electrodes of the three
separate channels. Thus, we performed intraelectrode and interelectrode crosstalk tests in an
agueous solution to investigate potential interference from surrounding electrodes. For the
intraelectrode crosstalk test, four working electrodes, (commercial carbon electrodes) with
shared common and reference electrodes of one potentiostat and pH electrodes were submerged
into the test solution (explained in detail in Materials and Methodsosgcin case of the
interelectrode crosstalk test, only the first working electrode of each channel, separate counter and
reference electrodes, and the pH electrodes were submerged into the test solution. Only the first
electrode of each channel is udeetause one working electrode is electrically connected to a
potentiostat per channel for a given time. After the signal acquisition was started, the electrodes
were disconnected sequentially to observe if there would be any shift in baseline curreshiftAny

in the baseline current would indicate a possible crosstalk. It was demonstrated that disconnecting
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each working electrode sequentially in the intraelectrode test did not cause any intermittent noise
in the chronoamperometric readings of the surrownélectrodes since the working electrodes
were connected to the virtual ground when they were not inFiggaré 3.3i andSupplementary

Figure S3.6a-b). In the typical operation, such as intraelectrode switching, the SPDT multiplexer
connects only one wking electrode to the potentiostat with a working electrode bias of 1 V and

all the others to the virtual ground of 1 V. Similarly, there was no interelectrode crosstalk observed
(Figure 3.3)).

With the sensors characterized with the benchtop potertiosthe Section 3.2, we
proceeded to measure our sensors with the custom multiplexing system. The chronoamperometric
responses of the glucose and lactate sensors were tested separately in the range of 0 to 1000 pM
and 0 to 40 mM in 1X PBS, respectiveRiqure 3.4a and3.4c). The cathodic current increased
with addition of glucose or lactic acid into the test solution. In the wearable system, the output of
sensors were plotted in volts, which can be further converted to current usBigpghlementary
Table S3.3. The glucose sensor showed a linear response up to 1000 uM, while the lactate sensor
showed a linear response up to 15 mM. The small variation of the linear region of the lactate sensor
may be attributed tthe process variability of the dregastirg method. The sensitivity of glucose
and lactate sensors with the custom PCB was 0.84 + 0.03 m¥yquif and 31.87 + 9.03
mV-mMt.cnm?, respectively. The amperometric signal measured with the custom PCB system
was noisier than the signal acquired by teadhtop potentiostat due to an advanced filtering in
the benchtop potentiostat. Therefore, a moving average with a window size of 11 was applied to
smooth the chronoamperometric data. To minimize the effect of sacapdenple variation during
the sensordbrication caused by the electrodeposition, dragting, and the contribution of the

other electrical interferences, the calibration graphs of the glucose and lactate sensor with the

83



custom system were pl ot tndVinaSnentdidd) Vst cargentration f f er e
in Figure 3.4b and3.4d. Similarly, Figure 3.4e and3.4f show the voltage output of the pH sensor

in the buffer solutions from pH 4 to 8. The pH response of the sensors decreased as the test solution
became more basic, similgrl t o t he benchtop S VnsHeéYpr)mha s ur e my
sensitivity of the sensor with the custom system was calculated as 57.18 + 1.43 mNguire

3.4g and3.4h shows the response of the temperature sensor when the temperature was varied from

23 to 42AC. The sensitivity of the sensor wit

1( @V z¥1 Viinal temperaturp.
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Figure 3.3. System validation of theustom multiplexing systen{a, b) Benchtop potentiostat cyclic voltammetry

and peak current vs. square root of scan rate graphs in 5 #A&®N)} and 1 M KCl in 1X PBS. Ris 0.99 for both

anodic and cathodic peak®, d) Chronoamperometry measurementshwa benchtop potentiostat in an aqueous
solution of GQ (10 mg-mL?) and KFe(CNy (10 mg-mLY) in 1X PBS solution (ef) = 3).
Custom system cyclic voltammetry and peak current vs. square root of scan rate graphs in an dgtienus $0

mM KsFe(CN} and 1 M KCl in 1X PBS. Ris 0.98 and 0.97 for anodic and cathodic peaks, respectiggi)
Chronoamperometry measurements with the custom system in an aqueous solution (G0 G@-mL?') and
KsFe(CN} (L0 mg-mLY) inIXPBS (= 3) . Bi as: (i)linraeléctrode cropstalk Studylwithin the same

¢ h a n W&k, WE.§ WE.3, and WE.40: First, second, third, and fourth working electrodes of the first channel,
respectively(j) Interelectrode crosstalk study among different chanfieW g, WE-1, and WE.10: The first working

electrode of the first, second, and third channels. Each arrow on the graphs indicates the time when the given electrode
is electrically disconnected.
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Figure 3.4. Characterization of the fabricated flexible sensor array with the custom multiplexing syatdm.
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3.4.4.Simultaneous Measurement of Glucose, Lactate, pH, and Temperature

The multiplexing system with the flexible sensor array was evaluated by sequential
addition of glucose and lactic ddnto the test solution (sampling frequency=10 Hz). The full data
was provided irBupplementary Figure S3.13 andFigure S3.14 for successive additions of 200,
400, and 600 puM of glucose and 5, 10, and 15 mM of lactic acid into the test solution with 5 min
intervals. The unfiltered response of sensors to 400 uM glucose and 10 mM lactic acid additions
is shown inFigure 3.5a and3.5b, respectively.

