Comprehensive Review on Wearable Sweat-Glucose Sensors for CGM | Encyclopedia.pub

Comprehensive Review on Wearable Sweat-
Glucose Sensors for CGM

Subjects: Engineering, Chemical | Health Care Sciences & Services
Contributor: HIMA ZAFAR

The incidence of diabetes is increasing at an alarming rate, and regular glucose monitoring is critical in order to
manage diabetes. Currently, glucose in the body is measured by an invasive method of blood sugar testing. Blood
glucose (BG) monitoring devices measure the amount of sugar in a small sample of blood, usually drawn from
pricking the fingertip, and placed on a disposable test strip. Therefore, there is a need for non-invasive continuous

glucose monitoring, which is possible using a sweat sensor-based approach.

biosensor diabetes hypoglycemia sweat based sensing wearable electronics

| 1. Introduction

Wearable and digital technologies are bringing innovations to enable individuals with the ability to monitor their
fithness and health conditions regularly and non-invasively. These technologies can measure a wide range of
physiological parameters, including heart rate and physical activity, but it is lacking in the capability to quantify
biochemical parameters that are necessary for the management of a wide range of pathological health conditions.
For example, hypoglycemia in which blood glucose level decreases lower than the normal range is a risk for

diabetic patients, particularly after they perform intense exercise .

Similarly, diabetes being a chronic iliness is characterized by an unusual increase in the level of blood sugar, which
eventually causes serious damage to the heart, blood vessels, eyes, and kidneys. According to the World Health
Organization (WHO) [, around 422 million people worldwide suffer from diabetes. Regular blood sugar monitoring
is very crucial to manage type 1 or type 2 diabetes. It aids the subject to know how the numbers go up or down
when eating different foods, taking medicine, or being physically active. The awareness and ability to monitor blood
glucose (BG) has led to a significant improvement in the management of diabetes. Combined with therapy and the

right protocols, it will gradually halt the rise in diabetes or hypoglycemia issues among people.

Figure 1 presents the vast field of glucose measurement techniques and distinguishes three different categories:
invasive, minimally invasive, and non-invasive approaches. Minimally Invasive (MI) technologies are those that
need to extract some form of fluid from the body (i.e., tears, saliva, sweat, and interstitial fluid (ISF)) to measure the
glucose concentration through an enzymatic approach. In invasive monitoring, there is direct detection of glucose
in the blood. In noninvasive or at least minimally invasive methods, biological fluids are obtained which contain
glucose at concentrations that correlate with that in blood. Because of this correlation, these alternative biofluids

have become novel analytes of interest for the painless monitoring of glucose in the body.
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Figure 1. Overview of the numerous approaches for the measuring of glucose for intense insulin therapy. The

figure concept adapted from [,

Present BG tracking techniques, however, are invasive, unpleasant, and painful. Currently, a finger-prick test is a
common method to obtain an insight of blood glucose level, which is enzyme-based and analyzed by in vitro
methods using test strips and a glucometer &I, The effectiveness of this method depends on strict compliance,
which can be affected by time constraints or pain 8. Additionally, it is not a continuous monitoring process and
requires testing multiple times in a day in order to manage elevated glucose levels 8l especially after performing
exercise, having meals, and dosing insulin. Furthermore, a non-continuous approach can miss periods of hyper- or
hypoglycemia €. Nonetheless, there are implantable glucose monitoring systems that contribute in offering regular
glucose monitoring, but these methods are not recommended for all diabetic patients due to their invasive nature,
and some of these approaches have been reported to show inaccuracies up to 21% . Thus, there is high
consumer interest for a persistent glucose checking framework that can measure glucose levels without incessant
calibration. In all the invasive techniques, the blood remains the most studied body fluid. However, in a non-
invasive method, various considerations are needed to safeguard the accuracy and quality of measurements of
glucose concentrations from these biofluids such as tears, ISF, saliva, and sweat. Among the major considerations,
the glucose level in these biofluids is lower than that in blood. In the case of tears, the interference from impurities
is relatively small but there are challenges associated with the energy supply for the glucose sensor on the contact
lens to operate autonomously and transmit data wirelessly. In the case of saliva, the analyte is easily collected by
spitting, but the large amount of impurities in saliva makes it difficult to isolate the inherent level of glucose from the
fluid. In the case of ISF, a novel design for a continuous glucose monitoring system has been proposed, but it
requires the subcutaneous injection of a needle, which can be uncomfortable to its prospective users. In
comparison, the sweat-based glucose sensors are considered as one of the least intrusive solutions to estimate
blood sugar level indirectly. However, certain challenges still exist regarding the use of sweat for sampling, the first

