
ABSTRACT 

SAHA, TAMOGHNA. Engineering and On-skin Validation of a Novel Osmotic-Capillary 

Wearable Patch for Long-term Sweat Lactate Monitoring (Under the direction of Dr. Orlin D. 

Velev and Dr. Michael D. Dickey). 

 

Biomarkers in sweat are a largely untapped source of health information. However, most 

of the currently available sweat sensing devices require external power, cannot measure these 

biomarkers under low sweat rates (such as in humans at rest), and do not provide adequate 

information about the relationship between sweat and blood biomarker levels. Hence, these 

devices mainly rely on active perspiration for their operation. Biomarker analysis via active 

sweating is not only inconvenient and tedious (since it requires strenuous exercise) but also raises 

additional questions concerning its clean capture, external contamination, error in measurements 

due to uncontrolled evaporation, and dilution due to excessive sweating. Furthermore, these 

devices get saturated quickly as they operate with large sweat volumes and cannot operate long-

term (for hours) Thus, there remains a need for techniques that could allow efficient collection and 

transport of small volumes of fluid from skin to sensors for long-term and continuous biomarker 

monitoring.  

This dissertation presents the design, in-vitro, and in-vivo (on-skin) validation of a novel 

wearable prototype concept, which combines a few fluid withdrawing techniques that have not 

been used earlier in sweat-based wearables. Our prototype simultaneously uses osmosis (zero 

external power), generated by a hydrogel disk interfacing the skin for non-invasive and exertion-

free sweat sampling, and a paper microfluidic channel with an evaporation pad at the end for 

maintaining long-term sweat inflow and sensing.  

We initially introduce the design of our novel, non-invasive, wearable, zero-powered sweat 

sampling patch that functions without the necessity of active sweat release prior to testing. We 



validate the functioning of the patch in in-vitro (benchtop) settings to investigate the role of 

osmosis, evaporation, hydrogel surface area, paper pore size, and transport effects at the paper-

hydrogel interface towards long-term biomarker collection.   

This report is followed by the data on the in-vivo (on-skin) validation of the patch which 

was used to sample sweat lactate under rest, varying levels of exercise, and post-exercise 

conditions. We showed that sweat lactate was sampled mostly via osmosis in measurements from 

subjects at rest, while from actively generated sweat during exercise trials.  

We also develop a continuous sweat lactate sensing platform through the integration of our 

previously introduced sweat sampling patch with enzymatic electrochemical sensors. The platform 

was validated under in-vitro (benchtop) and in-vivo (on-skin) settings. It could also be connected 

to a flexible circuit board including Bluetooth data transmission modules and tested through real-

time monitoring of sweat lactate trend on a wireless device, such as an iPad.  

Finally, we demonstrate how our novel osmotic-capillary platform can be integrated with 

microneedle patches to develop a long-term (~ hours) interstitial fluid (ISF) sampling platform. 

Instead of glucose hydrogels, we use a novel ñglycerogelò medium (hydrogel infused with pure 

glycerin) to serve this purpose. We validated this integrated system under in-vitro settings, where 

we found that this integrated platform can sample model biomarkers for up to 5 hours. 

Overall, implementation of such new principles for sweat fluid harvesting and management 

via wearable patch devices can contribute toward the advancement of next generation wearables, 

which will provide comprehensive analysis of different sweat biomarker trends in the human body.   
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 (c) Plot showing the sweat lactate concentration trend of 2 subjects during MEX  

 trials for an hour. Dark green zone: warm up, light red zone: medium intensity  

 exercise, light green zone: cool down. (d) Plot showing the trends of sweat rate  
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1.1 The Production and Transport Mechanism of Sweat   

Sweat is produced by the sweat glands of the body to regulate the internal body temperature.1 

Sweat contains biomarkers that are present in the blood and can be easily generated on skin through 

exertion. These biomarkers provide information regarding the health of an individual. The ability 

to capture and analyze sweat represents a non-invasive alternative to blood withdrawal. Sweat can 

also act as a medium for metabolic waste and toxicant excretion from the body.  

 

Figure 1.1. Transport mechanism of sweat from the sweat glands to skin surface. (a) Cross-section 

of the skin highlighting all the types of sweat glands. (b) Schematic highlighting the mechanism 

of sweat secretion in the secretory coil and (c) Na and Cl reabsorption in the duct. 

 

               There are three main types of sweat glands: eccrine, apocrine, and apoeccrine (Figure 

1.1a).2 The density of eccrine sweat glands is the highest (~ 250-550 glands/cm2) and they are 

distributed nearly throughout the entire surface area of the body (~ 2-4 million in the entire body). 

The palms and soles have the highest eccrine gland density. Eccrine sweat mainly constitutes 

water, NaCl, and chemicals from interstitial fluid (ISF). Apocrine sweat glands are in the axilla 

(arm pit), breasts, face, and scalp. These glands open into hair follicles instead of onto the skin 

surface and are responsible for the production of pheromones. The sweat produced by these glands 

are rich in lipids, sugars, and ammonia. The apoeccrine sweat gland have properties of both eccrine 
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and apocrine sweat glands. These glands are present in the axillary region of the body (like 

apocrine), and its sweat composition matches with the eccrine sweat composition.  

            The eccrine sweat glands are majorly responsible for sweat production in the body. They 

consist of three sections: secretory coil, dermal duct, and upper coiled duct. The secretory coil 

contains three types of cells: clear, dark, and myoepithelial.2 The clear cells are mainly responsible 

for the production of sweat. The dark cells act as repository for bioactive materials in sweat, while 

the myoepithelial cells provide structural integrity to the duct against the hydrostatic pressure of 

sweat. Initially, a thermal stimulus leads to the binding of acetylcholine (neurotransmitter of 

parasympathetic nervous system) to muscarinic receptors, which in turn causes an influx of Ca 

into the clear cells (Figure 1.1b). This results in an efflux of K+ and Cl-, which causes a cell 

shrinkage, and leads to the simultaneous influx and efflux of Na+, K+, and Cl- via the basolateral 

(between cytoplasm and clear cells) and apical membrane (between the lumen and cells). Hence, 

an osmotic gradient gets generated in the clear cells, which causes water movement into the lumen. 

In the luminal cells, Na+, Cl-, and bicarbonates are continuously reabsorbed back into the clear 

cells through active and passive diffusion transport processes (Figure 1.1c). However, the 

reabsorption rate is inversely related to the flow speed of sweat through the duct. Hence, lower 

absorption rates indicate higher electrolyte levels in the lumen. The sweat from the luminal cells 

is then pumped along the length of the duct to the skin surface. 

 

1.2 Sweat Withdrawing Techniques from the Skin and Biomarkers 

Sweat can be generated on the skin surface using the following techniques: (a) active perspiration, 

(b) reverse iontophoresis, and (c) osmosis. The production of sweat on the skin surface due to 

active sweating is very common. It happens when the subjects either undergo strenuous physical 



   

4 

 

exertion for a considerable time (Figure 1.2a), ingest sweat stimulating agents such as pilocarpine3, 

or are exposed to high temperature settings. A hot shower can also induce sweat (Figure 1.2b).4  

Exercising generates heat in the body, which is shed from the body through sweat release. 

Moreover, strenuous physical exertion under high humidity conditions escalates the rate of sweat 

generation. Depending on the exertion level, testing time, and testing site on skin, the total sweat 

volume generated can be ~ 5-60 µL.5,6 Although sweat generation via active sweating is easy, it 

can raise questions concerning its clean capture, external contamination, loss of sweat due to 

evaporation, or dilution caused due to excessive sweating.7,8 Hence, measuring biomarkers from 

sweat produced via active sweating has inherent limitations. 

Sweat can also be withdrawn via reverse iontophoresis.3,9 Reverse iontophoresis is achieved 

by passing small magnitudes of current through the skin surface to cause both electrophoretic and 

electroosmotic flow underneath the skin. Upon applying electric field, all cations flow towards the 

negatively charged skin (anode) causing an electroosmotic flow (Figure 1.2c). Electroosmosis then 

causes electrophoresis, by which neutral molecules get transported across the skin. The sweat 

volume collected via this method can be up to 50 µL.10 However, due to the involvement of current 

passage through skin, this method is slightly invasive in nature.  

Our group has pioneered the technique of withdrawing sweat via osmosis by using a 

hydrogel.8,11 The hydrogel is tuned to have a lower chemical potential of water than sweat inside 

the skin. Hence, the hydrogel withdraws sweat via osmosis after interfacing the skin (Figure 1.2d). 

Such a mechanism allows sensing during low perspiration conditions, such as when the subjects 

are at rest, or present in low humidity conditions. Moreover, as sweat transport only occurs at the 

interface of skin and hydrogel, there are less chances for external contamination or losses via 

evaporation. Testing our patch (area ~0.3 cm2) on the forearm for 2 h on rested subjects have 
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resulted in ~ 3 µL of sweat collection.8 Apart from osmotic extraction, hydrogels can also be used 

as a medium to detect biomarkers from fingertips through active diffusion of sweat (Figure 1.2d).10 

The operating volume in this case is ~ 8-10 µL. 

 

 

Figure 1.2. Different sweat sampling techniques used by various sweat based wearable studies. 

Sweat from the skin surface can be generated by either making the subjects undergo (a) strenuous 

physical exertion or (b) thermally induced exertion. (c) Invasive procedures such as by-passing 

small magnitude of current through skin surface can also generate sweat (d) Hydrogels with higher 

osmotic strength than sweat can withdraw sweat directly from skin surface. (e) A hydrogel (with 

high water content) can sample sweat biomarkers directly from skin surface, such as from 

fingertips.   

 

Sweat contains a wide variety of different biomarkers which can be quantified via different 

sensing mechanisms. These biomarkers can range from ions, metabolites, acids, hormones, and 

small proteins.1,7 The transport mechanism of all biomarkers depends on several other factors like 

size, charge, and sweat rate. Na+ and Cl- are the most abundant ion species in sweat, which are 
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actively transported between blood and secretory coil due to the osmolality differences between 

the two. Ca+2 and K+ are present in mM range. NH4+ diffuses into the sweat glands and ionizes due 

to high sweat pH, which traps it inside the secretory coil and produces concentration in mM range. 

Metabolic activity produces lactate and urea in sweat. The glucose present in sweat is mostly 

residual from blood and measures in µM range. Proteins such as hormones and neuropeptides are 

also found in nM or pM traces. Alcohol, drugs, and heavy metals are also secreted in sweat. Hence, 

the upcoming sections will discuss different wearable prototypes that use various sweat sampling 

and sensing techniques. Additionally, the physiological relevance of the common biomarkers in 

sweat will also be discussed.  

 

1.3 Sweat Sampling and Sensing Techniques  

1.3.1 Sweat Sampling Using Microfluidic Platforms and Sensing via Colorimetry 

Once the sweat is present on the skin surface (either via active perspiration or osmotically 

withdrawn), it is then sampled on a medium for sensing the biomarkers. This medium is a part of 

the wearable device itself. Conventional microfluidic channels5,6,12,4 and paper microfluidic 

channels are the commonly used sampling mediums for sweat.8,13,14,15 In conventional microfluidic 

channels, the channels are usually pre-immobilized with enzymatic assays, which allows specific 

sensing of an analyte. Many researchers have worked towards microfluidic channel based sweat 

sensing devices. A colorimetry based sweat sensing platform (~ 4 cm diameter) was developed 

using conventional microfluidic channels for simultaneous sensing of sweat lactate, chloride, pH, 

and glucose.12 (Figure 1.3a). The platform was developed using complex microfluidic fabrication 

techniques. The incoming sweat generated a color change upon interacting with the assays in the 

channel, whose intensity was quantified via smartphone-based image analysis techniques. Overall, 
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the platform was tested on the forearm and back of the human subjects, but only with active sweat 

under heavy exertion conditions. A similar soft epidermal microfluidic sweat sensing device, 

relevant to kidney disorder was developed to simultaneously measure sweat creatinine, urea, and 

pH (Figure 1.3b). The subjects in this study generated sweat through showering under hot water 

for 5-15 minutes.4 Surprisingly, the measured biomarker concentration post-shower matched well 

with the concentration value during exercise. Hence, this proved that showering did not dilute the 

sweat, and can be used as a stimulus for future sweat based studies. Overall, this platform also 

operated only under active perspiration with ~ 10 µL sweat volume. A colorimetric microfluidic 

platform was also developed for simultaneous detection of sweat rate, chloride, pH, glucose, 

temperature, and lactate using capillary bursting valves (Figure 1.3c). These valves could 

selectively control the inflow of sweat in the microfluidic channels, which prevents the intermixing 

of biomarkers amongst each other.5 Hence, this platform again involved complex microfluidic 

fabrication techniques and functioned only during active perspiration.  

While many sweat-sensing devices use colorimetric outputs, there have been efforts to use 

electronic outputs. For example, a battery-free, skin interfacing microfluidic device with near-field 

communication (NFC) electronics was developed for volumetric analysis of sweat (Figure 1.3d).6 

The platform was designed to simultaneously sense sweat lactate and glucose. The unique 

component of this device was the embedded NFC electronics, which allowed operation with low 

power consumption and wireless data monitoring on a smartphone. However, this device again 

involved complex microfluidic fabrication techniques and functioned only under active 

perspiration.  
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Colorimetric patches in the form of a super wettable band also exist and have been 

developed for simultaneous detection of pH, glucose, chloride, and calcium (Figure 1.3e). The 

sweat was sampled in super hydrophilic wells which were pre-remobilized with assays. A 

superhydrophobic silica background guided the sweat flow into the wells.13 The biomarker levels 

were analyzed using a smartphone under benchtop settings. No in-vivo (on-skin) validation was 

demonstrated for this patch.  

Apart from conventional microfluidic channels, researchers have also explored paper 

microfluidic channels as an alternative option to sample and measure components in sweat. Unlike 

conventional microfluidic channels, paper microfluidic channels do not require complex 

fabrication procedures and fluid flow in these channels can be easily manipulated via capillary 

action and evaporation. Platforms comprising both thread and paper channel have been used for 

colorimetric sensing of sweat glucose (Figure 1.3f).14 The thread was used as a transport medium 

to transfer the sweat from skin to paper, where sensing was conducted and the color change was 

observed. However, this platform was tested only in-vitro. A similar device involved using silk 

thread as the transporting medium and paper as the sensing medium. The device was tested to 

measure lactate and pH in sweat under active sweating (Figure 1.3g).15  

To overcome the inconvenience of active perspiration, a sweat sampling platform was 

developed by combining paper microfluidics and hydrogel osmosis, that had the potential to 

function even on subjects under resting conditions (Figure 1.3h).8 The paper has an evaporation 

pad at the end to facilitate continuous sweat evaporation. This would maintain the capillary 

pressure in the channel and allow long-term inflow of sweat.16 The platform was used to quantify 

sweat lactate concentration under varying physiological conditions by using an external 

colorimetric assay. Unlike others, this was the first reported platform to use paper channels for 
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sweat transport and measure biomarker concentration from subjects at rest. Although colorimetric 

sensors provide a visual, qualitative idea about the biomarker presence, they usually have a low 

LOD, sensitivity, selectivity, and are irreversible in nature.17 Hence, electrochemical sensors are 

used as an alternative. The next section will discuss about a few well-established electrochemical 

sweat sensing platforms.  

 

Figure 1.3. Colorimetric based wearable sweat sensors. Sweat sensing devices developed on 

colorimetric detection principle developed using (a) serpentine microfluidic channels, (b), (c) 

microfluidic channels and capillary burst valves, (d) microfluidic channels with low power 

consumption through via NFC electronics. Colorimetric sweat sensor developed using (a) paper 

microfluidics, (f,g) thread, and (h) paper microfluidics with room for evaporation.  

 

1.3.2 Sweat Sensing via Electrochemistry 

The biomarkers in sweat can also be quantified using electrochemical sensing platforms. These 

platforms are usually a three-electrode system (transducing element). One of the electrodes 

(working electrode) is functionalized with a biorecognition element (specific to an analyte in 

sweat), that allows specific sensing of the biomarker (through change in either current, potential, 

impedance, resistance, pH, heat, light, or mass). The biorecognition element can be either 
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DNA/RNA, an enzyme, antibody, organelle, or cell. These electrodes are connected to a 

potentiostat (either benchtop or mobile), which applies the required potential to facilitate the 

electrochemical reactions (usually redox reactions) for analyte sensing. Relative to colorimetric 

sensors, electrochemical sensors are more sensitive, selective, possess a lower limit of detection 

(LOD), and have a high linear dynamic range (LDR).17  

Recently, a multi-model sweat sensing patch was developed for measuring sweat rate, ionic 

charge and Na+ concentration (Figure 1.4a).18 The sensor consisted of two electrodes with 

interdigitated fingers in a microfluidic channel. A change in admittance was observed every time 

as the sweat contacted the electrodes. Based on the admittance signal, distance travelled by the 

sweat, and time of flow, sweat rate was analyzed. Ionic charge was measured based on conductivity 

change, using two impedimetric electrodes, while Na+ was measured using ion-selective electrodes 

(ISE). An ion-selective electrode is a transducer that works on the principle of a galvanic cell and 

converts the activity of a specific ion dissolved in a solution into an electrical potential. These 

electrodes consist of a membrane that selectively captures an ion. The voltage theoretically 

depends on the logarithm of the ionic activity. The on-body measured sweat rate and Na+ 

concentration ranged during human trials ranged ~0.5-2.5 µL/min and 50-150 mM, respectively. 

Moreover, the platform had an outlet to allow replacement of old sweat with new, but still only 

functioned under active sweat. A similar wearable microfluidic based sweat sensor measured sweat 

rate and Na+ (Figure 1.4b).18,19 The average sweat rate, Cl-, K+ concentration ranged ~ 0.5 µL/min, 

30 mM, and 7 mM during rapid high intensity trials (120-150 W) for 30 minutes. Roll-to-roll 

screen printing techniques have been used for printing these biosensors in bulk (Figure 1.4c).20  
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In terms of sampling, sweat generated via active exertion is often sampled in a microfluidic 

chamber. Figure 1.4d illustrates one such example, in which microchannels interface directly the 

sensing electrodes.21 Electrochemical sensors can also be integrated onto paper-based 

microchannels. In one such prototype, sensing electrodes were directly screen printed on the paper 

channel, functionalized with lactate oxidase enzyme, and tested under in-vitro settings for an hour. 

The data correlated well with the colorimetric validation (Figure 1.4e).22,8  

Electrochemical sensors have extended their focus on measuring K+, water loss from body, and 

glucose in sweat. Epidermal microfluidic electrochemical detection systems have also been 

developed for lactate and glucose measurement in sweat. A wearable microfluidic device also 

exists for simultaneously measuring Na+, K+, pH, and lactate (both electrolytes and analytes) in 

sweat. In this design, the electrodes were made out of screen printing and directly interfaced the 

sweat inside the microfluidic chamber (Figure 1.4f).23 The platform was attached to a physical 

circuit board to monitor the real-time biomarker trends, but only functioned with active sweat. 

Average pH, Na+, K+, and lactate concentration ranged ~ 6.5, 50-150 mM, 20-100 mM, and 15-20 

mM, respectively after 30 minutes of high intensity trials.  

             Sensors can also be printed on temporary tattoo paper, which allows the devices to 

conform to the skin. Moreover, tattoo papers are extremely thin, and adhere well to the skin 

surface. A tattoo based electrochemical alcohol monitoring system for iontophoretically 

withdrawn sweat. The system could measure sweat alcohol up to 40 mM and was integrated with 

a circuit board which allowed wireless monitoring through Bluetooth (Figure 1.4g).3 A sensor 

similarly based on iontophoretic sweat extraction also exists for  cystic fibrosis (CF) detection 

(Figure 1.4h).24 The platform was used to monitor glucose, Na+, and Cl- in sweat. The glucose 

sensor was enzymatic based, while the two electrolytes were measured using ion-selective 
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electrodes. CF patients showed sweat Na+ and Cl- concetration of ~ 100 mM, relative to ~ 20 mM 

in healthy subjects. Moreover, an epidermal patch for simultaneous monitoring of hemodynamic 

and metabolic biomarkers was also developed recently (Figure 1.4i).25 The prototype could 

simultaneously measure heart rate, arterial blood pressure, caffeine, glucose, lactate, and alcohol 

from physically exerted sweat. All the analytes were detected using enzyme as the biorecognition 

element. On a similar track, a fully integrated wearable sensor array for simultaneously monitoring 

Na+, K+, glucose, and lactate from active sweat generated via cycling at a constant and graded load 

has also been developed (Figure 1.4j).26 The measured average sweat lactate, glucose, Na+, and K+ 

ranged ~ 5-20 mM, 20-100 µM, 50-110 mM, and 6-15 mM, respectively after high intensity 

workout. All analytes were sensed using enzyme, while the electrolytes were detected using ion-

selective electrodes. Moreover, the sensing array was connected to a circuit board, which 

transmitted real time biomarker trends via Bluetooth on a wireless device. Tattoo-based biosensors 

also exist for sweat lactate monitoring. The electrodes were printed on a tattoo paper and 

immobilized with lactate oxidase enzyme (Figure 1.4k).27 The sensor could measure lactate up to 

20 mM. Exercise for 30 minutes showed a lactate concentration of ~ 8-10 mM. On a similar note, 

enzymatic electrochemical biosensing platform have also been developed on a polyester sheet for 

measuring lactate in sweat (Figure 1.4l).28 The sensors were developed via screen printing and the 

lactate concentration ranged 7-10 mM for a 30 minutes workout. This concludes the general 

discussion regarding some of the developed electrochemical sweat sensing platforms, used for 

sensing various sweat biomarkers.  

                 Most of the platforms described in this section function only during active sweating. 

Hence, they operate under high sweat volumes and consequently, get saturated quickly (unable to 

provide long-term (~ hours) of sensing). Hence, even with such high advancements in sensing, the 
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necessity of an electrochemical platform capable of measuring sweat components with low sweat 

volumes remains unaddressed. The next section will target the individual biomarkers and discuss 

about various platforms (both colorimetric and electrochemical) used for their sensing, along with 

their physiological relevance in the body. 

 

1.4 Sweat Biomarkers and their Metabolism in the Human Body 

1.4.1 Na+ and Cl- Levels in Sweat 

Na+ and Cl- are important electrolytes for determining the hydration level of the body. Dehydration 

increases the Na+ concentration in sweat during exercise.29 Moreover, high levels of Na+ in sweat 

also leads to Cystic Fibrosis (CF). Na+ and Cl- ions are most abundant solutes in sweat. Water and 

NaCl partition from blood to the lumen through the following mechanisms1: (a) The chlorogenic 

nerves in the brain stimulate the sweat glands which causes influx of Ca2+ into its surrounding 

cells. (b) Ca+2 stimulates K+/Cl- channels which makes Cl- and K+ to enter and exit the lumen, 

respectively. (c) The K+/Cl- transport causes a chemical potential gradient, which in turn increases 

the flux of Cl- into the lumen. (d) Na+ then enters the lumen to restore neutrality, which causes an 

influx of water into the lumen to re-equilibrate. This water forms a solution (sweat), which is then 

pumped along the length of the channel. As the sweat rises onto to the skin surface, Na+ and Cl- 

are actively reabsorbed at the same rate via two channels: epithelial sodium channel (ENaC) and 

CF transmembrane regulator (CFTR), respectively. The final amount of Na+ and Cl- in appearing 

in the sweat mainly depends on the sweat rate and the reabsorption rate. Usually, the rate of 

generation of Na+ and Cl- is greater than the reabsorption rate during active perspiration. Hence, 

the concentration of Na+ and Cl- increases with exercise.30 Moreover, Cl- ion concentration in sweat 
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is 20-25 mM lesser than Na+ concentration due to the contribution of other anions such as HCO3
-

.1 Na+ and Cl- ion concentration in blood can range from 135-150 and 96-106 mM, respectively.  

Na+ and Cl- in sweat are usually measured using either ISE membranes, Ag/AgCl electrodes, or 

PEDOT:PSS electrodes.26,31 A wearable microfluidic platform was developed using ISE for 

simultaneous detection of sweat Na+ and K+ under active perspiration conditions (Figure 1.5a). 

The ISE was developed using 4-tert-butyl-calix araene-tetraacetic acid tetraethyl ester (sodium 

Inonophore X), for Na+ sensing, and valinomycin (potassium ionophore I) for K+ sensing. The 

whole platform is encased using a 3D printed watch case and used for human trails. Under medium 

to high intensity exercise for 90 minutes, the sweat Na+ and K+ reading ranged 0-1 mM and 1-10 

mM, respectively.32 Researchers have also measured sweat Na+, K+, and Cl- concentration using 

Tegderm based sweat patches on 147 marathon runners.33 The sweat was collected using sweat 

patches from the forearm and electrolytes were measured using photo-electric flame photometry. 

The results showed that average sweat Na+, K+, and Cl- concentrations were ~ 43 mM, 32 mM, 6 

mM, respectively. They even concluded that sweat electrolyte levels did not correlate to sweat 

rate, age, body characteristics, and training. Sempionatto et al. also developed a soft microfluidic 

potentiometric detection system for Na+ and K+ in sweat (Figure 1.5b).34 The platform was a three-

electrode system, developed via screen printing process and by using ISEs. The LOD and LDR of 

the Na+ sensors were 0.1 mM and 0.1-100 mM, respectively. The platform was connected to a 

circuit board for wireless data transfer onto a laptop. Both Na+ and K+ varied from 10-100 mM 

during an exercise trial for 30 minutes. A highly flexible, disposable microfluidic module with 

reusable electronics also exists for continuous monitoring of Na+ in sweat (Figure 1.5c).35 

PEDOT:PSS was used as the sensing element. The Na+ concentration ranged 10-100 mM during 

the medium and high intensity workouts for 2000 seconds. Paper microfluidic channels have also 
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been used for electrolyte sensing. A paper microfluidic based sweat electrolyte monitoring patch 

was developed for simultaneous detection of Na+ and K+ in sweat (Figure 1.5d). The sensing 

electrodes in the platform were again ISE based and it needed at least 20 µL of sweat to operate. 

