
INVESTIGATION OF SWEAT BIOMARKERS FOR REAL-TIME REPORTING OF 

INFECTION AND INFLAMMATION USING WEARABLE SWEAT SENSOR 

by 

Badrinath Jagannath 

APPROVED BY SUPERVISORY COMMITTEE: 

___________________________________________ 

Shalini Prasad, Chair 

___________________________________________ 

Sriram Muthukumar 

___________________________________________ 

          Shashank Sirsi 

___________________________________________ 

Soudeh Khoubrouy 



 

 

Copyright 2021 

Badrinath Jagannath 

All Rights Reserved 

 



 

 

To my parents, my brother, and my late grandmother  

 



 
 
 

 

INVESTIGATION OF SWEAT BIOMARKERS FOR REAL-TIME REPORTING OF 

 

INFECTION AND INFLAMMATION USING WEARABLE SWEAT SENSOR 

 

 

 

 

by 

 

 

 

 

BADRINATH JAGANNATH, BTECH, MS 

 

 

 

 

 

DISSERTATION 

Presented to the Faculty of 

The University of Texas at Dallas 

in Partial Fulfillment 

of the Requirements 

for the Degree of 

 

 

 

DOCTOR OF PHILOSOPHY IN 

 

BIOMEDICAL ENGINEERING 

 

 

 

 

THE UNIVERSITY OF TEXAS AT DALLAS 

 

December 2021 



 
 
 

v 

ACKNOWLEDGMENTS 

 

 

I would like to thank my advisor, Dr. Shalini Prasad, for supporting me throughout my PhD 

program. I am extremely grateful to her for giving me opportunities to work on several 

sponsored projects that made me an integral part of the Biomedical Microdevices and 

Nanotechnology lab (BMNL). I have received immense support from her and I am very grateful 

to her for always reminding me that there is light at the end of the tunnel. I would like to express 

my gratitude to Dr. Sriram Muthukumar for being a fascinating mentor. I thoroughly enjoyed 

having very strong technical discussions with him. He has always encouraged me to perform 

better. 

I am thankful to my committee members, Dr. Shashank Sirsi and Dr. Soudeh Khoubrouy, for 

being a part of my committee. I would like to acknowledge the sponsors from Texas Instruments, 

BARDA, and Crohn’s & Colitis Foundation for funding and supporting the projects I have 

worked on at BMNL. I would like to thank Dr. Sita Bopanna for her support with the clinical 

studies.  I would like to thank all my co-authors for collaborating on various projects. I have 

thoroughly enjoyed working with them. I would like to specially thank Dr. Rujuta Munje and Dr. 

Kai- Chun Lin for all the technical discussions. I am extremely grateful to my best buddies in the 

lab, Ambalika Tanak and Ashlesha Bhide, for being my sounding board in the lab always. It has 

truly been an honor to work with them.  

I would like to express my sincere gratitude to all my teachers for creating a lasting impact on 

science. I am sincerely thankful to three people, my grandmother, Krishna and Harini for 

motivating me to pursue a career in Biomedical Engineering. I would like to thank my best 



 

vi 

friends, Bindu Bandlamudi, Akshay Pallerla, and Shravan Kumar for always being patient with 

me. I would like to thank Gulvaiz Khan for being so supportive during my stay here in Dallas. 

I am extremely grateful to my brother, Dwaraka, for inculcating the value of pursuing Science. It 

was his constant support, interactions and conversations that made me aspire higher. Finally, I 

am eternally grateful to my parents for all their sacrifices, patience, and encouragement. I 

couldn’t have reached this far without their support. I am extremely grateful to them for all the 

values and being a true inspiration. 

November 2021   

 

 

 

 

 

 

 

 

 



vii 

INVESTIGATION OF SWEAT BIOMARKERS FOR REAL-TIME REPORTING OF 

INFECTION AND INFLAMMATION USING WEARABLE SWEAT SENSOR 

Badrinath Jagannath, PhD 

The University of Texas at Dallas, 2021 

Supervising Professor: Shalini Prasad 

Inflammatory biomarkers are modulated due to an infection or inflammatory trigger. Cytokines 

are inflammatory biomarkers that orchestrate the manifestation and progression of an 

infection/inflammatory event. Hence, non-invasive, real-time monitoring of cytokines can be 

pivotal in assessing the progression of infection/inflammatory event. However, real-time 

monitoring of biomarkers is not feasible with the current technology as most of them rely on 

blood-based detection. Continuous monitoring of host immune markers in sweat can aid in real-

time monitoring of the immune status. This dissertation demonstrates a wearable 

SWEATSENSER device that can track the levels of immune cytokine markers in real-time from 

passively expressed sweat. The developed device is of a watch form-factor that can be worn on 

the arm to reliably track the biomarker response from low volumes of sweat (~1 μL) and the 

biomarker levels can be monitored in real-time. The developed SWEATSENSER device was 

validated for reliably reporting the levels of several cytokines and chemokines. Additionally, this 

work presents a thorough validation on the presence of certain critical infection and 

inflammatory markers such as interferon-inducible protein (IP-10) and tumor necrosis factor-
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related apoptosis-inducing ligand (TRAIL), C-reactive protein that make it feasible for using 

sweat as a biofluid for actively monitoring the health status. Additionally, human subject clinical 

studies demonstrate the feasibility of non-invasively tracking infections such as influenza from 

sweat. Such a wearable device can offer significant strides in improving prognosis and provide 

personalized therapeutic treatment for several inflammatory/infectious diseases. 
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CHAPTER 1 

INTRODUCTION 

There has been a lot of emphasis on personalized health monitoring recently. Technology 

advancements and new at-home diagnostic tests have played an essential role in disease 

detection, evaluation, and management. "Point-of-care testing" (POCT) performed at or near the 

patient's location - was a phrase used in the early 1980s, however such a system was first 

established in 1972. The progress in wearable diagnostics has opened plethora of opportunities 

for real-time continuous monitoring of vitals and physiological parameters to get active feedback 

on health status. 

1.1 Wearable Biosensors for point-of-care applications 

There is a paradigm-shift in the health monitoring with the emergence of wearable devices 

revolutionizing health care by enabling continuous monitoring[1]. Wearables offer the capability 

to be worn from head to toe to measure various parameters[2].  Wearable sensors have attracted 

a great deal of interest with the launch of smartphones and other mobile devices, owing to their 

possibility of giving helpful insights about people's performance and health[3]–[5]. Early 

versions of wearables mobility and vital indications including steps, calories expended, and heart 

rate. In recent years, scientists have shifted their research focus from tracking physical activity to 

applying wearable devices for solving more challenging healthcare applications such as diabetes 

treatment and remote monitoring of older population[6]. In line with the objectives, significant 

advancement in wearable biosensors (WB) were made in the recent years. WBs are sensing 

devices worn as a watch, tattoo, glove that include a biological recognition component (such as 
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enzyme, antibody) as a functional element to detect a target marker. These biosensors integrate 

with mobile or portable electronic devices for enabling in vivo sensing, collection of data, and 

computation. WBSs are recognized to foster two-way communication between clinicians and 

patients. These technologies also allow for the non-invasive and real-time measurement of 

biochemical markers in human bodily fluids such as saliva, perspiration, skin, and tears. 

Wearable monitoring technologies, which enable continuous, real-time monitoring of indicators 

relevant to a wearer's health and performance, can provide insights into dynamic biochemical 

processes in these biofluids. Such real-time monitoring can offer information on wellbeing and 

health, improve chronic condition management, and notify the user or medical experts of 

aberrant or unexpected conditions [7]. Despite rapid progress in wearable biosensor technology 

over the past 5 years, we are only at the beginning of understanding how wearable biosensor 

technologies can improve health and performance [8]. 

1.2 Sweat as biofluid for wearable biosensing 

The development of efficient screening techniques for the early recognition of clinical 

biomarkers in bodily fluids is critical for detecting illness and physiological characteristics that 

are indicative of prospective disease states swiftly. While some publications have shown the use 

of saliva[9], urine[10], tears[11], [12] for wearable sensing, they have their own limitations. The 

biggest challenge with salivary monitoring is the interference with microbes that can cause 

contamination[13]. On the other hand, tear fluid has fewer analytes which makes limited for 

wearable biosensing[8]. While, urinalysis can be means to monitor health condition, it is still not 

viable for wearable biosensing as it requires the calibration of analyte levels which relies on the 
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individuals hydration levels[8]. Among various biofluids, sweat is ideal for wearable sensing as 

it is readily available and does not require complex sampling. The widespread acceptance of 

wearable biosensor devices for sweat necessitates a thorough understanding of the biochemical 

makeup as well as the relationship to blood chemistry[14].  

1.3 Innovation and Novelty  

Considering the advantages of sweat-based biosensing and the significance of real-time 

monitoring for patient-centric healthcare management, we developed a wearable 

SWEATSENSER device for real-time tracking of infection and inflammatory biomarkers in 

sweat. The advent of wearable technology-enabled hardware and software platforms has allowed 

the feasibility of sensor technologies for continuous monitoring of biomarkers in sweat. A vast 

majority of them are focused on ions (sodium, potassium, chloride), metabolites and small 

molecules (glucose, cortisol) from stimulated sweat. However, passively expressed sweat (i.e., 

sweat expressed without any external stimulation methods such as iontophoresis, exercise, etc.) 

is critical for measuring and correlating cytokines to that in circulation (serum). A stimulation 

event may be viewed as being synonymous to an inflammation event and therefore, may not be 

an actual representation of the infection/inflammatory event driven cytokine levels in circulation. 

Further, other limitations such as limited duration of sampling and limited volume from 

stimulated sweat can impede monitoring of cytokines [15]. Therefore, this dissertation 

demonstrates of a wearable SWEATSENSER technology platform that measures cytokine 

biomarkers in passively expressed eccrine sweat in quadruplex manner to distinguish between 

healthy cohort and sick cohort and has been analytically correlated with blood serum cytokine 
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levels. The developed SWEATSENSER technology was evaluated for infection monitoring such 

as influenza and for chronic diseases such as Inflammatory bowel disease. 
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CHAPTER 2 

DESCRIPTION AND CHARACTERIZATION SWEATSENSER DEVICE  

2.1 Prior Publication 

Badrinath Jagannath (B.J.), Kai-Chun Lin (K.C.L), Shalini Prasad (S.P.), and Sriram 

Muthukumar (S.M.) conceptualized the study and designed the experiments. B.J., K.C.L, and 

Madhavi Pali (M.P.) performed the experiments and data analysis. Devangsingh Sankhala (D.S.) 

designed the wearable reader. B.J., M.P., S.M., S.P., and K.C.L., analyzed and interpreted 

results. B.J., S.M., and S.P. wrote the manuscript. This work was published in Bioengineering 

and Translational medicine (https://doi.org/10.1002/btm2.10220).  

2.2 Description of SWEATSENSER 

The wearable SWEATSENSER device platform uses an electrochemical biosensor strip that is 

functionalized with capture probes specific to study biomarkers and a reader for electrochemical 

transduction for real-time, continuous reporting of cytokines in sweat. The schematic of the 

sensor strip stack is represented in Fig. 2.1.   

 

Figure 2.1. Schematic of sensing layers. Schematic was created in Biorender. 

https://doi.org/10.1002/btm2.10220
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The sensor strip comprises of multiple fluid transport sites that have been carefully designed to 

ensure effective capture of sweat. An absorbent layer of an FDA approved PharmChek patch 

interfaces with the skin to capture the sweat, and the sweat diffuses through the porous sieve that 

allows the biomolecules to diffuse. The next layer comprises of sensing regions functionalized 

with specific capture probe antibodies via a cross-linker on semiconducting zinc oxide (ZnO) 

nanofilm (100-200 nm in thickness) that entraps the target biomarkers. Above this layer, four 

pairs of identical working and reference electrodes were deposited using screen-printing 

technique. Each pair of working and reference electrode was separated from the other to avoid 

any signal response interference. The printed electrode was then covered using a packaging layer 

to allow for moisture control i.e. prevent any external moisture from entering the strip while, 

allow the collected sweat to evaporate after measurement. On the fabricated SWEATSENSER 

strip, each monoclonal antibody was immobilized separately on the working electrode (i.e. only 

one antibody type per each working electrode) to enable transduction of affinity-based 

interaction between the target biomarker and capture probe antibody into a measurable 

electrochemical signal. The electrochemical binding interactions are transduced through the 

metallized layer. The sweat then diffuses into the next layer to be released out. The top-most 

layer is a packaging layer that allows for the used sweat to release out and prevent any external 

moisture to enter, thus, maintaining the fluid dynamics of the sensor strip in a controlled manner. 

Fig. 2.2 illustrates a schematic of the skin-SWEATSENSER interface when the 

SWEATSENSER is in contact with skin. The device is designed to rapidly detect and track 

levels of biomarkers in a multiplexed manner in conjunction with the vitals of a person. The 
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wearable device also simultaneously measures skin temperature and perspiration for assessing 

vitals and the user sweating profiles respectively. 

 

Figure 2.2. Skin-SWEATSENSER device interface, where, SWEATSENSER is functionalized 

with specific antibodies to capture the study biomarkers. Schematic was created in Biorender. 

2.3 SWEATSENSER electronic reader design 

The architecture of the electronic reader used in this work is shown in Fig. 2.3. A component 

off-the-shelf (COTS) temperature and relative humidity (RH) sensor (Texas Instruments Inc., 

USA), a battery management system (Texas Instruments Inc., USA) and Bluetooth Low Energy 

(BLE) module (RayTac Corporation, Taiwan) were added to a central Acron Risc machine 

(ARM) core processor. The integrated temperature and RH sensor helps measure the 

temperature and RH conditions at the epidermal surface where the sensor is applied. The 

battery management system manages a regulated charge-discharge operation of the battery in 

the recommended safe operating region (SOA). The Bluetooth Low energy module helps 

establish wireless communication to a smartphone with the lowest power consumption and 

form factor. A 3.7 V LiPo battery with suitable charge capacity was used that has a lifetime of 

168 hours on single charge. 
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Figure 2.3. Architecture of the SWEATSENSER electronic reader indicating various 

components used for transduction and processing of the biochemical interaction. 

2.4 Material Characterization of SWEATSENSER 

We first performed material characterization of the SWEATSENSER using scanning electron 

microscopy (SEM) and Energy dispersive X-ray Analysis (EDX) to ensure the ZnO nanofilm 

was uniformly deposited on the patch membrane.  

 

Figure 2.4. A) EDX spectra of patch membrane and ZnO deposited on patch membrane. Carbon 

and oxygen peaks at 0.27 and 0.5 KeV respectively are observed due to the polymeric structure 

of porous patch. Upon deposition of ZnO, a peak at 1 KeV corresponding to L-shell of Zinc with 

an increase in oxygen peak intensity and decrease of carbon peak is observed. B) SEM image of 

uniform deposition of ZnO on patch membrane. 
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Fig. 2.4A demonstrates the EDX spectrum of the patch membrane before and after ZnO 

deposition. The carbon and oxygen peaks at 0.27 and 0.5 KeV of only patch membrane (Fig. 