being its clinical relevancy. Several well-known journals have already reviewed a number of wearable sweat
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glucose sensors, technologies, and devices, some of which are included hereafter. Toghill and Compton’s survey of
electrochemical glucose sensing methods 29 over the previous decade gave an excellent overview of the many
kinds of sensors that have been explored. Raman and infrared spectroscopy have received a lot of interest as non-
invasive glucose detection techniques, and accordingly, spectroscopic techniques have increased in popularity 11
(22131 jayoung Kim et al. 4l in their review article, examined current developments and difficulties in the
development of non-invasive epidermal electro-chemical glucose sensing devices focusing on skin interstitial fluid
(ISF) and sweat bioanalytes. How to consistently collect a set amount of sweat before analyzing it was addressed
in the review paper by Emma et al. 13, The challenges of sweat sensing in conventional healthcare facilities have
been discussed, outlining the fundamentals of human sweat, its properties and characteristics, sweat gland
endocrine modeling, and ending with wearable sweat sensing devices being developed for research and

commercialization.

| 2. History of Wearable Biosensors

In past years, wearable biosensors have spurred new developments in many innovative technologies in several
domains, from environmental to biomedical. Wearable biosensors have the potential to provide continuous, real-
time physiological information via dynamic, noninvasive measurements of biochemical markers in biofluids, such
as sweat, tears, saliva, and interstitial fluid. These sensors can measure analytes that are extremely crucial to
rapidly monitor changing biological fluids in real time. It comprises of an element of a biological recognition layer in
the sensors which may interact particularly with a target molecule and a transducer that can convert this interaction
into a measurable signal. The presence of a biological element (to be analyzed) and its easy availability under
normal conditions are the basis of any biosensor. Sweat-based sensors rely on sweat’s ready availability and easy
collection process to facilitate providing the particular bioanalyte for further detection and amplification. In wearable
biosensors, numerous known components such as receptors, nucleic acids, cells, and several types of enzymes
are used. These are the foundation blocks for creating and characterizing biosensors that use optical, colorimetric,
or acoustic sensing principles. The working of these biosensors is explained in Figure 2. Sample containing the
target analytes is collected through various mechanisms, which, in case of sweat, may take the form of a
microfluidic mechanism. A bio-recognition layer performs the detection of the target analyte in the presence of
many. A transducer layer converts the detector response to a measurable response, and subsequently, the result is

presented via the readout system, wirelessly elsewhere or locally.
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In the beginning, blood glucose was targeted, and bio-recognition of glucose was facilitated through an enzyme-
based electrode. In the 1960s, a glucose-oxidase-enzyme-based biosensor was established. Since then, several
wearable electrochemical biosensors have been studied 17, Specifically, in 1962, Clark and Lyons proposed the

idea of enzyme-based electrodes, which relied on the following reaction:

GOx
Glucose + Oy — Gluconic Acid + HyO» M

P
H,0, — 2HT + Oy + 2¢

(1)

It involves the GOx catalyzed oxidation of glucose by O, with the production of gluconic acid and HyO5 . The
generated H5O, is oxidized at the Pt (Noble Metal) electrode, and the electron flow induced by this oxidation
reaction is proportional to the amount of glucose present in the blood sample. This is considered as first generation
glucose sensor and has been widely used for the self-monitoring of BG levels. Later, GOx is immobilized on an
amperometric oxygen electrode that measures the oxygen used by the biocatalytic process 18, In 1963, 40 years
after the discovery of insulin, Kadish 28 invented an insulin pump delivering insulin and glucagon (to prevent
hypoglycemia). The first commercial subcutaneous insulin pump—the Auto Syringe—was introduced by Dean

Kamen 19, The need for blood glucose testing quickly grew.
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In 1965, Ames developed the first blood glucose test strip 29, called Dextrostix, using glucose oxidase. This early
strip was for physicians’ laboratories, not for home use. The variation of humidity and the low solubility in biological
fluids (known as the “oxygen deficit”) could significantly influence the responses of this first generation glucose
sensor performance. To overcome this limitation, the second generation glucose sensors were introduced in the
mid-1970s. The concept of patients using BG data at home was contemplated by replacing the sensing layer of the
sensor with a non-physiological redox mediator that can transport electrons from the GOx to the surface of the

sensing electrode.