The paper channel had a slot for sweat collection, transport, and evaporation. The LOD and LDR 

of the Na+ sensors were 5 mM and 6-100 mM, respectively. The patch was integrated with an 

open-circuit board in smartwatch to get the display of the real time trends on its screen. The Na+ 

and K+ reading ranged from 45-60 mM and 4-11 mM, respectively after 30 minutes of exercise.36 

A few sensing platforms mentioned in section 1.3.2 were also used for measuring Na+ levels in 

sweat.18,19,23,24,26. All platforms were again ISE based. The Na+ concentration measured in their 

respective human trials ranged 50-150 mM18,23, 30-60 mM19,26, and 20-40 mM24. Overall, the 

mechanism of Na+ and Cl- partitioning in sweat is well understood and a lot of wearable devices 

have been able to measure them successfully from actively generated sweat. The device readout 

also matches well with their levels in blood (130-140 mM). However, further research needs to be 

conducted to check if sweat Na+ and Cl- ion levels can be measured from subjects under rested 

conditions and investigate the correlation with blood. 

1.4.2   K+ Levels in Sweat 

K+ in sweat is an indicator of muscle activity and hypo-or hyperkalemic conditions in the body.1 

The sweat potassium concentration ranges 2-19 mM.7,30 Although, the mechanism behind the 

appearance of K+ in sweat is not fully understood, its presence on the skin surface is influenced by 

the K+ leak channels in the duct. Research has shown that K+ present in the secretory coil of the 

sweat glands stays isotonic with blood (~ 5 mM), while greater in the sweat appearing on the skin 

surface due to reabsorption of Na+.1  
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Figure 1.4. Sweat sensors with electrochemical based method of detection. Sensing platforms 

developed using (a-c) microfluidic channels and impedimetric sensors, (d-f) microfluidic channels 

with enzymatic electrochemical sensors. All sensors except (e) function only under active 

perspiration. (g,h) Electrochemical sensors can be also used on platforms that withdraw sweat via 

iontophoresis. Moreover, (i,j ) electrochemical sensors can be used with non-microfluidic based 

platforms, which again function only during active perspiration. The sensors can be also printed 

on unconventional substrates such as (k) tattoo paper and (l) polyester sheet.  

 

The skeletal muscles are the major reservoir for K+ storage. This makes the blood and sweat K+ 

increase with exercise. It is also proven that the correlation between blood and sweat K+ is greater 

when sweat is generated via iontophoresis, rather than active perspiration.37 However, there are no 

strong evidence to support that sweat K+ increases with sweat rate. Like Na+ and Cl-, K+ in sweat 

are usually measured using either ISE membranes, Ag/AgCl electrodes, or PEDOT:PSS 

electrodes.26,31,38 Recently, a paper microfluidic based real time sweat K+ monitoring patch was 

developed (Figure 1.5e).39 The paper channel had space for sweat collection, transport, and 
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evaporation. The prototype was only validated under in-vitro settings and was designed to sense 

K+ up to 32 mM (covering the entire physiological range). This prototype was further modified by 

connecting it to a circuit board with Bluetooth and tested on human subjects during exercise. The 

sweat K+ ranged 10-20 mM during the 30 minute exercise trial (Figure 1.5f).40 A few sensing 

platforms mentioned in section 1.3.2 were also used for measuring K+ levels in sweat.19,23,26.All 

platforms were ISE based. The K+ concentration measured in their respective human trials during 

exercise ranged 5-7 mM19, 25-50 mM23, 5-10 mM26. Although different wearable platforms have 

been able to measure sweat K+, these platforms have not been able to decipher the information 

regarding K+ metabolism in the human body. Hence, further validation is needed to understand 

how K+ appears in sweat. One way to figure this out could be via measuring K+ in sweat, blood, 

plasma under different physiological conditions on a large sample size.  

1.4.3 Ca+2 Levels in Sweat 

Calcium is an essential biomarker for human metabolism and mineral homeostasis. Excessive 

levels of calcium in biofluids can have detrimental effects on the function of organs, which can 

lead to myeloma, acid-base imbalance, cirrhosis, and renal failure. Ca+2 in sweat varies from 0.41-

12.4 mM.7 Although only a few sweat Ca+2 sensing platforms exist, one such wearable 

electrochemical platform involved simultaneous measurement of both Ca+2 and pH in sweat 

(Figure 1.5g).41 The LOD and LDR of the Ca+2 sensors were 0.2 mM and 0.2-2 mM, respectively. 

The sensing platform was developed using a Ca+2 ionophore (a compound that helps in selective 

transport of Ca+2) and showed a peak reading of ~ 1.5 mM during 30 minutes of high intensity 

exercise. Moreover, the sensor was even attached to a circuit board for wireless data monitoring 

on phone. Sweat Ca+2 has also been measured using flexible and super wettable bands. A LDR of 

0-15 mM was achieved for sweat Ca+2 detection, and the band was able to detect up to ~ 16mM 
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Ca+2 in artificial sweat (Figure 1.3e).13 Although there are no such correlation studies existing 

between blood and sweat calcium levels, the normal blood Ca+2 level ranges ~ 2.2-2.6 mM (similar 

to normal level in sweat). Moreover, these sweat Ca+2 sensors do not provide any information 

about how Ca+2 appears in sweat and diseases that can occur due to Ca+2 imbalance.  

1.4.4 Lactate Levels in Sweat 

Lactate is a biomarker for determining the oxidative stress levels and muscle health of the body. 

Lactate is a byproduct of glycolysis, generated as an outcome of anaerobic glucose metabolism 

due to high energy demand of the body. Thus, it is commonly produced during intense exercise. 

Lactate is predominantly present in eccrine sweat2, blood1,17 and to a certain extent in tears42 and 

saliva.43 The net amount of lactate present in these biofluids is highly dependent on the 

physiological state and the site of anaerobic metabolism in the human body. Lactate monitoring is 

of prime importance in certain groups of individuals, especially those who are frequently prone to 

oxygen deficit conditions like athletes and military personnel17 (for improving training and 

performance endurance). Critical lactate levels in the body can abruptly alter the fluid pH and 

cause several detrimental effects on human health like seizures, sepsis, renal failure, tumors44, 

cerebral stroke45, and panic disorders.46  

Lactate content in eccrine sweat depends on several parameters like the exertion type, duration, 

intensity, and sweat rate.46 Medium intensity exercise (60-70 % of maximum heart rate) for a short 

duration, or heat induced sweating can generate a lactate concentration of up to 25 mM, while 

exhaustive outdoor exercises could generate up to 115 mM. 31,43 On a contrary note, it is also proven 

that the sweat lactate concentration varies inversely with sweat rate during high perspiration rates. 

This suggests that with rigorous physical activity, the rate of sweat release is greater than the rate 

of lactate generation. There is also evidence that suggests sweat lactate levels vary minimally with 
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age47, sex48, and the sampling location (due to varying sweat gland density).1,49Apart from eccrine 

sweat glands, there two other types of sweat glands in the body have been identified: apocrine and 

apoeccrine.2 However, there is less evidence of lactate being present in the sweat secreted by these 

glands and our focus here is on eccrine glands in the forearms as commonly accepted lactate testing 

location. 

  

Figure 1.5. Na+, Cl-, and Ca+2 sweat sensors. Na+ and Cl- sweat sensors developed using ISE as 

sensing element in (a), (b), (c) conventional microfluidic channels, and (d), (e), (f) paper 

microfluidic channels. (g) Ca+2 wearable electrochemical sensing platform developed on a PET 

sheet.  

 

Similar to most other biomarkers, researchers have looked upon the correlation between the lactate 

concentration in sweat and blood. Blood lactate concentration ranges between 0.5-2 mM for a 

healthy subject at rest.17 During low to medium exercise intensity workout, the blood lactate 

concentration neither shows a significant change in its magnitude, nor reflects a good correlation 

with sweat lactate concentration.50,51 Only once the body crosses its lactate threshold (LT), blood 

lactate concentration rises exponentially and can peak up to 11 mM.52 Such high blood lactate can 

inhibit muscle contractions and is undesirable. A study by Karpova et al. has shown a positive 
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correlation between blood and sweat lactate levels during high intensity exercise.47 Thus, the extent 

of lactate generation in both sweat and blood are well understood under active sweating.  

Sweat lactate levels have also been quantified under resting conditions.8,10,53 The lactate 

concentration ranges 2-10 mM at rest. Studies have proven this with a fingertip touch-based sweat 

lactate monitoring platform, operated at rest (Figure 1.6a).10,53 Such platforms showed a LDR till 

2 mM and comprised of a thin agarose hydrogel connected to the sensors. The hydrogel would 

take up lactate from the fingertip and transport it to the sensor. Osmosis has also been used as the 

major driving force to withdraw sweat under resting conditions.8 The prototype using this method 

showed via colorimetric testing that most of the lactate being detected at rest was derived from 

osmotic extraction, while it was majorly active perspiration during exercise.54 However, a majority 

of sweat based wearable systems have quantified lactate only under active perspiration.26-28, Sweat 

lactate has also been quantified under submaximal exercising conditions.30 The sweat was sampled 

using the conventional absorbent patches in this study and was seen that sweat lactate increases 

with exertion intensity. However, no correlation was observed between sweat and blood lactate 

during medium exercise intensity. Sweat lactate has also been quantified under medium to high 

exercise intensity with paper microfluidic based electrochemical wearable patch. The average 

sweat lactate concentration was measured to be ~ 20 mM during this workout intensity (Figure 

1.6b).31 Overall, wearable devices have critically investigated sweat lactate levels under different 

physiological conditions, including rest, and have also studied the correlation of sweat lactate 

concentration to sweat rate and blood lactate concetration.10,53ï55 Although it is known that sweat 

lactate increases with exercise, other stimuli responses that cause a change in the sweat lactate 

level should also be investigated.  
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1.4.5  Glucose Levels in Sweat 

Glucose is an important biomarker for diabetes monitoring in the body. Glucose is mainly detected 

from blood via the conventional finger pricking test. Hence, the necessity of a wearable platform 

for continuous sweat glucose monitoring has always been of prime importance. Sweat can be a 

potential alternative biofluid for glucose monitoring. The sensing platform is usually enzymatic.7 

The glucose concentration in blood should ideally be less than 140 mg/dL (~ 7.8 mM), while the 

glucose concentration in sweat ranges in µM.56 Hence, the information gained from the glucose in 

sweat is not helpful in predicting the diabetic state of the individual. Alternatively, microneedles 

are a potential good candidate for interstitial fluid (ISF) sampling. The glucose levels in ISF 

correlate well with blood.57 Hence, ISF should be the alternative, non-invasive biofluid for 

monitoring glucose levels in the body. 

 

Figure 1.6. Sweat sensors for lactate and ethanol detection. Sensing platform developed using (a) 

hydrogel can sample sweat from fingertips under sedentary conditions, while (b) conventional 

microfluidic based platforms work the best in sensing lactate under active perspiration conditions. 
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(c) Microfluidic platform based on iontophoretic sweat extraction principle for ethanol detection 

in sweat. (d) Fuel cell-based platform for vapor-phase alcohol detection in sweat.    

 

1.4.6 Alcohol Levels in Sweat 

Ethanol is the biomarker for monitoring alcohol levels in the body. It ranges between 2.5-25 mM 

in sweat and can be sensed electrochemically or colorimetrically using alcohol oxidase enzyme as 

the biorecognition element.7 The ethanol concentration in blood rises with alcohol consumption, 

which eventually also reflects in sweat. A tattoo-based iontophoretic sweat alcohol monitoring 

system was developed using alcohol oxidase as the biorecognition element. The sensing 

mechanism involved peroxide reduction in presence of a mediator (Prussian blue) to generate 

current, which varies proportionally to the amount of ethanol content in sweat. The subjects on 

whom this platform was tested, consumed an alcoholic beverage for 5 minutes and showed a spike 

in sweat alcohol levels within the next 10 minutes (Figure 1.4g).3 Sweat was withdrawn via 

iontophoresis. This proves that the diffusion process of alcohol in blood is fast. Moreover, a 

microfluidic patch based sensor was also developed for continuous sweat alcohol monitoring 

(Figure 1.6c).58 The patch had hexagonal microfluidic channel arrays that would sample the 

iontophoretically generated sweat and transport it towards an electrochemical sensor. The sensor 

possessed a LOD, LDR, and sensitivity of 1.7 µM, 0.014-3.67 mM, and 7.25 µA.mM-1.cm-2, 

respectively. The LDR covers the entire blood alcohol range (120-150 mg/dL) that gets reached 

once the alcohol interferes with the motor function of the brain.  Their human trials showed that 

the blood-to-sweat lag time for alcohol transport ranges 2-11 minutes. An enzymatic wearable fuel 

cell based sensor also exists for transdermal alcohol monitoring (Figure 1.6d).59 The sensor could 

detect vapor-phase alcohol content in sweat from 0.09-500 mg/dL. This range is high as the body 

enters comatose phase beyond 500 mg/dL of alcohol consumption. Both blood alcohol and vapor 
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phase alcohol in sweat were measured for 6 hours and it was deduced that sweat alcohol depends 

on the perspiration rate. Moreover, the sensing platform was also connected to a physical circuit 

board for wireless data monitoring. Overall, sensing sweat alcohol appears to be straight forward 

as the alcohol in sweat is mainly derived from blood, and there are many wearable prototypes who 

have been able to do quantify this.  

1.4.7 Uric Acid Levels in Sweat 

In humans, uric acid is the major product of the catabolism of purine nucleosides, adenosine, and 

guanosine and is majorly excreted through kidneys.60 Uric acid is a nitrogen containing metabolite 

which alternatively excreted through sweat as well. Uric acid concentration in sweat ranges 2-10 

mM7, while in blood it ranges 5-7 mM.1 High uric acid content in sweat is even visible as a white 

skin crust on patients with kidney failure.61 Although the mechanism of uric acid portioning into 

sweat is not fully understood, but it is speculated to occur via passive transport to the sweat glands 

from blood.62 Uric acid maybe also partitioned into sweat either through metabolism of the sweat 

glands  or by Urea Transporter-B (UT-B), which is a membrane transport protein for urea in the 

body.60 In a study, uric acid from sweat, serum, and urine samples were measured from subjects 

after a two hour tennis game. Uric acid was quantified based on the uricase-peroxide method. The 

mean concentration of urea obtained in sweat, serum, and urine were ~ 0.025 mM, 0.39 mM, and 

3.7 mM. No correlation was found between the sweat and serum urea concentrations majorly due 

to varying sweat rates observed in different subjects. Some studies even suggest that sweat urea 

concentration relates inversely to sweat rate.62 Electrochemical biosensing platforms for uric acid 

sensing in sweat have also been developed. In one such case, the sensing platform was developed 

using highly conductive carbon nanofibers and could sense up to a 5mM uric acid in artificial 

sweat (Figure 1.7a).63 The platform was not validated on human skin. On a similar note, a laser 
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engraved biochemical sensor has been developed for sensing low concentrations of uric acid in 

sweat for gout monitoring (Figure 1.7b). Fabrication via laser engraving eliminated the necessity 

of conventional elastomer based microfluidic platforms. Moreover, this was the first multi modal 

sensing platform developed using laser engraving technology. The platform was enzymatic based 

and was designed to sense up to 100 µM of uric acid in sweat with a LOD of ~ 1 µM. Moreover, 

human trials on healthy subjects showed the uric acid concentration range to vary between 0 and 

60 µM. A comparison between sweat and serum uric acid levels was also presented which 

confirmed that purine rich diet increases the uric acid levels in both blood and serum, eventually 

increasing the risk of gout. A good correlation between sweat and serum uric acid levels were also 

obtained from the trials.64 Moreover, a wearable sweat sensing platform has also been developed 

for simultaneous detection of six biomarkers, amongst which uric acid was one (Figure 1.7c). They 

used silk fabric derived carbon textile structures for sensing. These structures were N-doped 

hierarchical woven porous structures that have good electrical conductivity, rich active sites and 

are hydrophilic for allowing efficient electron transmission.56 Non-enzymatic based uric acid 

biosensors have also been developed using Nafion modified screen-printed carbon electrodes and 

Ni nanostructures developed via glancing angle deposition (GLAD) technique.65ï67 Uric acid is 

also released from wounds. Hence, monitoring its level is crucial during wound healing to prevent 

infection risks.68 Moreover, wearable mouthguard based sensors have also been developed for 

salivary uric acid sensing. However, such sensors have only been validated on a benchtop in-vitro 

setup with artificial saliva.69 Hence, as uric acid levels can vary in several biofluids, it is important 

to check how these levels are interdependent with each other under different physiological 

conditions. Unfortunately, no existing study has investigated this.   
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1.4.8 Ammonia Levels in Sweat 

The primary source of ammonia in sweat is blood. The ammonia in blood originates from the 

anaerobic glycolysis in active muscle fibers in which adenosine 5-monophosphate gets degraded 

to inosine 5-monpphosphate and ammonia in the myoadenylate deaminase reaction. Sweat 

ammonia is suggested to have multiple sources: eccrine sweat glands, by-product of urea 

catabolism, skin gas emissions, and blood plasma.30 Sweat has a pH of 5 and 7 during low and 

high sweat rates, respectively. Since ammonia has a pKa of 9.3, it mostly stays protonated in the 

sweat.1 Thus, ammonia has a high level of diffusivity through membranes, but NH4+ does not 

because of its ionic nature. This also makes the sweat NH4+ level be 20-50 times higher than the 

ammonia level in blood. Sweat and blood ammonia have been quantified under medium to high 

intensity exercise intensity as well as under post-exercise conditions.30 No correlation was 

observed between them under all conditions. This is in contrast with previous studies by 

Czarnowski et al. and Alvear-Ordenes et al., where blood ammonia concentration got elevated 

either by oral ingestion or high-intensity exercise, which primarily contributed to sweat 

ammonia.70 However, as the testing location of all these studies were different, the results remain 

contradictory and inconclusive. Another study involved measuring blood ammonia from 

exercising individuals. The blood ammonia level increased with exercise and possessed a linear 

relationship with lactate increment.71 Another study also reported a similar relationship between 

ammonia and lactate levels in sweat and blood during their human trials under high intensity 

exertion levels. Overall, the generation of lactate in sweat causes acidification of sweat, which 

facilitates the diffusion of ammonia from eccrine duct to lumen duct of the sweat gland.72       
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1.4.9 Ascorbic Acid Levels in Sweat 

Ascorbic acid (AA) is another name for vitamin C and is present in sweat in the range of 10-50 

µM.7 AA helps in production of collagen, iron absorption, cold treatment, and in protecting the 

body from viral infections.73 Heat exposed activities or prolonged sport sessions can cause loss of 

AA from the body via sweat. AA is usually quantified using either HPLC, capillary 

electrophoresis, or enzyme based colorimetric sensors.74 Several wearable prototypes have been 

developed to quantify AA in sweat. A sensor patch based on silk fabric derived carbon textile has 

been developed for AA monitoring in sweat.56 The working electrode was made of silk fabric and 

was doped with graphitic structures for increasing electrical conductivity, and active sites. The 

sensor had a LDR till 6 µM and was stable for up to 4 weeks. However, the platform was not tested 

on the human skin. Researchers have also developed an epidermal enzymatic platform for sweat 

AA detection (Figure 1.7d).73 The working electrode was immobilized with ascorbate oxidase 

enzyme, which served as the biorecognition element. The sensor possessed a LDR till 1mM. 

Ascorbate oxidase enzyme catalyzes the oxidation of vitamin C to dehydroascorbic acid by 

consuming oxygen. The amount of oxygen consumed by the enzymatic reaction is proportional to 

the ascorbic acid concentration, and it can be measured by monitoring the changes in the oxygen 

reduction current. The platform was also validated on real human skin by testing with 

iontophoretically withdrawn sweat, extracted ~ 45 minutes after ingesting vitamin C pills. 

Similarly, it was also tested with saliva and tear. A glove-based sensor for simultaneous detection 

of AA, pH, Cl- from naturally excreted sweat  has also been developed (Figure 1.7e).75 The 

platform had a LDR till 300 µM and could detect vitamin C sporadically up to 5 days. However, 

the platform was not a wearable system. The biomarkers were measured using a benchtop 

potentiostat system. The vitamin C reading ranged 10-30 µM during the human trials. Unlike 
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conventional electrodes, a special electrode using alginate membrane and CuO nanoparticles has 

also been developed and used on a platform for AA sensing (Figure 1.7f). The platform showed a 

LOD of 1.97 µM and a LDR of 10-150 µM. However, the platform was only restricted to benchtop 

testing.74 Moreover, microfluidic based platforms with fluorometric AA sensors have also been 

used for AA measurements (Figure 1.7g).76 Such a platform possessed a LDR till 100 µM and 

could measure AA from human skin till 14 days. The AA concentration ranged 0.1-0.5 µM. Hence, 

again like K+, Ca+2, these wearable prototypes have not been able to trace the origin of AA 

appearance in sweat. Hence, an in-depth study involving measuring AA in sweat, blood, plasma 

under varying physiological conditions is important to answer such questions.   

1.4.10 Cortisol Levels in Sweat 

Cortisol is a glucocorticoid, which is a group of hormones released in the body via the activation 

of hypothalamic-pituitary-adrenal (HPA) axis to cope with psychological and physiological 

stress.77 Cortisol is also responsible for increasing blood sugar, suppress immune system, and aid 

with the metabolism of fat, proteins, and carbohydrates.78 It is an indicator for the immune system 

and can be used to diagnose Cushingôs syndrome and Addisonôs disease, whose symptoms include 

fatigue, low blood pressure, and depression. Cortisol is lipid-soluble and so it can transport 

between the lipid-bilayer membranes of cells to appear in sweat.1 Moreover, cortisol is majorly 

available in two forms: bound and unbound. Unbound cortisol can freely undergo intercellular 

passive transport through membranes, while the bound cortisol cannot. Hence, unbound cortisol 

in serum can enter the lipid membrane of the salivary glands and have been found to appear in 

saliva.79 The same transport mechanism also hold true for sweat glands.1 Sweat cortisol and blood 

lactate range between 8-140 ng/ml and 44-145 ng/ml, respectively.1,7,80  
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Figure 1.7. Sweat sensors for uric acid and ascorbic acid detection. Uric acid sweat sensing 

platforms are developed using various materials such as (a) conductive carbon nanofibers, (b) laser 

engraving, and (c) silk fiber derived carbon textile. Epidermal enzymatic electrochemical sensing 

platforms for ascorbic acid can be developed (a) on a flexible polyurethane substrate and be used 

with iontophoretically extracted sweat, (b) on a glove, and (c) by using nanoparticles and 

membranes. (g) Fluorometric detection based ascorbic acid sensors have also been developed.  

 

Figure 1.8. Sweat cortisol sensing platforms. Sweat cortisol sensing platforms can be developed 

using a wide variety of techniques such as (a) via laser engraving of electrodes, (b) using porous 

hydrogels for sensing from fingertips, (c) using nano porous membranes, (d) conductive carbon 

fiber, (e) thin films, and (f) nano sheets. 
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In the past few years, several wearable platforms have been developed for measuring sweat cortisol 

levels. A flexible, wearable sensor array using laser induced graphene electrodes has been 

developed for sweat cortisol estimation (Figure 1.8a). This sensor was an affinity-based 

electrochemical sensor in which sweat cortisol and horseradish peroxidase (HRP)-labeled cortisol 

compete for binding onto antibody-modified graphene electrode surface.77 The platform was tested 

with human serum, saliva, and sweat. Cortisol levels in these biofluids were measured both in 

morning and evening for 6 days. Serum, saliva and sweat cortisol ranged from 200-300 ng/ml, 

100-150 ng/ml, and 100-200 ng/ml, respectively. It was seen that morning cortisol levels were 

always greater than the levels in the evening in all three biofluids. Moreover, a good correlation 

between sweat and saliva cortisol, and sweat and serum cortisol levels were observed. The 

platform was also tested with exercising individuals and by exposing the subjects to the cold 

pressor test. During exercise, sweat cortisol ranged ~ 0.5-3.0 ng/ml, and 1-10 ng/ml during the 

cold pressor test. Moreover, a touch-based, non-invasive molecularly imprinted polymer (MIP) 

based electrochemical sensor also exists for sweat cortisol detection (Figure 1.8b).81 The sensor 

measures sweat cortisol from fingertip using a hydrogel, and by allowing cortisol to bind to a 

cortisol-imprinted electropolymerized polypyrrole coating. The sensor has a LDR and LOD of ~10 

nM-1 µM, and 40-60 nA/nM. The platform was tested on skin for cortisol measurement both at 

morning and evening, and during exercise. Again, it was seen that the measured cortisol levels 

were higher during the day (~ 200 nM during day and ~ 50 nM during night) and got elevated with 

exercise. Cortisol concentration also increased in the cold pressor test and reached ~200 nM. 