The aldition of glucose into the test solution resulted in a drop in the cathodic current in
all working electrodes that were functionalized for glucose sensing-{W6BNVE:.4). The output
of the four glucose sensors were slightly diéfg due to the variations in their fabrication
processes. It was reported that use of multiple (redundant) electrodes for sensing of a specific
analyte improved the accuracy, consistency, and reliability of measurement in amperometric
measurement®®’. These improvements were achieved by either combining the mean or median
of multiple WEs outputs or applying intelligent algorithms with tivaeying weight factors. In
our case, the effect of sendorsensor variatin on the determination of the concentration of
glucose in the solution was minimized by averaging the responses of the four glucose sensors. The
concentration of the glucose in the solution was calculated using the voltage output of the system
and the sesitivity of the glucose sensor. The baseline current did not change for the blank
electrodes (WE: to WE>.4), lactate sensors, and pH sensors after the glucose addition. During
testing, the addition of the test solution created noise because of thdidisnighe electrode
electrolyte interface (grey regions kigure 3.5a and 3.5b). The responses of all sensors to 10
mM lactic acid solution are shownkigure 3.5b. The lactate sensors (WE0 WEs 4) responded

to the lactic acid addition with a deas® in cathodic current. The concentration of the lactic acid
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in the solution was calculated using the average output of the lactate sensors. The calculated lactate
concentration showed an increase in lactic acid levels. Furthermore, the addition thacidcti

into the solution lowered the overall pH of the solution, which was detected with a sharp peak in
the output of the pH sensor. This caused the calculated pH values to be close to zero upon the
initial addition of lactic acid, but a steadjate levewas reached (pH 4.8) as the lactic acid
diffused through the solution. This sudden change may be due to the voltage change across the
reference electrode with the lactic acid addition, which could be minimized by encapsulating the
reference electrode witNaCl loaded polymeric membran&s Similar pH sensor trendias
observed for 5 and 15 mM lactic acid additions as v@lpplementary Figure S3.13 andFig.

S3.14). Theoutput of the glucose sensors and blank working electrodes slightly changed by the
lactic acid addition. The change in the response of the glucose sensor may be attributed to variation
in electrochemical activity of the Prussian blue mediator and gluwodase in acidic solutions.

The lactic acid addition created significant noise inf\Mglucose sensor). However, the effect of

the lactic acid addition on the calculation of glucose concentration in the solution was minimized
by averaging the responsgdour glucose sensors (WEto WE:.4). The output of the temperature
sensor did not change throughout the testing. The grey highlighted regiBigsiia 3.5 shows
generated noise due to motion artifacts. The motion artifacts were introduced dueaitatiens

of the speed and the volume of the pipetting as well as the sensor movement throughout the
duration of the measurement. In wearable sweat sensing applications, the fluid management for
the wearable sensor is not going to include pipetting vaduoh@nalytes; therefore, this type of

noise generation may not be experienced.

88



a 0.044 40 . b 0.044 40 _
s — Temperature 35 g < — Temperature a5 gi
- 30 g o 30 g
30.040 25 § 50.040 25 §
E e RIS L1 N O Ty b B

temperature 15 E temperature 15 £
0.036 8.0 = 0.036 =
— —pH - —pH {8
S 0.35 S 06
7.6 - T
> 0.30 - r B RECERIEE PR
f: Ry I e 2 04 _N “
S ] "{7.2 g .
0.20 PH 1005 0.2 pA . [1’00"
' —WE31—WE32|.. T 1.00 —WE31—WE32 |, £
s 098 wess—wes4? 2 80 <
‘é: 60 E E 0.96' ........ WE3—3— 60 5
% 0.96 40 E % 0.92 40 E
> 20 § > lactate . . 20 §
094 |.af;t§t_e. ..................... 0 g 0.881.mmiienned LLLLL L TET T T LLITPRPT 0 g
1.01 S 1.01 8
= — WE2-1 — WE2-2 = — WE2-1 — WE2-2
2 WE2-3 — WE2-4 < WE2-3 — WE2-4
Q [+}]
g 1.00 g 1.00
S o
> >
blank electrodes - blank elgctrodes .
0.99 205 0.99 20S
< 102 WE1-1 — WE1-2 1_65 S 1.02 WE1-1 — WE1-2 1_65
o T WE-3WENA4|, 5 9 o k)
S 1.00 085 £ 100 £
3 EoS g
............. 0.4 g ]
O EERER LT | 005 0.9 g
'%.0 95 100 105 110 115 120 ° 24 ©
time (min) time (min)

Figure 3.5. Multiplexed reading of glucose, lactate, pH, and temperature with a culgsigned multiplexed system

in 1X PBS solution. The plots are replotted from the highlighted regions @upplementary Figure S3.13. (a)

Multiplexed measurement of glucose, laetgpH, and temperature after addition of glucose into the test solution (final
concentration of glucose in the test solution: 400 pd).Multiplexed measurement of glucose, lactate, pH, and
temperature after addition of lactic acid into the test saiyfioal concentration of lactic acid in the test solution: 10

mM) . Conditions of the chronoamperometric measdrements
The grey highlighted region ifa) and(b) shows the noise generated due teetiipg the analyte solution into the test

solution. WE.; to WE,.4: glucose sensors, WEto WE.4: blank electrodes, Wh to WE; 4: lactate sensors (WE,

forx: 1,2,3andy: 1,2,3,4, where x and y indicate the channel number and the working etectibde respectively).