In 1971, in the United States, Anton Clemens 21 filed the first Patent for a BG monitor, also known as an Ames
Reflectance Meter (AMF), for reliable point-of-care (POC) use in diabetic patients that may be performed at home.
This second generation glucose meter (AMF) was used with the Dextrostix, requiring small volume of a blood
(approximately 50-100 pL) for known and unknown concentrations of BG by automatically assessing the color
changes of the strip. BG was previously calculated from a chart by interpreting the change in color, which was
visible. The AMF followed the common Ames Eyetone, which was confined to clinical settings such as medical
centers and hospital wards. When the possibility for external BG regulation was established by studies using
intravenous glucose measurement and infusion of glucose and insulin 22, by Yellow Spring Instrument (YSI)
Company, Yellow Springs, OH, USA purchased Clark’s electrochemical biosensor technology in 1975 and

launched the first specialized BG analyzer (YSI Model 23 Analyzer).

Biosensors gained prominence in the late 1980s, when scientists attempted to develop revolutionary technologies
that resulted in the development of a new class of glucose sensors known as enzyme-free or third and fourth
generation glucose sensors 23] that enable wearable biosensors to monitor a person’s physiological biomarkers in
real time. This decade observed the introduction of novel biosensor transduction concepts, including fiber-optic and
mass sensitive (piezoelectric) devices, in response to the increasing focus on biotech. In the 1980s, commercial
self-testing BG strips based on mediator-based enzyme electrodes were also launched. Efforts to adopt
subcutaneous Continuous Glucose Monitoring (CGM) vyielded a number of effective devices in the 1990s.
Generally, the implanted amperometric biosensors monitor changes in glucose levels in the ISF dynamically and
provide constant warnings when glucose levels drop. This non-invasive sensing approach displays the strong
affiliation between the ISF and blood glucose levels. Despite the demonstrated benefits of CGM, its adoption was

slow.

Due to the advent of nanotechnology in the late 1990s, a wide range of nanomaterial-based biosensors have been
developed that make use of the appealing qualities of various nanomaterials, such as silicon and gold
nanoparticles, for label-free and amplified biosensors, respectively, starting the fifth generation of the Advanced
Wearable Biosensor Platform. A number of distinct DNA biosensors were developed in the late 1990s 24l This led
to significant advancement in biosensor technology over the last few years, paving the path for wearable
biosensors. These subcutaneously implantable glucose sensors moved in the early 2000s to commercial wearable
biosensors that track the real-time glucose level in the ISF, along with diabetes-relevant trends and patterns. A brief
representative history of BG monitoring techniques is shown in Figure 3. As can be seen in the figure, the trend

has always been towards noninvasive and continuous glucose monitoring. Today, sweat-based glucose sensing is
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the top contender there, though wearable optical methods are also very interesting, having similar benefits except

for the technological challenges of some underlying mechanisms.

1% Generation 3~ Generation | 3" Generation 5™ Generation

Figure 3. History of biosensor development for wearables from the beginning to the present.

| 3. Sweat as an Alternative Source of Glucose Monitoring

Sweat is considered as one of the crucial bio-liquids useful for non-invasive, continuous monitoring applications
because of its particular nature. Sweat is the most freely available source of glucose, having the most sampling
sites outside the body, consistent access, simplicity of assortment device placement, and availability of
physiologically significant electrolytes and metabolites. In human subjects, sweat glucose (SG) has been
successfully measured and reported in (221261, The association between SG and BG is also explicitly demonstrated
[27]28] Since sweat reaction occurs quickly and the sweat gland is highly vascularized, glucose levels inside the
body can be estimated from sweat samples (22, The concentration of glucose in human sweat is from 0.06—0.2 mM
and corresponds to 3.3-17.3 mM in BG 2989 However, significant challenges remain in obtaining accurate sweat
glucose data, such as changes in environmental parameters such as temperature, contamination from skin,
sporadic sampling without iontophoretic incitement, low production rate, and the mixing of old samples with the
new samples. Despite the good interaction, glucose level observation in sweat is extremely difficult in view of its

low concentration (~100 times lower than BG), which therefore needs highly sensitive devices.

The growing demand of wearable sensors has helped researchers to develop an insight into various technical
issues. A device named SwEatch was developed for sodium investigation in sweat and was manufactured utilizing
3D printing techniques by analysts in 1. A similar device could be handily adjusted for glucose detecting in sweat
by integrating a glucose sensor into the platform. Researchers in 82 manufactured sweat-sensing patches which
can animate perspiration creation and detect analyte (sweat) concentrations wirelessly using a smartphone.