Electrochemical devices using an electrochemical transistor and synthetic polymeric membrane 

have also been developed for human cortisol sensing (Figure 1.8c).82 The polymeric membrane in  

this device was stuck to the skin and was sensitive towards cortisol detection The sensor had a 
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LDR of 0.01µM-5mM and could sense cortisol from human skin for up to 20 minutes. The cortisol 

readout of the sensor also matched well with the ELISA readout. Conductive carbon fiber based 

platform has also been developed for sweat cortisol sensing (Figure 1.8d).83 The fiber was 

functionalized with Fe2O3 to immobilize the antibodies specific to cortisol. The sensor possessed 

a LDR of 1 fg to 1 µg and a LOD of 0.005 fg/ml. However, it was not tested on real human skin. 

Electric double layer (EDL) modulated biosensor using ZnO thin films as an active site, also exists 

for cortisol detection (Figure 1.8e).84 ZnO is a biocompatible semiconductor with a band gap of 

3.37 eV, high isoelectric point (IEP) of ~ 9.5, and tunable electrical properties. A higher IEP allows 

enhanced protein adsorption due to higher electrostatic interaction. Moreover, due to ZnOôs 

crystalline nature and Zn and oxygen terminations, it has proven to be an effective substrate for 

functionalization of several linker molecules, which help in the development of bio-

immunoassays. Cortisol detection in sweat was achieved by quantifying the impedance change 

due to EDL modulation with AC electric field. The sensor had a LOD of 1 pg/ml in synthetic 

sweat, while 1 ng/ml in human sweat and a LDR of 10-200 ng/ml. Again, it was not validated on 

the human skin. On a similar note, a non-faradaic label free cortisol biosensor using MoS2 

nanosheets (Figure 1.8f) has also been developed.78 MoS2 is a 2D inorganic transition-metal 

dichalcogenide, whose single layer has a bandgap of ~ 1.8 eV and is more sensitive than other 2D 

materials. Moreover, MoS2 edges can be chemically modified for biosensing applications. In the 

sensing platform, MoS2 nanosheets were modified with cortisol antibodies, which made it detect 

cortisol via impedance spectroscopy. The sensor had a LDR of 1-500 ng/ml and LOD of 1 ng/ml 

but was not validated on human skin. Overall, the recent progress towards sweat cortisol 

monitoring seems promising. However, as cortisol levels can vary in different biofluids (like uric 
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acid), it is important to understand the interdependency of cortisol levels in all these biofluids 

under different physiological conditions.  

 

1.5 Current Challenges related to Sweat Sampling and Sensing 

Sweat is present inside the sweat glands, located at the hypodermis section of the skin surface with 

an ionic strength of ~ 0.15M.1,85 Overall, most of the existing sweat sensing prototypes rely on the 

presence of visible, active sweat (released wither via exercise, iontophoresis, or body temperature 

elevation) on the skin surface, prior sensing. Hence, such prototypes remain inoperative for longer 

time periods under the conditions of normal human activity (such as rest) and have a short sensing 

duration period (~ minutes). Moreover, most of these prototypes do not have an outlet site which 

would allow continuous replacement of old sweat fluid with new. Hence, the current sensing 

platforms achieve a quicker saturation and cannot operate for a longer time (~ hours). Although 

there are a few prototypes who have quantified biomarkers from rested subjects, but they are either 

not a wearable platform, have a low sampling duration, and do not contain an outlet site. Hence, 

the necessity of an efficient, sweat sampling and monitoring device, capable of delivering long-

term information under any physiological condition and providing a comprehensive understanding 

about the metabolism of different biomarkers remains unaddressed. 

 

1.6 Layout of Dissertation 

My graduate research was focused on the development of a new principle for the design of flexible 

and wearable patches, which are capable of extracting sweat under both resting (with low sweat 

release, or under low humidity conditions) and actively perspiring conditions for a long-term 

period (~ hours), using osmotic pressure difference for pumping, and evaporation for liquid 
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disposal. This Chapter 1 introduces some background regarding the mechanism of sweat 

production, how sweat is sampled from the skin under varying physiological conditions, sensing 

techniques of various biomarkers, recent development in sweat-based wearables, and what 

information do different biomarkers convey under different physiological conditions. Chapter 2 

introduces our non-invasive, wearable, zero-powered sweat sampling patch, which simultaneously 

uses osmosis (via hydrogel interfaced to skin), capillary wicking, and evaporation (via paper 

microfluidic channel) to deliver long-term biomarker collection. We validate the functioning of 

the patch in in-vitro (benchtop) settings, where we investigate the role of osmosis, evaporation, 

hydrogel surface area, paper pore size, and transport effects at the paper-hydrogel interface towards 

long-term biomarker collection. Chapter 3 discusses the in-vivo (on-skin) validation of the patch 

where we used it to sample sweat lactate under rest, varying levels of exercise, and post-exercise 

conditions. We show that sweat lactate is majorly sampled via osmosis only when being measured 

from subjects at rest. Lactate was derived from actively generated sweat during exercise trials. 

Moreover, it was also observed that sweat lactate concentration depends directly and inversely on 

sweat rate during medium and high intensity workout. The sweat lactate concentration possessed 

a good correlation with blood lactate concentration only during the high intensity exercise trials. 

Chapter 4 discusses about our continuous sweat lactate sensing platform, developed as an 

extension of our previously developed sweat sampling patch, via the inclusion of enzymatic 

electrochemical sensors. The whole platform was also integrated with a custom-built flexible 

wireless, wearable circuit board with Bluetooth modules, which allowed real-time monitoring of 

sweat lactate trends on a device such as an iPad. Here, we validate the platform under both in-vitro 

and in-vivo settings. Chapter 5, the final chapter of this dissertation, demonstrates how our 

osmotic-capillary patch can integrate with microneedles patches to develop a long-term (~ hours) 
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interstitial fluid (ISF) sampling platform. We have validated this integrated system only under in-

vitro settings. The last chapter, Chapter 6 summarizes my graduate research and provides future 

directions for our osmotic capillary enabled sweat sensing platform.   
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2.1 Introduction  

This chapter discusses about the design and functioning of a wearable sweat sampling patch, based 

on a novel sweat extraction principle that allows it to withdraw sweat from skin without the 

requirement of any active perspiration prior testing. Sweat contains diverse biomarkers that 

provide essential information regarding the health and physiological state of a human body. Sweat 

is generated in the eccrine glands. Osmotic forces (from ion pumps in the sweat glands) drive the 

sweat through narrow capillary dermal ducts to the surface of the skin to regulate the internal body 

temperature.1,2 Targeting sweat as a potential alternative biofluid for non-invasive sampling and 

sensing of analytes (electrolytes, metal ions, metabolites, proteins, and exogeneous chemicals) has 

received significant and growing attention recently since it contains solutes that otherwise need to 

be extracted invasively from blood.1-3 Wearable sweat-based sensors represent a growing field of 

research and an emerging class of technology. They offer the promise of real-time health 

monitoring to provide useful information for personalized health care.4,5  

One of the biggest challenges for sweat analysis is sampling sweat samples of sufficient 

volume for assays. Most existing devices are either invasive in nature6,7 or are only functional 

under ñactive sweatingò; i.e, sweat released due to physical exertion prior to testing.8-17 For 

example, iontophoresis and reverse iontophoresis are well-established methods for sampling sweat 

and interstitial fluid (ISF) from the human body. However, both techniques involve passing small 

electrical currents through the skin to drive the biofluid onto its surface,18,19 which requires external 

power and can lead to skin irritation. Sweat can also be captured during active sweating (e.g. while 

exercising). Biomarker analysis via active sweating is not only inconvenient and tedious (since it 

requires strenuous exercise), but also raises additional questions concerning its clean capture, 

external contamination, error in measurements due to uncontrolled evaporation, and dilution due 
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to excessive sweating.3 Thus, there remains a need for techniques that could allow for efficient 

collection and transport of small volumes of fluid from the skin (especially under normal human 

activity which barely involves profuse sweating) to sensors for long-term and continuous 

biomarker monitoring.  

Human sweat has an ionic strength of ~ 0.15M and hence, in principle, the difference in 

the chemical potential due to solute concentration may be utilized as a driving force to withdraw 

it non-invasively. We previously established this concept using hydrogels in a conventional 

microfluidic channel.20 Osmotic pressure is a natural phenomenon that results from solute-solvent 

chemical potential imbalance between two solutions, separated by a semi-permeable membrane, 

and it exists until the difference is annulled.21 Osmotic driven fluid transport has applications such 

as in-vitro extraction of several compounds,22-24 drug delivery,25 and in-vivo biomarker sampling.26  

Many skin-interfacing devices detect analytes via colorimetry by transporting sweat 

through complex and serpentine microfluidic channels to a sensing zone. These sensors typically 

determine multiple biomarker concentrations through phone-based image analysis based on the 

color intensity of a compound generated as a product of the specific reaction between the 

biomarker and chemical reactants in the channels. However, conventional microfluidic channels 

remain susceptible to fouling and thus may not be a suitable for long term fluid transport.27 Another 

class of sweat sensing wearables involve electrochemical measurements11,15,16 where 

concentrations are determined based on the magnitude of the generated current at the 

functionalized electrode surface. Glucose8,13,17,28, lactate8,10,13,19,28, pH8,9,13,17,28, salts3,8,13,14,17, 

metal ions3,10,17, skin temperature, and urea9 are few of the targeted biomarkers and vitals that have 

been quantified using both colorimetric and electrochemical sensing platforms. Easy and 

affordable access to such devices can significantly enhance on-spot health monitoring and disease 
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detection from sweat. Despite the progress, all these devices face a key challenge: the inability to 

provide continuous, long-term (~ hours) sweat management and analysis. 

The use of paper microfluidic channels can be an extremely simple and efficient approach 

for long-term sweat harvesting and management. Paper is not only a readily available and 

inexpensive material, but its porous nature and the ability to control flow rates via capillary 

wicking and evaporation makes it a very suitable as a medium to transport and manage sweat.29,30 

Evaporation-assisted passive pumping has been used effectively by researchers to develop several 

microfluidic devices.31-37 Yet, to the best of our knowledge, the combined actions of passive 

osmotic microfluidic pumping and evaporation-assisted fluid management via paper have not been 

yet deployed in an operational wearable device for biomarker analysis in sweat.  

This article discusses the in-vitro (benchtop) operation of a wearable prototype (patch) for 

pumping sweat that uses a hydrogel to interface with skin. For the first time, it combines the action 

of three basic effects: osmosis, capillary wicking through paper and evaporation. The patches can 

sustain continuous, long-term (~ hours) sweat flow and biomarker sampling from model skin 

settings. We initially begin by discussing the design of the patch and establish the ñproof-of-

conceptò of the patch functioning in-vitro. Through this, we justify the pivotal role of the hydrogel 

in determining the rate of overall biomarker transport. Finally, we also study the effects of the 

different components of patch that facilitate maximum biomarker collection on the evaporation 

pad. The transport of dye and solute towards the evaporation pad of a 4M glucose hydrogel patch 

were also studied based on: (1) swelling pressure of the hydrogel, (2) hydrogel contact area with 

skin, (3) paper pore size, and (4) transport properties across the vertical portion of paper and 

hydrogel interface. 
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2.2 Experimental Section 

2.2.1 Materials 

The experiments were performed using Whatman filter paper (Grade 542, GE Healthcare Life 

Sciences); Sylgard 184 elastomer (Dow Corning); phosphate buffer saline (PBS), regenerated 

cellulose dialysis tubing (21-152-16, Fisher Scientific), acrylamide (Sigma), N-Nô 

methylenebisacrylamide (Sigma), 2-hydroxy-4ô-(2-hydroxyethoxy)-2-methylpropiophenone 

(Sigma), D-glucose, gelatin type A (~300 g Bloom, Sigma-Aldrich), yellow fluorescent dye 

(Tracerline, TP39000601), rhodamine-B (Rho-B), bromophenol blue (BPB).  

2.2.2 Patch Fabrication 

Sylgard-184 silicone elastomer (Dow Corning) and its curing agent were mixed in 10:1 w/w ratio 

and cured for 12 hours at 70oC to make the base for the PDMS sheet. The patch was prepared by 

attaching two PDMS sheets together ï 38 mm × 15 mm × 2 mm (bottom) and 30 mm × 15 mm × 

1 mm (top). A single hole matching the hydrogel diameter was punched at 6mm from one of the 

edges on the bottom sheet to encase the hydrogel. A section of Whatman 542 paper was cut out 

using a CO2 laser cutter (Universal Laser Systems VLS 3.5) and was sandwiched between the top 

and bottom PDMS sheets. Our previous research on capillary assisted evaporative pumping 

determined the dimension of the paper channel for this study.37 The PDMS sheets were attached 

together using additional silicone (Sylgard-184), making sure that it did not contact the paper 

channel. The whole patch was treated in an oven at 40oC overnight to achieve firm adhesion 

between the sheets. 

2.2.3 Fabrication of Model Skin 

PBS was initially heated to ~80°C. 13% (w/w) gelatin type-A solution was prepared in 6 mL PBS 

solution. Three kinds of dye solutions (ñmodel biomarkersò) were prepared and used: a) 2.45% 
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(v/v) of a yellow dye solution in PBS, b) 0.2% (w/w) of Rho-B in PBS, and c) 0.14% (w/w) of 

BPB in PBS. Human sweat contains several ions; hence Rho-B (cationic) and BPB (anionic) were 

chosen to mimic the sweat constituents as realistically as possible. The dye solutions were 

individually added to the gelatin-PBS mixture and stirred well. This gelatin-dye-PBS mixture was 

then transferred to a mold and was refrigerated overnight to obtain a solid gel-like material. A thin 

dialysis membrane (MWCO ï 12KDa ï 14KDa) was placed to cover the top surface to mimic the 

tough semipermeable epidermal layer of skin. This arrangement of the gel with membrane served 

as model skin. The patch with an embedded hydrogel or PDMS disk interfacing the model skin, 

served as our in-vitro experimental setup. Additional information regarding the arrangements for 

data quantification of in-vitro experimental results are provided in the supplementary information.  

2.2.4 Statistical Analysis 

We performed a two-sample t-test for statistical significance. Significance is denoted as p<0.05 

and p<0.1. 

2.2.5 In-vitro experimental setup and image analysis of dye collection on evaporation pad using 

Matlab 

A test method was developed for quantitative measurement of the dye on evaporation pad. A 

PDMS block (25 mm × 25 mm) was placed separately on top of the hydrogel patch after interfacing 

with model skin to establish firm contact between the skin and hydrogel. The whole setup was 

covered with a square shaped petri dish with four square shaped side cutouts for continual fluid 

evaporation. The setup was then placed over a black cardboard and covered with a cardboard box 

to eliminate the illumination effects from the surrounding light. A Canon EOS Mark5 DSLR 

camera was placed and focused on the patch from 15-30 cm away. Time lapse images of the dye 
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flow were taken every 30 minutes till 24 hours. The test was performed under ambient lab 

conditions (~22oC and 40 % RH) and was repeated three times. 

MATLAB (R2018b) was used to analyze the dye profile on the evaporation pad. Snaps of 

the pad were taken every 30 minutes till 24 hours. A small rectangular section (8 mm × 2 mm) was 

selected on the pad each time for intensity measurements. Grey scale intensity was calculated and 

averaged for pixels along a horizontal line that ran through the center of the selected section. The 

intensity data were integrated over the line, which evens the fluctuations of the dye intensity. Net 

intensity of the accumulated dye at a certain time (t) was calculated by subtracting its area under 

the curve from area under the curve at t=0. The difference was normalized on a 0-1 scale with 0 

being the minimum and 1 being the maximum intensity.  

 

2.3 Results and Discussion  

Figure 2.1 highlights the components of the patch and how the hydrogel pump functions upon 

interfacing with skin. The patch, as shown in Figure 2.1a, has three major sections: (1) A circular 

chamber hosting a hydrogel disk; (2) A rectangular strip of paper sandwiched between two thin 

PDMS sheets; and (3) A paper pad with a large surface area open to the atmosphere that we refer 

to as the ñevaporation padò. Hydrogel disks are equilibrated with varying osmolytes (which are 

benign to human skin) to lower their chemical potential (of the water in the gel) relative to sweat. 

The infused hydrogels are then loaded onto the designated circular chamber of the patch. The 

hydrogel disk and the circular end of the paper directly interface the skin. The hydrogel withdraws 

sweat and its associated biomarkers from the skin surface due to a high osmotic pressure. The 

extracted sweat and biomarker (from skin), together with some of the osmolyte solution (from the 

hydrogel) get wicked through the rectangular paper strip towards the evaporation pad (Figure 
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2.1b). The transported fluid mixture then reaches the evaporation pad, where it evaporates over 

time. Continuous evaporation of both the osmolyte and the sweat with biomarkers leads to 

accumulation of their non-volatile components on the evaporation pad (Figure 2.1a).  

Due to the existence of continuous fluid evaporation, the pad acts as a repository of any 

solute and biomarkers dissolved in the sweat.37 The evaporation of water from the pad maintains 

the capillary pressure in the paper strip to promote continuous long-term fluid flow towards the 

pad. The patch would cease to operate (stop withdrawing fluid) if either of the following conditions 

are reached over time: (1) chemical potential of the water in the sweat equals the chemical potential 

of water in the hydrogel or (2) saturation of the pad by deposited salt / osmolyte. Hence, the useful 

duration of patch operation depends on both the osmotic strength of the hydrogel and the dynamic 

free available surface area on the pad. We refer to it as ódynamicô due to the continuous deposition 

of biomarker and osmolyte over time.  

2.3.1 Importance of Osmotic Pressure and Fluid Evaporation 

We evaluated the in-vitro performance of the patch by interfacing it with a dye-infused model skin 

under ambient conditions (22oC, 45% relative humidity (RH)) for 24 hours. This allows us to 

characterize the rate of osmotic extraction of fluid, mimicking the operation of the patch on actual 

skin. The schematic of the experiment is shown in Figure 2.2a. We compared the flow rate 

produced from three different discs: a hydrogel having a high solute concentration (treated with 

4M glucose solution), a hydrogel having a low solute concentration (treated with DI water or PBS), 

and a control sample consisting of a PDMS disk (instead of hydrogel).  
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Figure 2.1. Wearable, zero-powered, and non-invasive sweat sensing platform. (a) Image 

highlighting the overall structure of the patch with its two main regions: a site for embedding a 

hydrogel disk, and a long rectangular section of paper with a site for evaporation at the end. (b) 

Optical image of the patch with hydrogel facing the forearm and a blown-out cross-sectional 

schematics illustrating the on-going osmotic effects at the paper-skin interface.  

 

The hydrogel disc with high solute concentration initiates osmotic pumping and transport 

of abundant dye, salt, and glucose flow towards the evaporation pad (Figure 2.2a, Figure 2.2b, top 

row). Figure A.1. provides detailed information of the procedure for measurement of dye intensity. 

In contrast, the PDMS disk (Figure 2.2b, bottom row) did not extract any dye over time, evidently 

due to the lack of a driving force at the paper-membrane interface. Similarly, the hydrogel discs 
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infused with either DI water or PBS (low osmotic pressure) did not extract any dye. These results 

highlight and confirm the importance of osmosis for extracting fluid across the paper-membrane 

interface. We further verified this conclusion by testing pre-wetted paper strips (with either 4M 

glucose solution, PBS, and DI water) with (4M glucose patch) and without (PDMS patch) an 

osmotic gradient. Of these combinations, only the ones with osmotic pressure showed dye 

transport, although using pre-wetted (pre-saturated) paper limited the transport (Figure A.2 and 

corresponding text). Hence, a hydrogel patch with high solute concentration combined with dry 

paper functions the best in delivering biomarker to the pad.  

 

We next characterized the dye intensity profile along the whole paper channel (rectangular 

strip and evaporation pad) for the patch with high solute hydrogel. The dye intensity along the 

length of the rectangular section of the paper started out low and then saturated with dye within 2 

hours. The intensity did not vary along the length since this section is encapsulated in PDMS, 

which prevents evaporation. On the contrary, the overall dye intensity on the pad keeps increasing 

as dye and salt accumulate when the carrier fluid evaporates (Figure 2.2c). The device 

demonstrates continuous flow over twelve hours (Figure 2.2d). After twelve hours, the evaporation 

pad fully saturates with salt, glucose, and dye deposits, suppressing any further fluid evaporation.  
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Figure 2.2. Illustration of patch operation with model sweat and model skin system (a) The in-

vitro experimental setup consists of an enclosed hydrogel/PDMS disk hosted inside a PDMS 

chamber with a paper channel interfacing the model skin platform. Simultaneous action of 

osmosis, capillary wicking and evaporation leads to continuous fluid withdrawal and collection of 

model biomarker on the pad. (b). Image showing the extent of dye collection on the evaporation 

pad over time in two independent patches operating simultaneously with a 4M glucose equilibrated 

hydrogel (top row) and a PDMS disk (bottom row) for a 24-hour run on model skin.  The images 

for low solute hydrogel (water and PBS) were same as PDMS. (c) Plot of the variation of the 

normalized and three point averaged grey scale intensity gradient at different times. (d) 

Normalized cumulative dye intensity measured on the evaporation pad over time for three different 

trials. These plots and schematic together elucidate how the concept of evaporation assisted 

capillary pumping in paper microfluidic channels can be combined with osmosis and eventually 

be integrated for long term sweat collection and analysis.  
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2.3.2 Osmolyte Effects on Model Biomarker Intensity 

Next, we quantified the role of hydrogel composition on dye and solute deposition levels on the 

pad. Hence, we started initially by conducting experiments like the ones in Figure 2.2a for a 24-

hour period. The hydrogel disks were first equilibrated with solutions of either 4M glucose, 4M 

glycerin, or 2M NaCl. These solute levels should provide similar osmotic pressures. We 

investigated independently two oppositely charged dyes as model biomarkers ï rhodamine-B, 

(Rho-B, cationic) and bromophenol blue (BPB, anionic). Upon interfacing these patches to the 

model skin (containing either Rho-B or BPB in PBS), we first observed that clear PBS fluid wicked 

through the paper channel and reached the end of the pad in 1-2 hours. The dye transport front 

lagged behind PBS and took about 3-4 hours to reach the end of evaporation pad (Figure A.3). We 

rank the hydrogels from best extraction (highest dye intensity) to worst: glucose, glycerin and 

NaCl (Figure 2.3a, b, c, d). The dye presumably lags behind the initial PBS front due to 

chromatographic effects arising from the polar nature of the dye. Surprisingly, both dyes exhibited 

this lag despite being oppositely charged (Figure A.3). Such effects may arise due to the presence 

of the osmolyte and salt (from model skin) in the flow, which alters the interactions between the 

dye molecules and paper as the flow progresses. These effects cause a time lag, but do not prevent 

the dye from reaching the evaporation pad.  

The dye intensity levels on the evaporation pad depend strongly on the osmolyte being 

used to treat the hydrogel. In the patch containing a glucose hydrogel disc, evaporation of the 

glucose-PBS mixture deposits a thick, visually distinct, crust of glucose-salt on the evaporation 

pad. The deposition begins as soon as the fluid mixture reaches the pad and continues 

approximately until the first twelve hours for both dye systems. Beyond this, the systems achieve 

saturation and show a negligible variation in dye intensity (Figure 2.3b, d). The crust keeps on 
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growing inwards with time (due to continuous fluid evaporation) and acts as a barrier for the 

incoming dye flow. Consequently, the dye accumulates along this deposited salt-glucose crust 

(Figure 2.3a, c, top row). Visual inspection after 24 hours shows that the crust occupies about 20% 

of the total surface area on the evaporation pad.  

 

Figure 2.3. Qualitative and quantitative analysis of patch operation using different osmolytes (a) 

Optical images depicting the chronological accumulation of Rho-B dye on the pad over 24 hours. 

(b) Plot depicting the variation of Rho-B dye intensity data over time. (c) Images showing the 

variation of BPB dye levels over time. (d) Plot of the BPB profile vs. time. The image sets highlight 

the importance of choosing a suitable osmolyte for equilibrating the hydrogels as it determines the 

overall fate of model biomarker collection on pad. 

 

Unlike the glucose hydrogel, the glycerin hydrogel deposits only a thin layer of salt 

resulting from evaporation of PBS. This layer does not offer significant resistance to the incoming 
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flow, allowing the dye and glycerin to spread all over the pad. It eventually saturates the pad and 

terminates further fluid evaporation (Figure 2.3a, c, middle row). The NaCl hydrogel exhibits the 

lowest dye intensity amongst all other systems (Figure 2.3a, c, bottom row), likely due to the 

following two reasons: (1) lowest solute content from reduced swelling of the hydrogel during 

equilibration prior to contact with the model skin, and (2) the electrolyte ions from the NaCl 

solution screen the electrostatic repulsion between the dye molecules and the paper substrate and 

promote stronger dye adsorption.38
   

Table 2.1 provides a detailed analysis of the total salt and osmolyte deposition for every 

hydrogel. Glucose as an osmolyte leads to the highest amount of solute accumulation (~ 11 mg) 

on the pad after 24 hours for both dye systems. The amount of solute deposition varies 

proportionally with dye intensity on the pad (Figure 2.3b, d). The results from Figure 2.3 and Table 

2.1 illustrate the following three major outcomes: (1) glucose hydrogels possess the highest 

amount of solute post equilibration, (2) the nature of the osmolyte controls the inflow of dye and 

solute towards the pad, and (3) both glycerin- and glucose-infused hydrogel patches hold the 

potential to support long-term (~12 h) continuous biomarker withdrawal from non-actively 

sweating skin.  

