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Abstract

The increasing demand for minimal to noninvasive in situ analysis of body fluids, such as sweat, interstitial fluid, and
tears, has driven rapid development of electrochemically active materials and wearable biosensors. The mechanically
soft and deformable nature of these biosensors enables them to efficiently adapt to the geometric nonlinearity of a
specific part of the human body. The integration of these biosensors with a fully miniaturized wireless telemetry
system enables displaying real-time data in a mobile device and/or reporting to an encrypted server for post analysis.
These features are essential for the long-term, unobtrusive monitoring of biochemical activity in ambulatory care
settings for improved management of many chronic diseases, such as diabetes, gout, and Parkinson’s disease. Herein,
we present the latest innovations of wearable electrochemical sensors tailored for human skin or eyes with a focus on
their materials, designs, sensing mechanisms, and clinical implications.

Introduction

Stretchable and wearable (i.e., on-body) sensors have
attracted tremendous attention for a variety of health
monitoring applications due to their capabilities to
interface with a specific body part in an unobtrusive
manner, thus enable the long-term reliable recording of
clinically useful biosignals' ™. These sensors aim to cap-
ture the physiological conditions in a human body asso-
ciated with a specific disease as a result of biochemical or/
and biophysical changes with high accuracy™®. Wireless
power and data connection to these sensors using a fully
miniaturized, flexible module enable real-time data com-
munications with smartwatches, phones, and tablets for
displaying, post analyzing, and reporting to an encrypted
server for the development of telehealthcare protocols”®.
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Of these sensors, wearable electrochemical sensors that
enable the minimal to noninvasive monitoring of body
fluids such as sweat, interstitial fluid (ISF), and tears are of
particular interest as easy-to-use and portable alternatives
to conventional sophisticated analytical instruments in
the healthcare industry®. These body fluids are a rich
source of important biomarkers, including ions (e.g., Na™,
K", Ca", and CI"), small molecules (e.g., glucose, lactate,
uric acid, peptides, and ammonia), and proteins, thereby
providing clinically useful information for the manage-
ment of many metabolic diseases, such as diabetes, gout,
and Parkinson’s disease'®™'%. For instance, sweat is a
representative body fluid in which the time-dependent
detection of its biomarkers across different locations on
the body (e.g., abdomen, forearm, and forehead) provides
important insights into the metabolic status (e.g., glucose
and alcohol levels)'”**'*, ISF—another rich source of
biomarkers—comprises 15-25% of the total body weight
and is formed by the transcapillary exchange during blood
flow'®. The biomarkers in ISF provide more systemic
information than that of biomarkers in sweat due to their
origins in the blood and their high sensitivity to changes
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in local tissues'>™”. In addition, the extraction of ISF is
less invasive than the extraction of blood through the use
of microneedles that can pierce the stratum corneum of
the skin without damaging the underlying blood vessels to
minimize the risk of bacterial infection'®~?°, Tears also
have a close relationship with blood because of the con-
tinuing leakage of plasma from blood to tears through the
blood—tear barrier”’. A tear film ~3um thick (corre-
sponding to 3—10 pl of tear fluid) is continuously renewed
during the complex interplay between the lacrimal and
accessory lacrimal glands as well as the goblet cells of the
conjunctiva’*~>*, The biomarkers of tears can be simul-
taneously sampled and analyzed at the corneal surface or,
more ideally, in the pocket of the inferior conjunctival
fornix (near the meibomian glands) using a contact lens-
based or capsule-based sensor platform?®. The biomarkers
of tears are also analyzed to obtain important insights into
biochemical activity associated with ocular diseases such
as dry eye syndrome®”*®, While access to sweat is the
simplest and most common among these body fluids, the
volume and analyte concentration of both ISF and tears
are relatively well maintained during electrochemical
measurements, offering better stability and reliability in
sensor dynamics®’.