2.4A (i)) correspond to the polymeric structure of the PharmChek patch. After deposition of 

ZnO on the patch membrane, a distinct peak observed at 1 KeV corresponds to the L-shell of 

zinc (Fig. 2.4A (ii)) with an increased peak-height of oxygen at 0.5 KeV. The corresponding 

SEM image of uniform deposition of ZnO is demonstrated in Fig. 2.4B. 

Further, X-ray photoelectron spectroscopy (XPS) was performed to confirm the binding of thiol 

cross-linker linker on the ZnO thin film. A comparison of the XPS spectra measured pre- and 

post-functionalization of the cross-linker is demonstrated in Fig. 2.5. On the pre-functionalized 

bare ZnO surface, the Zn 2p3/2 peak at 1022.4 eV and O 1s peaks at 532.2 eV respectively were 

observed in bare ZnO thin film. Post functionalization with the linker, a peak shift of Zn 2p3/2 to 

1023.9 eV was observed indicating a displacement at the surface due to Zn–S bonds. Further, the 

peak shift observed of O 1s to 534.2 eV was due to adsorbed –O-H species [16]–[18].

 

Figure 2.5. XPS characterization of ZnO sensor surface pre- and post-functionalization of cross-

linker. Zn and O peak-shifts from 1022.4 eV to 1023.9 eV and 532.2 eV to 534.2 eV respectively 

are observed due to Zn-S bonds. 
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2.5 SWEATSENSER functional electrode characterization 

Finite element analysis (FEA) through COMSOL simulations was performed to understand the 

electrical current density distribution of the semiconducting electrode system on the porous 

PharmChek patch which is critical for electrochemical sensing. The electrical density profile of 

the electrode was characterized by simulating the experimental conditions used for impedance 

spectroscopy. A sinusoidal input bias voltage of 10 mV with Neumann’s boundary equations was 

applied between the working and reference electrode.  

Q1 = ∇J1,    J1 = −σ1∇∅1    (1) 

Q𝑠 = ∇J𝑠,     J𝑠 = −σ𝑠∇∅𝑠    (2)   

E𝑒𝑞 = ∅𝑠 − ∅1         (3) 

Where,  

J1 and Js correspond to current density (A/m2) of electrode and electrolyte. The conductivities of 

electrode and electrolyte are represented as σ1 and σs. The equilibrium potential between the 

electrode and electrolyte is represented as Eeq.  The corresponding current distribution across the 

electrode surface was determined with saline buffer (as electrolyte) covering the working and 

reference electrode. Fig. 2.6 confirms that the electrode potential is focused across the working 

electrode uniformly and no parasitic voltage gets distributed at the reference electrode due to the 

buffer solution, thus, confirming that the developed electrode system has a stable potential 

distribution and is not influenced by the ionic gradient of the saline buffer solution. The current 

density distribution extracted as line graphs (Fig. 2.6) demonstrate that the current density is 

maximum at the working electrode and is zero at the reference electrode. The current distribution 
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plot also confirms negligible parasitic current between the working and reference electrode 

indicating good stability of the developed electrode system.  

 

Figure 2.6. Finite element analysis characterization of sensor. Electrode potential distribution 

between working and reference electrode signifying the uniform distribution of voltage across 

working electrode. Electrical current density distribution between working and reference 

electrode showing peaks at working electrode. 

2.6 Electrochemical Characterization of SWEATSENSER 

The stability of the electrode system demonstrated by FEA simulations was also experimentally 

confirmed through equilibrium potential study. Typically, an electrochemically stable electrode 

system will have an equilibrium potential ~0 V. The equilibrium potential of the electrode system 

was measured over five minutes as demonstrated in Fig. 2.7. It can be observed from the plot that 

the SWEATSENSER has very low equilibrium potential. These results confirm that the 

developed SWEATSENSER device is electrochemically stable and suitable for biosensing.  
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Figure 2.7. Stable electrochemical equilibrium potential between working and reference 

electrode.   

2.7 Detection modality of SWEATSENSER 

Non-faradaic electrochemical impedance spectroscopy (EIS) is a powerful technique that can 

measure subtle changes in the electrical double layer due to binding interactions between 

capture probe-target analyte without the need for redox labels by application of a small input 

AC voltage [19]. The measured impedance is directly associated with target biomolecule 

binding to the capture probe antibody. The results of an impedance measurement can be 

illustrated using a bode plot, (which plots absolute impedance (|Zmod|) and phase (φ) as a 

function of frequency) [20]. The resulting response was calibrated to a fixed frequency for 

reporting the concentration values of the target in the sample specimen. All this computation 

and analysis were performed using the handheld electronic reader onto which the sensors are 

mounted, and the output results of concentration over time can be interfaced via Bluetooth to 

report on a smartphone app. EIS can effectively differentiate the binding interactions from any 

surface and bulk effects such as pH and conductivity variations through frequency tuning and 
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thus, providing a molecular specific response. These bulk effects occur beyond the electrical 

double layer and are a characteristic at high frequency, whereas, the binding interactions occur 

in the low frequency region <1000 Hz [21]–[23]. 

2.8 Analytical algorithm for real-time detection of biomarker levels 

Fig. 2.8 shows the training architecture of the proposed training system. This training system 

consists of four major parts: (1) Data collection and organization (2) Feature selection and 

extraction (3) Model training (4) Model optimization for low error. The training data was 

obtained from multiple replicates for varying dose concentrations of each target biomarker. This 

training data was generated by simulating a dose profile within physiological range. Once the 

impedance data was collected, it was split into multiple model inputs or features such as absolute 

impedance, phase response, real and imaginary impedance, temperature, and RH which are 

closely related with the operation of the sensor. Impedance response for each concentration of 

particular biomarker was used as an input as it helps confine the data to a normal distribution 

[24]. The running difference of impedance w.r.t previous concentration’s impedance response 

was used to define the rate of change of sensor impedance. The percentage change of impedance 

defines the change of sensor impedance from the time of start of use for the sensor. These 

features account for the cumulative accumulation of doses on the sensor. 

 

Figure 2.8. Schematic of the methodology implemented for training and prediction of levels of 

the biomarkers. 
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The training was performed on N = 20 by splitting the collected data into groups of train series 

and test series in a 70:30 splits. Various commonly known training models such as linear 

regression, quadratic support vector machine (SVM), bagged ensemble regression and decision 

tree regression were studied for this application. Table 2.1 shows the highest R2 for the decision 

ensemble regression system.  

Table 2.1. Training algorithm outcomes 

Model type R2 

Linear regression .56 

Tree 0.96 

Ensemble .98 

Quad SVM .47 

 

Among the various training algorithm, Ensemble demonstrated a statistically higher R2= 0.98 

and was used for reporting the cytokine and chemokine biomarkers. 
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CHAPTER 3 

DETECTION OF INFECTION FROM SWEAT USING SWEATSENSER DEVICE  

3.1 Prior Publication 

Badrinath Jagannath (B.J.), Kai-Chun Lin (K.C.L), Shalini Prasad (S.P.), and Sriram 

Muthukumar (S.M.) conceptualized the study and designed the experiments. B.J., K.C.L, and 

Madhavi Pali (M.P.) performed the experiments and data analysis. Devangsingh Sankhala (D.S.) 

designed the wearable reader. B.J., M.P., S.M., S.P., and K.C.L., analyzed and interpreted 

results. B.J., S.M., and S.P. wrote the manuscript. This work was published in Bioengineering 

and Translational medicine (https://doi.org/10.1002/btm2.10220).  

3.2 Abstract 

This work presents the viability of passive eccrine sweat as a functional biofluid towards 

tracking the human body’s inflammatory response. Cytokines are biomarkers that orchestrate the 

manifestation and progression of an infection/inflammatory event. Hence, non-invasive, real-

time monitoring of cytokines can be pivotal in assessing the progression of 

infection/inflammatory event which may be feasible through monitoring of host immune markers 

in eccrine sweat. This work is the first experimental proof demonstrating the ability to detect 

inflammation/infection such as fever and influenza directly from passively expressed sweat in 

human subjects using a wearable ‘SWEATSENSER’ device. The developed SWEATSENSER 

device demonstrates stable, real-time monitoring of inflammatory cytokines in passive sweat. An 

accuracy >90% and specificity >95% was achieved using SWEATSENSER for a panel of 

cytokines (intereleukin-6, interleukin-8, interleukin-10, and tumor necrosis factor-α) over an 

https://doi.org/10.1002/btm2.10220
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analytical range of 0.2-200 pg mL-1. The SWEATSENSER demonstrated a correlation of 

Pearson’s r>0.98 for the study biomarkers in a cohort of 26 subjects when correlated with 

standard reference method. Comparable IL-8 levels (2-15 pg mL-1) between systemic circulation 

(serum) and eccrine sweat through clinical studies in a cohort of 15 subjects, and the ability to 

distinguish healthy and sick (infection) cohort using inflammatory cytokines in sweat provides 

pioneering evidence of the SWEATSENSER technology for non-invasive tracking of host 

immune response biomarkers. Such a wearable device can offer significant strides in improving 

prognosis and provide personalized therapeutic treatment for several inflammatory/infectious 

diseases. 

3.3 Introduction 

Cytokines are low molecular proteins produced by the immune system in response to external 

infectious agents or inflammatory event [25], [26]. They play an important role in protecting 

against viral and bacterial infections[27] and are actively involved in the pathogenesis of 

infection. Cytokines induce biological effects to act as powerful mediators of immune response 

to counteract infectious pathogen attack [28]. In the event of an infection due to acute respiratory 

diseases such as influenza or COVID-19, the complex interplay between the viral pathogen 

virulence and host resistance dictates the severity of progression of disease in the host [29]. The 

complications associated with such infections are often attributed to hyper-induction of pro-

inflammatory cytokine production, and in severe cases leads to a phenomenon called as 

‘cytokine storm’[29]–[32]. High levels of tumor necrosis factor (TNF), cytokines, and 

chemokines were determined in cytokine storm events pertinent to influenza and more recently 

with SARS-CoV-2 patients[33]–[35].  Fig. 3.1. illustrates a series of systemic events and 
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mediators resulting in the release of several pro-inflammatory and anti-inflammatory cytokines 

such as tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), interleukin-8 (IL-8), and 

interleukin-10 (IL-10) due to a bacterial or viral pathogen attack [36]. Cytokine levels, therefore, 

orchestrate the time-course of progression of inflammation in a host[37]. Hence, tracking the 

cytokines associated with infections from the time of pathogen attack in the host can effectively 

be used for improved prognosis and better management of an infection. Real-time monitoring of 

critical inflammatory cytokine markers will not only aid in early disease risk stratification and 

mitigation but can also help guide clinicians in customizing treatments based on host immune 

response.  

 

Figure 3.1. Schematic of immunological cascading effects of inflammatory response. 

However, there are no continuous monitoring systems that can report the levels of cytokines in 

real-time as current methods rely on blood plasma/serum or saliva as the biofluid for detecting 

these markers which is not suitable for continuous monitoring. In contrast, eccrine sweat as a 

biofluid is an excellent alternative for real-time, non-invasive monitoring of cytokines. Passively 

expressed eccrine sweat has a plethora of biological information that comprises of ions, small 
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molecules, metabolites and proteins[38], [39]. Various chemical species (hormones, ions, 

metabolites, acids, small proteins and peptides) enter the sweat through the dermal duct and 

secretory coil[40]. During an inflammatory response, cytokines are released from the 

intravascular membrane. The adherent intercellular junctions get diminished, causing 

immunoglobulins, cytokines, and water to move into the dermal interstitium[41]. These 

cytokines and other protein molecules then diffuse into eccrine sweat gland and reach the skin 

surface by hydrostatic pressure. Cizza et al., [42] and Marques-Deak et al., [43] have quantified 

the levels of IL-6, IL-8, TNF-α in sweat. Furthermore, the levels of the cytokine markers 

between healthy cohort and major depressive disorder (MDD) patients were easily 

distinguishable. Additionally, Dai et al., validated the presence of IL-10 in sweat [44].  While all 

these studies are significant in validating the presence of cytokines in sweat, they were single-

point measures that required cumbersome processing methods and then, measured using standard 

laboratory techniques. We analytically validated sweat cytokine levels with serum cytokine 

measurements. The developed SWEATSENSER can differentiate healthy cohort from sick 

subjects with fever or viral infection such as influenza. This critical finding provides pioneering 

evidence that reporting sweat cytokine levels in a continuous manner as demonstrated with the 

SWEATSENSER device platform can be used for designing non-invasive wearable diagnostics 

for infection monitoring. The SWEATSENSER device can be useful in monitoring the host-

immune states that is vital and is a characteristic of the ‘wellness’ to ‘illness’ and back to 

‘wellness’ state in the patient. Such a technology platform can welcome a radical change in 

point-of-care (PoC) diagnostics for monitoring infections during seasonal epidemics and 

pandemic diseases. 
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3.4 Materials & Methods 

Reagents and Instrumentation: DTSSP (3,3'-dithiobis (sulfosuccinimidyl propionate)) cross-

linker and  phosphate buffered saline (PBS) were purchased from Thermo Fisher (USA). The 

capture probe monoclonal antibodies (mAb) and recombinant proteins for IL-6, IL-8, TNF-α 

were purchased from Abcam (MA, USA) while IL-10 antibody was purchased from Thermo 

Fisher. IL-6 ELISA kit was procured from Abcam, TNF-α from Thermo Fisher, IL-8 and IL-10 

kits were purchased from Raybiotech. The reagents for ELISA measurements were stored and 

reconstituted according to the protocol from the manufacturer.  

Sensor Immunoassay Functionalization: 10 mM DTSSP cross-linker mixed with 10 μg mL-1 

of monoclonal capture antibody of each marker immobilized on the sensing electrode surface via 

thiol-binding mechanism. Each working electrode specific to a biomarker was independently 

functionalized to achieve specific detection of target biomarkers. For sensor performance metric 

studies such as repeatability, reproducibility and stability, the functionalized sensors were 

lyophilized and immediately vacuum sealed until further use.  

SWEATSENSER Device: The SWEATSENSER device comprises of a replaceable sweat 

sensing strip and an electronic reader. The sensing strip is functionalized with specific target 

capture probes i.e., IL-6, IL-8, IL-10 and TNF-α monoclonal antibodies as described previously. 

This sensor strip is mounted onto a wearable electronic reader that transduces the impedance 

response from the sensor and reports the measured biomarker levels in sweat. The sensor 

fabrication process has been adapted from Munje at al. and has been described in detail 

previously [45]. Briefly, a sensing-electrode system is fabricated on the SWEATSENSER strip 
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for enabling transduction of affinity-based interaction between the target biomarker and capture 

probe antibody into a measurable electrochemical signal. The sensor has been designed to handle 

low volumes of sweat and the design has been optimized by considering the sweat gland density, 

sweating rate, surface area of contact. Non-faradaic EIS was used as the detection modality to 

determine the sensing response of the binding interactions between the specific capture probe 

and target molecule. A very low input 10 mV sinusoidal voltage was applied to the sensing 

electrodes and the change in impedance due to the binding interaction between target molecule 

and capture probe antibody resulting in charge modulation was recorded at 180 Hz. Calibration 

curve for each study marker was developed by measuring the impedance response for varying 

concentrations of the target analyte over the physiological range of 0.2- 200 pg mL-1.  