Several other studies demonstrate sweat glucose monitoring systems using a patch type wearable platforms as
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illustrated in Table 1. Included in the table are some studies for comparison’s sake that are minimally invasive 23

(341 'making use of ISF as biofluid for glucose detection.

Table 1. Summarized studies on epidermal wearable glucose level monitoring systems.

Biofluid Sampling

Wearabilit Benefits Next Steps Reference
y Type Method P
Continuous monitoring of
Eyeglasses Sweat Exercise swgat glgcosg. I?eta_ll st.udy W|t_h [35]
sensor Integration with wireless validation is required
electronics.
Controlled sweat uptake. —
P Validation results
Wearable Improved accuracy of . .
. . . required for continuous
patch with . glucose sensing using o [36]
. Sweat Exercise . . monitoring and
multimodal multimodal sensing array
. . replacement of
glucose sensor and correction with sweat .
commercial analyzer.
pH value.
Accurate monitoring by
Graphene- combination of pH, Increase sampling
. mperature, an fr n nd large-
based Sweat Exercise t.e. perature, a d. eque cyq d Ia ge 37]
stretchable humidity. Nanomaterials- scale validation
patch based sensitive glucose needed.
sensor.
Wearable Integration of
patch coupled Sweat lontophoresis iontophoresis sweat Extension to on-body [38]
with induced (stimulated) generation with glucose monitoring.
sweating sensing.
: Simultaneous . .
Multiplexed . Establish correlation to
multiplexed sweat
wearable, . . . blood glucose, 39]
. Sweat Exercise sensing. Integration of o
flexible array . . validation is also
customized wireless .
patch . required.
electronics.
. Single use, stud
Cost effective, easy to gle u y
Temporary Reverse . stability, and 33]
ISF . . wear, and no skin I
tattoo iontophoresis S reproducibility towards
irritation. .
continuous use.
Minimize skin irritation,
FDA approved, provide shorter warming up
Reverse continuous monitorin eriod, interference b
GlucoWatch ISF . . : 9 P ) y [24]
iontophoresis and electronics for sweat generation, and

measurement.

time lag compared to
blood glucose.
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Sweat measurement is currently being used in applications such as the management of certain sicknesses, the
prevention of alcohol dependence, monitoring of athletic training and recovery 32, etc. Observing glucose levels is
important for managing fatigue levels in sports persons 9. There are frequent users of advanced fitness
wearables with built-in sweat sensors that aid in the detection of dehydration and water levels in the body. In
developing nations, there is a rise in the adoption of wearable technology by people for patient care, early disease
diagnosis, and point-of-care (POC) health monitoring. Consequently, sweat sensor companies are now selling
hydration sensors to athletes and sports players to help them track their hydration needs 1. Sports players and
athletes are looking forward to a market with devices that sense and generate data for each body fluid to monitor
various conditions. For example, cortisol sensors 2 are now used particularly for a few days to help measure
human stress levels [43],

Although these research works achieved promising results in SG sensing accuracy, there are a few obstacles to
overcome, such as real-time signal correction, long-term stability for continuous monitoring, and also the
reproducibility between sensors and various patients and customized wireless electronics. The possible options for
direct glucose monitoring include body fluids such as sweat, saliva 4!, and tears 42, The glucose density is 1 to 10
per cent of the blood density in these fluids. The long-term view is to develop sensors for integration in wearables
such as clothing 48147 pracelets 4849501 patches 52 and tattoos BAMALBE3] which can sample a number of

body indicators continuously. Some examples are given in Figure 4.
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(d)

Figure 4. The direct application of sensors to skin, e.g., (a) Tattoo 24 (Reused with the permission of Copyright
2019, Elsevier), (b) Epidermal Microfluidic Electrochemical Detection System 53] (Reprinted with permission of
Copyright© 2017, American Chemical Society), (c) Wearable Tattoo-Based lontophoretic-Biosensing System for
detecting Alcohol in Sweat B8 (Reused with permission of Copyright© 2016, American Chemical Society), (d) A
passive wireless capacitive sensor B9 (Reused with the permission of Copyright 2014, John Wiley and Sons),
addresses several difficulties in history. The technology is mechanically compatible with the skin, and all of the

examples are important as a first step towards reducing perspiration between the skin and the sensors.