Table 2.1. Table highlighting the quantity of solute deposits on the evaporation pad with different 

solute infused hydrogels for both the dyes, after 24 hours of operation. Data represents mean ± 

S.D. * p<0.05, ** non-significant, *** p<0.001 vs. 4M glucose. 
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2.3.3 Validation of Osmotic Pressure Difference between Hydrogels of Varying Solute 

Concentration 

The previous section illustrates the importance of osmosis for dye transport. Osmotic pressure 

difference is a colligative property. Thus, the dye transport should depend on the concentration of 

solute in the hydrogel. To confirm this, we compare the dye withdrawing capacity of 2.5M and 

4M glucose hydrogel on model skin.  

Figure 2.4a compares the accumulation of Rho-B dye using 4M glucose hydrogels and 

2.5M glucose hydrogels (Figure A.4 reports BPB dye). The BPB dye also showed similar trends.  

It is visually evident that the Rho-B travels further on the pad with 4M glucose relative to the 2.5M 

glucose hydrogel. The intensity trends of both dyes also verify this observation (Figure 2.4b). The 

2.5 M glucose hydrogel deposited ~7.5 mg of crust while the 4M glucose hydrogel deposited ~ 11 

mg of crust on the pad (Table 2.1). Taken in sum, the results of Figure 2.3 and Figure 2.4 show 

that increasing the chemical potential of the hydrogel increases the dye collection efficiency. 

The difference of the dye intensity values (at each time stamp) between 2.5M glucose and 

4M glucose hydrogels was greater for the Rho-B model skin (Figure 2.4b). This occurs since Rho-

B dye tends to bind more to the paper forming the channel because of its cationic nature. The 

adsorption of the Rho-B on the paper, and a lower concentration glucose hydrogel altogether 

contribute towards the observed lower dye accumulation in 2.5M glucose-Rho-B system. The 

anionic BPB dye does not bind as much to the paper and is transported faster towards the pad. 

Hence, the difference of the intensity values (at each time stamp) between 4M glucose and 2.5M 

glucose were relatively low for BPB (Figure 2.4b, Figure A.4). Based on our results (Figure 2.4a, 

b), it is apparent that besides osmotic pressure difference, fluid evaporation and the osmolyte 
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nature, the binding of the biomarker to the paper conduit also plays a key role in determining its 

collection on the pad.  

2.3.4 Design Aspects of the Patch Facilitating Higher Model Biomarker Collection on Pad 

The transport of dye and solute towards the evaporation pad of a 4M glucose hydrogel patch were 

also studied on the basis of: (1) swelling pressure of the hydrogel, (2) hydrogel contact area with 

skin, (3) paper pore size, and (4) transport properties across the vertical portion of paper and 

hydrogel interface. 

 

2.3.4.1 Effect of Total Hydrogel Swelling Pressure 

The swelling pressure (“ ) of a hydrogel is defined as the external pressure required to be applied 

on the hydrogel to prevent it from swelling.3 It is a model that allows to estimate the solvent intake 

capacity of a hydrogel, post equilibration with any solution. We investigated the swelling pressure 

of each hydrogel to correlate its magnitude to their observed dye intensity levels on the pad (as 

shown in Figure 2.3b, d, 2.4b). The swelling capacity of any gel system upon fluid intake is highly 

dependent on the overall contributions from elastic forces, polymer-solvent interactions, and ionic 

composition. These effects depend on several thermodynamic properties (e.g., temperature, pH, 

solution ionic strength and composition). Hence, it is important to estimate each contribution to 

understand the overall swelling behavior and fluid extraction capacity of a hydrogel.3-6  
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Figure 2.4. Variation of dye accumulation on pad with osmolyte concentration. (a) Optical images 

comparing the chronological accumulation of Rho-B dye on the pad between 2.5 M glucose and 4 

M glucose hydrogel. (b) Comparison of cumulative intensity of Rho-B (black) and BPB (red) dye 

on the pad using patches with 2.5 M and 4 M glucose hydrogel, respectively. Error bars denote the 

standard deviation obtained from three trials. These plots indicate that the hydrogel solute content 

and the nature of dye affects the dye transport towards the evaporation pad.  

 

Swelling of hydrogels in a solution reaches equilibrium by minimizing the net change in 

total free energy, ЎὊ .4 As per the Flory-Rehner theory, ЎὊ  is the sum of free energy change 

due to: (1) polymer elastic network deformation, ЎὊ , (2) free energy change due to solvent-

polymer chain mixing, ЎὊ  and (3) ionic contributions caused by the difference in counterions 

between gel and solution. ЎὊ . ЎὊ  and ЎὊ  are the main driving forces for water absorption 

and gel swelling which is counteracted by ЎὊ . The total swelling pressure (“  is derived using 

the following equation:  
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  “  ὠ
Ў

 “ “ “                                             (2) 

where ὠ is the solvent molar volume (18 ml/mol), ὲ is the number of moles of solvent,  “  is 

the total gel swelling pressure and “ , “  and “  are the elastic, mixing and ionic contributions 

to the total swelling pressure, respectively.  

We first quantified the elastic contributions (“ ) for all our hydrogel systems. For every 

hydrogel variant, we estimated its weight swelling ratio (ή , polymer volume fraction after 

equilibration (ɲ , and gel shear modulus (Ὃ  via experiments. These parameters were used for 

the estimation of “ . The ή was calculated as:  

 ή            (3)

  

where ά  is the initial mass of gel after equilibration in the osmolyte and ά  is the mass of 

gel after drying. ɲ  was calculated from ή as follows: 

 ᶮ ρ                                                                                 (4) 

where ɟ is the polymer density (1.35 g/ml)7 and d is the density of water (1 g/ml). The elastic 

contribution in the hydrogel system using ᶮ was calculated as follows: 

“ Ὃ,            (5) 

Ὃ Ὃ ᶮ
Ⱦ

                                              (6) 

where Ὃ  is the dry gel shear modulus, unequilibrated in any solution.8 Experimentally obtained 

ᶮ and Ὃ were plugged in eq. (6) to obtain Ὃ.  

Standard compression tests using Instron 5943 were used to estimate Ὃ .1,2 A dry 

hydrogel disk (unequilibrated in any solution) specimen of 18 mm dimeter and 8 mm in height 

was placed in between two spacers, clipped to the grippers of the Instron. A compression rate of 



   

61 

 

0.5 mm/min under 1 kN load cell was applied on the hydrogel to generate the stress-strain curve. 

The linear regime between 0-0.1 mm/mm strain rate was used for estimation of Youngs modulus 

Ὁ. Assuming the gel network to be isotropic, Ὃ  was calculated using eq. (1) with ’ πȢυ.1  

Ὁ ςὋ ρ ’               (7) 

The shear modulus of dry gel (Ὃ  was estimated to be 0.07 MPa (Figure 2.5a). 

 

Figure 2.5. (a) Stress vs. strain plot of a dry polyacrylamide hydrogel. (b) The total swelling 

pressure trends of all the different hydrogel systems.     

 The contribution from the polymer-solvent mixing interactions was calculated as follows: 

“  ÌÎρ ᶮ ᶮ …ɲ ]                                                                                              (ψ) 

where … is the Flory-Huggins polymer-solvent interaction parameter. For hydrogels, … πȢτψ.6,9  

The contributions from the ionic interactions are calculated as follows: 

 “ ςὙὝ ὅ Ὥɲ ςὠϳ
Ȣ
ὅ                                                                  (9) 

where Ὑ is the gas constant, Ὕ is the absolute temperature, Ὥ is the degree of ionization, ὠ  is the 

molar volume of the monomer unit of the polymer (63.45 ml/mol) and ὅ  is the concentration of 

the electrolyte with which the gel is treated.3 For glucose and glycerin, we assumed ὅ π and 
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Ὥ ρ. For 2M NaCl, we assumed ὅ ς  and Ὥ ς. These measured individual components 

(as obtained from eq. (5), eq. (8), and eq. (9)) were substituted in eq. (1) to obtain “ , and was 

plotted in Figure 2.5b.  

The 4M glucose hydrogel possessed a higher “ than 2.5M glucose hydrogel (Figure 

2.5b). 2.5M glucose and 4M glycerin hydrogels possessed similar “ . A similar trend also existed 

between 4M glucose and 2M NaCl hydrogel. Additionally, “  majorly contributed to “  in 

2.5M,4M glucose and 4M glycerin hydrogels while “  remained the major contributor of “  

in 2M NaCl hydrogel. The contribution from “  was negligible in all the hydrogels (Table 2.2). 

The inflow of glucose inside the polymer network of 4M glucose hydrogel (upon swelling) 

increases its overall solute content upon equilibration. Drying (for estimating ᶮ) increases its 

ά  due to inclusion of precipitated glucose in the gel network. This proportionally decreases its 

ή and increases its ɲ  (based on eq. (2) and eq. (3)). Hence, a high ᶮ consequently results in a 

high “  and “  in the 4M glucose hydrogel. As osmotic pressure is a colligative property, it is 

evident for 4M glucose hydrogel to possess a higher ᶮ and swelling tendency than 2.5M glucose 

hydrogel. This is even justified from the swelling pressure magnitude (Figure 2.5b) and from their 

respective dye and solute intake capacity (Figure 2.3b, d, Figure 2.4b, and Table 2.1). Glycerin is 

a low volatile solvent by nature. Hence, the glycerin trapped inside the 4M glycerin hydrogel does 

not evaporate during drying. This results in a lower ᶮ and “ than 4M glucose hydrogel. 2.5M 

glucose and 4M glycerin hydrogels possess a similar “  due to similar ɲ  (Figure 2.5b, Table 

2.2). A similar “  also results to their similar extent of dye collection on the pad (Figure 2.3b, d 

and Figure 2.4b). The absence of ionic components and a negligible contribution from “ , makes 

“  the major contributor of “  in 2.5M,4M glucose and 4M glycerin hydrogels. Hence, higher 

the “ , higher will be “  and dye withdrawing capacity of the hydrogel.    
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The polyacrylamide hydrogel swells the least upon equilibration with 2M NaCl solution. 

The presence of counterions in the bulk salt solution reduces the ion concentration difference 

between inside and outside the gel network.4 This decreases the driving force of swelling and 

eventually leads to a lower inflow of salt into the gel matrix upon equilibration. Hence, 2M NaCl 

hydrogel shows the highest ή (higher than 4M glucose, 2.5M glucose and 4M glycerin hydrogels) 

and the lowest ɲ . This also leads to a relatively low contribution from “  on “  (Table 2.2). 

The 2M NaCl hydrogel shows a high “  due to the high ionic strength of 2M NaCl salt solution 

(based on eq. (8)). This majorly contributes towards its high “  (similar to 4M glucose hydrogel, 

Figure 2.5b). Additionally, the 2M NaCl hydrogel results in the lowest dye and solute inflow 

towards pad (Figure 2.3b, d, Table 2.1). This occurs due to low solute content in the gel, post 

equilibration. A low solute content has proportionally lesser ions, which results in low water and 

dye inflow from the model skin during osmosis.  

Thus, we conclude the following four observations for the 2M NaCl hydrogel system: (1) 

“  is not an accurate tool to predict the dye withdrawing capacity since a high “  indicates 

reduced hydrogel swelling. (2) The magnitude of “  majorly determines the net solute, dye and 

model sweat flow on paper since it indicates the osmotic strength of a hydrogel.4,5 (3) “ and 

“  relate directly and inversely to the ionic strength of the osmolyte, respectively and (4) A high 

“  additionally interrupts the dye and solute flow from model skin by screening off the 

electrostatic repulsive effects between dye molecules and paper (as explained for the 2M NaCl 

hydrogel in Figure 2.3a, c).  
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Table 2.2: Table highlighting the polymer volume fraction and the contributions from “ , “ , 

and “  towards “  for different hydrogel systems. N/A: not applicable 

 

 

2.3.4.2 Effect of Hydrogel Contact Area 

We investigated the effects of the net hydrogel surface area that remains in contact with the model 

skin, while maintaining a constant gel thickness. The 4M glucose hydrogel diameter was varied 

between 0.8 ï 1.3 mm and was used in the patch with a dry paper. The varying hydrogel surface 

area did not affect the dye intensity level (of both Rho-B and BPB) on the pad (Figure 2.6a).  “  

and solute content on the pad were quantified for each hydrogel (Table 2.3, Figure 2.6b). Solute 

accumulation increased on the pad (additional ~ 4 mg) while “  remained constant with hydrogel 

surface area.   

The osmotic pressure of a material varies directly with its surface to volume ratio.10 This 

ratio relates inversely to the hydrogel diameter for our system (since gels are cylindrical in shape 

with constant height). Therefore, hydrogels with a smaller diameter will ideally possess a higher 

osmotic pressure upon equilibration with an osmolyte. However, a negligible change in “  

confirms all hydrogels (of varying surface area) to possess a similar “  (Figure 2.6b). As a result, 

the water and dye transport rate remain unaffected when these hydrogels interface the model skin 

(Figure 2.6c). Consequently, the dye levels on the pad and the lifetime of patch also remain 

minimally affected. An increase in solute accumulation on pad (Table 2.3) can be attributed to 

additional diffusive effects, occurring during the equilibration of hydrogel in 4M glucose solution. 
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However, these deposits do not interfere the dye transport towards pad. Overall, the hydrogel 

surface area does not play a critical role in influencing the biomarker transport over the range 

studied here (0.5 to 1.15 cm2). 

2.3.4.3 Effect of paper pore size on the dye accumulation intensity on pad 

We also investigated the effect of the paper pore size on the net inflow of dye towards the pad in 

a 4M glucose hydrogel patch. Two grades of commercial filter paper were tested, each having the 

lowest and the highest pore size, respectively: Whatman 542 (~2.5 µm pore size) and Whatman 

541 (25 µm). We observed a higher dye accumulation with Whatman 542 (Figure 2.7 a, b, c, d). 

The BPB dye also showed similar trends. Moreover, solute deposition on the pad was greater with 

Whatman 542. 

 

Figure 2.6. (a) Plot showing the cumulative dye intensity on pad with 4M glucose hydrogels of 

varying surface area on model skin. (b) Plot highlighting “  of 4M glucose hydrogels with 

varying surface area. (c) Schematic illustrating the effects occurring at the hydrogel-skin interface 

due to hydrogels with varying surface area. Data represents mean ± S.D (n=3). ** ï Non-

significant vs. 0.5 cm2.  
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Table 2.3: Table highlighting the solute accumulation on the evaporation pad of patches with 4M 

glucose hydrogels of varying surface area after 24 hours of operation on model skin. Data 

represents mean ± S.D. * p<0.05, **** p<0.1 vs. 0.5 cm2. 

 

 

The dye and fluid (PBS and glucose solution) reach the evaporation pad at a faster rate (in 

comparison to Whatman 542) with Whatman 541 paper. Consequently, the rate of solute 

deposition (salt and glucose) is high since a higher pore size favors a higher evaporation rate. The 

fast-incoming fluid spreads the deposited solutes all over the pad and generates an uneven, 

scattered distribution of salt, glucose, and dye in comparison to the 542 system (Figure 2.7a). The 

BPB dye also showed similar trends. Mass balance studies showed greater solute (additional ~ 

4mg) inflow in 541 system (Table 2.4). This confirms that observed reduction of dye accumulation 

in 541 system is due to a higher solute deposition on pad, which eventually reduces fluid 

evaporation (Figure 2.7b). With spectrophotometry, a significant difference (p<0.05) of dye 

collection was observed between 541 and 542 system (Figure 2.7c). The rectangular strip also 

showed a lower intensity due to a lower incoming flow of dye (Figure 2.7d). These interrupted 

evaporative effects persist till the very end for both the dyes. Overall, a high pore sized paper may 

be beneficial for the patch due to expedited fluid flow but may not be the best option for conducting 

sensing operations on the pad or on the rectangular strip. Other properties of paper the like 



   

67 

 

permeability, tortuosity may also contribute to inflow of dye. However, these parameters have not 

been investigated in our current work.  

Table 2.4.: Table highlighting the solute accumulation on the evaporation pad of a 4M glucose 

hydrogel patch with papers of varying pore sizes after 24 hours of operation. Data represents mean 

± S.D. **** p<0.1 vs. 0.5 cm2. 

  

 

 

Figure 2.7. (a) Chronological grey scale images of the evaporation pad featuring the gradual 

accumulation of salt, glucose, and Rho-B dye in two 4M glucose hydrogel patch, each with a paper 

of different pore sizes. (b) Plot showing the net dye accumulation on the evaporation pad. (c) 

Variation of quantity of Rho-B on pad. Cumulative intensity profile of both dyes on the rectangular 

section of the paper channel. * p<0.05. 
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2.3.4.4 Effect of Transport Properties across Hydrogel-Paper Interface  

In our patch design, the vertical portion of a 4M glucose treated hydrogel remains in continuous 

contact with a vertical section of paper. We investigated the fluid-dye transport at this hydrogel-

paper interface, as we hypothesize it to affect the dye collection levels on the pad. A thin strip of 

parafilm (barrier) was inserted in between the vertical portion of the hydrogel and the vertical 

paper section to block contact and fluid transport in this region (Figure 2.8a). With in-vitro 

experiments (using 4M glucose hydrogel patch on Rho-B and BPB model skins), the intensity of 

the dye on the pad was compared to a patch without this barrier.  

 

Figure 2.8. (a) Schematic showing the biomarker transport on paper with and without the presence 

of a barrier between the hydrogel and paper interface. (b) Plot showing a comparative intake of 

dye on the pad with and without the presence of a barrier.  

 

Flow through the patch in the presence of a barrier initially lagged (till ~2.5 hours) and 

continued showing lower intensity levels till ~6 hours in comparison to the original patch (without 

barrier) for both the dyes. After 6 hours, Rho-B intensity leveled with the original patch, but BPB 

levels persisted to stay low (Figure. 2.8b). The extent of solute deposition remained unaffected 

with barrier inclusion for both the dyes (Table 2.4). Additionally, spectroscopic analysis of dye on 

the evaporation pad revealed greater dye collection under the absence of a barrier (Table 2.5). 
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Table 2.5. Table highlighting the solute accumulation on the evaporation pad of a 4M glucose 

hydrogel patch, with and without the presence of barrier at the hydrogel-paper interface after 24 

hours of operation. Data represents mean ± S.D (n=3). ** non-significant vs. NB. 

 

Table 2.6. Table presenting a comparative analysis of the net dye accumulation on the evaporation 

pad after 24 hours using a 4M glucose hydrogel patch, with without the presence of a barrier at the 

hydrogel-paper. Data represents mean ± S.D (n=3). 

  

 

Figure 2.8b clearly indicates that the barrier adds as an extra resistive component into the 

patch, as it reduces the dye (both Rho-B and BPB) transport at the vertical portion of hydrogel-

paper interface. This eventually leads to lower inflow of dye towards the evaporation pad. Dye 

quantification on the pad via spectroscopic analysis supports the flow disruptive nature of the 

barrier. The ratio of the sampled dye amount under the absence and presence of a barrier being 

greater than unity justifies that barrier to be unfavorable for the patch (Table 2.5). Additionally, a 

higher ratio (much greater than unity) for BPB dye also supports its wider gap between the two 

intensity trends (with and without barrier) throughout the testing period (Figure 2.8b, Table 2.5). 

However, similar levels of solute deposition on pad confirms that the barrier strictly restricts only 



   

70 

 

the flow of dye and not the glucose-salt transport at the vertical portion of hydrogel-paper interface 

(Figure 2.8a). This difference exists due to a difference in the hydrogel surface area that stays 

exposed to the paper. In our patch, the hydrogel contacts the paper at two different sites: (1) the 

circular end of the paper channel that interfaces the membrane, and (2) the short vertical portion 

in between the PDMS and vertical portion of hydrogel. A greater portion of the hydrogel stays in 

contact with the circular end of the paper channel. The presence of barrier does not disrupt the 

glucose-salt flow at this region since it is present in between the vertical portion of the hydrogel 

and paper. As a result, the glucose-salt flow stays uninterrupted at this region of the patch and does 

not affect the flow of solute towards the pad. The results also confirm that solute accumulation on 

pad is majorly derived from the hydrogel-circular paper portion-membrane region, and not from 

the vertical hydrogel-paper interface. In conclusion, the barrier does not hinder the osmotic 

transport of dye, glucose, and salt across the circular paper-membrane interface. It only interrupts 

the flow of dye across the vertical hydrogel portion and vertical paper interface. 

 

2.4 Conclusions 

We report here the in-vitro (benchtop) functioning of a non-invasive sweat sampling patch that 

operates under novel sweat extraction principles. The patch uses a hydrogel disk infused with a 

solute of high concentration to raise its chemical potential difference with respect to sweat in the 

skin. The extracted sweat is transported via a paper channel and evaporated at a pad to maintain 

the continuous inflow of extracted fluid and its associated biomarkers. This patch is flexible, non-

invasive, low-cost and can be comfortably worn on the skin. The osmotic pressure of the hydrogel 

in the patch can be tuned to control the sweat extraction rate using osmolytes of different 

concentration. Our benchtop testing using model skin suggests that out of the three systems tested, 
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4M glucose hydrogel is most efficient in biomarker collection and delivery to the evaporation pad. 

The solute content in the gel and the available pad surface area for fluid evaporation govern the 

biomarker transport. Based on these aspects, the lifetime of the patch was found to be 

approximately 12 hours. Moreover, we found that 4M glucose hydrogels possessed the highest 

swelling pressure ï which also correlated to its dye collecting capability on the pad. The hydrogel 

contact area does not significantly affect the inflow of dye towards the pad. Additionally, paper 

with low pore size and with no barrier in between the vertical portion of hydrogel and paper, 

function better in delivering greater amounts of dye on the pad.  
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2.6 Supplementary Information 

SI 1: In-vitro experimental setup and image analysis of dye collection on evaporation 

pad using Matlab 

 

 

Figure 2.A.1. Explanation of how cumulative intensity of dye collected on evaporation 

pad is quantified. (a) Schematic of the paper microfluidic patch used for sampling model 

sweat from model skin system. (b) A rectangular section chosen on the evaporation pad for 

image analysis after 12 hours of interfacing with model skin. (c) Red channel intensity of 

similar rectangular sections chosen on evaporation pad at different times for a 24-hour run. 

 

A test method was developed for quantitative measurement of the dye on evaporation pad. 

A PDMS block (25 mm × 25 mm) was placed separately on top of the hydrogel patch after 

interfacing with model skin to establish firm contact between the skin and hydrogel. The 

whole setup was covered with a square shaped petri dish with four square shaped side 

cutouts for continual fluid evaporation. The setup was then placed over a black cardboard 

and covered with a cardboard box to eliminate the illumination effects from the 

surrounding light. A Canon EOS Mark5 DSLR camera was placed and focused on the 

patch from 15-30 cm away. Time lapse images of the dye flow were taken every 30 minutes 
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till 24 hours. The test was performed under ambient lab conditions (~22oC and 40 % RH) 

and was repeated three times. 

MATLAB (R2018b) was used to analyze the dye profile on the evaporation pad. 

Snaps of the pad were taken every 30 minutes till 24 hours. A small rectangular section (8 

mm × 2 mm) was selected on the pad each time for intensity measurements. Grey scale 

intensity was calculated and averaged for pixels along a horizontal line that ran through the 

center of the selected section. Net intensity of the accumulated dye at a certain time (t) was 

calculated by subtracting its area under the curve from area under the curve at t=0. The 

difference was normalized on a 0-1 scale with 0 being the minimum and 1 being the 

maximum intensity (Figure 2.A.1) (related to Figure 2.2c, 2.3b, d, 2.4b).  

 

SI 2: Factors facilitating higher model biomarker collection on pad 

We speculate that prewetting the paper channel may cause dye transport in the patch, rather 

than the osmotic pressure. To rule out this possibility, we pre-wet the paper channel both 

in the absence (PDMS disk) and in the presence (4M glucose hydrogel) of osmotic 

pressure. In this way, the model skin directly interfaces with a wet surface. One of three 

solutions pre-wetted the paper channel: DI water, PBS, and 4M glucose. The DI water and 

PBS saturated paper channels displayed negligible levels of dye inflow into the rectangular 

strip of the patch with PDMS disk. However, the 4M glucose solution prewetted paper 

channel in the PDMS disk patch displayed considerable inflow of dye, though not enough 

to reach the evaporation pad (Figure 2.A.2a). The results confirm the necessity of osmotic 

pressure for transporting fluid from the model skin. The combined action of a prewetted 

paper and 4M glucose hydrogel is presented later. 



   

74 

 

 
 

Figure 2.A.2. Highlighting the importance of osmosis in facilitating more dye collection. 

(a) Images showing net dye collection on the paper microfluidic channel in the patch when 

backed with a PDMS disk, upon pre-treating the paper with DI water (left), PBS (center), 

and 4M glucose solution (right). (b) Images highlighting the precipitation of Rhodamine B 

dye particles under high concentrations of NaCl. Calibration plot of (c) Rhodamine B in 

PBS and d. BPB in PBS. e. Ratio of moles (Rho-B) on the evaporation pad, comparing the 

dye intake of pre-wet vs. dry paper in the patch with 4M glucose hydrogel. All the 

experiments were run for 24 hours.  