Off-body analysis of the collected sweat samples from all participants was performed with
the multiplexed sensing system. Approximately 1.2 mL of sweat was collected from subject 1 and
2. The amount of sweat collected from the lagject was less than 200 piherefore, it was not
included in the testing. The concentration of glucose and lactate in the collected sweat samples
were quantified with the colorimetric assays (Supplementary Table S9). The concentration of

glucose and lactate was 24.25 uL and 40.86and 40.17 pL and 39.35 mM for subject 1 and 2,

89



respectively. 150 pL of the collected sweat samples wasahasied on the flexible sensand its
multiplexed analysis was performed with the custom system. The results were shown for both
subjects in Sugpmentary Fig. S15 and Fig. S16. To be able to increase the concentration of the
glucose and lactate in the collected sweat sample (i.e., to detect the increased enayreat)c
some amount of 1 mMlucose solution and 1 M lactic acid solution wereusedgjally added to
the dropcasted volume. For both subjedise addition of glucose and lactic acid to the sweat
sample resulted in a decrease in the sensoros
The output of the pH sensor increaseel (became more acidj@nd the output of the temperature
sensor remained unchanged. Similar tests that were repeated with the artificial sweat solution
showed similar trends in the sensor outp8tgoplementary Figure S3.17). It is important to note
that the sensors in our study were calibrated in 1X PBS solution in Fig. 4. The output of the
enzymatic sensorS(pplementary Figure S3.17ab) were different when they were tested with
a real or artificial sweat sample. For instance, the current generataxctaie sensor in 1X PBS
was higher thatthe current generation of the artificial sweat with added lactic acid. This shift in
the sensor output or direct utilization of the calibration curves of the enzymatic sensors for the real
sweat solutions may ledad miscalculation of the correct concentration of the metabolites in the
sweat sample. To minimize this error, future calibration of the sensors will need to be performed
in an artificial sweat solution that hasimilar composition and conductivity dsetreal sweat.
3.5.Conclusion

In this study, we have demonstrated a custi@signed multiplexing system with a flexible
sensor array for a multiplexed detection of glucose, lactate, pH, and temperature. The flexible
sensor array is disposable and can be easibyinted on the custentesigned board for

multiplexed, wireless, simultaneous, and continuous readout from all sefiserdilization of

90



the custom multiplexing system enables fast and simultaneous readout from multiple working
electrodes. The custom ntiplexing system consumes 15 mA during active measurement and data
transmission, costs $92 per unit, and has a wearable form factor (40 x 40 x 9 mm). The system
demonstrates comparable performance to benchtop hardware for conventional cyclic voltammetry
ard chronoamperometry. In vitro tests demonstrated that the systeitd gquantify and
discriminate between two metabolic biomarkers present in wglatose and lactate. These
measurements are made in parallel with the characterization of pH and temperaypieal
physiological rangesThe dilization of the redundant electrodes along with the custom
multiplexing system enables accurate calculation of the analyte levels in the test solution. Future
work will focus on further optimization of the system ditferent pH and temperatures for
compensating any potential enzymatic activity loss of the glucose and lactate sensors. This
wearable system is a promising demonstration of the necessary measurement tools for non

invasive, wireless, and continuous eleckremical measurement of biomarkers in sweat.
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3.6. Supplementary Material
3.6.1.Supplementary Text

3.6.1.1.Comparison of wearable multimodal systems
A comparison of wearable multimodal systems with multiple analyte sensing capability is
given in Supplementary Table S$.1. The table summarizes the type of analytes and

electrochemical techniques along with their unique features.

3.6.1.2.Comparison of custonbuilt potentiostats

The comparison of custoohesigned potentiostats is givenSapplementary Table S.2.
This table categorizes hé previous potentiostat designs according to their
multichannel/multiplexed operation, capability of interfacing with multiple electrode arrays, type
of analytical techniques they can perform, analyte of interest, communication scheme, and their

applicaton field.

3.6.1.3.Fabrication of the flexible sensor array

The fabrication of the flexible sensor array starts with cleaning 100 mm glass wafers in
Nanostrip® solution for 15 min to remove any organic materials from the wafer surface. Then, a
thin layer of polydmethylsiloxane (PDMS) was spooated on the wafers at 1000 rpm for 3 min
and cured at 7@C for 1.5 h in a vacuum oven to form a sacrificial layer. A 50 um thick polyimide
layer was then temporarily laminated on the PDMS surface and cleaned with acetdRA &
remove any residual dust. Chromium (20 nm) and gold (300 nm) were deposited at rates of 50 A-s
tand 66 A.g on the polyimide film via DC sputtering at 4x4@orr. A positive photoresist
(Microposit® S1813) was spicoated on the metallization layer at 4000 rpm for 40 s and exposed
to UV light for 10 s. The exposed resist was developed in Microposit@&MHor 1 min (20°C),

rinsed in DI water, and dried witlitrogen gas. Chromium and gold layers were removed in their
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corresponding wet etchants (&GRChromium Etchant (etch time: 10 s, 20°C) and Transene TFA
gold etchant (etch time: 110 s, 20°C)). The wafers were rinsed in DI water and dried with nitrogen
gas.Afterward, the resist was stripped off inMethyl-2-pyrrolidone (NMP, 20°C) for 5 min. The
conductive traces were encapsulated with the same positive photoresist at similar spin settings.
The photoresist layer on the electrode areas and pads was remowggh tphotolithography and
MF-319 developer to prepare the gold surface for further functionalization and to make an
electrical connection to the measurement instrument. Finally, the flexible sensor was peeled off
from the sacrificial PDMS layer for furdln use. The fabrication process is summarized in
Supplementary Figure S3.2.
3.6.1.4.Electrode functionalization and characterization

Electrodeposition of gold nanoparticles (AuNPs) on the planar gold electrodes were
performed at T10. 1 V erelscirodegBASI®candramAgiAgCl raférenéet C 0 L
electrode (PINE Research) with varying electrodeposition times (5, 10, 15, 30, 45, and 90 min) in
an aqueous solution of 2 MM HAuGInd 2 M HSQ;. Optical and scanning electron microscope
images of the electdeposited AuNPs were taken with a stereoscope and a Field Emission
Scanning Electrode Microscope (FEI Verios 460L), respecti&lpplementary Figure S3.10).
The electrochemical measurements (cyclic voltammetry and AC impedance measurements) were
carriedout in an aqueous solution of 10 mMHA€(CN} in 1xPBS and 5 mM kKre(CN)} in 1X
PBS, respectively (with respect to a commercial Pt counter electrode and an Ag/AgCI reference
electrode).The electrochemical characterization results of the planar gold aN&#deposited
electrodes were given Bupplementary Figure S3.11 andSupplementary Table $3.6.