Several different types of wearable electrochemical
sensors with tailored mechanical, electrical, and chemi-
cal properties have emerged that can establish a highly
intimate interface with a specific body part, therefore
enabling the extraction and detection of body fluids with
high reliability. These features are realized through the
use of mechanically flexible and electrochemically active
nanomaterials (e.g., functionalized graphene and/or
nanowires) that are capable of capturing changes in their
electrical properties with respect to a biological response
during on-body movements®**~°, The electroanalytical
detection by these sensors occurs when a target analyte
is combined with the functionalized nanomaterials to
either accept or donate electrons from/to electrodes.
Various methods for electroanalytical detection, includ-
ing potentiometry, amperometry, conductometry, and
voltammetry, are currently used in which the name of
each method reflects the measured electric property or
its units*®. For instance, potentiometry measures the
electric potential (or voltage) across electrodes with a
constant electric current. Amperometry measures the
electric current (amperes) across electrodes with a con-
stant electric potential. Conductometry measures the
conductance of a solution (i.e., the ability of a solution to
carry electric current) across electrodes with a constant
alternating current (AC) potential. Voltammetry mea-
sures the charge-carrying capacity of electrodes at dif-
ferent voltage levels while monitoring the current. These
methods also offer the advantage of being able to process
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the data from multiple sensors at the same time using an
electrical control circuit.

Herein, we review the latest wearable electrochemical
sensors tailored for the monitoring of the above-
mentioned three representative body fluids (sweat, ISF,
and tears) in terms of their device platform, detection
method, active material, target biomarker, and related
human disease, as also summarized in Table 1. As illu-
strated in Fig. 1, we classify the sensors into three groups
according to the target body fluid. In each section, we
discuss (1) the effective methods to extract body fluids, (2)
the basic materials and components, wireless connection
configurations, and sensing mechanisms of the sensors,
and (3) their implications for human health. In the con-
clusion section, we discuss the remaining challenges and
future opportunities to further expand the applicability of
these wearable electrochemical sensors for their use in a
wide range of clinical practices.

Wearable sweat sensors

Wearable (ie., on-skin) sweat sensors provide great
potential to enable the continuous assessment of health
physiology by analyzing sweat biomarkers in a noninvasive
and unobtrusive manner'>'*, In this field, the largest
continuing challenge is that these sensors must remain in
contact with the curvilinear surface of the skin over a
prolonged period during on-body movements for the
efficient collection of sweat and the in situ analysis
of biomarkers. In addition, the collection procedure is
tedious due to the low secretion volume and fast
evaporation of sweat, and the collection time varies
depending on environmental conditions (e.g., ambient
temperature). Thus, these sensors typically demand higher
sensitivity and selectivity than conventional analytical
instruments used for blood samples, especially considering
the substantially lower concentration of biomarkers (e.g.,
glucose) in sweat than in blood by a couple of orders of
magnitude*’. In the following sections, we introduce
recent works on wearable sweat sensors categorized by
their sweat induction and collection methods. These
methods involve the use of (1) iontophoresis to induce
sweating in a controlled manner and (2) microfluidics to
guide and collect sweat to a reservoir via controlled
capillary action. In the following section, a unique ther-
anostic device is also discussed in which both an electro-
chemical sensor and a drug delivery unit are integrated
into a single wearable platform, enabling controlled feed-
back release of therapeutic drugs in response to the sen-
sing results. These sensors are typically fabricated via cost-
effective printing techniques by employing low-modulus
materials such as thermoplastics, fabrics, and elastomers®.
As a consequence, they are potentially disposable and do
not need to be reused with different patients.
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Table 1
analytes, and diseases.
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Overview of representative biofluids in terms of their sensing methods, sensor platforms, active materials,

Target body fluid  Device platform  Detection method

Active material

Target biomarker

Related human disease

Ref.