 

The Rho-B dye particles precipitate upon adding to highly concentrated NaCl 

solution (Figure 2.A.2b). Presence of Na+ ions screen the electrostatic repulsion between 

the dye molecules and decrease the interparticle repulsion. The occurrence of such effects 

at the paper-membrane interface in 2M NaCl hydrogel system is one of the reasons for low 

dye inflow towards pad (Figure 2.A.2b, d). A calibration curve was developed for both the 

type of dyes in PBS to quantify the amount of dye deposition on pad (Figure 2.A.2c, d). 
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To further support the key role of osmolyte, we repeated experiments using 

prewetted papers (with either 4M glucose solution, PBS, and DI water) in a hydrogel patch 

infused with 4M glucose and compared the Rho-B accumulation on pad to a patch with dry 

paper (Figure 2.A.2e). Pre-wetting of paper did not enhance the dye collection under any 

case. Accumulation of solutes on the pad right from the start suppresses the inflow of 

biomarker. Hence, a high solute hydrogel embedded patch with a dry paper functions the 

best in delivering greater levels of biomarker on the pad.  

 

Figure 2.A.3. (a) Optical images highlighting the lagging of Rho-B and BPB transport on 

paper, in comparison to the PBS fluid in 4M glucose hydrogel patches. (b) Optical images 

highlighting the ñmaximum dye penetration depthò by comparing the chronological 

accumulation of Rho-B and BPB levels on the evaporation pad of 4M glucose hydrogel 

patches. 

 

Figure 2.A.3a shows that both Rho-B and BPB dye lags behind the PBS flow as the 

fluid progresses from the hydrogels towards the pad upon interfacing with model skin. The 

clear PBS fluid reaches the pad end in 1 hour, while it takes about 2-3 hours for the dye to 

reach their maximum penetration depth (Figure 2.A.3b).  
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Figure 2.A.4. Optical images comparing the chronological accumulation of BPB dye on 

evaporation pad for 2.5M glucose and 4M glucose treated hydrogel patches.  

 

The chronological accumulation of BPB dye on the evaporation pad in 4M glucose 

and 2.5M glucose hydrogel patches are shown in Figure 2.A.4. It is evident that 4M glucose 

hydrogel collects more dye due to a higher osmotic strength than 2.5M glucose hydrogel.  
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CHAPTER 3 

Colorimetric Sensing of Sweat Lactate using the Osmotic-Enabled 

Wearable Sweat Harvesting Patch* 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* Based on Saha, T. et al. Osmotically Enabled Wearable Patch for Sweat Harvesting and Lactate 

Quantification. Micromachines 12, 1513 (2021). 
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3.1 Introduction  

Lactate is a byproduct of glycolysis, generated as an outcome of anaerobic glucose metabolism 

due to high energy demand of the body. It is a pivotal biomarker for determining oxidative stress 

levels, muscle health, and tissue hypoxia.1-4 Lactate is predominantly present in eccrine sweat, 

blood3,5 and to a certain extent in tear6 and saliva.7 The net amount of lactate present in these 

biofluids is highly dependent on the physiological state and the site of anaerobic metabolism in 

the human body. Lactate monitoring is of prime importance in individuals, especially for those 

who are frequently prone to oxygen deficit conditions like athletes and military personnel3 (for 

improving training and performance endurance) and woman during childbirth (hypoxic distress 

during labor in the fetus).8 Critical lactate levels in the body can abruptly alter the fluid pH and 

cause several detrimental effects on human health like seizures, sepsis, renal failure, tumors9, 

cerebral stroke10 and panic disorders.11  

           Lactate content in eccrine sweat depends on several parameters like the exertion type, 

duration, intensity, and sweat rate.11 Medium intensity exercise (60-70% of maximum heart rate, 

<100 W or <100 rpm) for a short duration, or heat induced sweating can generate a lactate 

concentration of up to 25 mM, while exhaustive outdoor exercises could generate up to 115 

mM.12,13-16 On a contrary note, it is also proven that the sweat lactate concentration varies inversely 

with sweat rate.17 This suggests that with rigorous physical activity, the rate of sweat release is 

greater than the rate of lactate generation. There is also evidence that suggests sweat lactate levels 

vary minimally with age15, sex15,18, and the sampling location (due to varying sweat gland 

density).5,19 Apart from eccrine sweat glands, there two other types of sweat glands in the body 

have been identified: apocrine and apoeccrine5. However, there is less evidence of lactate being 
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present in the sweat secreted by these glands and our focus here is on eccrine glands in the forearms 

as commonly accepted lactate testing location. 

                     Similar to most other biomarkers, researchers have looked upon the correlation between 

blood and sweat lactate. The blood lactate concentration ranges between 0.5-2 mM for a healthy 

subject at rest3. During low to medium exercise intensity workout, the blood lactate concentration 

neither reflects a significant change in its magnitude nor a good correlation with sweat lactate 

concentration.13,20 Once the body crosses its lactate threshold (LT), blood lactate concentration 

rises exponentially and can peak up to 11 mM.21 Such high blood lactate can inhibit muscle 

contractions and is undesirable.  Some studies have shown positive correlation between blood and 

sweat lactate levels during high intensity exercise.1 Thus, the extent of lactate generation in both 

sweat and blood are well understood under active sweating. However, to the best of our knowledge, 

there are no available studies that monitor sweat and blood lactate levels under low sweating 

conditions or after a sufficient long time post exercise.  

               Researchers have been able to quantify sweat and blood lactate levels using different 

sensing and quantification techniques.6,11-54 Established commercial and laboratory-based sensing 

platforms function in the presence of an enzyme (either lactate oxidase (LOx) or lactate 

dehydrogenase (LDH)). Skin interfacing wearable sensor prototypes developed on colorimetric 

principles involve transporting sweat through complex serpentine microfluidic channels to a 

sensing zone, which contains a lactate specific enzymatic assay. The incoming lactate in the sweat 

reacts and generates a colored product whose intensity is quantified via phone-based image 

analysis. This intensity directly correlates to the concentration of lactate in sweat.22-25  

Another class of wearable device prototypes involve electrochemical measurements where lactate 

concentration is determined based on the magnitude of the current generated at the functionalized 
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electrode surface.26-51 These sensing platforms usually comprise a three-electrode system where 

the enzyme is immobilized on the working electrode either via cross-linking, adsorption, 

electrostatics, or covalent bonding.3 Lactate in sweat can be also quantified using 

chemiluminescence52,53, HPLC30,55, and enzyme free colorimetry.47  

              Despite delivering on-spot sweat lactate detection with high sensitivity, wide linear 

dynamic range (LDR), and low limit of detection (LOD), the current wearable platforms face the 

following three key challenges: they (1) remain inoperative under the conditions of normal human 

activity ï which rarely involves profuse sweating6,7,12,22-25,40-42,44,48,50; (2) do not provide a 

comprehensive analysis of the human lactate metabolism and its correlation to blood lactate levels 

27,30,34,36,40-42,46-48,50,56; (3) require an external power source for continuous operation.7,12,36,40-

42,47,48,50-52,54 Thus, most of the current sweat lactate sensors function only under ñactive sweatingò, 

i.e. either require the subjects to undergo strenuous physical exertion, ingest sweat stimulating 

agents36,57 or elevate body temperature13, prior to testing. As a result, these prototypes can quantify 

the lactate concentration in sweat only during exercise, and not under any other physiological 

condition (like rest or post-exercising conditions). Furthermore, conducting measurements via 

active sweating is not only inconvenient and tedious, but also raises questions concerning its clean 

capture, external contamination, low sweat volumes due to uncontrolled evaporation, and dilution 

of biomarkers because of excessive sweating. Some prototypes have quantified sweat lactate 

release from rested subjects.34,36,58 However, these prototypes are not a wearable platform, have a 

low sampling duration, do not report their sweat lactate results post-exercise, and do not study the 

correlation between blood and sweat lactate levels. Hence, the necessity of an efficient sweat 

lactate monitoring device, capable of delivering information under all physiological conditions 
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(rest, during exercise, and post-exercise) and providing a comprehensive understanding of the 

human lactate metabolism remains unaddressed.  

              This chapter discusses the on-skin performance of our previously developed zero-

powered, non-invasive wearable sweat sampling patch.14,59,60 We use three different pumping 

materials (based on different osmotic strength) in our patch for sampling sweat lactate from the 

forearm region of the body. We chose the forearm since it is standard for such measurements and 

has one of the highest sweat gland densities in the body. These patches were tested under five 

different physiological conditions (rest, medium intensity exercise, high intensity exercise, post-

medium intensity exercise, and post-high intensity exercise). We initially present a comparative 

analysis of the amount of lactate sampled by each pumping source. We then discuss the operating 

mechanism of each pumping material on-skin towards facilitating long-term lactate withdrawal 

and estimate how much lactate is sampled via osmosis. Next, we study the dependency of sweat 

lactate on the sweat rate. Finally, we seek to understand the correlation between sweat and blood 

lactate levels.   

 

3.2 Experimental Section 

3.2.1 Materials 

 The experiments were performed using Whatman filter paper (Grade 542, GE Healthcare Life 

Sciences); Sylgard-184 elastomer (Dow Corning); phosphate buffer saline (PBS), acrylamide 

(Sigma), N-Nô methylenebisacrylamide (Sigma), 2-hydroxy-4ô-(2-hydroxyethoxy)-2-

methylpropiophenone (Sigma), D-glucose, alcohol wipes (medical grade), and L-lactic acid quick 

test strips (QQLLAC10, BioAssay Systems), and lactate plus meter (Nova Biomedical). 
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3.2.2 Patch Fabrication  

Sylgard-184 silicone elastomer (Dow Corning) and its curing agent were mixed in 10:1 w/w ratio 

and cured for 12 hours at 70oC to make the base for the PDMS sheet. The patch was prepared by 

attaching two PDMS sheets together ï 38 mm × 15 mm × 2 mm (bottom) and 30 mm × 15 mm × 

1 mm (top). A single hole matching the hydrogel diameter was punched at 6mm from one of the 

edges on the bottom sheet to encase the hydrogel. A section of Whatman 542 paper was cut out 

using a CO2 laser cutter (Universal Laser Systems VLS 3.5) and was sandwiched between the top 

and bottom PDMS sheets. Our previous research on capillary assisted evaporative pumping 

determined the dimension of the paper channel for this study.59 The PDMS sheets were attached 

together using additional silicone as a binder (Sylgard-184), making sure that it did not contact the 

paper channel. The whole patch was treated in an oven at 40oC overnight to achieve firm adhesion 

between the sheets. 

3.2.3 Hydrogel Synthesis and PDMS Disk Fabrication  

The hydrogels for the osmotic interface were made using acrylamide monomer, N-Nô 

methylenebisacrylamide as the crosslinker and 2-hydroxy-4ǋ-(2-hydroxyethoxy)-2-

methylpropiophenone as the photo-initiator. The monomer solution contained 22% (w/w) 

acrylamide, 0.48% (w/w) crosslinker and 0.15% (w/w) photo-initiator. The solution was cured 

inside a circular petri dish (47 mm diameter) under a 175 mW/cm2 UV lamp (Sunray 400-SM) for 

three minutes. Disks of 6 mm diameter were punched out and stored in either 4 M Glucose or PBS 

solution for 24 hours. These solutions served as the osmolytes. After 24 hours, the infused disks 

were transferred to a fresh solution in a vial and stored for further usage. A single disk was taken 

out, blotted with a paper napkin, and was fitted inside the circular space in the patch before usage.  
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Disks of 6 mm diameter were punched out from a 2 mm thick PDMS sheet. This was referred as 

PDMS disk. The PDMS disk was fitted inside the circular space in the patch before usage.  

3.2.4 On-Skin (in-vivo) Sweat Analysis.  

Human trials were conducted on individuals in five sets: (a) NEX (i.e without exposing them to 

any physical activity) for 2 hours. (b) during MEX for an hour. (c) PMEX for 2 hours. (d) during 

HEX for 30 minutes. (e) PHEX for 2 hours. All trials were conducted under normal ambient 

conditions (22oC, 45% relative humidity (RH)) and strictly as per two approved IRB protocols 

(UNC-18-1959 and UNC-19-3065). 8 healthy subjects (5 females and 3 males), aged 20-28, were 

recruited from the NC State University campus. All 8 subjects were tested under NEX, MEX, and 

PMEX trials while 3 subjects were tested under MEX, and PMEX trials. All subjects gave written, 

informed consent before participation in the study.  

               We used three types of patches for our human trials, which differ by the type of their 

pumping material: 4M glucose hydrogel, PBS hydrogel, and PDMS disk. Both subjectsô forearms 

were initially washed with alcohol and DI water. These patches were then snapped on both 

forearms of every individual using a Velcro strap. The subjects resided on a bench for 2 hours 

when testing under NEX. After 2 hours, the patches were taken off and stored for analysis. A paper 

strip was also gently rubbed (dry rub test) on the skin to check the base lactate level after 2 hours. 

Blood lactate was measured using the conventional finger pricking test. This concluded the NEX 

trials. The skin was rewashed using alcohol and DI water and a fresh new batch of all three patch 

types were interfaced onto the skin again during the MEX trials. The subjects exercised on a cycle 

ergometer (Life Fitness) under ambient conditions for an hour during medium exercise intensity 

(MEX) trials, and for 30 mins during high exercise intensity (HEX) trials. MEX trials involved 5 

minutes of warmup (50-60 W at 60 rpm), followed by 20 minutes of constant load exercise at 
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medium intensity (75-100 W at 75 rpm) and a final 5 minutes of cooling down. This cycle was 

repeated for another 30 minutes. After an hour, the patches were taken off and a dry rub test was 

performed. Blood lactate was also measured. This concluded the MEX trials. The skin was washed 

again with alcohol and DI water. A fresh new batch of all three patch types were interfaced onto 

the skin again for 2 hours. After 2 hours, the patches were taken off and stored for analysis. 

Additionally, a dry rub test and blood lactate test were also conducted. This concluded the PMEX 

trials. The HEX and PHEX trials were conducted after 24 hours, post PMEX trial completion. The 

skin was initially washed with alcohol and DI water. The patches were then snapped on both 

forearms. HEX trials involved 5 minutes of warmup (50-60 W at 60 rpm), followed by 5 minutes 

of constant load exercise at 100 W and 75 rpm. The intensity was then increased to high intensity 

(100-150 W for 10 mins with 75 rpm), followed by 5 minutes at 150-200 W and 75 rpm. Exercise 

was then terminated, and the subjects rested for 5 minutes. Overall, the subjects exercised under 

HEX for 30 mins. After the test, both dry rub and blood lactate tests were conducted. The protocol 

followed for PHEX trial was same as PHEX trial. The subjects refrained from any food or drinks 

throughout the testing period. The paper channel in the patch was treated with our previously 

developed colorimetric lactate assay (lactate dehydrogenase based) to determine the lactate levels 

after the completion of each trial.14 A further detailed description of the testing protocol is provided 

in the Supplementary Information.  

3.2.5 Statistical Analysis  

We performed a two-sample t-test for statistical significance. Significance is denoted as p<0.05. 
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3.3 Results and Discussion  

3.3.1 Sweat Sampling Mechanism of the Wearable Patch 

Our wearable patch functions based on the simultaneous action of three basic effects to deliver 

long-term sweat and biomarker sampling: osmosis, capillary wicking, and evaporation.14 Osmosis 

is the main pumping mechanism for sweat extraction. A hydrogel, infused with a high concentrated 

solute (osmolyte) generates the osmotic driving force with the skin. The hydrogel is hosted inside 

the circular chamber of the patch as shown in Figure 3.1. The hydrogel disk and the circular end 

of the paper directly interface the skin. The hydrogel withdraws sweat and its associated 

biomarkers due to its higher osmotic strength (with respect to sweat) (Figure 3.1). These 

withdrawn sweat and biomarkers are sampled on a paper microfluidic channel. The paper channel 

has two sections: (a) a long rectangular strip (sandwiched between two PDMS sheets), with one 

end is in contact with the hydrogel and the other end connected to (b) a pad with a large surface 

area (evaporation pad), left open to allow sweat evaporation. The sweat, biomarkers, and the 

osmolyte travel through the rectangular section of the paper channel via capillary action towards 

the evaporation pad. The incoming sweat evaporates from the pad, leaving behind all biomarkers 

and non-volatile osmolytes. These biomarkers can be quantified using different analytical 

techniques. Since osmosis is a colligative property, the patch does not require any external power 

source for long-term operation. The patch will continue to operate (withdraw sweat from skin) as 

long as the chemical potential difference between the skin and hydrogel is maintained. In our 

previous work, we have analyzed the in-vitro performance of the patch and studied all its 

components.14,59,60 We found that hydrogel equilibrated in 4M glucose solution with a dry paper 

channel, functions best in delivering long-term model biomarker collection on paper. Hence, we 

decided to use a patch with 4M glucose hydrogel and dry paper for all our human subject studies. 
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3.3.2. Sampling of Sweat Lactate using Different Pumping Materials in the Patch 

We characterized the efficiency of three different pumping sources in our patch for sampling sweat 

lactate from the human skin: 4M glucose hydrogel, PBS hydrogel, and a PDMS disk. These 

osmolytes were chosen since they have varying levels of osmotic strength and are benign to the 

human skin upon contact. The 4M glucose hydrogel has the highest osmotic strength. The PBS 

hydrogel is isotonic with sweat, while the PDMS disk is inert and has no osmotic action. We 

embedded each of these materials in the patch and estimated the amount of lactate that they sample 

on paper under five different physiological conditions: rest (NEX), medium intensity exercise 

(MEX, 60-70 % of maximum heart rate), post-medium intensity exercise (PMEX), high-intensity 

exercise (HEX, >85% maximum heart rate), and post high intensity exercise (PHEX) (Figure A.1). 

The base lactate level under each physiological condition was measured by mechanically abrasing 

the paper channel on skin. This method of lactate collection was referred as the ñdry rubò test. 

Such a comprehensive study would provide a better understanding regarding how effectively 

lactate is sampled via osmosis under varying physiological conditions, unlike our previous work, 

where we only used the 4M glucose hydrogel patch to sample lactate during rest and MEX 

condition. The exercise protocol for the human trials and the calibration plot of the lactate assay 

protocol is presented in the Supplementary Information (Figure A.2, A.3). The methodology of 

calibration has been reported in our previous paper.14 The sensitivity and LOD of our colorimetric 

lactate assay are 0.18 a.u./mM and 750 µM, respectively.  



   

92 

 

  

Figure 3.1. Schematic of the wearable, zero-powered, and non-invasive sweat sensing platform 

on skin. The platform comprises of a hydrogel pad and a paper microfluidic channel. Simultaneous 

action of osmosis, capillary wicking, and evaporation leads to long-term sweat withdrawal from 

skin even at resting perspiration rates. 

 

Figure 3.2 presents a comparative analysis of sweat lactate intake by different pumping 

materials in the patch under varying physiological conditions. Figure 3.2a highlights the full form 

of all the physiological conditions in which the subjects were tested. After 2 hours of NEX trials, 

the 4M glucose hydrogel, PDMS disk, and the PBS hydrogel patch collected ~ 17±11 nmoles, 

17.5±12 nmoles, and ~ 13.3±7.5 nmoles of lactate, respectively. The dry rub test resulted in ~ 

23.63±9.5 nmoles of lactate on paper after 2 hours (Figure 3.2b). The results show that all three 

pumping materials in the patch can sample lactate from the skin during rest. The 4M glucose 

hydrogel patch shows visible fluid flow on the paper channel (Figure 3.2b). In contrast, the PBS 

hydrogel patch did not show any visible fluid collection but did collect lactate on paper (Figure 
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3.3g). As PBS hydrogel is isotonic to sweat, it is evident that the lactate on paper originates from 

the natural lactate generation rate of the body (~0.3-1.3 nmole.cm-2.min-1).36 The same reason also 

holds for the PDMS disk patch (Figure 3.2b). The lactate readouts of all three pumping materials 

matched well with the dry rub test (Figure 3.2b). This justifies that lactate readout of our patch 

matches well with base lactate levels after 2 hours and shows that it can function efficiently under 

low sweating conditions.   

                     The patches were also tested under the influence of MEX. The 4M glucose hydrogel, 

PDMS disk, PBS hydrogel patches sampled ~ 50.55±20.6 nmoles, 49.32±26.8 nmoles, 

51.56±25.61 nmoles of lactate, respectively, after 1 hour of exercise. The dry rub test resulted in 

~ 30±13.4 nmoles of lactate collection on paper after 1 hour (Figure 3.2c). The amounts of lactate 

sampled by all three pumping materials were significantly greater (p<0.05) than NEX trial results, 

and dry rub test during MEX. All three patch types also showed greater sweat collection on paper 

than NEX trials.  

                       Exercise increases the energy demand of the body. A part of this high energy 

demand is compensated via anaerobic glycolysis, which leads to the generation of lactate in 

sweat.1-3,13,14 Our patch was able to detect this increase with all three pumping materials. Exercise 

also leads to ñactive sweatò generation. Hence, lactate sampled by a 4M glucose patch is derived 

via both osmosis and active sweat under exercise. Inclusion of active sweat makes the 4M glucose 

patch collect more lactate than the dry rub test. PBS hydrogel and PDMS disk patches show 

elevated lactate levels solely due to the inflow of active sweat, since they do not create osmotic 

gradients with inherent fluid withdrawing power. 
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Figure 3.2. Plots presenting a comparative analysis of the sampled average sweat lactate quantity 

with different pumping materials in the patch, under varying physiological conditions. (a) Table 

highlighting the full forms of all the physiological conditions in which the human subjects were 

tested. Plot showing the amount of lactate sampled during (b) NEX trial, (c) MEX trial, (d) PMEX 

trial, (e) HEX trial, (f) PHEX trial. Error bars denote the standard deviation obtained from all 

subjects. * p<0.05. These plots show that all pumping materials in the patch can sample lactate on 

paper. The error bars denote standard deviation from all subjects. 

 

The patches were tested under PMEX conditions for 2 hours. The 4M glucose hydrogel, 

PDMS disk, PBS hydrogel collected samples containing ~ 19.50±8.0 nmoles, 21.0±9.0 nmoles, 

and 14.6±12.6 nmoles of lactate, respectively. The dry rub test resulted in ~ 19.8±10.8 nmoles of 

lactate on paper after 2 hours (Figure 3.2d). 4M glucose patch showed visible fluid flow on paper, 

while PBS hydrogel patch and PDMS patch did not sample any fluid on paper. During PMEX, the 

aerobic glycolysis rate increases and lactate in sweat gets converted to pyruvate [2]. Hence, the 

amount of lactate in sweat decreases as the body cools down after exercise. Our patch was able to 

detect this change with all three pumping materials. Additionally, similar lactate readouts with the 
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NEX trials also indicate that base lactate levels were reached within 2 hours after exercise 

completion in all subjects.  

HEX trials were also conducted with all three patch types. The 4M glucose hydrogel, 

PDMS disk, PBS hydrogel sampled ~ 143.76±10.7 nmoles, 170.30±14.9 nmoles, 168.10±16.8 

nmoles of lactate, respectively. The dry rub test resulted in ~ 89.30±14.6 nmoles of lactate on paper 

after 30 minutes (Figure 3.2e). All three patch types sampled ~ 5 times greater sweat volume on 

paper than MEX trials. The amount of lactate sampled by all three pumping materials and dry rub 

were significantly greater (p<0.05) than the lactate sampled during MEX trials. Additionally, the 

lactate readouts of all three pumping materials were significantly greater than the readout of the 

dry rub test. HEX rapidly induces anaerobic glycolysis and ramps up the lactate levels in sweat. 

2,17 HEX also leads to greater active sweat release than MEX, which makes all three types of 

patches sample greater lactate than the dry rub test. This confirms that the amount of lactate in 

sweat depends on sweat rate.1,17,18 

The patches were next tested under PHEX trials for 2 hours after the MEX trials. The 4M 

glucose hydrogel, PDMS disk, PBS hydrogel sampled ~ 5.05±2.1 nmoles, 9.45±3.3 nmoles, 

10.09±4.7 nmoles of lactate, respectively. The dry rub test resulted in ~ 6.03±5.8 nmoles of lactate 

on paper after 2 hours (Figure 3.2f). All three patches and dry rub tests showed significantly lower 

lactate levels (p<0.05) than HEX and PMEX trials. The 4M glucose patch showed visible fluid 

flow on paper, while PBS hydrogel patch and PDMS patch did not sample any fluid on paper 

(Figure 3.3g). Significant lower levels of lactate than HEX trials prove that most of the lactate in 

sweat had been converted to pyruvate within 2 hours. Moreover, significant lower levels of lactate 

than PMEX trials show that the rate of aerobic metabolism (conversion of lactate to pyruvate) 

during PHEX is higher than PMEX. Hence, lesser lactate appears in sweat during the PHEX trials. 
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Our patch was able to detect this change with all three pumping materials. Additionally, similar 

lactate readouts with the NEX trials also prove that base lactate levels were also reached within 2 

hours.  

3.3.3 Working Mechanism of Different Pumping Materials on-skin Towards the Sampling of Sweat 

Lactate  

We interpret the transport effects of each pumping media based on the amount of lactate withdrawn 

by them at the paper-skin interface. Figure 3.3a highlights how a 4M glucose hydrogel facilitates 

lactate withdrawal from skin during NEX, PMEX, and PHEX trials. Once the hydrogel interfaces 

the skin, osmosis is initiated due to the chemical potential difference between the hydrogel and 

sweat inside the skin. The glucose solution (from the hydrogel) and the osmotically withdrawn 

sweat and lactate (from skin), collectively appear in the form of a colorless liquid that wicks onto 

the rectangular section of the paper channel over time. Since no active sweat is released at rest, the 

lactate registered on paper is derived completely from the osmotically withdrawn sweat (Figure 

3.2 b,d,f).14 The PBS hydrogel is isotonic with sweat and has no fluid withdrawing power. Hence, 

the patch does not show any visible sweat collection at the paper-skin interface (Figure 3.3b). 