It is important to have a thorough understanding of sweat gland features and functionality before determining the
most appropriate location for these sweat glucose monitoring sensors to be installed. Sweat glands are present all
over the body, but are most numerous on the forehead, the armpits, the palms and the soles of the feet, as shown

in Figure 5.
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Figure 5. (a) The average sweat gland density illustration (glands/cm?) on different areas of the body BZB38] (b)

Scale illustrating the approximate range of levels for several sweat analytes reported in BEA61]62][63]

There are millions of eccrine glands 64! that are distributed across human skin and secrete liters of sweat per day.

Eccrine sweat glands are present in several areas throughout the body with densities of more than 100

glands/cm?, allowing for a vast array of viable sampling sites. As a result, the argument for utilizing a wearable

device to sample and detect sweat is clear. The main advantages and challenges of eccrine sweat are discussed

further, and the issues will be quickly described as technological (perhaps directly solvable with enough effort) or

fundamental (only indirect ways can be solved).

3.1. Benefits of Noninvasive Sweat Access to Bio Fluid

The easy availability of sweat on the skin allows for noninvasive and continuous access and sensing of a

bioanalyte that contains health markers for a large number of conditions. One such technique is shown in Figure 6.
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Figure 6. Technique for detecting analytes in sweat as it is released onto skin using multi-analyte RFID patches.

The figure concept adapted from 2651,

Unlike other unobtrusively accessible biofluids such as tears, urine, and saliva, sweat is more suitable for health
monitoring. Tears can only be sampled once in a while, urine cannot be continuously accessed, and saliva cannot
be used. Furthermore, saliva-based sensing may not be particularly accurate or very reliable as it is affected by the
last meal the person had eaten (8. Sweat-based sensing, however, suffers from often unknown correlation
between the biomarkers present in sweat and those present in blood, considered the gold standard. While precise
sweat-based detection is a challenging task, it is considered as an ideal candidate for continuous or semi-
continuous monitoring over a prolonged period. This information can directly lead to detecting several pathologies.
These sweat sensors can be placed in close proximity to sweat-generating sites, which allows for a fully wearable
device with minimal sample degradation 78] An analyte such as glucose is also present in the sweat, so using
appropriate sweat collection method every several minutes, one can generate useful information about the level of

glucose in the system.

3.2. Key Challenges in Using Sweat for Sensing
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Despite the many benefits, sweat sensing requires huge efforts to address the following key challenges and in

establishing a reliable correlation to gold standard BG measurements.

3.2.1. Exposure to Contaminants via the Skin

The skin may be contaminated by dead skin cells, sebum, analytes diffusing through the stratum carneum, and the
condensate from trans-epidermal water loss, among other things. These issues must be taken into consideration

while creating a sweat sensor, and special attention must be paid to signal analysis.

3.2.2. Quantity of Sweat Readily Available

For some patients, their sweat rate is in sub nano-liters per minute for each eccrine gland while they are in a
resting condition. Small sampled quantities need to be rapidly moved between the collecting point and the sensing
location via advanced microfluidics. In addition, the body’s temperature-regulating systems allows tiny skin droplets
to evaporate quickly. Measures must be made in such a way that the microfluidic design is able to reduce
evaporation, assure that sweat reaches the sensors, while avoiding the blockage of dried sweat components

obstructing reliable and repeatable flow.

3.2.3. Deviations in Results Because of pH Differences

Changes in pH may affect sensor results, although this depends on the sensing technology used. Skin impurities,
chronic conditions, or secreted components may all cause a pH shift. As a result, sensors need to be able to
withstand large variations in operation without losing accuracy. Sweat sensors often need the addition of a pH

sensor for calibration considerations.

3.2.4. Sweat Glands Periodic Activation

Sweat glands only generate sweat at certain times of the day or night. This must be considered while coming up
with an appropriate collecting technique. Additionally, this has an impact on the resulting temporal resolution. This
means that sampling within minutes may not be feasible since no sweat is produced when an eccrine gland is

active for 30 s and then becomes in-active for 150 s 691,

3.2.5. Sampling Variability within and between People

There may be significant differences between individuals in terms of skin topography, sweat rate per gland, and the
number of active sweat glands, as well as between measurement locations on a same person. Sweating output
varies widely across individuals for a variety of reasons. In terms of inter-subject variability, physical development
[OI7A] | hydration 2, diet 23] and adaptation to the new environment 473l are the most important factors. The
time of day [Z8], the area of the body being sampled 377781 and the technique of sweat induction 82 are major
variables for inter-subject variability. Due to these factors, parameter estimation is complicated, and correlations

between sweat and blood composition indicators may be disrupted. Because of this, procedures for sweat-based
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sensing may need more frequent measurements at various time intervals to track changes over the course of the

measurement and statistical adjustments.
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