SWEATSENSER Characterization: Fourier transform infrared spectroscopy (FTIR) 

spectroscopy was performed using Nicolet iS-50 (Thermo Scientific Inc.). The samples were 

prepared as previously described in SWEATSENSER design section and the measurement was 

done in attenuated total reflectance mode. 256 Spectral scans at a resolution of 4 cm-1 were 

collected using Germanium crystal for a wavelength range between 4000 cm-1 to 600 cm-1. 

Electrochemical characterization of antibody functionalization was performed using Gamry 

Instruments potentiostat. A small input voltage of 10 mV AC was applied, and the impedance 

response was measured over a frequency range of 1 Hz - 1 MHz. 

Human subjects sweat sample collection, handling, and processing: Sweat samples were 

collected, processed, and evaluated in compliance with the protocol approved by the Institutional 

Review Board (IRB) at the university (IRB# 19-42).  26 human subjects were recruited with their 

informed written consent for participation in this study. The protocol for sweat sample collection 
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was adapted from Hladek et al [38] where, two FDA approved PharmChek® patches were placed 

(one on each arm of the volunteer) at the same time. One patch was removed at 24 hour and the 

other at 72 hours from the time the patch was put on the volunteer. The samples were de-

identified and stored in freezer immediately upon collection in 5 mL tube until used for analysis. 

Samples were removed and thawed prior to analysis. 2 mL of elution buffer prepared as per the 

protocol described in Hladek et al.[46] was added to the tube containing the sample. The sample 

with the elution buffer in the 5 mL tube was placed in a secondary container with ice and 

operated on a shaker plate for 45 minutes. Next, the sample tube was centrifuged at 20x g for 

three min operated at 4oC. Any remaining sample was extracted by placing the patch in a syringe 

and the residual sample fluid was extracted by squeezing out that was entrapped in the patch. 

ELISA analysis: The extracted patch samples were evaluated using ELISA as the reference 

method to establish correlations with SWEATSENSER. The individual kit’s protocol was 

followed as per manufacturer instructions. Absorbance at 450 nm was used to read the optical 

density (O.D) response and determine the levels of biomarkers in samples. 

In-vitro sweat sensor analysis for patch samples: The extracted and aliquoted samples were 

evaluated and compared with the ELISA results to better understand the accuracy of the 

SWEATSENSER device in reporting the levels of biomarkers in human subjects. As the 

collected samples were from a healthy cohort, elevated concentrations were spiked into the 

buffer to demonstrate the performance of device in capturing the concentration levels of sick 

cohort. These concentrations were identically evaluated with ELISA as well. The measured 

levels using the SWEATSENSER device was compared with the obtained ELISA results using 
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statistical methods such as Pearson’s correlation and Bland-Altman analysis to determine the 

efficacy of the sweat sensor when compared to the reference ELISA method. 

On-body SWEATSENSER measurements on human subjects for comparing cytokine 

levels in healthy and sick cohort: All enrolled subjects with written informed consent wore the 

SWEATSENSER devices during testing and measurements were recorded in compliance with 

the protocol approved by the IRB# 19-136. Serum and sweat samples were collected from 10 

healthy and 5 sick subjects to perform serum to sweat correlation in healthy and sick cohort. 

Prior to the sample collection, temperature was checked for all the subjects and a questionnaire 

was recorded on the patient symptoms. This was followed by collection of ~5 mL blood sample 

by a physician which was converted to serum and stored at -20o C until further use. Then, 

SWEATSENSER was immediately placed on the lower forearm of the subject for ~1 hour to 

allow for sufficient sweat collection. SWEATSENSER device was covered with full-sleeve or a 

sweat-band to keep the device enclosed and prevent interactions with the ambient environment. 

The inclusion criterion for sick cohort were that subjects must have been experiencing 

inflammatory/infection symptoms such as fever, flu, or diagnosed with some type of bacterial or 

viral infection. Subjects were asked if they were taking any medication related to illness in the 

last 48 hours. No dietary information was collected from the subjects. The collected serum levels 

were analyzed using a standard laboratory reference method. Analysis of on-body sweat 

measurements using the SWEATSENSER were performed using the developed analytical 

algorithm. Complete details of the analytics for determining sweat levels through continuous 

monitoring has been described in Chapter 2.  
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Statistical Analyses: Several statistical tests were performed using Origin Pro. Statistical t-test 

and ANOVA were carried out with a C.I. of 95% for reproducibility and temporal monitoring 

studies. Pearson’s correlation and Bland-Altman analysis were performed to determine the extent 

of agreement of sweat sensor with the reference method. 

3.5 Results and Discussion 

3.5.1 Characterization of SWEATSENSER 

The functionalization of the immunoassay owing to the binding of the capture probe via a thiol 

cross-linker on the sensor surface was confirmed using FTIR (Fig. 3.2).  

 

Figure 3.2. FTIR spectra confirming conjugation of the antibodies on the sensor surface. 

The top spectrum indicates the binding of the cross-linker on the sensor surface with NHS ester 

bond (peak at 1780 cm-1) and free carboxylic acid peak (1740 cm-1). The conjugation of both 

antibodies shows cleaving of C-O bond of NHS ester and the peak at 1780 cm-1 disappears, 
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while, enhanced aminolysis peak (at 1652 cm-1) is observed confirming the binding of the 

antibody.  

After validating the successful immobilization of the capture probe antibody on the sensor 

surface, immune-sensing performance of the SWEATSENSER was evaluated to understand the 

binding affinity between the capture probe and target molecule as the developed sensing system 

works on an affinity-based mechanism. Firstly, the affinity of the capture probe antibodies to the 

target analyte were determined using the saturation binding curve studies by measuring the 

equilibrium constant (Kd). Typically, Kd is used as a key parameter in determining the ability of 

the antibody to quickly dissociate and capture the antigen molecule. Concentrations of the 

analyte were varied and the impedimetric response was measured to determine the Kd for each 

capture probe using saturation binding curve fitting equations in Graphpad Prism. Affinity of an 

antibody is inversely proportional to the Kd. Ideally, an excellent affinity-based system will have 

a Kd value in the lower pico-molar range for a cytokine affinity capture probe[47]. The 

SWEATSENSER satisfies this criterion with a very low Kd of 0.14, 0.83, 0.13, and 0.82 pM for 

IL-6, IL-8, IL-10, and TNF-α, respectively (Fig. 3.3 (A-D)) for n=3 measures, thus, indicating 

high affinity of the capture probe antibody used for target marker detection. Such low 

equilibrium constant also reflects high sensitivity for detecting ultra-low analyte concentrations 

which is important specifically for sweat-based systems, wherein, one can anticipate diluted 

biomarker levels in sweat compared to the systemic blood circulation levels. After establishing 

high affinity of the capture probes to the target markers in sweat, we evaluated whether the 

SWEATSENSER can report the levels of the study markers reliably.  
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Figure 3.3. Characterization of SWEATSENSER. (A-D) Binding efficiency determined 

through Kd values for cytokines (A: IL-6, B; IL-8, C: IL-10, D: TNF-a). (E-H) Spike and 

Recovery plots demonstrating ability to report concentrations reliably for cytokines in sweat (E: 

IL-6, F; IL-8, G: IL-10, H: TNF-a); Linear regression analysis was performed between ‘Actual’ 

and ‘Reported’ concentration and R2>0.95 was achieved for n≥3 measures. (I-L) Selectivity and 

Specificity of SWEATSENSER for target cytokine marker in sweat (I: IL-6, J; IL-8, K: IL-10, L: 

TNF-a); SWEATSENSER demonstrates minimal (<2%) or no response to non-specific 

molecules, while is highly specific (>97%) to target biomarker. Data is represented as mean± 

SEM 

In order to determine this, SWEATSENSER was functionalized with specific capture probe 

antibody individually to measure the response devoid of crosstalk. A series of six concentrations 

ranging from 0.2 to 200 pg mL-1 (in the physiological range) for each study marker were 

prepared independently in neat sweat (without non-specific molecules) and dispensed on the 

corresponding sensor. EIS, the core sensing technology (described in the methods section) of the 
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SWEATSENSER was used to record the signal response, and the corresponding concentrations 

were estimated. EIS can effectively differentiate the binding interactions from any surface and 

bulk effects such pH and conductivity variations through frequency tuning and thus, providing a 

molecular specific response. These bulk effects occur beyond the electrical double layer and are 

a characteristic at high frequency, whereas, the binding interactions occur in the low frequency 

region <1000 Hz [21]–[23]. Therefore, the response to the specific interaction was captured at 

180 Hz. It is observed from Fig. 3.3(E-H) that the SWEATSENSER reliably determined the 

levels of the study biomarkers. Further, SWEATSENSER demonstrates a linear response with 

R2>0.98 over a 3 log-order dynamic range of 0.2-200 pg mL-1 for all the study markers of 

interest for at least n=3 measures. This dynamic range conveniently covers the range for 

determining infection levels including acute infections such as influenza, SARS-CoV-2 and 

sepsis [48]. SWEATSENSER was further evaluated for its selectivity and specificity to the study 

biomarkers. The sensors were prepared in a similar manner as the previous experimental design 

reported for linearity. Three combinations of cocktail solutions were prepared by mixing two 

non-specific analytes in sweat analog at a high concentration of 200 pg mL-1 (final concentration 

after mixing) to determine the cross-reactivity of each capture probe with the non-specific 

molecules. This solution was devoid of the specific target biomolecule. The prepared cocktail of 

non-specific markers was dispensed on the sensor and the response was recorded. The reactivity 

was determined as a percentage ratio of measured concentration to the actual concentration of the 

biomarkers. The SWEATSENSER demonstrates excellent selectivity with negligible (<2%) or 

no reactivity to the non-specific molecules while, a high signal response (~>98%) was reported 

for the specific marker as demonstrated in Fig. 3.3(I-L).  
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3.5.2 Evaluation of SWEATSENSER analytical performance metrics 

The temporal profile of cytokines orchestrates the time-course of an infection event and recovery 

from infection [49]. Dynamic profiling of host immune markers using infection monitoring 

wearable devices can significantly mitigate the effects of a pathogen attack by aiding in pre-

symptomatic alarm and early therapeutic intervention. Therefore, the study presented in this 

section evaluated the potential of the SWEATSENSER to be synergistically used as a wellness 

dashboard for reporting the temporal dynamic changes in levels of the study biomarkers. We 

evaluated the functionality and the response of the SWEATSENSER by mimicking the temporal 

profile of the host immune cytokine markers in response to the infectious pathogen attack as 

represented in Fig. 3.4(A-E). The band (in orange with double-headed arrow) in the cytokine 

profile graphs indicate the time snapshot window of the body’s immune host biomarker response 

due to an infection trigger. This snapshot reveals the relative biomarker levels at a specific time 

interval during various stages of an infection/inflammatory event. To assess the ability of the 

SWEATSENSER to report the levels reliably in a multiplexed manner, the temporal infection 

profile was classified into five stages right from onset to recovery. In this context, Fig. 3.4(A-C) 

describes the cytokine profile of the wellness to illness phase i.e. from infection onset to illness 

while, Fig. 3.4D and 3.4E represent the temporal snapshot of illness to recovery phase. Based on 

the relative profile of the biomarkers, the sensor was dispensed with concentrations pertinent to 

that specific time-interval and the reported levels were calculated for n=4 measures per 

biomarker at each inflammatory response phases. In an infectious event, the pro-inflammatory 

response of TNF-α rises rapidly which triggers other pro-inflammatory markers such as IL-6 and 

IL-8 [50]. As the levels of IL-6 and IL-8 elevate and peak, the anti-inflammatory markers such as 
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IL-10 begin to elevate to help the body in immuno-suppression [51].  As seen from Fig. 3.4(A-

E), the SWEATSENSER can reliably report the relative temporal levels of cytokine markers 

during various stages of inflammatory response, thus being suitable for dynamic profiling in the 

event of an infection.  

 

Figure 3.4. Analytical metrics of SWEATSENSER. (A-E) Ability of SWEATSENSER to 

reliably track biomarker levels during various stages of infection from early-stage pathogen 

attack to recovery. Temporal profiles of biomarkers during various stages of infection (Top part) 

and the corresponding levels reported by SWEATSENSER is represented as whisker plot. The 

band with double-sided arrow (indicated in the top half of the graph) indicates time snapshot of 

cytokine profile during various stages of infection. Specifically, (A-C) demonstrates the 

SWEATSENSER response tracking of cytokine markers during wellness to illness phase and (D, 

E) demonstrate the recovery phase which is illness to wellness. (F,G) Reproducibility of 

SWEATSENSER demonstrated with Pro-inflammatory (F: IL-8) and Anti-inflammatory (G: IL-

10) cytokines for n≥4 sensors. (H, I) Time stability of SWEATSENSER for (H: IL-8) and (I: IL-

10) cytokines. RT refers to sensor incubated in room temperature without lyophilization and FD 

refers to freeze-dry (i.e. lyophilized sensor) for n=2 measures. (J) Accuracy of SWEATSENSER 

in reporting cytokine markers in sweat. Data is represented as mean± SEM Note: Lyophilized 

SWEATSENSERs were used for reproducibility and stability studies. 

As the temporal profile of the study markers change dynamically during an infection, it is critical 

for a continuous monitoring system to be stable, long-lasting, and reliable without being prone to 
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drifts due to external and environmental factors. Hence, we investigated the SWEATSENSER 

through critical evaluation of performance metrics such as reproducibility, precision, accuracy, 

and stability. The performance of biosensors that function based on immunoassay mechanism is 

primarily dependent on the stability and specificity of the capture probe. The sensor strips were 

functionalized with specific antibodies and then lyophilized to enhance the shelf-stability. 

Lyophilization removes water and prevents the antibody from denaturing [52]. The samples were 

then vacuum sealed and opened just prior to testing the sensors. Firstly, the ability to 

demonstrate consistent response with different sensors was validated using reproducibility 

studies. Reproducibility determines the degree of closeness in response between different sensors 

comprehending the analytical range of the study biomarker. Here, five different sensors for each 

of pro-inflammatory (IL-8) and anti-inflammatory (IL-10) were measured. The sensors were 

dosed with concentrations from 2-200 pg mL-1 and the corresponding reported concentration was 

calculated from the calibration curve to determine if the response is identical from five sensors. 