However, the paper registers considerable amount of lactate from the skin (Figure 3.2 b,d,f). This 

lactate amount is an outcome of the wet paper absorbing some of the naturally generated sweat 

lactate from the human body.14 The PDMS disk collects lactate on paper, but without any traces 

of fluid on the paper channel (Figure 3.2 b,d,f, 3c). The absence of fluid on the paper channel is 

expected since PDMS has no intrinsic fluid withdrawing capacity. The lactate appears completely 

due to the natural its natural production rate in the body.  
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Figure 3.3. Cross-sectional schematics of sweat lactate transport with different pumping materials 

at the interface with the skin. The pumping materials include (a) 4M glucose hydrogel patch, (b) 

PBS hydrogel patch, and (c) PDMS disk patch during HEX, PMEX, and PHEX trials. Schematic 

showing the sweat lactate transport in (d) 4M glucose hydrogel patch, (e) PBS hydrogel patch, and 

(f) PDMS disk patch during MEX and HEX trials. (g) Compiled optical image of patches with 

different pumping materials after testing under varying physiological conditions. The red mark on 

the paper channel indicates the position of sweat after each trial. These schematics and images 

show that osmotic sampling of lactate occurs only in a 4M glucose hydrogel patch. The PBS 

hydrogel patch and PDMS disk patch sample lactate from active sweat. 

 

                We also interpret schematically the on-skin action of the pumping materials during MEX 

and HEX trials. The 4M glucose hydrogel patch shows greater fluid and lactate collection on the 

paper channel than the NEX trials (Figure 3.2 c,e). The additional fluid flow arises due to the 

inflow of ñactiveò sweat in the patch (Figure 3.3d). Lactate content in the active sweat fluid 

increases with exercise. Hence, the rise in the amount of lactate content on paper is a direct result 

of active sweat inflow.1,17,18 The PBS hydrogel also shows greater fluid and lactate collection on 

paper than the NEX trials (Figure 3.2 c,e). Since, a PBS hydrogel has no fluid withdrawing power, 

the additional fluid and lactate on paper is derived from the inflow of active sweat (Figure 3.3e). 
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The same collection mechanism also holds for a PDMS disk patch (Figure 3.2 c,e, 3.3f). Figure 

3.3g shows a compilation of optical images of patches with different pumping materials after each 

trial, highlighting the level of maximum sweat penetration on paper. Overall, the results from 

Figure 3.3g validate the sweat transport mechanism shown in Figure 3.3 a,b,c,d,e,f.  

We also evaluated the amount of lactate sampled by the 4M glucose patch via osmosis under 

different physiological conditions. This patch selection was made as 4M glucose hydrogels 

possessed the highest (in comparison to PBS hydrogel and PDMS disk) osmotic strength. The 

efficiency of the 4M glucose hydrogel towards lactate withdrawal via osmosis is expressed in 

terms of ñosmotic contribution (OC)ò, which is calculated as: 

ὲ ὲ

ὲ
ρππ 

where ὲ  is the moles of lactate sampled by the 4M glucose hydrogel and ὲ  is the moles of 

lactate sampled by the PBS hydrogel.  

 

              The 4M glucose hydrogel patch sampled on average ~ 40% (NEX), ~ 25% (MEX), ~45% 

(PMEX), ~ 0.5% (HEX), and ~20% (PHEX) more lactate than a PBS hydrogel patch. The observed 

variation in the contributions under each condition can be attributed to the difference in the rate of 

lactate metabolism, and to the small differences between the rates of lactate generation by each 

forearm, in each subject. (Figure 3.4).  

 

              Lactate collection via osmosis dominates during NEX, PMEX, and PHEX trials due to 

the absence of active sweat inflow in the paper channel. MEX and HEX trials lead to the active 

inflow of sweat in the patch, which increases the lactate content on paper. Moreover, HEX leads 

to greater sweat and lactate collection than MEX, but samples lactate the least via osmosis. Hence, 
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the higher the inflow of active sweat, the lesser is the lactate collection via osmosis. Overall, our 

wearable patch functions by two concurrent mechanisms for sweat lactate withdrawal: (a) osmosis 

at low sweat rates, and (b) active sweat for medium to high sweat rates. 

 

 

Figure 3.4. Plot showing the effectiveness of the 4M glucose hydrogel in facilitating lactate 

withdrawal via osmosis under different physiological conditions. Each dot denotes data from one 

subject. The dashed line connects the mean values to guide the eyes.   

 

3.3.4 Relationship Between Sweat Lactate and Sweat Volume 

 

We investigated how the sweat lactate content depends on the sampled sweat volume on paper 

under all five physiological conditions. This helped us to understand the dependency of sweat 

lactate on the sweat rate. We analyzed this only for the 4M glucose hydrogel patch for two reasons: 

(a) 4M glucose hydrogel has the highest osmotic strength. Hence, its pumping activity was our 

major focus of interest. (b) The PBS hydrogel patch did not result in sweat collection on paper 

during NEX, PMEX, and PHEX trials. Hence, calculation of lactate concentration was not always 

possible for a PBS hydrogel patch. The 4M glucose hydrogel sampled ~ 1.8±0.4 µL (NEX), 

2.7±1.3 µL (MEX), and 1.6±0.3 µL (PMEX), 11.3±3.2 µL (HEX), and 1.60±0.5 µL (PHEX) of 
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fluid on paper. During NEX, MEX, HEX, and PHEX trials, sweat lactate increased with the fluid 

volume on paper (Figure 3.5 a,b,c). However, we observed an opposite trend during the PMEX 

trials (Figure 3.5c). 

 

                The 4M glucose hydrogel produced an average sweat withdrawal rate (SWR) of 0.03 

µL.cm-2.min-1 which corresponded to an average sweat volume of ~ 1.8 µL after 2 hours of testing 

under NEX. The sampled lactate quantity and sweat volume are in agreement with the literature.58 

A good correlation (Pearsonôs correlation coefficient, r>0.7) existed between the sweat lactate 

amount and fluid volume on paper. This shows that the amount of moles of lactate varies 

proportionally with sweat rate at rest (Figure 3.5a). Hence, osmosis leads to sweat and lactate 

withdrawal during NEX trials (Figure 3.3a, 3.4).  

 

Figure 3.5. Relationship between sampled sweat lactate quantity (under different physiological 

conditions) and sweat volume on paper for a 4M glucose hydrogel patch. Plots showing how sweat 

lactate depends on sweat volume during (a) NEX trial, (b) MEX and HEX trials, and (c) PMEX 

and PHEX trials. Each dot denotes data from one subject.  

 

               The 4M glucose hydrogel produced a SWR of ~ 0.10 µL.cm-2.min-1 and ~ 0.75 µL.cm-

2.min-1 during MEX and HEX trials, respectively. Such sweat rates are in line with the 

literature.17,61 Both sweat and lactate amount on paper increased during MEX and HEX trials, with 
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HEX collecting the highest amount of lactate (Figure 3.5b). The observed scattering between the 

data points is a result of the difference in sweat generation rates in each subject. Around ~ 1-1.5 

µL, and ~ 7-8 µL of additional sweat flows into the paper during MEX and HEX trials, 

respectively, in comparison to the NEX trials. This additional fluid is active sweat resulting from 

exercise (Figure 3.3d). A good correlation (r>0.5) between the sampled lactate amount and sweat 

volume again proves that sweat lactate amount (moles) is a function of sweat rate.1,17,18 The 4M 

glucose hydrogel produced a SWR of ~ 0.03 µL.cm-2.min-1 during both PMEX and PHEX trials. 

Such a SWR is similar to the NEX trials. The lactate amount possesses a negative correlation (r<0) 

with the sampled sweat volume on paper during PMEX trials (Figure 3.4c). This happens since 

lactate gets converted to pyruvate as the body cools down after exercise.2 As a result, the amount 

of lactate in sweat decreases. A positive correlation existed during PHEX trials due to the extreme 

low magnitude of lactate amount (with respect to PMEX) and sweat volume.  

 

3.3.5. Estimation of Sweat Lactate Concentration and its Relationship with Blood Lactate 

 

The amount of sampled lactate quantity and sweat volume on paper was used to calculate the 

lactate concentration for the 4M glucose hydrogel patch. The 4M glucose hydrogel initiates 

osmotic withdrawal of sweat upon contact with the skin at a lactate extraction rate (LER) (from 

skin) of ~ 0.58 nmole.cm-2.min-1 (NEX), ~ 3.21 nmole.cm-2.min-1 (MEX), ~ 0.68 nmole.cm-2.min-

1 (PMEX), ~ 20.30 nmole.cm-2.min-1 (HEX), and ~ 0.16 nmole.cm-2.min-1 (PMEX) (assuming 

constant sweat generation rate). This corresponded to an average sweat lactate concentration of ~ 

9.38 mM (NEX), 19.30 mM (MEX), 13.08 mM (PMEX), 13.62 mM (HEX), and 3.18 mM (PHEX) 

(Figure 3.6a).  
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                The sweat lactate concentration during NEX trial is considered low as it falls towards 

the lower end of the normal human sweat lactate concentration range.5,14,36,38 Lactate concentration 

during MEX was significantly (p<0.05) greater than NEX trials. This happens because: (a) exercise 

induces anaerobic metabolism which leads to the appearance of lactate in sweat, and (b) exercise 

causes greater sweat release which proportionally releases more lactate (Figure 3.5b). Lactate 

concentration during PMEX was significantly lower (p<0.05) than MEX since lactate gets 

converted to pyruvate as the body cools down after exercise. Additionally, this also suggests that 

base lactate levels were reached within two hours (p>0.05, with respect to NEX). The difference 

between the lactate concentrations during MEX and HEX trials were insignificant (p>0.05). 

Although HEX trials lead to greater amount of lactate generation, higher sweat release slightly 

decreases the lactate concentration due to dilution (Figure 3.2e, 5b).18,61 Hence, as the lactate 

concentration peaks during MEX, we believe that it is the facile physiological zone for estimating 

the maximum sweat lactate concentration (Figure 3.6b). Sweat lactate concentrations during 

PHEX trials were significantly lower than the PMEX trials (p<0.05) due to significant lower lactate 

generation (Figure 3.2f). This confirms the following two outcomes: (a) the rate of disappearance 

of lactate from sweat during PHEX trials is faster than PMEX trials, and happens within 2 hours 

after HEX termination, and (b) two hours is a sufficient time period to reach the base lactate level. 

Moreover, the lactate concentration readouts of the 4M glucose hydrogel patches during NEX, 

MEX, and HEX trials match well with the lactate concentration readouts of existing devices, which 

were reported under similar exertion levels (rest, medium intensity exercise, and high intensity 

exercise) (Figure 3.6b).1,12,14,17,23,30,34,36,42-44,47,48,50,53,56,61-65 This validates the efficient functioning 

of our patch under all physiological conditions. 
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We also measured blood lactate levels and investigated its correlation to sweat lactate 

under all five physiological conditions (Figure 3.6 c,d,e,f). The measured average blood lactate 

concentrations were ~ 1.50 mM (NEX), 2.10 mM (MEX), 1.60 mM (PMEX), 7.55 mM (HEX), 

1.90 mM (PHEX) (Figure 3.6c). The r value between blood and sweat lactate concentration was ~ 

0.11 (NEX), 0.26 (MEX), 0.33 (PMEX), 0.98 (HEX). and -0.03 (PHEX) (Figure 3.5 d,e,f). A poor 

correlation between sweat and blood lactate levels was recorded during NEX trials (Figure 3.6d). 

This is expected due to the lack of physical exertion. Hence, the lactate in sweat and blood during 

NEX is mainly derived from the sweat glands above type-I muscle fibers.66 Type-I muscle fibers 

generate energy mainly by aerobic metabolism. The measured average blood lactate concentration 

also matches well with literature.3 Blood lactate concentration during MEX trials remained low 

and similar to NEX trials (p>0.05) (Figure 3.6c). Hence, MEX does not affect the blood lactate 

levels. This also results in a poor correlation between blood and sweat lactate levels (Figure 3.6e). 

Such trends are expected since we operate below the lactate threshold (LT) of the human subjects 

during MEX trials.61 The blood lactate increases exponentially beyond LT.21 The data also 

established the source of lactate origination to be mainly the sweat glands above the type-IIa 

muscles, and not blood.66 Type-IIa muscle fibers generate energy under both aerobic and anaerobic 

metabolism. The poor correlation between blood and sweat lactate levels during PMEX exists due 

to absence of physical exertion and glycolysis in type-I muscle fibers (Figure 3.6f).  

HEX causes a significant rise in the blood lactate levels (p<0.05, with respect to MEX) 

(Figure 3.6c). Consequently, the ratio between sweat and blood lactate concentration decreases 

(with respect to MEX). This results mainly from the following two reasons: (a) HEX makes the 

subjects exceed their LT (>85% of maximum heart rate).21 This causes the lactate to partition into 

blood from the type-IIb muscle fibers. The type-IIb muscle fibers generate energy purely via 
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anaerobic glycolysis.66(b) A drop in the HCO3
-
 ion concentration and pH in plasma leads to inflow 

of lactate in blood to maintain the acid-base equilibrium.67 Overall, a prolonged high blood lactate 

concentration (> 3mM) induces faster fatigue and is not feasible for the body.66,68,69 Hence, an 

individual can be acknowledged as being ñfitò if they can delay reaching LT or show low blood 

lactate levels even under HEX.66 A strong correlation exists between blood and sweat lactate levels 

during HEX (Figure 3.6e). The correlation exists due to higher blood lactate levels than MEX trial. 

Such correlations have been reported previously.1 A poor correlation exists between blood and 

sweat lactate levels during PHEX trials (Figure 3.6f) due to the absence of high physical exertion.  

 

 

Figure 3.6. Comparative analysis of sweat lactate concentration readout of 4M glucose hydrogel 

patch and blood lactate concentration. (a) Plot showing the estimated sweat lactate concentration 

in a 4M glucose hydrogel patch under different physiological conditions. (b) Plot presenting a 

comparative analysis of the lactate concentration readout from our patch (dotted circular box) to 

the lactate concentration data from previously published lactate studies. (c) Plot showing the 

measured blood lactate concentration under different physiological conditions. Relationship of 
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sweat and blood lactate concentration during (d) NEX trial, (e) MEX and HEX trials, and (f) 

PMEX and PHEX trials. Each dot denotes data from one subject. These plots elucidate the 

correlation between blood and sweat lactate levels under different physiological conditions. The 

error bars denote standard deviation from all subjects.  

 

3.4 Conclusions  

We report here the on-skin functioning of a non-invasive sweat sampling patch that 

operates under novel sweat extraction principles. The patch uses a hydrogel disk infused with a 

solute to raise its chemical potential difference with respect to sweat in the skin. As a result, the 

hydrogel directly withdraws the sweat from the skin via osmosis and without necessity of active 

perspiration. The extracted sweat is transported via a paper channel and evaporated at a pad to 

maintain the continuous inflow of sweat and its associated biomarkers. Since osmosis is a 

colligative property inherent to the system, the patch does not require any external power source 

for long-term operation. The patch will continue to withdraw sweat as long as the chemical 

potential difference sustains between the hydrogel and sweat. Moreover, this patch design is 

flexible, non-invasive, and can be comfortably worn on the skin.  

               We tested the patch with three different pumping media, under five different 

physiological conditions for sweat lactate quantification. Results show that all three-pumping 

media sample lactate on paper during rest, exercise, and post-exercise trials. Lactate is majorly 

withdrawn by the glucose hydrogel via osmosis when the body remained exertion-free (NEX). The 

PBS hydrogel and PDMS disk patches sample lactate on paper due to the natural sweat rate of the 

body during NEX trials. The moles of sweat lactate collected increases with exercise intensity and 

decreases when the body cools down. During exertion (MEX and HEX), lactate is derived 

primarily from the inflow of active sweat in all three patch systems. Hence, the amount of sweat 
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lactate captured is proportional to the sweat rate. The calculation of sweat lactate concentration 

was only possible for the glucose hydrogel patch as there was considerable sweat collection on the 

paper. The lactate concentration measured by the glucose hydrogel patch matched well with the 

lactate concentration readouts of other sensors, which were tested under similar exertion levels. 

Sweat lactate concentration during HEX remained lower than MEX. This occurs because the rate 

of sweat production (volume/time) is greater than the rate of lactate generation (moles/time) in 

sweat during HEX, which eventually leads to dilution and a lower lactate concentration 

(moles/volume). Hence, sweat lactate concentration should be measured under MEX as it peaks 

during this physiological condition. Blood lactate concentration stayed low and did not show a 

good correlation with sweat lactate concentration during NEX, MEX, PMEX, and PHEX trials. 

This occurred due to the absence of physical exertion. In contrast, the blood lactate concentration 

increased and showed a good correlation with sweat lactate concentration during HEX. This 

occurred since all subjects surpassed their LT during HEX. The variation in sweat and blood lactate 

concentration levels under different physiological conditions is presumably an outcome of varying 

glycolysis rates at different muscle fiber sites.  

                  Overall, our wearable osmotic sweat sampling patch appears to have big potential in 

facilitating continuous sweat collection for hours and delivering useful health information about 

human lactate trends under varying physiological conditions. Despite the on-skin studies, our patch 

requires post-processing measures for estimating the amount of lactate in sweat. After testing, the 

rectangular strip needs to be cut out and subjected to an assay for lactate determination. Hence, the 

current version of the patch is not an optimized solution for device operation since an ideal 

wearable should deliver continuous monitoring and real-time data generation. Our group is 

working towards extending the current version of the patch to a continuous, real-time sweat 



   

107 

 

sensing platform for lactate by incorporating enzymatic electrochemical sensors. In addition to 

lactate, the prototype reported here can be used to sample other multiple sweat based biomarkers 

as well. We are also working towards transforming our current patch to a lateral flow assay (LFA) 

platform for cortisol and potassium detection in sweat. We believe that such a prototype, capable 

of functioning with multiple sensing principles (colorimetric, electrochemical) will provide a 

better, long-term understanding about the metabolism of different sweat-based biomarkers under 

both at home and clinical settings. 
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3.6 Supplementary Information 

             The subjects were initially made to sit and rest. The forearm regions of both hands were 

then cleaned with alcohol wipes and de-ionized (DI) water to remove any residual lactate. Three 

skin patches (each with a 4M glucose hydrogel, PBS hydrogel, and PDMS disk) were interfaced 

to the washed part of each forearm using a Velcro strap for two hours. The subjects remained 
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seated during the non-exercise phase (NEX) and refrained from consumption of food and drinks. 

After 2 hours, the patches were taken off, their paper strips were removed, a dry rub test was 

performed by rubbing a new paper strip on the skin, and blood lactate was measured. The wet 

portion (4M glucose hydrogel patch) and the dry circular end (PBS hydrogel, and PDMS disk 

patches) of the paper channel were cut out and reserved for further analysis. This concluded the 

NEX trial. 

 

Figure 3.A.1. Schematic illustration of the human trial protocol. 4 M glucose hydrogel, 

PBS hydrogel, and PDMS disk patches were tested on skin during rest, exercise, and post-

exercise conditions for sweat lactate estimation. The dry rub test estimates the base lactate 

level during each physiological stage. 

 

The subjects were then taken to an exercising room where their forearms were cleaned 

again with alcohol wipes and DI water. Three patches (each with 4M glucose hydrogel, 

PBS hydrogel, and PDMS disk) were again interfaced on each forearm. The subjects 

exercised on a cycle ergometer (Life Fitness) under ambient conditions for an hour during 

medium exercise intensity (MEX) trials, and for 30 mins during high exercise intensity 

(HEX) trials. MEX trials involved 5 minutes of warmup (50-60 W at 60 rpm), followed by 
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20 minutes of constant load exercise at medium intensity (75-100 W at 75 rpm) and a final 

5 minutes of cooling down. This cycle was repeated for another 30 minutes. After an hour 

of testing, the patches were taken off, their paper strips were removed, a dry rub test was 

performed by rubbing a new paper strip on the skin, and blood lactate was measured. The 

wet portion (4M glucose hydrogel patch) and the dry circular end (PBS hydrogel, and 

PDMS disk patches) of the paper channel were cut out and reserved for further analysis. 

This concluded the MEX trial.  

 

Figure 3.A.2. Rotational speed of the cycle ergometer and exercise intensity range during 

human trials. 

 

HEX trials involved 5 minutes of warmup (50-60 W at 60 rpm), followed by 5 minutes of 

constant load exercise at 100 W and 75 rpm. The intensity was then increased to high 

intensity (100-150 W for 10 mins with 75 rpm), followed by 5 minutes at 150-200 W and 

75 rpm. Exercise was then terminated, and the subjects rested for 5 minutes. After 
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completion of each trial, the patches were taken off, paper strips were cut and reserved for 

analysis, a dry rub test was conducted, and blood lactate was measured. This concluded the 

HEX trial.  

Post medium exercise (PMEX) and post high exercise (PHEX) trials were conducted in a 

similar way as the NEX trials. The paper strips after each test were analyzed using a 

commercial colorimetric lactate assay (Lactate dehydrogenase enzyme based) with our 

previously developed protocol.14 

 

 

 

Figure 3.A.3. Calibration plot of normalized intensity vs. lactate concentration. 
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4.1 Introduction  

Lactate is a byproduct of anaerobic glycolysis, generated as an outcome of oxidative stress 

experienced by the body due to high levels of physical exertion.1 It is an important biomarker for 

determining muscle health, and tissue hypoxia.1-4 Lactate is predominantly present in sweat and its 

amount depends on several parameters like exertion type, duration, intensity, sweat gland density, 

and rate.5,6 Sweat lactate can range from 2-115 mM, depending on the exertion level experienced 

by the body.7-15 Lactate is also present in the blood where it ranges from 0.5-2 mM for a healthy 

subject at rest.2,7,8 Greater amount of lactate begins to appear in the blood only when the body 

experiences high intensity exertion (>120 W) and crosses the lactate threshold (LT).2,7 For this 

reason, the blood lactate concentration can peak up to ~11 mM upon surpassing LT.8 Therefore, 

under all other physiological conditions (e.g.: rest or medium exercise workout), sweat lactate 

concentration usually ranges ~ 5-10 times larger than blood lactate concentration, and does not 

show a good correlation with blood lactate concentration.2,7   

               The two major sensing principles on which most of the wearable sweat sensors operate 

to determine the sweat lactate content are: colorimetry and electrochemistry. The biorecognition 

element used in these sensors are either lactate oxidase (LOx) or lactate dehydrogenase (LDH) 

enzymes. In case of a colorimetric wearable platform, the sweat is allowed to flow through 

serpentine microfluidic channels which stay pre-immobilized with lactate specific enzymatic 

assays. The incoming sweat interacts with the assay to form a colored compound whose intensity 

directly correlates with the amount of lactate in the sweat.9-12 The electrochemical sensors are 

usually in the form of a three-electrode system, where the enzyme (biorecognition element) is 

immobilized on the working electrode.13-38 The lactate in sweat undergoes an enzymatic redox 

reaction to generate a signal (change in current, voltage, or impedance), whose magnitude directly 
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correlates with the amount of lactate. Lactate in sweat can be also quantified using 

chemiluminescence39,40, HPLC17,41, enzyme free colorimetry34, and optical techniques.42  

Electrochemical lactate sensing platforms based on different biological fluids are more 

sensitive, have a higher linear dynamic range (LDR), and a lower limit of detection (LOD, ~ nM 

range), as compared to their colorimetric counterparts.3 Skin-interfacing electrochemical sweat 

lactate sensors usually have their electrodes fabricated either via photolithography13-15,18,37, screen 

printing16,17,23,24,27-29,31,32,34,35,38,43,44 , sputter coating20,31 , inkjet printing21 , wax printing26 or direct 

stamping33 techniques. These electrodes are printed on sheets of either polyimide 

(PI)13,14,18,24,29,35,43,44, polyethylene terephthalate (PET)15,23,27,28,37, polyethylene naphthalate 

(PEN)16,21, plastic17,32 , polycarbonate (PC)20, polyester (PE)34 or tattoo paper.31 The ink material 

of the working and counter electrodes can be either carbon15-17,23-26,28-32,34,35,43,44, platinum13,18,20,42, 

silver21,33,37 or silk27,  while the reference electrode is usually Ag/AgCl paste.13-18,20,23,24,26-29,31-

35,37,42,43 The biorecognition element (either LOx or LDH enzyme in bovine serum albumin (BSA) 

or phosphate buffer saline (PBS)) is immobilized on the working electrode. The enzyme is 

crosslinked with glutaraldehyde13, and sometimes mixed with either carbon nanotubes, graphene, 

platinum, silver nanoparticles to enhance the sensitivity towards lactate 

detection.16,23,24,27,31,32,33,37,43,44 Moreover, either chitosan or Nafion solutions are also added on the 

electrode to remove the interference from other analytes.16,21,23,27-29,33,34,37,43,44 The LOD and LDR 

of these sensors can range between 0.2-100 nA.mm-2.mM-1 and 0-30 mM, respectively.3,20,22,29,30-

33,37-40,43-45 

Despite delivering on-spot sweat lactate detection with high sensitivity, wide LDR, and 

low LOD, the current wearable platforms face the following two key challenges: they (1) remain 

inoperative for longer time periods under the conditions of normal human activity (such as 
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rest)10,11,27,28,31,35,37,44; and (2) have a short sensing duration period (~ 

minutes).14,15,17,21,23,29,31,34,35,37 Thus, most of the current sweat lactate sensors function only during 

ñactive sweatingò by making the subjects undergo strenuous physical exertion, iontophoretic 

procedure, ingest sweat stimulating agents23 or elevate body temperature45, prior to testing. As a 

result, these prototypes can measure the sweat lactate concentration only during exercise. 