Electrodeposition of AUNPs starts from the edges of the circular planar gold eledtedes (

at the interface of the gold electrode with the encapsulatiaar)laye to the increased current
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density on the edges (Rubinstein et al. 19&0pplementary Figure S3.10). As the AuNPs
electrodeposition time increases, the amount of deposited AuNPs isarddbe deposited gold
nanoparticles start to appeartlae center of the planar gold electrodéne sze of the AuNPs
ranges from approx. 40 nm (circular nanoparticles) to 630 nmlik@chanoparticles) for the
electrodeposition time of 15 min. The deposition of AUNPs on the planar electrodes increases their
eledrochemically active surface area. The electrochemically active surface area of the AuNPs
deposited electrodes were estimated using the RaBdlask equation for a reversible
electrochemical process (Ferrari et al. 2018) with the diffusion coefficiefgriof and ferre
cyanide ions in aqueous media (Hrapovic et al. 2004).

The cycle voltammetry measurements were undertaken with eight different scan rates (10,
20, 60, 100, 200, 300, 400, and 500 m¥:sThe results ofthe estimated effective
electrochenually active surface area are showrSupplementary Table $.6. The normalized
surface area was calculated by dividing the effective electrochemically active surface area by the
geometrical surface area of the bare gold electrodes (0.06),lacoordingo the equation below.
To be able to match the geometrical surface area of the bare electrodes with the electrochemically
active surface area, the normalization equation was multiplied with a constant ofThet7.
minimum and maximum increase in the norizad area via electrodeposition of AUNPs on the
bare gold electrodes was 1.15 and 2.96, corresponding to 5 min and 90 min electrodeposition times.

e & ool Gl O 0"Q'QQ (O SN EIMNIG Q6 @ O NG | QD lcbgzmg
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The effect of AUNPs deposition on the surface area of the bare electrodes was tested using
cyclic voltammetry and AC impedance measurements. The magnitude of the elecpedance

decreased with increasing the effective electrochemical surface Supplémentary Figure
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S3.118). Similarly, the peak amplitudes in cycle voltammetry measurements increased with the

increase in electrochemically active surface agepplementay Figure S3.11b,9.

3.6.1.5.Selective functionalization of the electrodes

Electrodeposition is a technique for selective deposition of various materials on a single
platform with minimal crosgontamination. We usdteelectrodeposition of AUNPs and Prussian
blue (PB) forthe fabrication of glucose and lactate sensors. Similarly, polyaniline (PANI)
electrodeposition was carried out fbefabrication of pH sensors. The selective functionalization
of the flexible array started with the electrodeposition PANIrenworking electrode of the pH
sensor. Then, the sample was cured &C8@r 5 min. PANI was chosen due to its surface
sensitivity to protonation in different pH solutions. This step was folldwyede electrodeposition
of AUNPs on the planar gold eleatie surfaceife., working electrodes of glucose and lactate
sensors). Afterward, PB was electrodeposited on the AuNPs electrodes, and the sample was cured
at 8C°C for 45 min. PB is selected due to its high catalytic activity towards hydrogen peroxide,
which is a byproduct of the reaction between glucose oxiglasese or lactate oxidasactate.
Afterward, an Ag/AgCI ink was drop casted on the reference electrodes of the pH, glucose, and
lactate sensors. The sample was cured‘@ &% 15 min. Later orthe working electrode surfaces
of glucose and lactate sensors were functionalized withk @@ LQ. enzyme mixtures,
respectively. Chemical crosslinking of the enzymes to bovine serum albumin (BSA) was
performed with 2% glutaraldehyde solution. Finally, 30 Nafion® film was drogcasted on top
of the working electrodes as encapsulation layer. The samples were store@Givhen not in

use.
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3.6.1.6.Comparison of the glucose and lactate sensors with previous studies

The performances of our glucose and lactsesors were compared with the previous
studies in the literature. Sensitivity, linear range, limit of detection, and operation conditopns (
operation potential, pH, and stirring) are summarizesuipplementary Table 3.7 and S3.8 for

glucose and lactate sensors, respectively.
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3.6.2.Supplementary Tables and Figures

Supplementary Table S3.1. Selected wearable sweat sensors

Multimodal sensors Technique Feature Reference
K* and lactate Potentiometry and Integrated oreyeglasses 69
chronoamperometry
Lactate and ECG Chronoamperometry Hybrid sensor patch 30
and electrophysiology
Ethanol Chronoamperometry SW.eat extraction via 17
iontophoresis
Potentiometry, pH/temperature
Humidity, pH, temperature, glucose  chronoamperometry, compensation and drug 25,70
impedimetry delivery
A Potentiometry and Sweat extraction via 19
Na', CI, and glucose ) .
chronoamperometry iontophoresis
b Potentiometry,
Na', K*, lactate, glucose, and . 29
chronoamperometry, Temperature compensatio
temperature ; !
impedimetry
Ca*, pH, and temperature Potentiometry and Armband 59
impedimetry
Na", K* and lactate Colorimetry Chronasampling of sweat n
CI, pH, glucose, creatinine, and lacta Colorimetry NFC integration &
; Microfluidic sweat
Sweat rate, pH, temperature;,Cl . X 28
Colorimetry collection and chrono
glucose, and lactate .
sampling of sweat
Sweat rate, Na K*, and glucose Chronoamperometry Microfluidic sweat IS