Fig. 3.4 F,G represent the box plots for reproducibility response of pro and anti-inflammatory 

cytokines. It is observed that the SWEATSENSER demonstrates a reproducible response 

between multiple sensors over the entire range of 2-200 pg mL-1. Additionally, the non-

overlapping interquartile ranges of the box plots confirm the ability of the sensor to reliably 

distinguish concentration levels of the cytokines. Stability of the wearable sensors is also critical 

for practical use on human subjects. Therefore, we evaluated if the stability of the 

SWEATSENSER is retained at least for a month without loss in sensitivity. Five batches of 

sensors were functionalized each with pro-inflammatory (IL-8) and anti-inflammatory (IL-10) 

capture probe antibodies. The functionalized sensors were then lyophilized and immediately 
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vacuum sealed for storage. The response of the lyophilized sensors were evaluated by dosing 

~20 pg mL-1 IL-8 and ~5 pg mL-1 IL-10 on the corresponding specific antibody functionalized 

sensors. The stability of the SWEATSENSER platform was assessed by measuring the response 

of the sensors on Day 0, 7, 14, 21 and 30 from the day of the antibody functionalization and 

lyophilization. Fig. 3.4H,I demonstrate that the stability of the sensor is retained over a month 

without a loss in signal response for n=2 measures on each day of measurement. The 

SWEATSENSER reported a concentration ~18-24 pg mL-1 for IL-8 concentration of 20 pg mL-1 

and ~5-10 pg mL-1 for the IL-10 dosed concentration of 5 pg mL-1, indicating that the sensitivity 

is retained for one month even in the low concentration range. Furthermore, the lyophilized 

sensors (indicated as FD in bar plots) demonstrate similar response to that of the sensors 

measured directly after functionalization without lyophilization (indicated as RT in bar plots), 

thus, confirming reliability of SWEATSENSER for over month. The SWEATSENSER reported 

an accuracy > 90% for all the study biomarkers (Fig. 3.4J). Thus, these detailed and rigorous 

characterization results elucidate the robustness and signify operability of the SWEATSENSER 

for real use-case scenarios. 

3.5.3 Pre-Clinical utility of SWEATSENSER on healthy subjects 

In order to use the developed SWEATSENSER for clinical use-cases, it is imperative for the 

device to demonstrate a good agreement with the current standard reference methods. Therefore, 

we compared whether the SWEATSENSER performance is congruent to standard commercial 

ELISA. Sweat was passively collected using an FDA approved sweat collection PharmChek® 

patch from 26 healthy volunteers who had no reported signs or symptoms of infection in 

compliance with the protocol approved by IRB. PharmChek® patches have been widely used for 
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the analysis of several molecules including proteins and cytokines in sweat [46], [53]–[55]. The 

protocol for sample collection, processing and handling was adapted from Hladek et al., [46]. 

Fig. 3.5A represents passive eccrine sweat collection from the arm of volunteers which is a high 

sweat gland density region ~110-120 glands/cm2 [56]. After collecting and processing the sample 

as illustrated in the schematic in Fig. 3.5B, the samples were tested on both the SWEATSENSER 

and ELISA. Pearson’s correlation and Bland-Altman analysis were implemented to determine 

the degree of agreement between SWEATSENSER and standard reference method. The two 

methods show excellent linear correlation with Pearson’s coefficient r=0.99 for the all the study 

markers (Fig. 3.5(C-F)). Additionally, Bland-Altman analyses confirm agreement between the 

results using two methods of detecting the biomarkers. A very low mean bias of -1.99, -9.43, -0.5 

and 0.55 pg mL-1 was achieved for IL-6, IL-8, IL-10 and TNF-α respectively (Fig. 3.5(G-J)). 

Although the mean bias is higher for IL-8, it is well within the limits to clearly differentiate 

healthy and sick levels. All the sample points are scattered around the mean bias line indicating 

that neither of the methods over-predict or under-predict. The tight 95% C.I bands (±1.96 S.D) 

further confirm there is no significant deviation between SWEATSENSER and reference 

method. A continuous monitoring sweat analytics platform involves a dynamic accumulation of 

sweat on the patch, therefore, we wanted to understand if this phenomenon would alter or cause 

any variation in the marker levels over time. Two patches, one on each arm were put on some of 

the healthy subjects for this investigation. One patch was removed at 24 hours while the other 

was removed at 72 hours. We found that the levels do not vary significantly between 24 and 72 

hours with a statistical insignificance with p>0.05 (95% C.I), indicating that sweat biomarker 

levels do not alter with time in healthy cohort. These results affirm that the temporal levels in 
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healthy cohort do not significantly vary over time and dynamic change in the levels may imply 

an infection/inflammatory trigger.  

 

Figure 3.5. Validation of SWEATSENSER with standard reference method for human subject 

samples. (A) PharmChek sweat patch worn by subject on arm. (B) Schematic of sweat sample 

collection using patch for correlation of SWEATSENSER with ELISA. (C-F) Pearson’s 

Correlation between SWEATSENSER and reference ELISA method with Pearson’s correlation 

coefficient r= 0.99 for all biomarkers from n= 26 healthy human subject measures. (G-J) Bland-

Altman analysis between SWEATSENSER and ELISA from n=26 healthy human subject 

measures with a mean bias -1.99 pg mL-1  IL-6 (G), -9.43 pg mL-1 IL-8 (H), -0.5 pg mL-1  IL-10 

(I), 0.55 pg mL-1 TNF-α (J). 

3.5.4 On-body testing of cytokines in passive eccrine sweat 

While there has been significant amount of work on continuous monitoring in sweat, most of it 

has been on the of detection ions, metabolites and small molecules such as Na+, K+, lactate, 

glucose, cortisol[57]–[59] through external stimulation of sweat. Only recently, Alexander et 
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al.,[60] and Jagannath et al.,[61] have demonstrated detection of cytokines such as IL-1α, IL-1Ra, 

IL-1β collected in a patch for wearable applications from passive sweat. However, these were 

performed only on healthy cohort and did not involve any serum to sweat assessment. We 

believe that passive sweat collection for real-time detection would offer significant strides in 

sweat-sensing wearable technologies. The two most common practices for continuous 

monitoring of sweat biomarkers are exercise and stimulation by iontophoresis. While sweat 

analytics through exercise may be useful for certain activity-based applications, it is not a viable 

option for monitoring and tracking biomarkers in infectious patients. The other method, 

iontophoresis, involves stimulation of sweat glands. This method can cause inflammation and 

discomfort [62], which may lead to inaccurate cytokine levels influenced by localized 

inflammation of stimulated site rather than actual inflammatory response of infection. Moreover, 

sweat can be induced only for a limited time [63] and requires periodic stimulation which may 

not be suitable for implementing on infectious patients. Other limitations with iontophoresis 

include limited sweat volume and suppression of markers in induced sweat [64]. Further, we 

identified biomarkers such as IL-6 and TNF-α were not readily expressed in induced sweat, 

whereas, passive sweat collection showed the presence of all the study biomarkers. Considering 

these, it is imperative to have a sweat sensing system that relies on passive collection of the 

biofluid for monitoring infection markers [62]. Thus, the SWEATSENSER was evaluated for on-

body monitoring of biomarkers from passively perspired sweat. First, three healthy subjects were 

recruited to understand the cytokine profile over time. Participants were refrained from any 

rigorous activity such as exercise throughout the duration of test to ensure the sweat was 

collected in a passive manner. The SWEATSENSER device was placed on the lower arm that 
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has high sweat gland density of 130-134 glands/cm2 [56]. SWEATSENSER has an effective area 

of 1.34 cm2 and has been designed such that it can report levels reliably even with low sweating 

rates. Typically, the sweating rate can be ~1-3 nL gland-1 min-1 [38]. The effective sweating 

volume would amount to ~0.2- 0.6 μL min -1. The device also houses a temperature and 

perspiration (reported in % relative humidity (%RH)) sensor. The purpose of the temperature 

sensor is two-fold; one to measure the skin temperature to ensure that device was in-contact with 

the skin and the other to confirm body vital temperature to assess whether the person has fever. 

The RH sensor was used to gauge the relative sweating profile of the subject (Fig. 3.6.).  

 

Figure 3.6. A. Temperature measured in three healthy subjects across varying time points. B.  

Monitoring of perspiration using realtive humidity (%RH) sensor for three healthy subjects 

measured at various time points measured every 2 hours. 

 

As the developed sensor is based on an affinity capture assay method, the number of binding 

sites may decrease over time during continuous detection. Therefore, the sensor surface was 

sufficiently functionalized with the capture probe to ensure that sensor does not saturate for the 

measured time duration as previously demonstrated [45]. Further, we devised a unique data 
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analytics strategy through implementation of an analytical framework to report concentrations in 

real-time. The developed analytical algorithm considers absolute impedance, change in 

impedance, and running difference in impedance to assess the levels (as mentioned in chapter 2). 

Impedance measurements were recorded for every one-hour of target analyte binding on the 

sensor surface. Changes in cytokine levels may dynamically change over a few hours, therefore, 

we hypothesize that such a sampling rate will provide a temporal snapshot of cytokine profile. 

Initial baseline measurement was performed. The previously measured impedance parameters 

such as running difference and normalized change in impedance were calculated. This was to 

account for the binding sites occupied on the sensing surface until the previous measurement step 

and recalibrate the sensor with respect to the previous step. All the above-mentioned signal 

responses were used as features to train the Ensemble model to achieve high accuracy with R2= 

0.98 and low root mean square error (RMSE)= 7.8. Using this developed analytical framework, 

the levels of the biomarkers were determined for continuous on-body measurements.  

Fig. 3.7(A-C) demonstrate the cytokine concentrations in three healthy subjects measured every 

one-hour for a total of four hours. It is observed that the levels are <12 pg/mL for IL-6, IL-8 and 

IL-10. Although, a slight increase was observed in subject 2 and subject 1 for IL-6 and IL-8 

respectively at T2 and T3 hours of measurement, the levels do not change significantly over 

time. Subject 3 demonstrated higher cytokine levels as compared to subjects 1 and 2. While the 

exact reason for this is unknown, there may be several factors including dietary intake that may 

have influenced the levels and will require further investigation. Next, we wanted to understand 

if the levels of cytokines change over days. Cytokine levels for IL-8 and IL-10 were measured 

over 4 successive days (Fig. 3.7D). The results demonstrate that cytokine levels remained <12 
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pg/mL and did not change significantly over the measured time period (p>0.05). While this work 

demonstrates the proof-of-feasibility of wearable sweat sensing platform for continuous 

monitoring through affinity-based mechanism, future efforts can be emphasized in implementing 

methods to regenerate the sensor surface of affinity-based assays for enhancing the performance 

for continuous monitoring[65]. However, we believe that these results provide a basis for future 

exploration on continuous monitoring of cytokines for various inflammatory/infectious diseases. 

 

Figure 3.7. On-body  continuous monitoring of cytokines. (A, B, C) SWEATSENSER 

demonstrates levels of biomarkers in 3 subjects measured every 1 hour. (D) Box-plot of IL-8 and 

IL-10 in multiple healthy volunteers measured across various time-points in a day demonstrating 

there is no significant change in cytokine levels over time in healthy cohort. 

 

3.5.5 Clinical utility of SWEATSENSER for infection detection from eccrine sweat 

The SWEATSENSER was then used to identify the levels in the sick cohort and compare to the 

serum levels to demonstrate the technology’s feasibility for non-invasive monitoring of 

inflammatory response (Fig. 3.8A). Ten healthy subjects and five sick subjects were recruited in 



 

 

37 

compliance with the approved IRB protocol. Among the five patients, three were male and two 

were female. All the subjects were taking medications. The description of sickness type of each 

patient has been described in Fig. 3.8B. A comparison of IL-8 levels between healthy and sick 

cohort in passively expressed sweat was performed. Fig. 3.8C shows the SWEATSENSER worn 

by a subject. While real-time monitoring of infection-related cytokine markers using 

SWEATSENSER can offer significant strides in tracking infection, it is also important to 

understand how sweat cytokine levels compare to its systemic circulation. Fig. 3.8D shows a 

comparison of IL-8 serum levels to SWEATSENSER measured IL-8 levels from passively 

expressed sweat in healthy and sick cohort. Sweat IL-8 levels are in the similar range as the 

serum IL-8 levels of 2-15 pg/mL. The slopes of serum to sweat levels follow a similar pattern 

among most healthy subjects with sweat levels lower than that of serum, thus showing a 

definitive relationship between serum to passively expressed sweat cytokines. An average sweat 

to serum ratio of IL-8 ~1.01 from nine volunteers (one data point excluded as an outlier) was 

obtained.  Further, a similar relationship was observed in a patient cohort of five subjects. These 

results confirm that the levels of IL-8 in sweat can be correlated to that in circulation. IL-8 levels 

in patient cohort are relatively higher in serum and sweat compared to the healthy cohort. A 

statistical significance p<0.05 using ANOVA (α=0.05) for IL-8 was determined between healthy 

and sick cohort for both serum and sweat, thus, demonstrating that eccrine sweat may be used for 

determining infections. In the sick cohort, levels were comparable between female and male 

subjects. Four subjects were mildly sick with symptoms such as fever, cough and chills, while 

one subject tested flu positive (Fig. 3.8B). These results present some interesting perspectives 

and signify the role of non-invasive sweat-based monitoring for diagnosis and prognosis of 
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diseases. Subjects 2 and 5 demonstrated similar kind of symptoms. Three subjects had fever at 

the time of measurement while two subjects did not have fever at the time of sample collection, 

but experienced other inflammatory or viral infection symptoms as described in the Fig. 3.8B. 

However, these two subjects also had fever on the previous days prior to sample collection. All 

the subjects had taken fever reducing medication. It should be noted that subject 4 was sicker 

compared to other patients as this patient tested flu positive while, others had minimal fever. 

This is also reflected in higher IL-8 levels in serum and sweat, of subject 4 than other subjects in 

the sick cohort. Interestingly, the levels in patient cohort were not extremely elevated and closer 

to the healthy cohort, although the levels of sick cohort are statistically significant from the 

healthy cohort. We hypothesize the relatively lower levels were probably because the samples 

(serum and sweat) were collected at least 2-3 days after the occurrence of illness. It could also be 

that these patients were taking medication and were in their recovery phase. However, the key 

takeaway from this study is that such nuanced changes in levels can be effectively captured by 

the SWEATSENSER to identify illness. Further, the finding that the levels of sweat in healthy 

subjects is lower compared to the sick cohort demonstrates the significance of continuous 

monitoring of illness in real-time. These preliminary results present an understanding on the 

relationship between systemic circulation levels of cytokines to that of circulation in passive 

eccrine sweat. Thus, setting the path for future studies to explore and validate serum to sweat 

relationship for enabling sweat analytics as a clinical diagnostic platform for non-invasive, 

robust and pre-symptomatic tracking of infection. As a proof-of-feasibility, we first evaluated 

with IL-8. Future studies will focus on evaluation of other cytokine biomarkers. 
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Figure 3.8. Serum to sweat IL-8 levels in healthy and Sick cohort. (A) Schematic of subjects 

recruited for serum to sweat correlation. (B) Details of vitals and illness of each individual in 

sick cohort. (C) SWEATSENSER device worn on hand by a subject recruited for the study. (D) 

Comparison of IL-8 levels between healthy(n=10) and sick cohort (n=5). The levels between 

serum to sweat are also compared for each subject. Statistical significance p<0.05 was achieved 

between healthy and sick cohort using ANOVA (α=0.05) in both serum and sweat.  