Sweat lontophoresis Amperometry Prussian blue, AOx Alcohol Alcoholic hepatitis 4
Potentiometry Sodium ionophore Sodium Hyponatremia a“
Potentiometry Ammonia ionophore Ammonium Hepatitis, cirrhosis a
Microfluidic Voltammetry Graphene Uric acid, Gout, tyrosinemia 56
tyrosine
Amperometry GOx, LOx Glucose, Diabetes, Ischemia 88
lactate
Theranostic Potentiometry GOx Glucose Diabetes 5659
ISF Microneedle Amperometry Catechol Melanoma Skin cancer 8
Amperometry, Carbon paste, Levodopa Parkinson’s disease o7
voltammetry tyrosinase
Reverse Amperometry GOx Glucose Diabetes *
jontophoresis
Tears Contact lens Conductometry Chitosan-PVA, GOx Glucose Diabetes 7620
Amperometry LOx Lactate Ischemia /4
Conductometry C-Mab Cortisol Stress &
Capsule Amperometry GOx Glucose Diabetes »

lontophoresis-based sweat induction methods
Noninvasive, continuous monitoring of alcohol levels
in sweat is necessary for law enforcement personnel,
the service/hospitality industry, or individuals to better
manage alcohol consumption. To this end, many efforts
have been dedicated to develop one-time use (i.e., dis-
posable) temporary tattoo-based alcohol sensors via a
cost-effective printing technique (e.g., screen printing) to
print various functional inks (e.g., Prussian blue inks,
conductive carbon inks) on a number of flexible sub-
strates (e.g., papers, plastics)*>~*. Figure 2a (left panel)
shows an example of a temporary tattoo-based alcohol
sensor that enables the on-skin amperometric detection of
ethanol in locally induced sweat through the transdermal
delivery of a drug compound (e.g., pilocarpine) to help the
sweat glands produce sweat*”. As illustrated in Fig. 2a
(middle panel), the sensor consists of a screen-printed
iontophoretic component at the anode that can elec-
trically induce the migration of pilocarpine across the skin
at an applied current of 0.6 mA (0.2 mA cm ) to generate
quantifiable localized sweat in a relatively short time of
5min®’. Subsequently, the amperometric detection of
ethanol occurs at the cathode using a screen-printed
Prussian blue (PB) transducer along with a chitosan-
immobilized alcohol-oxidase (AOx) enzymatic electrode.
The sensor exhibited a high sensitivity of 0.362 +
0.009 yA mM " with good linearity within an ethanol

concentration range from 0 to 36 mM (Fig. 2a, right
panel). For on-body field testing in healthy participants,
the sensor was wired with a custom-built flexible sup-
porting electronic readout circuit for a wireless Bluetooth
connection to a laptop or mobile device. This sensor was
also able to conform to the skin and immediately detect
iontophoretically extracted sweat with minimal risk of
external contamination. The results also highlighted that
the current response of this sensor was clearly distinct
before and after the consumption of an alcoholic bev-
erage. The approach that involves chemically inducing
sweat followed by immediate electrochemical analysis
may eliminate the need for conventional sweat induction
approaches, such as exercise and sauna exposure, that are
often inapplicable to people with mobility limitations or
elderly people. Despite its promising application, there
remains an opportunity to alleviate the side effects of
the iontophoresis process, such as dryness, blistering, or
irritation of the skin®,

Microfluidic-based sweat collection methods

A new class of thin and soft sweat sensors that include
microfluidic channels has recently started to emerge,
offering an advanced capability for the collection of sweat
with minimal evaporation and contamination and its
subsequent in situ analysis. The microfluidic channels of
these sensors capture sweat directly from the skin and then
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transport it through valves (i.e, a network of micro-
channels), separators, and reservoirs by exploiting the
capillary force associated with perspiration®~>'. To further
facilitate capillary action, these microfluidic channels are
often integrated with a sweat-absorbent layer (or sweat
uptake layer) made from a porous hydrophilic structure
such as a sponge and cellulose paper that is capable of
effectively accumulating sweat®>. The sophisticated design
of these microfluidic channels can also prevent the rapid
evaporation of sweat while increasing the temporal reso-
lution of the sweating process. As a consequence, these
microfluidic channels lead to a rich collection of sweat and
thereby, in general, provide consistent measurement results
at low sweat rates with minimal risk of dilution and
external contamination of sweat. The microfluidic sweat
sensors can be disposable by using cost-effective materials
(e.g., silicone elastomers, plastics) and simple production
methods (e.g., molding, CO, laser-engraving techniques)
without the need for personnel training and process opti-
mization®* ", Figure 2b (left panel) shows an example of a
microfluidic sweat sensor that enables the continuous
monitoring of uric acid and tyrosine in sweat, which is
particularly useful for patients suffering from gout®.