. .. Piezoelectrieenzymatic
Lactate glucose, urea, and uric acid y

reaction
Chronoamperometry
Glucose, N§ and K and capacitive ion
sensors
Glucose, heart rate, blood oxygen
; L Chronoamperometry
saturation, temperature, and activity
Glucose, pH, Ng and K Chronoamperometry

collection

Self-powered sensing
Self-powered sensing
Estimation of posexercise

blood glucose level
NFC integration

74

75

76
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Supplementary Table S3.2. Comparison of statef-the-art customdesigned potentiostats

Multichannel Electrode
/ Arra Technique Analyte Communication Use Reference
Multiplexer y
No/No No CA Glucose, ethanol, USB POC 7
cholesterol
No/No No Ccv Lysozyme usB POC 8
CS,PS/V, Glucose, Lead,
No/No No SWV' Na*, malarial Audio cable POC 82
POT antigen
No/No No cv Cortisol SSH POC I
CA, CV,
POT, Ferrocene, 4 Opensource 80
No/No No SWV, aminophenol, H USB potentiostat/POC
DPV
CV, LSV, ,?:sécrc:igblgneilgg, Opensource
No/No No S yanice, USB pet &5
ASV acetamlnophen, potentiostat/POC
arsenic, DNA
CA, CV, Opensource
No/No No POT, Ferricyanide BLE . 81
SWV potentiostat/POC
No/No No POT H* NFC 10T 82
No/No No CA Glucose NFC Wearable sensing 34
No/No No CA, POT Lactate, H, Na* BLE Wearable sensing 83
+
No/No No CA, POT Lactat?\,lgoz H, BLE Wearable sensing 84
Yes/No Yes CA, CV Gluclffel\’l;?c‘ate' BLE Wearable sensing 20
CA CV Glucose,
Yes/No Yes U Lactoferrin, H, Serial Wearable sensing 85
POT, EIS 0
Neutravidin
ves/No Yes CA, POT Glucose, lactate, USB ~ Cellular 37
oxygen, H microphysiometry
Yes/No Yes CA CV Ferrocene Serial General purpose 35
potentiostat
NolYes Yes CA Glucose, lactate, USB POC 8
uric acid
No/Yes Yes CA Glucose - POC 87
Yes/Yes Yes CA H202 usB LoC 40
Yes/Yes Yes CA - Serial LoC 41
Yes/Yes Yes CA, CcV Glucose, lactate, BLE Wearable sensing  This work

pH
CA: Chronoamperometry; CV: Cyclieoltammetry; POT: Potentiometry; SWV: Square wave voltammetry; DPV:
Differential pulse voltammetry; LSV: Linear sweep voltammetry; ASV: Anodic strip voltammetry; EIS: Electrical
impedance spectroscopy; NFC: Near field communication; BLE: Bluetoo®y: Hydrogen peroxide; POC: Point

of care; LoC: Lab on a chip; SSH: Secure Shell; IOT: Internet of things.
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Figure S3.1. Common amperometric detection schemes from multiple working electrode arrays. Redrawn from
(Ramfos et al. 2015)a) Sequential reading from multiple working electrodes. It uses a single bias/convert unit and
one ADC to digitize the results. The main disadvantage of this scheme is that not all working electrodes are biased
continuously.(b) Parallel reading from multip working electrodes. Each working electrode has its own bias/convert
and ADC units. This design provides simultaneous andtireal measurement of each working electra@g One
bias/convert for each working electrode and a common A&lCwvorking electodes are biased concurrently. This
option is area effective compared to the detection scheme ifdjoybrid multiplexing scheme. Each working
electrode is continuously biased. The scheme uses single pole double throw analog. Swiiclkdesign conrus the

active working electrode to the bias/convert unit while maintaining all others working electrodes at a constant voltage,
thus not disturbing the electrochemical process at each working electrode. This multiplexing scheme was utilized in
this study.
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a Polyimide cleaning b Gold patterning

e

Figure S3.2. Fabrication process of the flexible sensor ar(ay.Cleaning of the polyimide film with acetone and
isopropanol(b) Deposition of Cr/Au using DC sputtering, photolithography, and wet etching of Cf¢\Gpin
coating of the positive photoresist for encapsulation of the conductive ttdc8emoval of the positive photoresist
in the developer to expose electrode areas and connectior{g)ddgtical image of the flexible sensor array.

100



—
-2 30 - 04 \/_ 100 . —-ng4 pH4i
T 41 < 151 < 4] M 2 s0] | 5
Z ] 2 o] < 1= ¥y £ “ '
5 g g -2 g 0 | s
S .8 .15 g : 8 -— -
£ £ £ 3 £ 50 ;
o-10 4 ©-30 - o R > i
124 -45 4 increasing cycles -4 1 : increasing cycles | 100 - _
A4l ' . M |} E—— R} T — 1 LH8
0 300 600 900 -0.20.00.20.40.60.81.0 0.0 0.1 0.2 0.3 04 0.5 0 400 800 1200
time (s) voltage (V) voltage (V) time (s)

Figure S3.3. Electrodeposition techniques for functionalization of the electrode surf@@eShronoamperometric
deposition of gold nanoparticles at T0..h2MHB@.rb) 15 min
Electrodeposition of polyaniline usingcyclico |l t ammet ry from 7T 0. 2 tldnadagueauls a sca
solution of 0.1 M aniline in 1 M HCIc) Electrodeposition of Prussian blue using cyclic voltammetry from 0 to 0.5