Moreover, these prototypes do not have an outlet site which would allow continuous replacement 

of old sweat fluid with new. Hence, the current sensing platforms achieve a faster saturation and 

cannot operate for a longer time (~ hours). 14,15,17,21,23,29,31,34,35,37,44 A few prototypes have quantified 

sweat lactate release from rested subjects.21,23,46 However, these prototypes are not a wearable 

platform, have a low sampling duration, and do not contain an outlet site.  Hence, there is a 

necessity of an efficient, continuous sweat lactate monitoring device, capable of delivering real-

time and long-term information under all physiological conditions (rest, exercise, and post-

exercise) and providing a comprehensive understanding of the human lactate metabolism remains 

unaddressed. 

This chapter introduces our continuous sweat lactate monitoring platform (CSLMP). It was 

developed as an extension of our previous zero-powered, non-invasive wearable sweat sampling 

patch, which simultaneously uses osmosis, capillary wicking, and evaporation for sweat 

sampling.7,9,43,44,47 The continuous, real-time sensing is achieved by introducing a functionalized 

lactate sensor (FLS) to the original patch design, which is then interfaced with a custom, flexible, 

low-power, and wearable wireless electrochemical electronic system (WEES). We initially begin 

by discussing how we assemble the different components of the CSLMP to make it work on 

subjects both at rest and during active perspiration. We validated the FLS in-vitro to determine its 
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LDR, LOD, and stability. Finally, we validated CSLMP in-vivo (on-skin) to demonstrate sweat 

lactate sensing operation under rest, and under medium exercise conditions.  

 

4.2 Experimental Section 

4.2.1 Materials 

 The experiments were performed using Whatman filter paper (Grade 541, GE Healthcare Life 

Sciences); phosphate buffer saline (PBS), acrylamide (Sigma), N-Nô methylenebisacrylamide 

(Sigma), 2-hydroxy-4ô-(2-hydroxyethoxy)-2-methylpropiophenone (Sigma), D-glucose, alcohol 

wipes (medical grade), Nafion® (~5%), graphite (<20 µm), stabilized lactate oxidase (10kU, 

E2030703P1, Sun Chemical, UK); Ag/AgCl ink (C2130809D5, Gwent) graphite paste 

(C2070424P2, Gwent), carbon paste (C2050106P7, Gwent), Tegarderm (3M), polyimide sheet 

(PI, 1 mil thick), Kapton tape, alcohol wipes (medical grade), lancet, and lactate plus meter (Nova 

Biomedical), skin adhesive (Upright). 

4.2.2 Hydrogel Synthesis 

The hydrogels for the osmotic interface were made using acrylamide monomer, N-Nô 

methylenebisacrylamide as crosslinker and 2-hydroxy-4ǋ-(2-hydroxyethoxy)-2-

methylpropiophenone as photo-initiator. The monomer solution contained 22% (w/w) acrylamide, 

0.48% (w/w) crosslinker and 0.15% (w/w) photo-initiator. The solution was cured inside a circular 

Petri dish (47 mm diameter) under a 175 mW/cm2 UV lamp (Sunray 400-SM) for three minutes. 

Disks of 6 mm diameter were punched out and stored in 4M glucose solution for 24 hours. 4M 

glucose solution served as the osmolyte since it led to the highest accumulation of maximum model 

biomarker on paper in our previous in-vitro experiments.9 After 24 hours, the infused disks were 
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transferred to a fresh solution in a vial and stored for further usage. A single disk was taken out, 

blotted with a paper napkin, and was fitted inside the circular space in the prototype before usage.  

4.2.3 Prototype Fabrication 

The lactate sensor was fabricated on a 0.025 mm thick PI sheet. Initially, a circular section (exactly 

as the diameter of the hydrogel) with all three-electrode heads was cut out from the sheet using a 

CO2 laser cutter (Universal Laser System VLS 3.5). Working electrode (WE, carbon ink with 

Prussian blue mediator), reference electrode (RE, Ag/AgCl), and counter electrode (CE, carbon 

ink) were then screen-printed one by one on the sheet, starting from the head with a 230-mesh size 

mask. The dimensions of all the electrodes were 1.87×2.0 mm2. The sheet was kept inside an oven 

at 80o C for 10 minutes, every time after printing an electrode. The outline of the whole prototype 

was then cut out using a laser cutter.   

15 mg/mL graphene stock solution was prepared in ethanol and sonicated in the ultrasonic 

bath for 1 hour. 5 µL of an aqueous mixture (4 µL of 50 mg/mL LOx in 1×PBS and 1 µL of 15 

mg/mL graphene in 1×PBS) was drop-casted on the WE and dried at room temperature for 1 hour. 

1 µL of 0.5 wt% Nafion was then drop-casted on the WE and dried at room temperature for 1 hour. 

This concluded the enzyme immobilization process and FLS development.  

The paper channel design used in CSLMP was slightly modified as compared to the design 

used in all our previous studies.7,9,43,44,47 The circular end of the paper has two slits and a semi-

circular region cut out. Moreover, the evaporation pad area of the paper channel was increased, 

while the rectangular section was modified to have a tortuous path, in comparison to our previous 

design. The paper channel was placed on the PI sheet with electrode heads, making sure that all 

three electrodes lied above the slits on the circular end of the paper channel, upon interfacing. The 

rectangular section of the paper channel was covered with a Tegaderm layer (1.9×2.9 cm2) to 
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conceal it from evaporation. A Tegaderm layer (1.5×0.6 cm2) was attached over the electrodes to 

prevent them from touching the skin during human trials. A piece of Kapton tape (0.6×0.6 cm2) 

was attached on the lower backside of the electrodes so that the sensors have a rigid connection 

with the flexible board. Finally, the hydrogel was placed on the circular end of the sheet. This 

concluded the fabrication of the prototype. The prototype was always stored at 4oC before any test. 

The CSLMP weighs ~165 mg (before hydrogel addition) and has dimensions of 70 mm × 30 mm 

× 0.02 mm. 

4.2.4 In-vitro Testing with the Prototype 

The FLS was tested using chronoamperometry with a benchtop potentiostat (600+, Gamry Inc.) at 

ī0.1 V with respect to the RE. 10 ÕL solution of varying lactic acid concentration were used during 

all benchtop tests. All solutions were made in 1X PBS. For stability studies, 10 µL solution of 

varying lactic acid concentration were added on the WE every 2 minutes and tested till 1100 

seconds.  

4.2.5 On-Skin (In-vivo) Sweat Analysis 

Human trials were conducted on individuals in three sets: (a) Rest (NEX, i.e without exposing 

them to any physical activity) for 2 hours. (b) during medium exercise intensity (MEX) for 1 hour. 

(c) during high intensity exercise (HEX) for 30 minutes. All trials were conducted under normal 

ambient conditions (22oC, 45% relative humidity (RH)) and strictly as per two approved IRB 

protocols (UNC-18-1959 and UNC-19-3065). 3 healthy subjects, aged 20-28, were recruited from 

the NC State University campus. All 3 subjects were tested under NEX trials. 2 subjects were 

tested under MEX and HEX trials. All subjects gave written, informed consent before participation 

in the study.  
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The forearm of each subject was initially washed with alcohol and DI water. The CSLMP 

(without the hydrogel) with the electrodes facing the skin, was placed on the forearm. The 4M 

glucose hydrogel was then placed on the circular section of CSLMP. A layer of Tegaderm was 

attached on the top of the hydrogel so that it stayed affixed to the prototype. A layer of Tegaderm 

was also applied on the edges of the prototype so that it stayed attached to the skin surface. The 

whole assembly was then connected to the WEES using a spacer. The subjects resided on a bench 

for 2 hours when testing under NEX. The lactate trends were continuously monitored on the iPad. 

After 2 hours, blood lactate was measured using the conventional finger pricking test. This 

concluded the NEX trials. The subject was then requested to sit on a cycle ergometer (Life Fitness) 

under ambient conditions and exercise for 1 hour during the MEX trials. MEX trial involved 5 

minutes of warmup (50-60 W at 50-60 rpm), followed by 20 minutes of constant load exercise at 

medium intensity (75-100 W at 75-100 rpm) and a final 5 minutes of cooling down. This cycle 

was repeated for another 30 minutes. The lactate trends were continuously monitored on the iPad. 

A Macroduct patch was also placed on the forearm to monitor sweat rate. Blood lactate was 

measured after the completion of the test. This concluded the MEX trials. The subjects were 

refrained from any food or drinks throughout the testing period. HEX trials were also conducted 

on the same cycle ergometer. HEX trial involved 5 minutes of warmup (50-60 W at 50-60 rpm), 

followed by 5 minutes of constant load exercise at medium intensity (75-100 W at 75-100 rpm), 

then 15 minutes of constant load exercise at high intensity (100-150 W at 75-100 rpm), and a final 

5 minute of constant load exercise at higher intensity (150-200 W at 75-100 rpm). The lactate 

trends were continuously monitored on the iPad. A Macroduct patch was also placed on the 

forearm to monitor sweat rate. Blood lactate was measured after the completion of the test. This 

concluded the HEX trials. 
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4.3 Results and Discussion 

4.3.1 CSLMP ï Design Aspects and Working Principle 

The CSMLP is developed by introducing enzymatic electrochemical sensors to our previously 

developed wearable osmotic capillary sweat sampling platform.7,9 Figure 4.1a shows an optical 

image of the prototype on bench, and on the forearm. The current version of the prototype has the 

FLS electrodes placed in between the hydrogel and the circular section of the paper channel. Such 

an arrangement was chosen to ensure instantaneous sensing of sweat lactate from skin, especially 

with very low sweat volumes (such as when the subjects are at rest or under low humidity 

conditions). Overall, the platform is thin, flexible, and can be easily mounted on the skin using 

either a Velcro strap or a skin-compatible adhesive. The CSLMP weighs ~165 mg and has 

dimensions of 70 x 30 x 0.02 mm. 

Figure 4.1b shows a blown-out schematic of the patch components. The PI sheet is initially 

cut out to create a circular space for placing the hydrogel and three heads for printing the 

electrodes. The working electrode (rightmost electrode in Fig. 4.1b) is immobilized with LOx 

enzyme solution. The circular end of the paper channel is then inserted into the circular space on 

the PI sheet, such that the electrode heads reside above the paper slits. However, the paper channel 

design used in this study is different from all our previous studies in the following ways: (a) The 

circular end of the paper channel in this study has two slits and a semi-circular section cut out. 

Such a design was chosen to ensure that sweat infused lesser surface area of paper before reaching 

the electrodes. This arrangement has proven to be advantageous during the trials at rest where the 

withdrawn sweat volume is extremely low (~ 1-2 µL) (Appendix A.1). (b) The shape of rectangular 

section of the paper channel was modified from a pure straight rectangle to a tortuous rectangle. 

This increased the net surface area of the paper channel in between the circular end and evaporation 
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pad. As a result, the incoming sweat would travel further (by covering greater surface area of 

paper) before entering the evaporation pad. Such a design would also delay the saturation of the 

paper channel. (c) The surface area of the evaporation pad was also increased to such an extent 

such that the incoming sweat would never fully wet it due to continuous evaporation. This would 

maintain a constant inflow of fresh sweat and would facilitate long-term (~hours) sensing (as the 

paper channel will not be saturated).9  

The area of the evaporation pad was fixed in accordance with our previous work on paper 

microfluidics.47 The effects of a saturated paper channel on in-vivo lactate sensing is shown in 

Appendix A.2. Hence, saturation of the paper channel is not ideal for long-term sensing. A 

Tegaderm layer was then applied on top of the tortuous rectangular section of the paper, and over 

the printed electrodes (until the circumference of the circular hole on the PI sheet). Covering the 

tortuous rectangular section prevents sweat evaporation from the region between the hydrogel and 

evaporation pad (just as our previous prototypes).7,9,43,44 The electrodes are also covered to ensure 

that they do not touch the skin surface directly, once mounted on the forearm. Hence, lactate will 

be sensed only the area where the hydrogel is in contact with the skin. The hydrogel is then placed 

on the circular hole, such that the three-electrode heads lied in between the hydrogel and paper. A 

Tegaderm layer is applied on top of the hydrogel to position it firmly over the electrode heads. The 

whole system is then connected to the custom WEES using a spacer and mounted on the forearm 

for testing.  
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Figure 4.1. Wearable continuous sweat lactate monitoring platform. (a) Optical image of CSLMP 

without hydrogel on bench, and on the forearm. The prototype is first connected to the custom 

WEES and then mounted on the skin using a Velcro strap. (b) Blow out schematic of the whole 

prototype highlighting all of its individual components. (c) Schematic of CSLMP with the 

embedded hydrogel and how the hydrogel withdraws sweat lactate from skin via osmosis. (d) 

Schematic highlighting the immobilized components of the working electrode and the reaction 

mechanism of lactate detection. 

 

Figure 4.1c shows the schematic of the prototype, without being connected to the WEES. 

Our wearable platform functions are based on the simultaneous action of three basic effects to 

deliver long-term sweat lactate sensing: osmosis, capillary wicking, and evaporation.9 Osmosis is 

the main pumping mechanism for sweat extraction. A hydrogel, infused with a highly concentrated 

glucose solution (osmolyte) generates the osmotic driving force with the skin. This hydrogel is 

placed on the circular chamber of the prototype as shown in Figure 4.1 b,c. The hydrogel disk and 

the circular end of the paper directly interface the skin. The hydrogel withdraws sweat samples 

with lactate due to its higher osmotic strength (with respect to the sweat inside the skin).  
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The withdrawn sweat lactate is sampled on the circular section of the paper microfluidic 

channel, where it meets the immobilized enzymatic assay on the electrode (FLS, Figure 4.1d). The 

FLS undergoes a pair of redox reactions with sweat lactate: (a) Incoming lactate in sweat gets 

oxidized to hydrogen peroxide (H2O2) and (b) H2O2 is reduced to 2OH-. This detailed reaction 

mechanism has been established previously.48 Moreover, the graphene nanoparticles help in 

enhancing the sensor sensitivity and LOD by increasing the surface area of the electrode, while 

the Nafion layer removes anionic interferences and increases selectivity.33 The sweat lactate, and 

the osmolyte then travel through the tortuous rectangular section of the paper channel via capillary 

action towards the evaporation pad (Figure 4.1 a,b,c). This incoming sweat continuously 

evaporates from the pad, which maintains the capillary pressure in the paper to allow further inflow 

of fresh sweat from skin and eventually facilitate long-term sampling and sensing.    

4.3.2 In-vitro Validation of FLS in CSLMP via Chronoamperometry 

We conducted in-vitro (benchtop) testing with our wearable CSLMP to test the performance of the 

FLS. This was conducted by drop casting 10 µL solution of varying lactic acid concentrations on 

the FLS. Figure 4.2a shows the chronoamperometric response of the sensor under varying lactic 

acid concentrations, as obtained from the potentiostat. The current increases with lactic acid 

concentration and stabilizes within ~150 seconds. Figure 4.2b presents the calibration plot of 

current vs. lactate concentration for the sensors, based on the trends from Figure 4.2a.  The data 

enables to calculate the sensitivity, LOD, and LDR of the sensor, which are 90 nA.mM-1.mm-2, 

350 nM, and 0-20 mM, respectively. Overall, our sensor was found to be more sensitive as 

compared to the other lactate sensors in literature.3,20,22,29,30-33,37-40,44,45 Moreover, a LDR of 0-20 

mM shows that the sensor can accurately measure the physiological lactate concentration range in 

sweat. 
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The stability of the sensor was also monitored with time (Figure 4.2c). A batch of four 

sensors were immobilized on Day 1. Each sensor was tested on every single day for the next 4 

days, by treating them with 10 µL solution of 10 mM lactic acid solution. We found that the sensor 

was stable for 4 days, when stored at 4oC. The selectivity of the sensor towards lactate detection 

was also tested by exposing it to various compounds (ascorbic acid (AA), uric acid (UA), glucose, 

Na+, and K+) that are commonly found in sweat. As shown in Figure 4.2d, the addition of 

interferents caused a minimal change in the current response, while the response increased 

significantly upon lactate addition. Hence, the sensor was highly selective towards the presence of 

lactate in the solution.  

 

Figure 4.2. In-vitro validation of the FLS performance using chronoamperometry. 

(a) Chronoamperometric response of the sensor under varying levels of lactate concentration. (b) 

Calibration plot of the sensor highlighting the current vs. lactate concentration dependence. (c) 

Plot showing the stability of the sensor with time. (d) Plot proving the selectivity of the sensor 

towards lactate detection in presence of common sweat biomarkers.  
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4.3.3 Comparative Analysis of FLS Response between Potentiostat and WEES 

We developed a flexible circuit board with Bluetooth modules (WEES) through which one can 

monitor the real-time trends of the sweat lactate levels on a wireless device, such as an iPad (Figure 

4.3a). The flexible circuit board with the wearable CSLMP is a wireless wearable electronic 

platform for multi-modal electrochemical monitoring. The board weighs ~ 1.27 g and has a 

dimension of 45 mm × 19 mm × 2 mm. The flexible board system is controlled by a Bluetooth 

Low Energy (BLE) system on a chip (SoC, CC2642, Texas Instruments) which interfaces with an 

electrochemical analog front end (AFE, AD5941, Analog Devices) (Figure 4.3b). The 

electrochemical analog front end is programmed to measure lactate concentration from the 3-

electrode electrochemical cell on the FLS, which is connected via a 5-pin ribbon connector. The 

sampling rate, bias voltage, and gain can all be controlled by the SoC.   

After initialization, the AFE reads from the electrochemical cell as well as the negative 

temperature coefficient (NTC) thermistor circuit and stores the amperometric biochemical data 

into a buffer which is then read by the SoC.  The flexible board system is powered by a lithium 

polymer battery (3.7V, 40 mAh) which is regulated to 1.8V to power the BLE SoC and then 

boosted to 2.8V to power the electrochemical analog front end.  This gives the system an 

approximate battery life of ~ 209 hours, which could be further increased with decreased sampling 

and transmission rate. The system also contains an on-board accelerometer for measurement of 

motion as well as a potentiometric buffer circuit for measuring open-circuit potential. 

The WEES was designed onto a custom flexible polyimide printed circuit board for better 

wearability.  For using under exercising conditions with the CSLMP, WEES was coated with 

silicone. The aggregated data is transmitted over Bluetooth to a either a custom Python script or a 
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custom iPad application.  Both of these allow the user to control the bias, sampling rate, and gain 

of the system, allowing for use at a variety of operating points. The custom WEES is also capable 

of measuring in a duty cycle mode, where the system can periodically halt measurement to prolong 

enzyme lifetime of functionalized electrodes. However, as the duty cycle test trends were similar 

to the regular chronoamperometry trends with the potentiostat during in-vivo testing at rest for 2 

hours (Appendix A.3), we decided to use regular chronoamperometry for all our in-vitro and in-

vivo tests.  

 

Figure 4.3: Design of flexible circuit board (WEES) and its chronoamperometric response with 

the lactate sensor. (a) Optical image of the circuit board (b) Block diagram highlighting the 

components of the circuit board. (c) Comparative analysis of the sensor response between 

potentiostat and WEES for a continuous increase in lactate concentration. (d) Comparative analysis 

of the sensor response between potentiostat and WEES when exposed to simultaneous increasing 

and decreasing lactate concentration. 
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      As the CSLMP utilizes zero-power osmotic sweat extraction, the only electrical power 

consumed by the whole system is from the wearable electronics. Coupling osmotic sweat 

extraction with WEES provides a significant decrease in power consumption in comparison to the 

existing iontophoretic systems, eventually leading to a significant increase in battery life, which is 

a key concern for wearable system development. Additionally, the system components were 

selected for high efficiency and low quiescent current, and the embedded system software was 

optimized for minimal power consumption while sampling and transmitting data over BLE to the 

iPad data aggregator. Total power consumption of the system was 706 µW at 10 Hz sampling rate, 

which is the lowest reported to date in comparison to the existing systems in literature.49-52 

     The dynamic current response of the lactate sensor was tested under increasing lactic acid 

concentrations by using both the potentiostat and WEES (Figure 4.3c). The lactate concentration 

of the solution on the FLS was increased every 2 minutes. For both measurement systems, the 

sensor was able to detect the dynamic changes in current response up to 20 mM, with a sensitivity 

of ~ 102 nA.mM-1.mm-2 (potentiostat) and 117 nA.mM-1.mm-2 (flexible circuit board). The 

dynamic response was also tested by continuously exposing it to solutions of low and high lactate 

concentrations (Figure 4.3d). Such simulation mimics varying sweat rates during real on skin 

testing, which can proportionally affect the lactate levels. Lactate concentration of the solution on 

the sensor was either increased or decreased every 2 minutes. The sensor showed a linear response 

till ~ 10 mM, with a sensitivity of ~ 160 nA.mM-1.mm-2 (potentiostat) and 172 nA.mM-1.mm-2 

(WEES) (Figure 4.3d). Overall, the response of the sensor with the WEES functioned well under 

the human physiological lactate range and was similar to the response from the potentiostat.  
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4.3.4 On-Body Operation with Human Subjects  

The primary goal of this study is to also test the whole integrated CSLMP with WEES on skin (in-

vivo) for real-time sweat lactate sensing under two different physiological conditions ï rest (NEX), 

medium exercise intensity (MEX), and high intensity exercise (HEX). We affixed the whole 

system on the forearm of each subject (2 hours (NEX), 1 hour (MEX), and 30 minutes (HEX)) and 

monitored the real-time lactate concentration trends over time on an iPad. Through these tests, we 

sought to analyze the following: (1) the real-time performance of the integrated system towards 

continuous sweat lactate measurement, (2) comparison of the lactate measurements with data from 

previously investigated sweat lactate sensors, and (3) comparison of the sweat lactate levels to 

blood lactate levels under varying physiological conditions.      

 

Figure 4.4: Schematics of the step-by-step protocol followed during the human trial tests. The 

subjects are tested under (a) NEX, (b) MEX, and (c) HEX. Sweat lactate was measured using the 

integrated system of CSLMP with WEES, whose real-time trends were obtained on an iPad. Sweat 

rate was measured using a Macroduct patch during both MEX and HEX trials. Blood lactate was 

measured separately after completion of each trial.    

 

                 Figure 4.4 depicts the stages of the human trial protocol being followed during the in-

vivo tests. The forearm was chosen as the testing location since it is standard for such 
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measurements and has one of the highest eccrine sweat glands in the body. For testing under rest, 

the skin surface of the forearm is initially washed with alcohol and DI water to remove any residual 

lactate. The integrated system (CSLMP attached to WEES) is then placed on the cleaned skin for 

2 hours. The real time sweat lactate trends are continuously obtained on an iPad. Blood lactate was 

measured after the completion of the test using a commercial blood lactate meter. The system is 

also tested under MEX and HEX condition for an hour and 30 minutes, respectively. The MEX 

trial includes two cycles (of 30 minutes each) of warming up, exercise, and cooling down. Blood 

lactate was also measured after the completion of the test. The HEX trial includes about 10 minutes 

of medium exercise workout and 20 minutes of strenuous high intensity workout. Blood lactate 

was also measured after the completion of each test. 

Figure 4.5a shows the optical images of the CSLMP after 2 hours of testing under NEX, 1 

hour of testing under MEX, and 30 minutes of testing under HEX conditions. During NEX trials, 

the platform samples ~ 1-2 µL of sweat on the paper channel.9 This fluid volume is sampled mainly 

via osmosis7 and is low since there is no physical exertion involved. The sweat mainly stays 

accumulated at the circular end of the paper channel, where it comes in contact with the FLS to 

generate a signal. Exercise leads to the generation of active sweat which gets sampled on the paper 

channel during both MEX and HEX trials. The sweat fluid encounters the FLS at the circular end 

of the paper channel (appears hazy due to sweat accumulation) and flows all the way to the 

evaporation pad over time through the tortuous rectangular section of the paper channel.  

             The sweat lactate concentration trends with time for 3 subjects during the NEX trials is 

shown in Figure 4.5b. The maximum measured sweat lactate concentration was ~ 2-3 mM. Due to 

extreme low sweat rates (0.03 µL.min-1.cm-2)9, lactate takes ~ 100-200 seconds to appear on the 

circular end of the paper channel. The lactate concentration peaks at ~ 2-3 mM as soon as the 
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osmotically withdrawn sweat meets the FLS (Figure 4.5b). Similar lactate concentration values 

have been previously reported from rested subjects.21,23,46 Hence, this validates the effective 

functioning of the CSLMP on subjects at rest. Moreover, the osmotic chemical potential difference 

between the hydrogel and sweat also decreases over time as osmosis continues. As a result, the 

amount of lactate sampled by the hydrogel decreases over time (Figure 4.5b).  