Gout is the most common inflammatory arthritis and
affects more than 40 million people worldwide annually; it
is typically characterized by elevated levels of uric acid and
tyrosine that exceed physiological saturation thresholds.
Thus, the noninvasive continuous monitoring of uric acid
and tyrosine in sweat is highly desired and necessary for
the personalized management of gout through urate-
lowering therapy or nutritional control. To this end, the
microfluidic sweat sensor consists of (1) a multi-inlet
microfluidic module for the dynamic sampling of sweat by
minimizing its evaporation and contamination, (2) a
chemical sensor that is capable of detecting low con-
centrations of uric acid and tyrosine using graphene due
to its unique electrochemical properties arising from the
fast electron mobility, high current density, and large
surface area, and (3) additional physical sensors that are
capable of simultaneously monitoring both the skin
temperature and respiration rate of the wearer to further
ensure appropriate and abundant analytical information.
All of these components are fabricated on a polyimide
sheet with medical tape using a CO, laser-cutting
machine. This sensor exhibited high sensitivities of
350pA M 'ecm™? and 061 pApM 'cm ? and low
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Fig. 2 Wearable sweat sensors. a, left: Image of a tattoo-like sensor integrated with a wireless unit. Middle: Schematic diagram of the constituents
of an iontophoretic system and of the reagent layer and the process involving the amperometric sensing of ethanol on the working electrode. Right:
Amperometric response of the tattoo-like sensor to increasing ethanol concentrations from 0 mM to 36 mM. Reproduced with permission from
ref. “. Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Reproduced with permission from ref. */. Copyright 2016, American Chemical
Society. b, left: The laser-engraved microfluidic sweat sensor. Middle: Photograph of a healthy subject wearing the sensor on different body parts.
Right: Real-time, continuous, in situ measurement of the respiration rate (RR; measured in breaths per minute (b.p.m.)), temperature, and uric acid and
tyrosine levels in sweat from the neck of a healthy subject during a constant-load stationary cycling exercise. Reproduced with permission from ref. °°.
Copyright 2019, Springer Nature. ¢, left: Photographs and schematic illustrations of a theranostic sweat sensor. Middle: Comparison of sweat and
blood glucose concentrations before and after a meal. Right: Photographs of the subject using a cycle ergometer for sweat generation with the
sensor placed on the subject’s arm. Reproduced with permission from ref. °° under the terms of the Creative Commons Attribution-NonCommercial
40 International (CC BY-NC 4.0), Science Advances.

.

detection limits of 0.74 uM and 3.6 uM for the oxidation
of uric acid and tyrosine at physiological concentrations,
respectively. For pilot preclinical evaluations in patients
with gout, the sensor was placed on a different part of the

body (e.g., neck, forehead, forearm) and then connected to
a custom-built wireless unit that is also capable of flexibly
adhering to the skin (Fig. 2b, middle panel). The acquired
data were transmitted via a Bluetooth connection to a



Park et al. NPG Asia Materials (2021)13:23

mobile device for post analysis. The measurement results
showed that the dynamic changes in uric acid in sweat
before and after a purine-rich meal over a 7-h period were
well followed by the changes in serum uric acid with a
high correlation coefficient of 0.864 (Fig. 2b, right panel).
The results demonstrated the potential utility of this
sensor for the precise adjustment of personalized doses in
urate-lowering therapies for gout patients.