3.6 Conclusion 

This work establishes a wearable technological platform that can detect infection/inflammation 

non-invasively from eccrine sweat. Such a technological platform can empower users with 

actionable data for necessary precautions even prior to experiencing infection symptoms. The 

ability demonstrated by the SWEATSENSER in differentiating biomarker levels between 

healthy and sick cohort in passively expressed eccrine sweat will offer new insights to clinicians 

for better management and prognosis of inflammatory/infectious diseases. The agreement 

between the developed device and state-of-art reference method through pre-clinical healthy 
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cohort studies establishes the usability of SWEATSENSER device for on-field testing. the 

correlations established between serum to sweat IL-8 levels and the ability of identifying illness 

using SWEATSENSER will be of significant interest to researchers, clinicians to look at sweat 

as an alternative biofluid for improving therapeutic diagnosis and prognosis of several 

inflammatory/infectious diseases. 
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CHAPTER 4 

NOVEL APPROACH TO TRACK THE LIFECYCLE OF INFLAMMATION FROM  

CHEMOKINE EXPRESSION TO INFLAMMATORY PROTEINS IN SWEAT  
 

 

4.1 Abstract 

Inflammatory biomarkers are modulated during the course of any infectious disease, and 

currently, there is no wearable technology that enables patient management through non-invasive 

monitoring of these markers. This work is the first demonstration of the discovery and 

quantification of interferon-inducible protein (IP-10) and tumor necrosis factor-related apoptosis-

inducing ligand (TRAIL), two key prognostic markers of infection in human sweat. The levels of 

IP-10 and TRAIL in sweat were quantified, validated and confirmed using a standard reference 

method through pre-clinical human subject studies. Additionally, we demonstrate simultaneous 

and continuous detection of IP-10, TRAIL and C-reactive protein (CRP), for infection 

monitoring in sweat using a wearable SWEATSENSER device. The SWEATSENSER is ultra-

sensitive with a limit of detection of 1 pg/mL (IP-10 and TRAIL) and 0.2 ng/mL (CRP) with a 

wide dynamic range. Bland-Altman analysis demonstrated good agreement between 

SWEATSENSER and standard reference methods through human subject studies. Serum to 

sweat relationship demonstrated the potential of the SWEATSENSER to track infection etiology.  

4.2 Introduction 

Infectious diseases cause over 17 million deaths every year worldwide [66]. When a pathogen 

enters the host, cytokines and chemokines act as mediators for information exchange between the 

host tissue cells and the immune system[67]. Several studies have reported elevation of pro-

inflammatory chemokines in blood in the early stages of an infection[26], [68] including the 
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current ongoing COVID-19 pandemic[32], [69]. The temporal profile of cytokine and chemokine 

accumulation in response to the infection event determines the time course and severity of 

infection within the host. Hence, monitoring temporal profiles of cytokines and chemokines can 

aid in pre-symptomatic detection and patient stratification towards evidence-based clinical 

management. Interferon-inducible protein (IP-10) and tumor necrosis factor-related apoptosis-

inducing ligand (TRAIL) in combination with C-reactive protein (CRP) are considered highly 

relevant biomarkers in patients suffering from viral or bacterial infections[70], [71]. The levels 

of these biomarkers in blood have been reported to be elevated during bacterial and viral 

infections that can lead to serious conditions including sepsis and acute respiratory distress 

syndrome. Oved et al., described the combination IP-10, TRAIL, and CRP as a triage for 

determining and classifying bacterial or viral infection[70]. Elevated levels of IP-10 were also 

reported in COVID-19 positive patients [72], [73]. Further, elevated IP-10 levels were observed 

in severe acute respiratory syndromes (SARS) caused by SARS CoV, SARS CoV2, and Middle 

East Respiroatory Syndrome (MERS) coronaviruses [32], [74]–[76]. IP-10 is considered to be a 

definitive marker of respiratory infections as lung epithelial airways cells are the prime 

generators of IP-10 [75], [76]. Several studies including our group have previously reported the 

levels of cytokines in human sweat (primarily TNF-α, IL-6, IL-8) mimicking that of serum[42], 

[43]. We have previously demonstrated the presence of CRP in sweat [61]. However, there have 

been no reports on the detection of IP-10 and TRAIL in human sweat. This work highlights for 

the first time the quantification of IP-10 and TRAIL in healthy human sweat and its correlation 

to serum through an enabling wearable SWEATSENSER device. The discovery of the presence 

of these biomarkers in sweat was also cross-validated using commercial reference methods such 
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as ELISA and Luminex. The SWEATSENSER device we have developed employs a sweat 

sensing strip mounted onto a wearable electronic reader for simultaneous detection of IP-10, 

TRAIL, and CRP from passive eccrine sweat in a real-time continuous manner toward enabling 

patient-centric monitoring for infectious diseases. The concentration measurement of the study 

markers was cross-validated with standard immunochemsitry reference methods. Further, we 

demonstrate real-time continuous monitoring of the study makrers from passive eccrine sweat in 

healthy human subjects over 6 hours. Serum to sweat correlations in healthy cohort for these 

markers demonstrate that the levels in sweat are in a comparable range to the circulation levels 

providing promising evidence to further explore sweat as a biofluid for non-inavsive monitoring 

of infection. The SWEATSENSER device can help act as an early warning system from 

infectious diseases and prevent severe effects such as cytokine storm through continuous 

monitoring of infection markers.  

4.3 Pathway of IP-10 and TRAIL 

Fig. 4.1A outlines the signaling pathway involving IP-10 production in epithelial cells which 

leads to activation of cellular defenses. In the infected host, pattern recognition systems lead to 

stimulation of IFN-γ and TNF-α which, in turn cause the release of IP-10 through the 

JAK/STAT1 mechanism [77]. This mechanism activates innate immunity by Th1 cells in 

response to pathogen attack[78], [79]. TRAIL plays a key role in immunotherapy and is critical 

in inducing apoptosis[80], [81]. Fig. 4.1B provides a detailed description of TRAIL production, 

reaction mechanism to an inflammatory response, and phenomenon of apoptosis. In response to 

an infection, TRAIL binds to its receptors (TRI and TRII) leading to  activation of cysteine 

dependent aspartate directed proteases (caspase-3,8,9) [82] which, in turn initiate apoptosis and 
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pathogen clearance. Rapid increases in TRAIL are indicative of host cell inflammation caused by 

a number of bacterial pathogens[83]. Evaluating the levels of IP-10, TRAIL and CRP can help 

determine bacterial or viral infection. In the case of a viral infection, IP-10, TRAIL and CRP are 

up-regulated while, for a bacterial infection IP-10 and CRP are upregulated but TRAIL is down-

regulated[70]. In the case of severe infections, over-expression of these pro-inflammatory 

markers can result in a phenomenon called ‘cytokine storm’ leading to deleterious effects even in 

diseases such as COVID-19 and influenza. Therefore, monitoring the temporal dynamics of IP-

10, TRAIL and CRP levels can be pivotal for patient stratification in infectious disease 

management and serve as an early warning system perhaps from an impending cytokine storm.  

 

Figure 4.1. Pathophysiology of IP-10 and TRAIL due to an infection. (A) Schematic 

representation of IP-10 production due to an infection trigger from bacterial/viral pathogen. (B) 

Schematic representation of TRAIL production and apoptosis mechanism in cell line due to an 

infection trigger from bacterial/viral pathogen.  
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4.4 Materials and Methods 

Reagents and Instrumentation: The cross-linker DTSSP and PBS were purchased from 

Thermo Fisher (MA, USA). Capture probe monoclonal antibodies (mAb) and recombinant 

proteins for IP-10, TRAIL and CRP were purchased from Abcam (MA, USA). ELISA kits were 

purchased from Invitrogen (CA, USA) for IP-10 analysis and R&D systems (MN, USA) for 

TRAIL.  

Sensor Immunoassay Functionalization: 10 mM DTSSP thiol cross-linker was mixed in a 1:1 

volumetric ratio with 10 μg/mL of each monoclonal IP-10, TRAIL, or CRP capture antibody 

individually. The DTSSP/Antibody solution was immobilized separately on the sensing electrode 

surface i.e. only one type of capture probe antibody was immobilized on each sensing electrode. 

The incubation period was for about 1 hour to allow thiol cross-linker to bind on the electrode 

surface. The cross-linker couples to the ZnO electrode surface via a strong covalent thiol 

chemistry while, the antibody end is used to capture the target molecule. We have demonstrated 

the thiol-based mechanism for functionalization previously[84]. The sensors were used 

immediately after functionalization for calibration and human subject studies. For the 

repeatability and stability studies, the sensors were lyophilized after immobilization with capture 

probe antibody and stored in 4oC until use. 

Electrochemical Characterization: Gamry potentiostat was used for electrochemical 

characterization techniques such as Equilibrium potential, chronoamperometry and Nyquist 

response using EIS. Equilibrium potential was measured for 300 seconds. For 

chronoamperometry measurements, a potential bias of -0.25 V was applied and the response was 
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measured for 12 sec. Non-faradaic EIS was implemented to determine the sensor response for 

varying concentrations of target biomarker over a frequency range of 1 Hz- 1 MHz with a 

sinusoidal input voltage of 10 mV [85]. The resulting impedance owing to the binding of the 

target molecule to the capture probe antibody was recorded. A calibration curve was developed 

by measuring the impedance response at optimized frequency of 180 Hz for varying 

concentrations of the target marker.  

Human subject enrollment sweat sample collection, and handling: 18 human subjects for 

sweat sample collection in compliance with the protocol approved by Institutional Review Board 

(IRB) at the University of Texas at Dallas (IRB# 19-136) were enrolled. Consent was taken from 

all participants prior to sample collection. After enrolling the subject for the study, an FDA 

approved Macroduct sweat inducer and collector was used to collect the sweat samples for 

validation using reference method. The collected sweat was then immediately aliquoted and 

stored in -80oC until further use. In order to perform serum to sweat correlations, a blood draw 

was performed by a physician. Within 5 minutes of blood sample collection, the 

SWEATSENSER device was placed on the wrist region and measured for one to two hours. The 

obtained sweat concentration was correlated to serum level.  

Reference method analysis: Reference methods such as ELISA and Luminex were used to 

establish correlations with SWEATSENSER for both the markers, IP-10 and TRAIL. The IP-10 

assay kit had a dynamic range of 0- 500 pg/mL with a LOD of < 2pg/mL, while the TRAIL assay 

kit had a dynamic range of 7- 5600 pg/mL with a LOQ of 7.4 pg/mL. The dynamic range for 

CRP was 0.4- 30 ng/mL with a LOQ of 0.43 ng/mL. Absorbance at 450nm was used to read the 

O.D response and determine the levels of biomarkers in samples. 
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On-body SWEATSENSER measurements on human subjects: All enrolled subjects wore the 

SWEATSENSER device during testing. Continuous measurements were recorded in compliance 

with the protocol approved by the IRB committee. The wearable sweat sensor device was placed 

on the lower forearm of the subject and sampled every minute for the duration of testing. The 

SWEATSENSER also houses a temperature and RH sensor to measure skin temperature and the 

sweating profile respectively.  

4.5 Results and Discussion 

4.5.1 Characterization of Capture probe antibodies 

The charge stability of the capture probe antibodies in sweat biofluid was characterized using 

Zeta potential (ZP). Electrophoretic mobility of the capture probe antibodies was measured and 

the corresponding ZP was determined using the equation:  

𝜇 =  
𝜀.𝜁

𝜂
      (4) 

Where, μ- Electrophoretic mobility, ε- dielectric constant, η- dynamic viscosity of buffer solution 

and ζ- Zeta potential 

 

ZP also indicates the over-all charge-complex of the molecule. The measured electrophoretic 

mobility is represented in Fig. 4.2 (A-C) for all 3 antibodies and the conjugation of the specific 

antibody to the protein. Fig. 4.2 (D-F) represents the zeta potential of capture probe antibody for 

3 study marker and the charge modulation due to the binding of specific target marker to the 

antibody. Here in, first the zeta potential of blank PBS buffer was measured in which the 

antibody is diluted. It can be observed that blank buffer consisting of ions has a very low zeta 
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potential of -4 mV. The magnitude of zeta potential of antibody is higher as compared to the 

blank buffer due to the charge moieties of the antibody. Further, it can be observed that the high 

charge-complex of the antibody confirms it is stable and does not aggregate as the zeta potential 

is beyond the isoelectric point (point of zero charge). Further, upon binding of specific target 

protein in sweat to the corresponding antibody, the over-all charge-complex gets modulated and 

the magnitude of zeta potential increases. This is due to the modulation of the electrical double 

layer formed around the antibody-antigen complex. These results demonstrate that the antibody 

is stable upon interaction with sweat buffer and confirm the binding of target marker to the 

specific antibody. 

4.5.2 SWEATSENSER device metrics for IP-10, TRAIL, CRP measurements 

We demonstrate here, a multiplexed SWEATSENSER that can detect simultaneously and 

continuously the three biomarkers under study. Firstly, a calibration curve was developed for n= 

4 measurements by dosing varying concentrations of the biomarkers in human sweat on the 

sensors individually functionalized with specific IP-10, TRAIL and CRP monoclonal antibodies. 

The SWEATSENSER leverages electrochemical impedance spectroscopy for a highly sensitive 

response. 
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Figure 4.2. (A-C) Electrophoretic mobility demonstrating stability of specific capture antibody 

and binding of target protein to antibody of IP-10, TRAIL, and CRP in sweat buffer. (D-F) Zeta 

potential characterization demonstrating stability of antibody and binding of specific target 

protein to antibody of IP-10, TRAIL and CRP. The increasing magnitude of Zeta potential from 

blank buffer confirms the stability and charge of the antibody and protein. 

Non-faradaic impedance spectroscopy measures subtle changes of the affinity-based interaction 

between the specific primary antibodies to the target analyte, resulting in an amplified impedance 

signal response [19]. Fig. 4.3(A -C) demonstrates the Nyquist response of the sensor for varying 

concentrations of the study biomarkers. As this is a non-faradaic method of detection (i.e. 

without the use of Redox probes), the binding interactions can be captured as modulation of 

double layer capacitance (Cdl) which can be observed as Zimaginary changes (Fig. 4.3A-C). 

Further, the SWEATSENSER was also evaluated using chronoamperometry to confirm the 

binding of the target marker to the specific capture probe (Fig. 4.3D-F). Chronoamperometry 

measures the current response owing to the binding interactions with respect to time when a 
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constant direct current (DC) potential is applied. Typically, the chronoamperometric response is 

characterized as (i) quick charging of the electrical double layer (EDL) followed by (ii) discharge 

of the EDL with time due to the binding between the capture probe antibody and target 

biomarker when operated in non-faradaic mode. The magnitude of the current response due to 

binding events can be represented as 

|𝐼| ∝  𝑒
−𝑡

𝑅𝐶   (5) 

Where, I- Current response, R-solution resistance, C- double layer capacitance 

 

Figure 4.3. Electrochemical characterization of SWEATSENSER. (A-C) Nyquist response of 

SWEATSENSER for study markers (A) IP-10, (B) TRAIL and (C) CRP using non-faradaic 

electrochemical impedance spectroscopy. (D-F) Chronoamperometric response of 

SWEATSENSER for (D) IP-10 (E) TRAIL and (F) CRP in sweat.  
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As observed from the plots in Fig. 4.3D-F, the magnitude of the current response increases with 

increasing concentration. These results confirm a higher double layer capacitance with increasing 

concentration of target marker. These results corroborate with impedance spectroscopy response 

and cross-validate the binding interactions on the sensor surface using two electrochemical 

methods. High affinity of the capture probe to the target biomarker was determined with Kd 

values in the lower pM range (Fig. 4.4A,B) for IP-10 and TRAIL respectively and in lower nM 

range (Fig. 4.4C). The SWEATSENSER demonstrated a dynamic range of 1-512 pg/mL for both 

IP-10 and TRAIL and 0.2- 204 ng/mL for CRP in sweat. Limit of detection of 1 pg/mL for IP-10 

and TRAIL, and 0.2 ng/mL for CRP was achieved which was calculated as 3 times the standard 

deviation of blank. We then validated the sensor performance metrics through spike & recovery, 

specificity, repeatability, and stability studies.  