Overall, the CSLMP can measure sweat lactate concentration for ~100 minutes from 

subjects under NEX condition. Such a sensing interval at rest is considered extraordinarily  long, 

as no other wearable prototype in the literature has been able to measure sweat lactate for such 

long time periods.21,23,46 The measured blood lactate concentration in both subjects was also low 

(average value ~1.4 mM), which is expected due to the absence of physical exertion (Appendix 

A.4).8 

The CSMLP was also used to measure the sweat lactate trends over time from subjects 

during MEX trials. Figure 4.5c shows the sweat lactate trends measured over time for 2 subjects. 

The lactate concentration peaked twice during the two exercise cycles and showed a maximum of 

~ 5-7.5 mM during the whole testing period. Although both subjects exercised at a physical level 

of ~ 80-90 W during the trials, the sweat release rate of Subject 1 (~ 40 µL of sweat sampled in an 

hour) was greater than Subject 2 (~ 10 µL of sweat sampled in an hour, Figure 4.5d). The sweat 

volume sampled by the Macroduct was calculated using an established protocol.53 The peak lactate 

concentration during the first cycle of the trial was similar to the peak during the second cycle for 

Subject 1, while it was greater in the first cycle for Subject 2. Moreover, the lactate concentration 

trends also correlated directly to sweat rate and exercise intensity (Figure 4.5 c,d).  
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Figure 4.5. Images and plots showing the results from the on-body testing of CSLMP for sweat 

lactate detection. (a) Optical image showing the level of sweat penetration in the paper channel 

during NEX, MEX, and HEX trials. (b) Plot showing the sweat lactate trends of 3 subjects during 

the NEX trials for 2 hours. (c) Plot showing the sweat lactate concentration trend of 2 subjects 

during MEX trials for an hour. Dark green zone: warm up, light red zone: medium intensity 

exercise, light green zone: cool down. (d) Plot showing the trends of sweat rate and exertion 

intensity of 2 subjects during the MEX trials. (e) Plot showing the sweat lactate concentration trend 

of 2 subjects during HEX trials for half an hour. Dark red zone: high intensity exercise. Darker red 

zone: highly strenuous high intensity exercise (f) Plot showing the trends of sweat rate and exertion 

intensity of 2 subjects during the HEX trials.  
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The CSLMP was also tested on 2 subjects during HEX trials for 30 minutes. Both the 

subjects showed a low sweat lactate concentration (1-2 mM) till 300 seconds as this was the 

warmup phase (Figure 5.4e). The subjects then exercised under MEX intensity from 300-600 

seconds. However, both the subjects did not show a significant change in the lactate concentration 

values even though sweat had entered the paper channel. This confirms that lactate release in sweat 

was delayed till 600 seconds. The subjects entered the HEX zone after 600 seconds and continued 

exercising till 1800 seconds. Both subjects started showing an increasing sweat lactate 

concentration trend, which peaked to ~ 12-13 mM around 900-1100 seconds. After 1000 seconds, 

both subjects started showing a decreasing sweat lactate concentration trend even with a high sweat 

rate (~ 3-4 µL/min), which continued till 1800 seconds (Figure 5.4f). This is an outcome of lactate 

getting diluted due to excessive sweat release, which has also been previously reported in few 

other studies.7,34,41 Hence, the rate of sweat release was greater than the rate of lactate release in 

both subjects from 1100-1800 seconds. The blood lactate concentration during the HEX trials 

ranged 11-12 mM (Appendix A.4). Such a high blood lactate concentration occurs since the 

subjects surpass their lactate threshold level.1,8 A high blood lactate concentration during HEX can 

also result from the drop of HCO3
- ion concentration and pH in plasma, which causes lactate influx 

in blood to maintain acid-base equilibrium.54  

 

4.4 Conclusions  

We report here a wearable, continuous sweat lactate monitoring platform, developed as an 

extension of our previously developed sweat sampling patch. The platform is developed on a thin 

polyimide sheet using hydrogel containing a high solute concentration, acting as the pump for 

sweat withdrawal via osmosis. The collected sample is processed and analyzed via a paper 
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microfluidic channel with a site for evaporation at the end, and screen-printed electrodes with 

immobilized LOx enzyme for lactate sensing. The platform is connected to a custom built wireless 

flexible circuit board with Bluetooth modules that allows real-time monitoring of sweat lactate 

data on a wireless device. The hydrogel and the electrodes are arranged in a way as to allow rapid 

sensing of lactate from skin, even with low sweat volumes. In-vitro testing of the lactate sensors 

showed a LOD, LDR, and stability of 350 nM, 20 mM, and 4 days, respectively. The integrated 

system (platform with circuit board) was tested in-vivo for sweat lactate detection from subjects 

during rest and MEX trials. At rest, the platform was able to continuously measure lactate for up 

to 100 minutes and show a peak sweat lactate concentration of ~2-3 mM. During MEX trials, the 

platform showed two peaks during the two cycles of workout with a peak lactate concentration of 

7-9 mM. Additionally, it was also observed that sweat lactate concentration varies proportionally 

with sweat rate. The lactate concentration peaked around 10-12 mM during 30 minutes of HEX 

workout. The lactate concentration possessed a direct relation with sweat rate initially. However, 

this relationship got inversed during high sweat rates due to dilution of lactate with excessive sweat 

release. Furthermore, our wearable platform can be further extended for sensing other biomarkers 

in either sweat or interstitial fluid (ISF). Currently our group is developing a platform for long-

term ISF sampling. We aim to achieve this by adhering our continuous osmotic-capillary patch 

with WEES on top of a microneedle patch, and eventually place the whole integrated system on 

top of the skin. Such a system would allow real-time monitoring of ISF biomarkers. Furthermore, 

the design of our patch allows sensors to be placed on the rectangular section of the paper channel 

and develop a lateral flow assay platform for sensing biomarkers in either sweat or saliva.  
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4.6 Supplementary Information 

Appendix 1 

 

Figure A.1. Schematic highlighting the two designs of the circular section of the paper 

channel (left) along with their chronoamperometric validation (right). 

 

Design 2 has a smaller surface area than design 1. Hence, the sweat would travel relatively 

quicker in design 2 before entering the rectangular section of the paper channel. This also 

means more inflow of lactate over time in design 2. In-vivo chronoamperometric studies at 

rest with the potentiostat validated the same outcome (more negative current) for design 2.  

 

Appendix 2 

A paper channel with a smaller evaporation pad area will saturate at a faster rate than our 

current design. Full saturation of the evaporation pad would restrict sweat evaporation and 

prevent the inflow of fresh sweat. As a result, no new lactate would be detected with 
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exercise progression. Hence, no peak was observed during the second cycle of MEX trial 

for subject 1, unlike as shown in Figure 4.5c. This confirms that the paper channel should 

be designed to delay saturation. This can be achieved by simultaneously increasing the 

surface area of the rectangular section of the paper channel and the evaporation pad.  

 

Figure A.2. Optical image of the patch with a paper of smaller (than our current design) 

evaporation pad (left) and its corresponding lactate concentration readout during MEX 

trials on subject 1. 

 

Appendix 3 

Both duty cycle and continuous chronoamperometric studies on skin with a potentiostat 

show similar trends during rest trials. Hence, chronoamperometry mode does not matter 

for our lactate trials. Moreover, this also proves that the LOx enzyme can maintain its 

catalytic activity for 2 hours.  
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Figure A.3. Plots showing a comparative analysis of continuous chronoamperometry vs. 

duty cycle chronoamperometry for design 1 (left) and design 2 (right).  

 

 Appendix 4 

 

Figure A.4. Plot showing the blood lactate concentration from subject 1(orange) and 

subject 2(green) during rest, MEX trials, and HEX trials.  

 

Blood lactate concentration does not change significantly during MEX trials as the subjects 

did not surpass their lactate threshold intensity level. During HEX trials, lactate threshold 

intensity is crossed by both subjects and consequently a higher blood lactate concentration 

is observed.  
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CHAPTER 5 

 

Interstitial Fluid Harvesting and Processing Using Osmotic-Capillary 

Patch and Microneedle Integration*  
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Processing Using Gel Osmosis and Paper Microfluidics ï Filed an Invention Disclosure with NC 
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5.1 Introduction 

 

Interstitial fluid (ISF) is a thin layer of fluid which surrounds the body cells and contains dissolved 

substances that are exchanged with blood capillaries.1.2 It is present below the epidermis and is 

rich in serum, plasma, and other diverse biomarkers (ions, proteins, and metabolites), that provide 

essential information regarding the health and physiological state of a human body. ISF also helps 

in bringing oxygen, nutrients to cells, and remove waste products from them. Moreover, as lower 

molecular weight biomarkers (Na+, K+, lactate, alcohol, and glucose) tend to diffuse out faster 

through the blood capillary walls due to the pressure exerted by the blood flow, it makes ISF the 

best alternative biofluid (other than blood) for quantifying these biomarkers.  

                Microneedle array patches (MAPs) are downsized version of traditional hypodermic 

needles1 that represent a growing field of research since they hold the potential to sample ISF in a 

minimally invasive and less painful manner.3-5 MAPs can be made up of varying materials like 

polymers2,4,5, silicone6, steel7, and ceramics.8 Moreover, they are available either as solid, porous 

or hollow structures of different length, sharpness, and density, which can be fabricated using 

techniques like etching, lithography, micromachining, and 3D printing.1,9 The MAP sensing 

platform can be based on either colorimetric or electrochemical principle. Colorimetric MAPs 

sensors either have the biorecognition element embedded inside the microneedle or coated on 

them. If embedded inside, the MAP is added into a buffer solution for analysis, post testing.10 

Enzyme coated microneedles form a colored compound on the microneedle surface after coming 

in contact with ISF.11 Electrochemical MAP sensors can also have the biorecognition element 

either coated on the microneedles or inside them.12 The specific biomarker in the ISF undergoes a 

redox reaction on the microneedle surface to generate an electrochemical signal (current or voltage 

change). Glucose4, lactate12, alcohol13, and drugs14 are a few biomarkers that have been analyzed 
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from the ISF using MAPs. Moreover, MAPs have been also used to perform transdermal drug 

delivery.15,16 The drug molecules are usually loaded onto the microneedle matrix and then injected 

into the tissue.  

                 Despite the huge advantage of MAPs in health monitoring, sampling of biomarkers 

from ISF with MAPs have been conducted only by directly interfacing them onto the skin surface.1-

22 As a result, these patches withdraw ISF for a short time (~ minutes) and sample extremely low 

fluid volume (~ µL).23 Reverse iontophoresis has been used to extract ISF previously. However, 

this technique has been demonstrated successfully only for glucose sensing, but not other 

analytes.24 Hence, these patches lack a component for supporting long-term ISF collection and 

management, and thus fail to preserve a long-term record of the biomarker. Additionally, 

quantifying biomarkers from such low fluid volumes can raise questions concerning its clean 

capture, external contamination, and losses due to evaporation. Thus, there exists a necessity for a 

technique that would facilitate long-term ISF sampling and deliver a cumulative record of the 

biomarkers.  

                    Human ISF has an ionic strength of ~ 0.15M and hence, in principle, the difference in 

the chemical potential due to solute concentration may be utilized as a driving force to withdraw 

it non-invasively.25,26 We have previously established this concept using hydrogels in a 

conventional microfluidic channel for in-vitro sweat extraction.27 Osmotic pressure is a natural 

phenomenon that results from solute-solvent chemical potential imbalance between two solutions, 

separated by a semi-permeable membrane, which persists until the difference is annulled.28 

Osmotic driven fluid transport has applications such as in-vitro extraction of several compounds,29-

31 drug delivery,32 and in-vivo biomarker sampling.33  
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                     In addition, paper microfluidic channels can be an extremely simple and efficient 

approach for long-term ISF harvesting and management. Paper is not only a readily available and 

inexpensive material, but its porous nature and the ability to manipulate flow rates via capillary 

wicking and evaporation, serves as some of its distinctive features as a medium to transport and 

manage ISF.34,35 Additionally, evaporation-assisted passive pumping has been used effectively by 

researchers to develop several microfluidic devices.36 Yet, to the best of our knowledge, the 

combined actions of passive osmotic microfluidic pumping and evaporation-assisted fluid 

management via paper have not been yet deployed in an operational wearable ISF monitoring 

platform for biomarker analysis.  

                    In this chapter, we report the in-vitro operation of an integrated prototype that uses 

hydrogel to interface with a microneedle patch for pumping ISF from model skin settings. For the 

first time, it combines the action of three basic effects: osmosis, capillary wicking through paper 

and evaporation for sampling ISF. The patches can sustain continuous, long-term (~ hours) model 

ISF flow and biomarker sampling.  

 

5.2 Experimental Section  

The experiments were performed using Whatman filter paper (Grade 542, GE Healthcare Life 

Sciences); Sylgard 184 elastomer (Dow Corning); phosphate buffer saline (PBS), regenerated 

cellulose dialysis tubing (21-152-16, Fisher Scientific), acrylamide (Sigma), N-Nô 

methylenebisacrylamide (Sigma), 2-hydroxy-4ô-(2-hydroxyethoxy)-2-methylpropiophenone 

(Sigma), D-glucose, glycerin, gelatin type A (~300 g Bloom, Sigma-Aldrich), and yellow 

fluorescent dye (Tracerline, TP39000601). 
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5.2.1 Osmotic Patch Fabrication  

Sylgard-184 silicone elastomer (Dow Corning) and its curing agent were mixed in 10:1 w/w ratio 

and cured for 12 hours at 70oC to make the base for the PDMS sheet. The patch was prepared by 

attaching two PDMS sheets together ï 38 mm × 15 mm × 2 mm (bottom) and 30 mm × 15 mm × 

1 mm (top). A single hole matching the hydrogel diameter was punched at 6 mm from one of the 

edges on the bottom sheet to encase the hydrogel. A section of Whatman 542 paper was cut out 

using a CO2 laser cutter (Universal Laser Systems VLS 3.5) and was sandwiched between the top 

and bottom PDMS sheets. Our previous work on capillary assisted evaporative pumping 

determined the dimension of the paper channel for this work.37 The PDMS sheets were attached 

together using additional silicone (Sylgard-184), making sure that it did not contact the paper 

channel. The whole patch was treated in an oven at 40oC overnight to achieve firm adhesion 

between the sheets. 

5.2.2 Hydrogel Synthesis 

The hydrogel for the osmotic interface was made using acrylamide monomer, N-Nô 

methylenebisacrylamide as crosslinker and 2-hydroxy-4ǋ-(2-hydroxyethoxy)-2-

methylpropiophenone as the photo-initiator. The monomer solution contained 22% (w/w) 

acrylamide, 0.48% (w/w) crosslinker and 0.15% (w/w) photo-initiator. The solution was cured 

inside a circular petri dish (47 mm diameter) under a 175 mW/cm2 UV lamp (Sunray 400-SM) for 

three minutes. Disks of 8mm diameter were punched out and stored in either 4M glucose solution, 

12M glycerin, 8M glycerin or pure glycerin for 24 hours. These solutions served as the osmolytes. 

Infusing the hydrogels with pure glycerin instead of water leads to a new class of gels called 

ñglycerogelsò. These gels majorly contain glycerin. After 24 hours, the infused disks were 
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transferred to a fresh solution and stored for further usage. A single disk was taken out, blotted 

with a paper napkin, and was fitted inside the circular space in the patch before usage.  

5.2.3 Microneedle Fabrication 

Microneedles were fabricated using methacrylated hyaluronic acid (meHA). A solution of 4 wt% 

was prepared and added to clean, dry mold. It was then centrifuged at 3800xg for 4 minutes. The 

molds were then filled once again to create a backing layer and allowed to dry at ambient 

temperature. After allowing to dry completely in the molds, the microneedle patches were removed 

and crosslinked by exposing to 30 mW/cm2 UV for 300 seconds.  

5.2.4 Fabrication of Model Skin 

 PBS was initially heated to ~80°C. 13% (w/w) gelatin type-A solution was prepared in 6 mL PBS 

solution. A dye solution (ñmodel biomarkerò) of 2.45% (v/v) of a yellow fluorescent dye in PBS 

was prepared and added to the gelatin-PBS mixture and stirred well. This gelatin-dye-PBS mixture 

was then transferred to a mold and was refrigerated overnight to obtain a solid gel-like material. 

This gel served as the ñmodel skinò. For some experiments, a thin dialysis membrane (MWCO ï 

12KDa ï 14KDa) was also placed over the top surface of the gel to mimic the tough semipermeable 

epidermal layer of skin and was altogether used as the model skin. The patch with an embedded 

hydrogel/glycerogel interfaced the microneedle patch, which itself interfaced the model skin. This 

served as our in-vitro (benchtop) experimental setup.  

5.2.5 Image Analysis of Model Biomarker on Evaporation Pad 

A test method was developed for quantitative measurement of the dye accumulated on the 

evaporation pad. A PDMS block (25 mm × 25 mm) was placed separately on top of the hydrogel 

patch after interfacing with model skin to establish firm contact between the skin and hydrogel. 

The whole setup was covered with a rectangular petri dish with four square shaped side cutouts 
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for continual fluid evaporation. The setup was then placed over a black cardboard and covered 

with a cardboard box to eliminate the illumination effects from the surrounding light. Six UV LED 

lights, from an ACLOROL 5050 LED strip, were placed approximately 2 inches in front of the 

paper strips to illuminate the fluorescent dye. A Canon EOS Mark5 DSLR camera was placed and 

focused on the patch from 15-30 cm away. Time lapse images of the dye flow were taken every 

15 minutes till 6 hours. The test was performed under ambient lab conditions (~22oC and 40 % 

RH) and was repeated three times. 

                  MATLAB (R2018b) was used to analyze the accumulated dye profile on the 

evaporation pad. A small rectangular section on the pad (8 mm × 2 mm) was selected each time 

for intensity measurements. Green channel intensity was calculated and averaged for pixels along 

a horizontal line that ran through the center of the selected section. Net intensity of the accumulated 

dye at a certain time (t) was calculated by subtracting its area under the curve from area under the 

curve at t=0. The difference was normalized on a 0-1 scale with 0 being the minimum and 1 being 

the maximum intensity. 

5.2.6 Quantification of Model Biomarker on the Paper Channel, Glycerogel, and Microneedle 

Patch 

After experiment, the whole paper channel was divided into the rectangular strip and evaporation 

pad through cutting. The strip, evaporation pad, hydrogel/glycerogel and the microneedle patch 

were individually stored in 5 mL of PBS solution overnight. This allowed the sampled dye to 

completely dissolve into the solution. The concentration of dye was quantified using a UV-vis 

spectrophotometer (Jasco UV/Vis V-550).  
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5.3 Results and Discussion 

Figure 5.1 shows the osmotic patch, MAP, and the integrated benchtop experimental setup. The 

osmotic patch hosts either a hydrogel or glycerogel and interfaces a microneedle patch, which 

together interface with the model skin. Such an experimental setup fully mimics the operation of 

this ñintegrated patchò (osmotic patch and microneedle patch) on real skin.  

 

 

Figure 5.1. Wearable osmotic patch, MAP and the benchtop experimental setup of the integrated 

setup.  

               The main goal lies in utilizing the osmotic pressure difference between the skin, 

microneedles, and either hydrogel or glycerogel, to drive the flow of model ISF from skin to 

microneedles and then eventually to the paper channel in the osmotic patch. Hydrogel disks are 

equilibrated with either glycerin solutions (which are benign to human skin) of varying 

concentration or pure glycerin (ñglycerogelò), to lower their chemical potential (of the water in the 

gel) relative to ISF. Both the hydrogel and glycerogel serve as the main pumping source that 

facilitates long-term fluid withdrawal from the skin. The infused hydrogel/glycerogel is then 

loaded into the designated circular chamber of the patch. The hydrogel/glycerogel withdraws ISF 

and its associated biomarkers from the skin surface, through the microneedles due to a high 

osmotic pressure difference. The extracted ISF and biomarker (from skin), together with some of 

the osmolyte solution (from the hydrogel) get wicked through the rectangular paper strip towards 
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the evaporation pad. The transported fluid mixture then reaches the evaporation pad, where it 

evaporates over time. Continuous evaporation of both the osmolyte and the sweat with biomarkers 

leads to their accumulation on the evaporation pad.  

               Due to the continuous fluid evaporation, the pad acts as a repository of any solute and 

biomarkers dissolved in the ISF.24 The evaporation of water from the pad maintains the capillary 

pressure in the paper strip to promote continuous long-term fluid flow towards the pad. The patch 

would cease to operate (stop withdrawing fluid) if either of the following conditions are reached 

over time: (1) chemical potential of the water in the ISF equals the chemical potential of water in 

the hydrogel or (2) saturation of the pad by deposited salt/osmolyte. Hence, the useful duration of 

patch operation depends on both the osmotic strength of the hydrogel/glycerogel and the dynamic 

free available surface area on the pad. We refer to it as ódynamicô due to the continuous deposition 

of biomarker and osmolyte over time.  

5.3.1 Validation of Osmotic Pressure Difference in Hydrogels of Varying Osmotic Strength and 

Glycerogel 

We quantified the role of hydrogel composition on dye and solute deposition levels on the pad. 

We started initially by conducting experiments similar to the ones in Figure 5.1 for a 5-hour period. 

The hydrogel disks were first equilibrated with solutions of either 12M glycerin, 8M glycerin, 4M 

glucose or pure glycerin. A control experiment was also conducted with glycerogel in the osmotic 

patch but without the microneedle patch.   

             Upon interfacing the integrated patch to the model skin (containing yellow fluorescent dye 

as model biomarker), we first observed that clear PBS fluid wicked through the paper channel and 

reached the end of the pad in 1-2 hours. The dye transport front lagged behind PBS and took about 

3-4 hours to reach the end of evaporation pad (Figure 5.2). Chromatographic effects arising from 

the dye adsorption-desorption equilibria between the dye molecules in the PBS and paper substrate 
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result in the lagging of dye.24 The total sampled fluid volume ranged from 5-10 µL on pad, while 

being from 15-20 µL on the paper strip. We rank the gels from best extraction (highest dye 

intensity) to worst: glycerogel, 12M glycerin, 8M glycerin and 4M glucose (Figure 5.2). Mass 

balance studies show that all type of gels sample similar quantity of fluid on the paper channel. 

However, 4M glucose hydrogel samples the least on the evaporation pad (Table 5.1).  

              The dye intensity levels on the evaporation pad depend strongly on the osmolyte being 

used to treat the hydrogel. Equilibration of the hydrogel with pure glycerin causes the transfer of 

water from hydrogel to glycerin due to osmosis. As a result, the glycerogel becomes highly water-

depleted and possesses a very high osmotic strength (with respect to glucose hydrogels). Once 

embedded in the integrated patch and made in contact with model skin, the glycerogel swells the 

highest (change in weight of glycerogel ~ 130.85 mg) and leads to largest amount of dye sampling 

on the paper channel till ~ 5 hours (Figure 5.2, first row, Figure 5.3). At 5 hours, the evaporation 

pad gets completely saturated with glycerin, which eventually terminates further fluid evaporation 

and dye collection.  

The intensity of dye sampled by 12M glycerin and 8M glycerin hydrogel on the pad and 

paper channel are similar (Figure 5.2, second and third row, Figure 5.3a, b, c). The 12M glycerin 

hydrogel swells more than 8M glycerin hydrogel due to a higher osmotic strength. However, a 

greater inflow of glycerin towards the pad, stops fluid evaporation at a quicker rate in 12M glycerin 

hydrogels. This eventually reduces the inflow of dye towards pad and makes the paper channel 

sample less dye. As a result, the difference between the amount of dye sampled by 12M glycerin 

and 8M glycerin hydrogel stays negligible. The 4M glucose hydrogel samples the least amount of 

dye and fluid on the evaporation pad. The inflowing glucose solution evaporates over time and 

deposits glucose at the junction between the rectangular strip and evaporation pad (Figure 5.2 
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fourth row). The deposited glucose acts as a barrier for the incoming dye flow and restricts its 

penetration towards the end of the evaporation pad. Hence, 4M glucose hydrogel is not a suitable 

candidate for long term sampling with microneedles.   

 

 

Figure 5.2. Optical images of the evaporation pad of patches containing hydrogels treated with 

different osmolytes.  

 

A control test was also conducted with just a glycerogel in the osmotic patch, but without the 

microneedle patch. The glycerogel facilitates greater dye collection than 8M glycerin and 12M 

glycerin hydrogels, but lesser than with the presence of microneedles on both the pad and paper 

channel (Figure 5.2, last row, Figure 5.3 b, c). This additional dye quantity mainly comes from 

just the microneedle patch, which it samples after coming in contact with the model skin. The 

glycerogel withdraws dye from the microneedle patch as well as from the skin. Thus, presence of 

microneedle in between glycerogel and skin, aids with increased dye sampling on the paper 

channel. The operation of the whole device critically depends on the high osmotic pressure of the 
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glycerogel. Moreover, having a hydrogel in the patch without MAP would ideally make it extract 

sweat upon interfacing with skin.                 

Table 5.1. Table summarizing the overall mass balance of the model skin with the integrated patch 

using different gel types after 5 hours of operation. Data represents mean ± S.D from three trials. 

 

              

 

Figure 5.3. (a) Normalized cumulative dye intensity measured on the evaporation pad over time 

for different gel systems. Note: Without microneedles involved just the glycerogel. (b) Quantity 

of dye sampled on the evaporation pad by different gel systems. (c) Quantity of dye sampled on 

the full paper channel by different gel systems. The error bars denote S.D from three trials. 

 

 

 