V at a s c an ?inantagueoasfsolidh ofrh@0T$ KCI, 2.5 mM Fg@hd 2.5 mM KFe(CN) in 100

mM HCI. The redox peaks at 0.2 V and 0.18 V are associated with interconversion between Prussian blue and Prussian

white (Karyakin 2001)(d) Repeatability of pH sensors inrying pH solutions (pH4 & 8 and pH8 & 4). 5 min wait
time between successive measurements.
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Figure S3.4. Benchtop chronoamperometric analysis of gluog@eand lactatgb) sensors with varying exfoliated
graphite concentr alinlXPBS(M(=B)Bia,s:and.5 mgTmpH 7. 4.
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Figure S3.5. Sensitivities of glucosg) and lactat€b) sensors after 10 days storage @4n=4)Bi a s
7.4.
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Figure S3.6. (a) Full system block diagram of the custom multiplexing system. The system includes four potentiostats
(LMP91000). The three potentiostats are connected to the 12 working electrodes through thrgelsingiegle

throw switches (SPST), which control whiekectrode is connected to the potentiostats for each channel. The last
potentiostat provides a virtual ground for the working electrodes when they are not active. The temperature and pH
sensors use a voltage divider and a pH sensor IC (LMP91200), respecthe system uses two 16 bits ADCs and

a Bluetooth low energy microcontroller (BLE113h) Make-beforebreak switch operation from WE1 to WH2ach

working electrode is connected to two switches in the multiplexer: one is connecting the active wimdirode to

the potentiostatind another switch is connecting the working electrode to the virtual ground (1 V) when the electrode
is not in use. As the working electrode is alternating between readout and standby mode;bafonekecak
multiplexingscheme is utilized to prevent instant peaks during the transitions when the current flow is briefly cut off.
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Supplementary Table S3.3. Specifications of the custontesigned potentiostat.

Potentiostat (Chronoamperometry)

Range of applied potential 5V*x0.24=+12V

Resolution of applied potentie 5Vv*0.02=0.1V

For 560 kOhm resistor at1 0.1 V,
current resolution (i.e., conversion factor):

Gain Resolution
14 k 2.220/digit
Current resolution 35Kk 0.90 nA/dig
120 k 0.28 nA/dig
350 k 0.11 nA/dig
510 k 61.35 pA/dig
1M 1.36 pA/digi
2M 5.83 pA/digit
3.92M 7.98 pA/dig

For 560 kOhm resistor at1 0.1 V:

Gain Current range

14 k 171.00 pAto O pA

35k 128.92 pAto O pA

Current range 120 k 18.96 pAto O pA
350 k 13.53 pAto O pA

510 k 11.95 pAto O pA

1M 11.00 pAto O pA

2M 10.51 pAto O pA

3.92 M 10.26 pAto O pA

For 560 kOhm resistor at1 0.1 V:

Peakto-peak noise

Gain
14 k
35k
120 k
350 k
510 k
1M
2M
3.92M

Noise
62.13 n
21.57 n

8.02 n

5.57 nA
10.55n
11.60 n.
10.86 n.
11.81n

Max. sampling rate
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Figure S3.7. (a)Di gi t al out put vs. i nput current for wvarying gali

MY, and 3.92 MY) of the transimpedance amplifier (TIA)
External resistor valared:1 1MY. kFrar 2& 0g ikwWen 5@ai rk Yaf t he
V) in the potentiostat, the value of the external resistor was changed to find the value of ADC digital output that
corresponded to the magnitude of the current that flowed through the mebistse four digital output values were
extrapolated to find the maximum current that can be read with the custom designed system for a given amplifier gain
setting (dotted linesjb) A replot of the left figure for a narrow range of input currents. €hmsts help to adjust the

gain of the amplifier without saturating the ADC output based on the maximum reduction currents obtained from
glucose or lactate sensors in the benchtop measurements.
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3.3 V Switching Regulator Battery Charge Unit

5 V Switching Regulator
Pushbutton Controller

b

Analog to Digital Converter

System on Chip

Board to Board
Connectors

Figure S3.8. Circuit diagrams of the wearable multiplagi system. The schematic shows a systexohip, power
management units (a battery management unit and switching regulators), anteduldpigl converter, boartb-
board connectors, and a pushbutton connector.
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Potentiostats
== | ; =
Multiplexing
Virtual Ground Virtual Ground Isolation pH Sensing
P 1
<F <f
<:
Analog to Digital Converter Level Shifters
4
Sensor Header Board to Board Connectors Temperature Sensing

Figure S3.9. Circuit diagrams of the marable multiplexing system. The schematic shows three potentiostats, three
multiplexers, a potentiostat for virtual ground and three virtual ground isolation units, a pH sensing unit, an analog
to-digital converter, level shifters, a temperature sensiniiy lboardto-board connectors, and a sensor header.

107



Supplementary Table S3.4. Bill of materials of the schematic Figure S3.8.