 

Figure 4.4. SWEATSENSER device metrics. (A-C) Binding efficacy determined using Kd 

value through saturation-binding study for (A) IP-10, (B) TRAIL, (C) CRP. (D-F) Spike & 

Recovery response of SWEATSENSER for (D) IP-10, (E) TRAIL and (F) CRP. The data is 

presented as Mean± SEM for n≥ 4 measurements. 
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We evaluated whether the sensor could accurately detect spiked concentrations of the biomarkers 

from 1-512 pg/mL for IP-10 and TRAIL (Fig. 4.4D,E) for n≥ 3 individual measurements. CRP 

was measured at an elevated range from 0.2- 50 ng/mL as demonstrated in Fig. 4.4F. 

Additionally, analysis of variance (ANOVA) was performed to determine the statistical 

significance of the sensor in differentiating the spiked dose concentrations. A significance 

p<0.001 with a 95% C.I. between the measured dose concentrations confirmed the ability of the 

SWEATSENSER to reliably detect the study markers in sweat.  Further, the SWEATSENSER 

demonstrated excellent selectivity, with negligible to no signal response for non-specific 

molecules. Each specific capture probe functionalized sensor was evaluated by spiking high 

concentration (512 pg/mL) of non-specific molecule as demonstrated in Fig. 4.5 i.e. on IP-10 

antibody functionalized sensor, non-specific TRAIL antigen (512 pg/mL) was spiked and vice 

versa. It can be observed that the response to non-specific molecule is negligible compared to the 

specific response. Here, as a proof-of-feasibility we demonstrated for IP-10 and TRAIL. 

However, similar response can be anticipated for CRP as it is a larger molecule. 

 

Figure 4.5. SWEATSENSER specificity response. A) Sensor functionalized with IP-10 antibody 

was dosed with non-specific TRAIL (256 pg/mL) and low response is observed while, a high 

reactivity for specific IP-10 was achieved. B) Sensor functionalized with TRAIL antibody was 
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dosed with non-specific IP-10 (256 pg/mL) and low response is observed while, a high reacivity 

for TRAIL was achieved. 

Next, the sensor was tested for its repeatability and stability which are key metrics for real-world 

use applications. The repeatability study provided an insight on the sensor’s ability to accurately 

determine the levels on repeated basis i.e. a reliable sensor must demonstrate similar response for 

the same concentration level when repeated multiple times. In order to validate this, n=4 

measurements for each concentration of IP-10 and TRAIL were measured. The sensors were 

dispensed with 50 pg/mL and 150 pg/mL concentrations of the specific target and the 

corresponding response was measured. Fig. 4.6A,B demonstrate that the sensor accurately 

measured the concentrations over multiple measurements. The sensors measured a concentration 

of 56.2±3.3 pg/mL and 158.8±3.1 pg/mL for the dosed concentrations levels on IP-10 antibody 

functionalized sensors (Fig. 4.6A). Similarly, the sensor reported 41.5±3.3 pg/mL and 

130.8±11.3 pg/mL for the spiked 50 pg/mL and 150 pg/mL concentrations for TRAIL 

functionalized sensors as demonstrated in Fig. 4.6B. Furthermore, a statistical t-test confirms that 

the sensor can reliably distinguish the two levels with a statistical significance of p<0.001(95% 

C.I). These results confirm that the sensor demonstrates a repeatable response. Next, the response 

of the SWEATSENSER was measured over time and assessed if a stable response will be 

obtained over a period of 4 weeks. The results over the measured 4 weeks for spiked 

concentrations of 2, 20, 50, 100 and 200 pg/mL respectively are represented as box plots (Fig. 

4.6C,D). The non-over lapping inter-quartile ranges (IQRs) of the box plots confirm that the 

developed sensor system demonstrates excellent reproducibility and stability. The sensor showed 

similar response to the spiked concentrations with coefficient of variation (CV)< 10% over the 4 

weeks, further validating the reproducibility of the developed sensor for both IP-10 and TRAIL. 
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Furthermore, a statistical ANOVA for the obtained response was performed which confirmed that 

the measured concentrations can be reliably distinguished with p<0.001. These results confirm 

that the SWEATSENSER shows reliable performance metrics.  

4.5.3 Validation of IP-10, TRAIL, and CRP in eccrine sweat of healthy cohort 

The SWEATSENSER’s pre-clinical utility was validated after establishing the performance 

metrics. We first evaluated if these markers can be detected and quantified in sweat. In order to 

determine this, levels of study markers in healthy human subjects were measured using both the 

SWEATSENSER and the standard reference method. Next, the SWEATSENSER reported levels 

were compared with the reference method to determine the degree of agreement between the two 

methods. Unlike the SWEATSENSER device that measures biomarkers levels directly from 

passively expressed sweat, the reference method requires an external sweat collect system to 

collect sample from the human subject. For this analysis method and to preserve the sweat 

sample source integrity, FDA approved Macroduct sweat inducer and collection device was used 

to get sweat from 18 healthy subjects. Table 4.1 provides details on the enrolled subjects. The 

macroduct sweat collection involves stimulation of the sweat glands in the brachioradialis 

muscle region of the arm for 5 minutes using the provided pilocarpine discs. After stimulation, a 

sweat collector was placed in the stimulated region and sweat was collected for ~45 minutes. The 

adopted method of sweat collection is widely used for cystic fibrosis diagnosis and other sweat 

biomarkers [86]. The collected sweat samples were then used for measuring the concentration 

levels using reference method and SWEATSENSER. Although there have been several studies 

that have reported the detection of various biomolecules in sweat such as glucose, cortisol, 
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interleukins [84] this work is the first investigation to determine the presence of IP-10 and 

TRAIL in human sweat. Similar response is expected for CRP as it is larger and stable molecule. 

 

Figure 4.6. SWEATSENSER performance metrics. (A, B) SWEATSENSER repeatability for 

(A) IP-10; (B) TRAIL demonstrating ability to differentiate normal and elevated concentrations. 

(C, D) Stability of SWEATSENSER demonstrating the signal response is retained over 4 weeks 

(C) IP-10; (D) TRAIL for spiked concentrations from 2- 200 pg/mL. 

Table 4.1. Description of the human subject volunteers for IP-10, TRAIL, CRP sweat sample 

analysis between reference method and SWEATSENSER 

Human Subject Testing 

# of Subjects  18 

Age Range  18-65 years 

Gender Male: 14; Female: 4 

Medication Consumption None 

Health Condition 
Healthy Individuals; No reported 

condition of illness, fever or infection 
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Fig. 4.7A demonstrates the sweat levels of IP-10 in the healthy cohort from both the 

SWEATSENSER and the reference method. It is observed that IP-10 levels in sweat range from 

10-20 pg/mL in healthy human subjects for the macroduct induced sweat. A statistical t-test was 

performed which confirms there is no significant difference in the levels reported between 

reference method and SWEATSENSER with p>0.05 (95% C.I.). Additionally, Bland-Altman 

(BA) analysis was performed to validate the degree of agreement of SWEATSENSER with the 

reference method (Fig. 4.7B). Typically, in a BA plot the mean bias should be very close to zero 

indicating there is no difference between the 2 methods. The BA result in Fig. 4.7B shows a 

mean bias of 0.2 pg/mL with all the measured points lying within the ±1.96 S.D (95% C.I. line) 

confirming that the SWEATSENSER demonstrates good agreement with reference method. 

Furthermore, the measured data points were scattered in a random order in and around the mean 

bias indicating that no method over predicts or under predicts as compared to the other. 

Similarly, Fig. 4.7C demonstrates similar sweat levels of TRAIL for both the SWEATSENSER 

and reference method ranging between 5- 20 pg/mL. A statistical insignificance p>0.05 (95% 

C.I.) was determined between the 2 methods. The BA result in Fig. 4.7D for TRAIL shows a 

mean bias of 2.5 pg/mL with all the measured points lying within the ±1.96 S.D (95% C.I. line) 

confirming that the SWEATSENSER demonstrates an agreement with the reference method. On 

the other hand, CRP levels were in the range 0.05- 3 ng/mL in healthy as demonstrated in Fig. 

4.7E. The BA plot for CRP shows a mean bias of 1.34 ng/mL and all data points except one lie 

within ±1.96 S.D (Fig. 4.7F). It should be noted that only 8 samples were analyzed for CRP as 

the volume obtained from stimulated sweat from some subjects was insufficient to measure all 3 

biomarkers using the reference method. This is a major constraint of the reference methods that 
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require high sample volume for a single measurement. In contrast, the SWEATSENSER device 

requires ultra-low volumes of passive sweat to measure levels of biomarkers in real-time. The 

obtained results thus, validate the pre-clinical utility of SWEATSENSER device to quantitatively 

detect IP-10, TRAIL and CRP levels in human sweat.  

 

Figure 4.7. Pre-clinical utility of SWEATSENSER in healthy cohort. (A,C,E) Box plots 

demonstrating (A) IP-10, (C) TRAIL and (E) CRP levels reported by SWEATSENSER and 

reference method. (B,D,F) Bland-Altman analysis signifying good agreement between 

SWEATSENSER and reference method for (B) IP-10, (D) TRAIL and (F) CRP with low mean 

Bias and all the points within ±1.96 S.D.  

4.5.4 On-body measurements in healthy human subjects using SWEATSENSER 

Continuous on-body monitoring was performed to better demonstrate the applicability of the 

wearable SWEATSENSER for real-time applications. The SWEATSENSER device was 
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mounted on the wrist of the subject (Fig. 4.8A). In compliance with the IRB, subjects were only 

allowed to wear the SWEATSENSER in the laboratory and office space where the testing was 

conducted to ensure all the data was from passively expressed sweat with no external 

stimulation. Fig. 4.8B shows a stable measurement of IP-10 and TRAIL recorded from one of the 

subjects over 3 time points in a day. Each time point represents the concentration levels recorded 

over two hours.  As shown in the figure, a mean concentration of 30 pg/mL and 35 pg/mL was 

obtained for IP-10 and TRAIL respectively. It can be observed that the levels of these markers 

do not vary within the day. It should be noted that the measured levels are from 100% passively 

expressed eccrine sweat from the volunteer and that there was no ionotophoresis or any external 

stimulation performed prior to testing. This study provides a proof-of-feasibility that a wearable 

SWEATSENSER device sampling passively expressed human sweat in real-time can enable the 

detection and quantification of biomarkers such as IP-10 and TRAIL that have been associated 

with classification of bacterial or viral infections. Next, we compared the levels of these 

biomarkers in sweat to that in circulation (serum) from healthy subjects as per the protocol 

approved by the IRB.  The comparison of serum to sweat levels of each subject is represented in 

Fig. 4.8C,D. It can be observed that the levels of sweat are in a similar range to that of serum for 

IP-10 while, TRAIL showed lower values for all the samples. However, the levels of CRP were 

lower by a factor >100 in sweat compared to serum levels as demonstrated in Fig. 4.9. These 

results demonstrate that the sweat biomarker levels are in a range comparable to that in serum for 

IP-10 and TRAIL or can be compared to serum by a weighted factor such as for CRP. These 

promising results lay the foundation to further explore sweat as biofluid for non-invasive 

monitoring of inflammatory biomarkers to stratify for infectious diseases.  
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Figure 4.8. On-body monitoring and validation of relationship between serum and sweat of 

study markers using SWEATSENSER. (A) SWEATSENSER device worn on wrist by a 

subject. (B) On-body continuous monitoring using SWEATSENSER demonstrating stable 

response of SWEATSENSER for IP-10 and TRAIL measured in two-hour intervals for total of 6 

hours in passive eccrine sweat. (C) Serum to sweat levels comparison of IP-10 in healthy cohort. 

(D) Serum to sweat levels comparison of TRAIL in healthy cohort of n=13 subjects. 

4.6 Conclusion 

In conclusion, we report here for the first time the detection and quantification of IP-10 and 

TRAIL in sweat and continuous, direct on-body monitoring from passive eccrine sweat in human 

subjects. The identification of these biomarkers in sweat from healthy cohort through the pilot 

study is of significant value as it demonstrates the technology enablement of real-time, 

continuous monitoring for early pre-symptomatic reporting of an infection event.  
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Figure 4.9. Comparison of serum to sweat levels of CRP in healthy cohort. 
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CHAPTER 5 

SWEAT-BASED WEARABLE ENABLING TECHNOLOGY FOR REAL-TIME  

MONITORING OF IL-1Β AND CRP AS POTENTIAL MARKERS FOR IBD  
 

 

5.1 Prior Publication 

Badrinath Jagannath (B.J.), Kai-Chun Lin (K.C.L), Shalini Prasad (S.P.), and Sriram 

Muthukumar (S.M.) conceptualized the study and designed the experiments. B.J., K.C.L, and 

Madhavi Pali (M.P.) performed the experiments and data analysis. Devangsingh Sankhala (D.S.) 

designed the wearable reader. B.J., M.P., S.M., S.P., and K.C.L., analyzed and interpreted 

results. B.J., S.M., and S.P. wrote the manuscript. This work was published in Inflammatory 

Bowel diseases (https://doi.org/10.1093/ibd/izaa191) 

5.2 Abstract 

More than 1.2 million people in the United States are affected by inflammatory bowel disease 

(IBD). IBD has a natural course characterized by alternating periods of remission and relapse. 

Currently, disease flares are unpredictable as they occur in a random way. Further, current 

testing methods and practices lack the ability for real-time tracking of flares. There exists no 

technology that can be utilized for continuous monitoring of biomarkers, as most of these rely on 

samples such as blood, feces and testing methods by which continuous monitoring is not 

feasible. Cytokines play a key role in IBD using which the development, recurrence and 

exacerbation of the inflammatory process is orchestrated by their levels in time and space. 

Cytokines are also present in sweat. We hypothesize that demonstrating real-time continuous 

monitoring of IL-1β and CRP may embark an enabling technology to track inflammation in IBD 

patients and identify flare ups and assess efficacy of therapy. The sensor device can detect 

https://doi.org/10.1093/ibd/izaa191
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interleukin-1β (IL-1β) and CRP in sweat over a dynamic range of 3 log orders. Pearson 

correlation of r= 0.99 and r= 0.95 was achieved for IL-1β and CRP respectively for the sweat 

sensor with ELISA. This work demonstrates the first proof-of-feasibility of multiplexed cytokine 

and inflammatory marker detection in passively expressed eccrine sweat in a wearable form-

factor that can be utilized towards better management of IBD. 

5.3 Introduction 

IBD is characterized by chronic or recurring immune response where in the intestinal 

cells are attacked when the body mistakes food, bacteria, and other materials as foreign 

substances thus, causing inflammation1. More than 1.2 million people in the United States are 

affected by the two common conditions of IBD (ulcerative colitis (UC) and Crohn’s disease 

(CD))[87]–[91]. It is hypothesized that a genetic susceptibility coupled with environmental 

factors, such as smoking, antibiotics, oral contraceptives, appendectomy, or diet, may influence 

the development of IBD[92]–[95]. IBD has a natural course characterized by alternating periods 

of remission and relapse. Currently, disease flares are unpredictable as they occur in a random 

way for the most part[96]. In order to adequately facilitate treatment decisions and avoid 

overtreatment, it is necessary to identify benign or unfavorable clinical course[96]. A 

combination of inflammatory biomarkers may be a viable option for effective IBD management 

as a single marker is not reliable in predicting an exacerbation or flare[88]–[90], [96]–[98].  

Cytokines play a key role in IBD using which the development, recurrence and 

exacerbation of the inflammatory process is orchestrated by their levels in time and space[99]. 

They provide key signals in the intestinal immune system. Cytokines may also cause disruption 

of the normal state of controlled inflammation (physiological inflammation of the gut)[90], [97], 
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[98], [100]. The inflammation in IBD is orchestrated by lymphocytes and antigen presenting 

cells, mainly TNF-α which is produced by innate immune cells such as macrophages and 

differentiated T cells.  The pro-inflammatory effects of TNF-α causes increased production of 

IL-1β, proliferation of fibroblasts and procoagulant factors, and initiation of cytotoxic, apoptotic, 

acute-phase responses[99]. It is reported that levels of IL-1β increase in CD and UC 

patients[101]. Vounotripidis et al., demonstrated that the levels of IL-1β are elevated during 

flares in IBD patients[102]. Furthermore, a significant variation in the genotype frequency of IL-

1β promoter was found between control and IBD patients[101]. Additionally, CRP is another 

inflammatory marker that is usually elevated in the event of an IBD flare[103].  Based on this 

knowledge set, we hypothesize that demonstrating real-time continuous monitoring of IL-1β and 

CRP may embark an enabling technology to track inflammation in IBD patients and identify 

flare ups and assess efficacy of therapy[88]–[90], [97], [98], [104], [105].  

However, current testing methods and practices lack the ability for real-time tracking of flares. 

There exists no technology that can be utilized for continuous monitoring of biomarkers, as most 

of these rely on samples such as blood, feces and testing methods by which continuous 

monitoring is not feasible. Sweat is an attractive biofluid for real-time monitoring that can 

provide plethora of health of information but is less explored, thus far. Sweat contains a range of 

analytes from ions, metabolites, small molecules to a variety of proteins. In this work, we have 

demonstrated with the study biomarkers IL-1β and CRP, the technology enablement in detecting 

and real-time monitoring of host response inflammatory biomarkers from human sweat. It is to 

be noted that whether the biomarkers are definitively associated with IBD flares have not yet 

been fully validated, however the cytokine candidates are up regulated during an IBD flare. The 
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key aspect is that they are also expressed in eccrine human sweat and their temporal dynamics 

mimics their expression in human serum[42], [43]. For instance, Cizza et al.[42], demonstrated 

the levels of IL-1β, IL-6, TNF-a in sweat are similar to that of blood in healthy human cohort and 

patients with major depressive disorder (MDD). Although, it has not been evaluated if the above-

mentioned markers are elevated in eccrine sweat during a flare, we hypothesize that the levels of 

these markers may be elevated in sweat in IBD patients as the sweat dynamics mimics the 

expression in human serum. Considering the short-comings of the current methods and their 

inability to support near-patient measurements, we have designed and tested a novel non-

invasive sweat sensing device that opens new avenues towards offering effective solutions for 

management of IBD. 

The novelty of this work lies in the enabling of EnLiSense’s SWEATSENSER platform for non-

invasive, continuous monitoring of inflammatory biomarkers, which may have implications in 

IBD patient care. Fig. 5.1 illustrates on how the sweat sensor technology can be envisioned in 

providing better aid for IBD patients. Currently, a patient would experience the symptoms and 

the flare with a certain delay from the triggering events. This causes a lot of discomfort and 

trauma to the patient. The key reason being lack of technology that can alarm the patient prior to 

the occurrence of a flare-up as no continuous monitoring is done. However, we aim to address 

these technological deficiencies through continuous monitoring of biomarkers using a wearable 

SWEATSENSER platform that can be utilized as an alarm by monitoring IBD markers to report 

the occurrence of a flare-up. Hence, the developed sweat sensor can be extremely useful in 

prognosis and monitoring the efficacy of a treatment therapy. 



 

 

65 

 

Figure 5.1. Schematic illustration of the challenges with the current testing methods and role of 

SWEATSENSER device that can be utilized to bridge the technological gaps in offering better 

management to IBD patients. 

5.4 Materials and Methods 

Reagents and Instrumentation: The cross-linker DTSSP along with PBS were purchased from 

Thermo Fisher (MA, USA). The capture probe antibodies, IL-1β antibody and CRP antibody 

were procured from Abcam (MA, USA). IL-1β ELISA kit was purchased from Thermo Fisher 

while CRP ELISA kit from Creative diagnostics (NY, USA). FDA approved sweat patches were 

purchased from PharmChek® (TX, USA). All reagents were used as provided and without any 

purification. 
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Sensor Immunoassay Functionalization: A thiol cross-linker of 10mM was immobilized onto 

the sensing electrode. The other end of the cross-linker was functionalized with 10 μg/mL of 

monoclonal IL-1β or CRP capture antibody through aminolysis to achieve specific detection of 

target biomarker. Monoclonal antibody was selected for achieving highly specific interaction.      

Evaluation of SWEATSENSER performance: The performance of the SWEATSENSER 

device was evaluated for the detection of IL-1β and CRP. A calibration curve for each of the 

target biomarker was established using in-vitro benchtop experiments with the SWEATSENSER 

device. Concentrations of each biomarker specific to the functionalized sensor were varied from 

low to high and the corresponding impedance response for each dosed concentration was 

recorded. A 4-parameter fit was used to build the calibration curve using the obtained impedance 

response for each target marker. After developing the calibration curve, the performance of the 

sensor was evaluated using spike and recovery experiments. Various concentrations from low to 

high levels for each target biomarker was spiked on the sensor and the impedance response was 

recorded. The corresponding recovered concentration was computed from the developed 

calibration equation using the obtained impedance response. This methodology was implemented 

for both the biomarkers.    

Human subjects sweat sample collection, handling and processing: Sweat samples were 

collected, processed and evaluated in compliance with the protocol approved by the IRB at the 

University of Texas at Dallas, TX (IRB# 19-42).  26 human subjects were recruited with their 

informed written consent for participation in this study. The protocol for sweat sample collection 

was adapted from Hladek et al.,[46]. Here in, 2 FDA approved PharmChek® patches were 

placed (one on each arm of the volunteer) at the same time. One patch was removed at 24h and 
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the other at 72h from the time the patch was put on the volunteer. The samples were de-identified 

and stored in -80o C immediately upon collection in 5 mL tube until used for analysis. At the 

time of analysis, the samples were removed and thawed. 2 mL of elution buffer comprising of 

PBS, 0.2% bovine serum albumin (BSA) and, 0.1%Tween was added to the tube containing the 

sample. The sample with the elution buffer in the 5 mL tube was placed in a secondary container 

with ice. This setup was placed on a shaker plate operating at its maximum speed for 45 min. 

The settings of the shaker plate were adjusted for a uniform movement to extract the sample 

from the patch. After placing on the shaker for 45min, the tube containing the sample was 

centrifuged at 20x g for 3 min operated at 4oC. The patch sample was then placed in a syringe 

and any remaining sample fluid was extracted by squeezing out the residual liquid entrapped in 

the patch.   

ELISA analysis: The extracted patch samples were evaluated to determine the sweat levels of 

the biomarkers using ELISA as the reference method. IL-1β ELISA kit was purchased from 

ThermoFisher while CRP kit was purchased from Creative Diagnostics. The protocol described 

with the individual kits were followed as per manufacturer instructions. Absorbance at 450 nm 

was used to read the O.D response and determine the levels of biomarkers in samples. 

In-vitro sweat sensor analysis for patch samples: The extracted and aliquoted samples were 

evaluated and compared with the ELISA results to better understand the accuracy of the 

SWEATSENSER device in reporting the levels of biomarkers in human subjects. As the 

collected samples were from a healthy cohort, elevated concentrations were spiked into the 

buffer to demonstrate the performance of device in capturing the concentration levels of sick 

cohort. The sensor strips were prepared in a similar manner as described previously in the 
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Immunoassay functionalization section. The functionalized sensor strips were then connected to 

the reader. Each sample was dispensed on separate sensors and the impedance response was 

measured. The measured impedance response was used to determine the concentration levels. 

The measured levels using the SWEATSENSER device was compared with the obtained ELISA 

results. Statistical methods such as Pearson’s correlation and Bland-Altman analysis were 

implemented to determine the efficacy of the sweat sensor when compared to the reference 

ELISA method. 

On-body measurement on human subjects: In order to demonstrate the ability of the 

SWEATSENSER platform for real-time monitoring of IBD biomarkers aimed at better 

management, continuous measurements were recorded in compliance with the protocol approved 

by the IRB committee. 20 subjects with their written consent were recruited for this study. The 

wearable SWEATSENSER device for IL-1β measurement was placed on the antebrachial region 

(lower forearm) of the subject. The use of the SWEATSENSER device is very simple similar to 

wearing a watch. The on-body measurements were obtained for up to 30 hours from an 

individual subject, with continuous measurements recorded every one minute for a duration of at 

least 1 hour depending on the availability of the subject. The concentration profile of the 

biomarker was reported over the entire time period of recording.  

Statistical Analyses: Several statistical tests were performed using Origin Pro. ANOVA was 

carried out with a C.I. of 95% for spike and recovery experiments to determine the ability of 

sweat sensor to differentiate varying concentrations. Pearson’s correlation and Bland-Altman 

analysis were performed to determine the extent of agreement of sweat sensor with the reference 

method.  



 

 

69 

5.5 Results and Discussions 

5.5.1 Demonstration of SWEATSENSER device for detection of IL-1β and CRP in 

passive sweat 

Individual calibration curves were developed for both IL-1β and CRP with a dynamic range 

encompassing the normal and elevated levels over 3 log orders. The efficacy of sweat sensor for 

measuring the biomarker levels was validated by spiking varying concentrations of the 

biomarkers on the sensor and determining the concentration levels from the calibration curve as 

represented in Fig. 5.2 for n=6 measurements. It can be observed from the bar plots that the 

SWEATSENSER device can reliably distinguish each of the spiked concentration. The non-

overlapping error bars (S.D) confirm the distinguishability between concentrations. Furthermore, 

statistical ANOVA of p<0.05 with a confidence interval of 95% validates the ability of the 

SWEATSENSER device to distinguish concentrations. The sensor demonstrates a sensitive 

response with a LOD of 0.2 pg/mL (calculated as smallest detectable concentration that is 3 

times S.D of blank) and has a dynamic range spanning over at least 3 log orders (0.2- 200 

pg/mL) for IL-1β while the LOD for CRP is 1 pg/mL with a dynamic range up to 10 ng/mL. 

Such a wide dynamic range and sensitive response are due to the novel sensor design comprising 

of a porous substrate functionalized with selective monoclonal antibody coupled to a 

semiconducting electrode.  
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Figure 5.2. Demonstration using sensor for the detection and quantification of cytokine 

inflammatory biomarkers in sweat A. IL-1β, B. CRP.  

Additionally, the detection modality leveraged here enhances the sensing response by amplifying 

the electrochemical signal response owing to subtle changes at the sensing interface due to the 

target molecule interaction with the antibody. The device is an affinity-based impedimetric 

measurement tool that has an ability to measure the biomarker concentration levels in real-time. 

Typically, in an impedimetric system, the binding of the target biomarker with the capture probe 

antibody results in a change in impedance response corresponding to the analyte’s concentration 

level. The design and functioning of the SWEATSENSER device to measure impedance 

response has been described in detail previously from our group [39], [85], [106].  

5.5.2 Evaluation of sensor performance: repeatability and reproducibility studies 

Rigorous testing through repeatability and reproducibility studies was performed on IL-1β 

functionalized sensors to demonstrate the efficacy of the sensor for wearable use applications. As 

the concentrations of the biomarkers may not significantly change within a few minutes or hours, 

especially if the person is healthy or there is no flare-up, it becomes imperative to test the ability 
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of the device to report repeatable concentrations over time. Here in, 2 sensors were 

functionalized with IL-1β antibody to evaluate the repeatability of the device platform. The 

repeatability of the sensor was tested for 3 days in room temperature. Two physiologically 

relevant dose concentrations 50 and 200 pg/mL were selected. The normal dose concentration 

(50 pg/mL) was added on one sensor while an elevated dose concentration (200 pg/mL), ~4 

times of normal level was dispensed on the other sensor each day during the 72h period. The 

concentration reported to the added dosing concentration was then evaluated. It can be observed 

from Fig. 5.3A that the sensor demonstrates a repeatable performance for each of the added dose 

concentrations over 72h. A mean concentration ~40 ± 5 pg/mL was reported for the normal and 

~160 ± 10 pg/mL for the elevated concentration. A statistical p< 0.05 confirms that the normal 

and elevated levels are reliably distinguished. Fig. 5.3B shows the coefficient of variation (%CV) 

over 3 days for the same dose concentration which is well within the limit of CLSI standards 

[107]. It is observed that the sensor reports <10% variation when same dose is repeated on the 

sensor, thus, confirming the repeatability of the sensor platform even after 72h. Reproducibility 

study was performed to understand the stability and storage of the sensor. It is expected that 

wearable or POC sensors are stable over time. The goal of the reproducibility study was to 

demonstrate that the sensitivity of the developed sensor does not reduce over time from the time 

of immobilization of the antibody. This would demonstrate a proof-of-feasibility for translation 

of the device for daily use application, where a person can store and use the sensors after 

multiple days. Sensors were incubated with IL-1β at the same time and stored in 4oC until used. 

A new sensor strip was taken from the batch of functionalized sensors each week to measure the 

response of normal (50 pg/mL) and elevated concentrations (200 pg/mL). Fig. 5.3C shows the 
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response of functionalized sensors over ~30 days with the normal level reported at 48.2± 3.67 

pg/mL and elevated concentration of 167.42± 8.36 pg/mL. The sensors demonstrate a CV <10% 

(Fig. 5.3D) over a 4-week period, indicating the developed sensor is highly stable and 

reproducible post 30 day after functionalization. Similar response may be anticipated for CRP as 

the concentration levels are much higher as compared to IL-1β.  

 

 

Figure 5.3. Assessment of sensor performance metrics. SWEATSENSER demonstrates 

repeatable response for the same concentration spiked 4 times on the sensor (A, B). 5 batches of 

functionalized SWEATSENSERs stored for 1 month confirm that the sensor response does not 

reduce over time, confirming the reproducibility of SWEATSENSER (C, D). 
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5.5.3 Comparison of performance of SWEATSENSER device with reference methods to 

report biomarker levels in sweat 

After confirming the ability of the sensor to determine and distinguish concentrations of IBD 

markers, performance of sweat sensor was validated for measuring sweat IBD biomarkers in 

healthy human subjects. In order to demonstrate the efficacy of sweat sensor, the developed 

sensing platform was compared with standard reference method in reporting sweat levels in 

healthy human subjects. The sweat levels of IL-1β and CRP, were evaluated in the sweat sample, 

which were collected using an FDA approved PharmChek ™ patch. The protocol was adapted 

from Hladek et al. [46]. A total of 26 healthy adult human subjects were recruited in the study 

with an informed consent for participation as per the approved IRB at UT Dallas (IRB# 19-42). 