Component Description Value Part Number Quantity P(rg;e

C1, C14, C17 Capacitor 10 yF CCO0603MRX5R5BB106 3 0.75

C13 Capacitor 1 uF CCO0402KRX5R5BB105 1 0.10

C15, C16 Capacitor fu:? CCO402KRX5R5BB4A75 2 0.68

C2 Capacitor 3Fl CC0402KRX5R7BB104 1 0.10

C9 Capacitor 22 yF CCO805MKX5R5BB226 1 0.55

D1 Batiery Chargng Indicalor reen  APT1608SGC 1 0.37

D2 Blue Notifcation LED Blue APT1608QBC/D 1 0.46

J1 5 Pin Programming Header - 851-87-00510-001101 1 0.80

J2 DC Power Jack - PJ040 1 1.10

J3 10 Position Female Connectc - 10132797015100LF 1 0.70

J4 20 Position Female Connectc - 10132797025100LF 1 1.35

L1 Inductor 3; VLS3015ET4R7M-CA 1 0.61

L2 Inductor ﬁﬁ VLF3012ST2R2M1R4 1 0.61

R1 Resistor 330 ERJ2RKF3300X 1 0.10

R15 Resistor 2k ERJ2RKF2001X 1 0.10

R2, R8, R9 Resistor 4.7k ERJ2GEJ472X 3 0.30

R4, R17 Resistor 1k ERJ2RKF1001X 2 0.20

R6, R7, R14 Resistor 100 k ERJPA2J104X 3 0.48

S1 Pushbutton - A9PS160012 1 9.02

Ul Bluetooth SysterOn-Chip - BLE113 1 12.67

uz2 On/Off Controller - MAX16054 1 2.59

U3 Battery Charge Managemen - MCP73831 1 0.58

u4 5V Boost Switching Regulatol - TPS61222 1 1.14

U5 3.3V StepDown Converter - TPS6216X 1 1.79

ue Quad Analogto-Digital : ADS1115IDGST 1 635
Converter

Total $43.5
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Supplementary Table S3.5. Bill of materials of the schematic Figure S3.9.

Component Description Value Part Number Quantity P(rg;e
C1,C2 C3,C7 Capacitor 10 pF  CC0402MRX5R5BB106 4 1.80
C13,C16 Capacitor 1uF  CCO402KRX5R5BB105 2 0.20
c17 Capacitor 10 pF CCO603MRX5R5BB106 1 0.25
C5, C6, C8, C15 Capacitor ?“:1 CCO402KRX5R7BB104 4 0.40
J1 22 Pin FFCSensor - CON22 1X22 DRBF HST 1 1.66
Connector — — -
J2 10 Pin Male Connector - 10132798015100LF 1 0.57
J3 20 Pin Male Connector - 10132798025100LF 1 0.84
Q1, Q2, 863 Q4, Q5 \_Channel MOSFET ; BSS138 6 1.62
R1, R2, R21 Resistor Y, ERJ2RKF1004X 3 0.30
R17 Resistor 1k ERJ2RKF1001X 1 0.10
R19 Resistor 294 k ERJ2RKF2943X 1 0.10
R3, RO, R20, R22,

R26, R27, R28, R29, .

R40. R41. Ra2. R43. Resistor 10 k ERJ2GEJ103X 13 0.31
R44
R4 Resistor 0 ERJ2GEOROOX 1 0.10
U1, U2, U3, U7 Potentiostat AFE - LMP91000 4 17.36
Uil Configurable AFE for pH i LMP91200 1 6.28
Measurement
U12 Quad Analogio-Digital ; ADS1115IDGST 1 6.35
Converter
U4, U5, U6 Multiplexer - MAX14662 3 0.39
Us, U9, U10 Op Amp ; MCP6001 3 0.75
Total  $48.38
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a /&arc electrode b

Figure S3.10.Optical and SEM images ttiebare gold electrode and gold nanoparticle deposited electrodes. Images
from left to right indicate increasing gold nanopatrticle deposition times (0, 5, 10, 15, 30, 45, and ¢@gi@ptical
microscopy images of the bareld electrode and AuNPs deposited gold electrodes. The amount of electrodeposited
AuNPs increase with the increased deposition t{im&) SEM images of the bare gold electrode and AuNPs deposited
gold electrodes. The nucleation of the gold nanopartidertyr starts from the edges of the bare gold electrddes.

u) SEM imageaveretaken from the center of the electrodes.

SupplementaryTable S3.6. Effective electrochemically active surface area of gold nanoparticle deposited electrodes

Effective Electrochemically Active Surface Area (crd)

Bare planar electrode 5min 10min 15min 30min  45min  90min

0.0048 0.0055 0.0061 0.0066 0.0079 0.0101 0.0143
Normalized Surface Area

1.0000 1.1464 1.2620 1.3758 1.6450 2.0916 2.9662
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Figure S3.11. Electrochemical impedance spectroscopy and cyclic voltammetry characterization of the bare gold
electrode and gold nanoparticle deposited electrodes in an aqueous solution of Fe(Ng in 1xPBS and 10

mM KsFe(CN)in 1xXPBS, respectivelya) Bode plos of the bare gold electrode and AuNPs deposited gold electrodes
with varying electrodeposition time (5, 10, and 15min). Deposition of AUNPs on the bare gold electrode surface
significantly decreases its DC impedande) Cyclic voltammetry plots of the ba gold electrode and AuNPs
deposited gold electrodes with varying electrodeposition time (5, 10, 15, 30, 45, and 90 min). Scan rate: 500 mV-s
Increase of the electrochemically active surface area of the bare gold electrodes results in high cilsréo) Tene

square root of the scan rate vs. peak current of the bare and AuNPs deposited gold electrodes with varying
electrodeposition times.
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Supplementary Table S3.7. Comparison of glucose sensors (benchtop potentiostat results)

Slope Linear

Modification/Electrode Enzyme (LllA-n_12M ©  range (M) Potential/pH  Stirring Reference
| om?)  (um) _

Ch"(g‘g*Az)Dn/%'g'E\'PS GO 114 5-790 05 07'.00 5> Yes 83
GO-GraphenePB/Au GO 162 ég(') .10 6.50 5 ; ”
PPyPB-GO/Graphite GO 1.0-1.9 21880'0 - 0'057.\3{/ PH ves ”
GO-Chi-IL-PB/Pt GO, 37.8 415)0_0 5 0 6_50 5 i ”
(GOL-Chi)/Au GOy 5.17 1%(')0 31 OVpHE0  Yes ”
GO ChrpulPs GO, 6926  co0 069 'O 9% ves 03
(GOX—PB},::SSPDDA o, 26 11&())0-0 o 07..41 Y ves o
PA-GO.-PB/Pt GO, 3pAcm? 12300 - OVIpH7.3  Yes %
PeiGrhie %% - a0 2 ea "