An appropriate sample size of ≥19 through power analysis study was determined for obtaining a 

Pearson’s correlation coefficient of r> 0.9 [108]. The individuals showed no symptoms of illness. 

Two patches (one on each arm) were put on the participant, wherein, one was removed at 24h 

while the other removed at 72 h. Arm is a region with high sweat gland density ~221- 226 

glands/cm2  [56][42], [43]. All the participants wore the patch for 72 h and no signs of discomfort 

was reported. After removing the patch and eluting in buffer, samples from the subjects was then 

analyzed using reference ELISA method and sweat sensor. A mean concentration of 2 pg/mL 

with a median of 1.8 pg/mL was obtained for IL-1β using sweat sensor that is similar to the 

reference method. Interestingly, both the reference method and sweat sensor demonstrated the 

presence of CRP in sweat albeit CRP being a large molecule. A mean concentration of CRP was 

reported to be 11.6 pg/mL with a median of 9.33 pg/mL using SWEATSENSER device. While 

the results demonstrating the presence of CRP in sweat is very encouraging, the physiological 
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pathway for the presence of CRP in sweat is unknown, and not within the scope of the study. 

Future work may be carried out to investigate on how CRP diffuses into sweat and the associated 

pathway with further validation testing. These results may be of significant interest to other 

researchers that use CRP as a biomarker for diagnosing various diseases conditions. There have 

been several studies that have reported the levels of cytokines, although, several inconsistencies 

emerge. Furthermore, these studies were single time-point measurement measured using standard 

reference methods and lack real-time monitoring [42]–[44]. After determining the levels of the 

biomarkers using both the methods individually, Pearson’s correlation analysis was performed 

between SWEATSENSER device and ELISA as reference method to better understand the 

efficacy of the SWEATSENSER device for human subject testing (Fig. 5.4). Sweat sensor 

demonstrated very good correlation with the reference method Pearson’s r= 0.99 for IL-1β as 

demonstrated in Fig. 5.4A. Additionally, Bland-Altman (BA) analysis was performed to further 

evaluate the goodness of agreement between sweat sensor and reference method. Bland-Altman 

provides an insight on any bias or offsets in measurements between both methods and the 

difference in measurements between 2 methods. It can be observed that sweat sensor shows a 

good agreement with the reference method (Fig. 5.4B). The x-axis is the mean concentration 

reported between 2 methods and the y-axis is the difference between the 2 methods for each 

measured sample. A very small mean bias of -0.25 pg/mL closer to 0 indicates no significant 

difference in measurement between both techniques. Furthermore, most of the samples lie within 

±2 S.D., confirming good agreement between both methods. The points are distributed above 

and below the mean bias line in random order implying there is no treatment-based bias i.e. one 

method does not over-predicate or under-predicate concentrations compared to the other. 
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Similarly, CRP levels correlated well with the Pearson’s r= 0.95 (Fig. 5.4C) between both 

methods validating the reliable performance of sweat sensor in reporting CRP levels in sweat. 

Furthermore, BA analysis also confirmed a good agreement between both methods with a mean 

bias of -3.9 pg/mL and all the points lying within ±2 S.D. interval (Fig. 5.4D). The measured 

points spread above and below the mean bias line in a random fashion, similar to the IL-1β 

response, confirming no treatment bias of either sweat sensor or the reference method. 

Interestingly, it may be seen that the sweat CRP levels is very low (~1- 30 pg/mL) as compared 

to the normally reported blood/serum/plasma levels (~100- 1000 ng/mL) in healthy human 

subjects[109]. One may anticipate such difference between blood and sweat levels, owing to the 

diffusion dynamics of CRP from blood to sweat due to its bulky size. Further, it may also be 

noted that the sweat samples were collected using a patch and mixed in an elution buffer which 

would’ve resulted in dilution of the sample. Hence, it is imperative to conduct several tests and 

validate further on the pathway of CRP expression in sweat, which is currently beyond the scope 

of this study. However, the confirmation of presence of CRP in sweat serves as a good starting 

point for further exploration. Furthermore, the established correlation of developed sensor 

platform with reference method through validation studies demonstrates robustness of the 

SWEATSENSER platform in measuring and quantifying the study biomarkers from passively 

expressed sweat. 
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Figure 5.4. Evaluation of sensor performance in comparison to reference ELISA method using 

linear correlation with a Pearson’s correlation coefficient r≥ 0.95 in a cohort of 26 healthy 

subjects A. IL-1β, C. CRP and Bland-Altman analysis demonstrating good agreement between 

SWEATSENSER and reference method with mean bias -02.5 pg/mL for (B) IL-1β,  and -3.9 

pg/mL for (D) CRP. 

5.5.4 Pre-clinical utility and continuous on-body measurements of IBD biomarkers in 

healthy human subjects 

In order to better demonstrate the applicability of the SWEATSENSER device for real-time 

continuous monitoring, on-body measurements were carried out on 20 healthy human subjects 

determined through power study analysis with α=0.05 and power (1-β) = 0.8 for determining IL-

1β levels. Table 2. provides a summary of the information of human subjects. A total of 16 male 
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and 4 female subjects were enrolled for the study. All the enrolled subjects reported no signs or 

symptoms of illness. 

 Table 5.1. Summary of Human subjects for on-body continuous testing of IL-1β 

 

 

 

 

 

   The SWEATSENSER is a watch-like device attached with the sensor strip specific to IL-1β 

placed on the hand of each subject. The device also has a skin temperature sensor incorporated 

within it. All the participants had a body temperature to be between 35- 37oC throughout the 

testing duration. Real-time measurements were recorded continuously for a minimum of 1h and 

up to 30h depending on the availability of the volunteer. The measurements were sampled at 1 

min. Firstly, the device was evaluated for reporting stable response. While using devices for 

continuous monitoring as a wearable, it is important to ensure that the device reports the levels 

reliably over time, as the overarching goal of the device is to capture IBD flares. In order to 

evaluate the efficacy of the device in reporting accurate levels, a control test was performed. 

Here, a healthy subject volunteered to wear the device for 4 consecutive days for ~6 hours each 

day. The device reports similar levels over 4 days (Fig. 5.5A). As it is hypothesized that the 

levels in healthy subjects do not vary significantly with time, the demonstrated stable response 

confirm the device does not drift over multiple days. After confirming the ability of the device to 

Human Subject On-body Testing 

# of Volunteers Measurements 20 

Age range 18- 65 years 

Gender Male: 16; Female: 4 

Medication consumption None 

Health Condition 
Healthy Individuals; No reported 

condition 
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report stable response over multiple days, the sensor was tested for ~30 hours continuously. Fig. 

5.5B represents the continuous measurement recorded from one subject for over 30 hrs. As 

observed from the plot, a stable measurement is recorded over the 30-hour duration, indicating 

that IL-1β levels did not vary much over the day. However, there is a sharp peak in the initial 

measurement which may be attributed to the initial equilibration dynamics of sweat diffusion. A 

mean concentration of ~43 pg/mL was obtained over the 30h measurement for this subject. The 

data recorded from 20 subjects was further analyzed (Fig. 5.5C). The descriptive statistics was 

calculated for a period of 1hour which is the least common measured time for the subjects. As 

shown in the figure, a mean concentration of 28 pg/mL was obtained for 20 subjects. The levels 

varied from 6- 58 pg/mL among the subjects. The overlap of the error bars indicates that IL-1β 

levels are in a similar range in healthy subjects. These results further validate the efficacy of the 

SWEATSENSER device for real-time continuous monitoring of IBD markers. This study 

provides a proof-of-feasibility of a wearable sweat based technology that can enable real-time 

tracking and may be used for detection of IBD flare through the continuous on-body monitoring 

capability. Our next step is to test the device on IBD patients to further evaluate if the levels of 

the markers can be differentiated between healthy and IBD patient cohort. The device is 

envisioned to serve IBD patients for reporting a flare-up in real-time for better IBD management.   
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Figure 5.5. On-body Human subject testing for IL-1β A. SWEATSENSER response over 4 days 

demonstrating reliable reporting of levels without any drift, B. Demonstration of ability of 

SWEATSENSER device for continuous monitoring over 30 hours, C. IL-1β levels in 20 human 

subject measurements measured with an average of 28 pg/mL. A statistical insignificance of 

p>0.05 was reported in healthy cohort. 

5.5.5 Comparison of CRP levels between healthy and IBD subjects 

In order to evaluate whether basal sweat levels between healthy and IBD subjects can be 

differentiated, we determined the levels continuously using SWEATSENSER in 10 healthy and 

one IBD subject. The basal level comparison between healthy and IBD cohort is shown in Fig. 

5.6. Each data point on the box plot is a measure of levels reported over 2 hours and collected 

over multiple days. As seen from the box plots, CRP levels in healthy cohort is lower than the 

IBD subject and a statistically significance of p<0.05 was determined. Interestingly, the IBD 

subject demonstrated a bimodal distribution of the CRP levels. We hypothesize such a 
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distribution could be due to the dynamic change in CRP levels over multiple days. However, this 

will need further investigation. 

Figure 5.6. Comparison of CRP levels between healthy and IBD subjects demonstrating 

statistical significance indicating that the inherent levels can be differentiated between healthy 

and IBD subjects. 

5.5.6 Quantification and comparison of Calprotectin levels in sweat 

A critical finding in this work is the identification of Calprotectin in sweat. Calprotectin is a key 

biomarker to identify flare in IBD patients. Typically, the levels of calprotectin are assessed from 

fecal samples and there is no prior literature that reported the presence of Calprotectin in sweat. 

Quantification of Calprotectin in sweat and correlation to disease flare can enable better 

prognosis and provide an opportunity to non-invasively track flares in IBD patients. Therefore, 

we evaluated if Calprotectin exists in sweat. To determine this, first 10 healthy subjects were 

recruited and sweat samples were collected. The levels of Calprotectin were determined using 

reference ELISA and the SWEATSENSER to confirm that the Calprotectin is truly present in 
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sweat. As seen in Fig. 5.7, both the reference method and the SWEATSENSER reported 

Calprotectin with a mean of ~350 ng/mL. Then, we recruited an IBD subject and the basal levels 

were reported to be 513 ng/mL which was higher compared to the healthy control. The same 

IBD subject experienced a flare a few weeks later and returned to provide sample. This collected 

sweat sample was assessed. The levels of Calprotectin increased 3-fold due to flare compared to 

the basal levels. This demonstrates the feasibility that elevated Calprotectin levels can be 

determined from sweat. However, further validation is required to confirm that sweat can be a 

viable biofluid to reliably determine flares in IBD subjects. 

Figure 5.7. Comparison of Calprotectin levels in sweat between healthy and IBD cohort, and 

IBD basal levels to Flare up state. The bar plots demonstrate that IBD patient has higher basal 

levels compared to healthy cohort. The levels increase 3-fold during a flare up as compared to 

baseline IBD levels. 

5.6 Conclusion 

In summary, we demonstrate a wearable, non-invasive, multiplexed sweat sensor that can detect 

the study inflammatory biomarkers in a continuous manner. The developed sensing system was 

thoroughly validated for use on human subjects through comparison with the standard reference 

method. Strong correlations through Pearson’s correlation and Bland-Altman illustrate the 
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efficacy of the device for human subject testing. Pre-clinical utility of the system was established 

through real-time, continuous on-body measurements on healthy human cohort. The stable 

measurements for over 30 hours signify the ability and efficiency of the device for reliable 

continuous monitoring. This work signifies of a promising non-invasive technology that allows 

for continuous monitoring of inflammatory markers that may be implicated in the IBD etiology. 

Hence, there is now a hitherto unexplored opportunity of non-invasively monitoring IBD 

markers in IBD patients to track and assess flare. 
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CHAPTER 6 

CONCLUSION AND FUTURE WORK 

 

This work demonstrates a wearable SWEATSENSER technology for real-time monitoring of 

infection/inflammation non-invasively from eccrine sweat. The holy grail of the developed 

SWEATSENSER technology is to directly measure host immune cytokine markers in passive 

eccrine sweat for pre-symptomatic infection tracking and early detection of flare-ups in chronic 

inflammatory diseases such as IBD. This type of a real-time monitoring system can offer a 

fundamental change in the approach of the way infections are being diagnosed, assessed, and 

treated. This was achieved through designing the SWEATSENSER that can be worn on the hand 

in a watch-form that can simultaneously and continuously detect multiple immune biomarkers. 

This work has made fundamental contributions in the field of wearable biosensing. Further, the 

identification and quantification of certain inflammatory markers such as IP-10, TRAIL, CRP 

will be of significance toward non-invasively monitoring bacterial/viral infections.   

The reliable and robust detection was achieved through a novel sensing platform that facilitates 

simultaneous multiplexed detection of biomarkers using monoclonal antibodies and 

impedimetric detection modality. The analytical performance metrics of the sensor was evaluated 

using spike and recovery, selectivity, accuracy, reproducibility and stability experiments which 

confirmed the reliability of the SWEATSENSER to accurately report the levels of cytokines and 

chemokines in sweat. The correlations achieved between the SWEATSENSER and standard 

reference method signifies the ability of the device for on-field measurements. Additionally, the 

correlations between serum and sweat cytokines demonstrate the viability of sweat as a biofluid 

for monitoring systemic circulation levels.  
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The developed wearable SWEATSENSER can be visualized not only for early detection but for 

monitoring therapeutic treatment regimens through real-time monitoring of cytokines that can 

mitigate severe consequences of pathogen attack. 

Future work will be focused on further optimization, improvisation and strengthening the clinical 

validation of SWEATSENSER for acute respiratory infections, flu, and other viral/bacterial 

infections. Studies can be conducted to sample serum and sweat at multiple time points within a 

day and between days to better understand diurnal and circadian variations of cytokine 

biomarkers in sweat and their physiological role. One aspect of the SWEATSENSER device that 

can optimized further is to look at increase the longevity of the sensor strip to enhance the use of 

single sensor strip for longer duration of time. This can be achieved through use of novel 

materials called room temperature ionic liquids or deep eutectic solvents that enhance the 

stability of proteins. We have performed a few preliminary studies which extend the longevity of 

single sensor strip for about one week. However, further studies need to be conducted to validate 

their efficacy and compatibility for conforming on the skin surface. 

There are various applications for which the SWEATSENSER technology will be useful for 

patient-centric health management. The feasibility for pre-symptomatic reporting in COVID-19 

patients and the ability to guide clinicians to alter the administered therapeutic regimen in real-

time for severe conditions such as sepsis. Longitudinal studies in IBD patients during the 

remission to relapse phase for reporting flare-ups can truly determine the ability of 

SWEATSENSER device as wearable for IBD monitoring. Another area of the SWEATSENSER 

technology is to explore the ability as a lifestyle monitoring device. The combination of 

inflammatory markers with stress biomarkers and glucose can provide valuable insights on the 
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health status of person. Therefore, SWEATSENSER technology can aid in providing active 

feedback and decision support on the health state for better patient healthcare management   
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