Nafgg;ﬁgg’gf:jted GO, 2631 - - 1O 1Y No Thiswork

GO Glucose oxidase; PDA: Polydopamine; PB: Prussian Blue; GCE: Glassy carbon electrode; PPy: Polypyrole;
PtNPs: Platinum nanopatrticles; Chi: Chitosan; IL: lonic liquid; PA: Polyaniline; Au: Gold; Pt: Platinum; PDDA:
Poly(diallyldimethylammonium chloride);$5: poly(styrenesulfonate); PA: Polyaniline.
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Supplementary Table S3.8. Comparison of lactate sensors (benchtop potentiostat results)

Slope

Linear

Modification/Electrode  Enzyme (MA-mM - range (I;;)'vllj) Potential/pH Stirring  Reference
Lem?) (mM)
. 1T0.05 97
Nafion-LO/GCE LOy 51.43 <0.8 <0.001 55 Yes
Nafion-LOx- 0.025- 1T0.05 98
PB/Graphite LOx ; 025 001 7.4 No
. 0.096 T0.1 \ 30
Chi-LOx-PB/Ag LOx uAmmas  0-28 - 70 No
. 0.553 0.042 VIpH 9
PPDLO«-PB/Graphite LOy LA-MM-1b 0.1-1 0.05 7.0 No
LOx-PtNPsSCNF- 0.025- 100
PDDA/Carbon LOx 36.8 15 11 0.5V/pH 7.0 No
21
PGLO.-PC/Pt LO, 0.23 <20 02 OBVPH oy
14
Chi-CNT-TTF/Carbon  LO, 1031 1-20 - OQOVPH
. - 1T0.1 \ This
Nafion-LOx-PB/Au LOx 1.49 5-20 74 No work
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assist with electron transfer from the active side of the enzyme &ldtieode surfacd8i a s :

10. fadV,

Measurement of GQOcurrent response usirfg,b) a benchtop potentiostat afad) the custom multiplexing system.
(e-h) Measurement of LOcurrent response measurement ugmf) a benchtop potentiostat afglh) the custom

multiplexed system.
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Figure S3.13.Multiplexed reading of glucose, lactate, pH, and temperature with a custom multiplexed sensing system

time (min)

in 1XPBS solution. Glucose was added at 5, 10, and 15 min, yielding 200, 400, and 600 puMsé giuihe test

solution. Lactic acid was added at 20, 25, and 30 min, giving 5, 10, and 15 mM in the test solution. Conditions of the

chronoamperometric

regionsin the figure shows 400 uM glucose and 10 mM lactic acid, respectively. The highlighted regions were shown

measurements

( bi as . Thedgrey higWlighteg H :

in Figure 3.5aandFigure 3.5b of the main article in detail. Wk to WE..4: glucose sensors, WEto WE;.4: blank
electrodes, WE; to WE; 4! lactate sensors (WE, for x: 1,2,3 and y: 1,2,3,4, where x and y indicate the channel
number and the working electrode number, respectively).
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Figure S3.14.Multiplexed reading of glucose, lactate, pH, and temperature with a custom multiplexed sgstgm
in 1XPBS solution. Glucose was added at 5, 10, and 15 min, yielding 200, 400, and 600 uM of glucose in the test
solution. Lactic acid was added at 20, 25, and 30 min, giving 5, 10, and 15 mM in the test solution. Conditions of the

chronoamperometi ¢ measur ements (bias: T1T0.1 V3. Tmelancemratidnof wor ki n

the glucose and lactate in the solution as well as the pH and temperature of the solution was calculated using the
voltage output of the systemigure S3.13 and the sensitivity of the sensors. The black curve for glucose and lactate
sensors represents the average of voltage outputs of four working electrodes. Averaging the responses from four
working electrodes smooths the output of sensor and improvesdbeaay of analyte detection. The red curves in

the plot show further median averaging (100 points) of the black raw data.
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Supplementary Table S3.9. Concentration of glucose and lactate in the collected and artificial sweat samples (n =
3).

as-collected as-collected after glucose supplement after lactate supplement
Glucose (UM) Lactate (mM) Glucose (iM) Lactate (mM)
Subject 1 24.25 40.36 219.4G6 43.73
Subject 2 40.17 39.35 232.14 43.14
Avrtificial sweat T 6.85 2007 11.93

aThese valuewere calculated based on the addition of stock solutions of glucose (1 mM) and lactate (1 M)-to the as
collected or purchased samples. Starting concentrations were taken to be the values measureet@iettiecher
purchased samples.
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Figure S3.15. Multiplexed measurement ¢d) glucose(b) lactate,(c) pH, and(d) temperature in the collected sweat
sample (pH 7.34) from theubject 1using the custom multiplexing system. The black line shows the collected sample
in all graphs. The red line indicates the collected sweat solution with added glucose or lactate. Addition of glucose or
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lactate to the collected sweat sample was detectéltebgustom system (20°C).
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Figure S3.16. Multiplexed measurement ¢&) glucose,(b) lactate,(c) pH, and(d) temperature in the allected
sweat sample (pH 6.03) from tBeibject 2using the custom multiplexing system. The black line shows thected
sample in all graphs. The red line indicates the collected sweat solution with added glucose or lactate. Addition of

glucose and lactate to the collected sweat sample was detected by the custom system (20°C).
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