Theranostic sweat sensors with a drug delivery system
Diabetes is one of the most prevalent chronic diseases; it
results in hyperglycemia and is caused by a deficiency in the
production of insulin or resistance to insulin®’. Failure to
manage the blood glucose level of diabetes patients may
lead to various severe diabetic complications, such as kid-
ney disease, stroke, and even death. Thus, there is an urgent
need to develop a method for the noninvasive, portable,
and continuous monitoring of glucose levels throughout all
instances of eating events to better control the dose of
mealtime insulin. To maintain homeostasis in the body,
another opportunity exists for the controlled feedback
delivery of a precise dose of drugs (e.g, metformin) in
response to the measured glucose level®®*’, Figure 2c (left
panel) shows an example of a theranostic sweat sensor that
is integrated with a transdermal drug delivery system to
improve the sweat-based management of diabetes
patients™. Specifically, this sensor is configured as a thin
and stretchable (i.e., serpentine) layout to establish a con-
formal interface with the skin and thereby reliably maintain
its performance during on-body movements (i.e., move-
ments that result in skin deformations)®*~®% A waterproof
bandaid is used to prevent the delamination of the sensor
from the skin. For sweat collection, a Prussian
blue—deposited porous gold electrode is used along with
multiple sweat uptake layers to obtain a quantifiable sweat
sample (~1pl) as well as a negatively charged porous
Nafion layer to immobilize the enzymes (e.g., glucose oxi-
dase (GOx)) and screen out negatively charged molecules
(e.g., drug molecules that may be present in sweat and
affect glucose monitoring). This sensor is also integrated
with a series of other sensing elements that are capable of
detecting the humidity, pH, and temperature of sweat
during the collection procedure via a poly(3,4-ethylene-
dioxyhiophene) (PEDOT) electrode, polyaniline (PANi)-
deposited working electrode, and a temperature-sensitive
resistor, respectively. The humidity data are used to help
the user estimate an appropriate starting point of sweat
analysis, while the pH and temperature data are used to
correct potential errors in the measurement of enzyme-
based glucose levels. For transdermal drug delivery, the
sensor is also integrated with an array of thermoresponsive
(hyaluronic acid) hydrogel microneedles coated with phase
change materials containing testbed drugs (i.e., metformin;
one of the widely used first-line drugs to treat type 2
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diabetes). The melting temperature of the phase change
materials remains above body temperature to hold the
drugs without leakage prior to thermal activation using a
heater (embedded in the sensor). The phase change of
the materials occurs controllably at either 40°C or 45 °C,
thereby enabling multistage drug delivery in response to
the measured glucose level. For pilot preclinical evaluations
in healthy human subjects, this sensor was connected to a
custom-built portable electrochemical analyzer to power,
control, and transmit wireless data via a Bluetooth con-
nection. The measured sweat glucose levels showed a clear
increase after a meal and showed a close correlation to
the glucose levels obtained from simultaneous blood glu-
cose measurements using a commercial glucose assay kit
(Fig. 2¢, right panel). In vivo evaluations in a diabetic mouse
model were also conducted to show the feasibility of pos-
sible closed-loop therapies to controllably suppress the
blood glucose level through the feedback delivery of
metformin. Further technological developments are still
required for the extended application of these closed-loop
therapies beyond glucose®.

Wearable ISF sensors

ISF is a thin layer of fluid surrounding blood vessels and
cells throughout the body and is formed by blood trans-
capillary filtration and cleared by lymphatic vessels'®. ISF is
a rich source of biomarkers due to its similarity to blood in
terms of protein composition, small-molecule metabolite
composition, and RNA profile. In addition, ISF may pro-
vide a better indicator of local tissue events than blood due
to its coagulation-free characteristics and high sensitivity to
changes in local tissues. Many minimally invasive sampling
methods of ISF have been developed through the innova-
tion of various types of microneedles typically made from
polymers that can penetrate into the skin and then induce a
suitable driving force to transport ISF out of the body®*~®°.
In parallel, needleless (or noninvasive) sampling methods of
ISF have also been developed by exploiting ultrasound,
lasers, or reverse iontophoresis*®. Of these methods,
reverse iontophoresis is the most prevalent due to its
simplicity, which involves applying a low electric current
across the skin to drive biomarkers out of the blood vessels
and transport them to the skin surface. For the in situ
analysis of the extracted ISF on the skin (which is highly
desired because the metabolites in ISF vary considerably
over time), several attempts have been dedicated to inte-
grating microneedles with a wearable (ie., on-skin) elec-
trochemical sensor for the simultaneous collection and
analysis of ISF, followed by wireless transmission of the
measured data for post analysis.

Microneedle-based ISF sensors
The use of a vertically aligned array of microneedles has
emerged as a promising method that allows access to
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intratissue space in a minimally invasive manner and has
enabled many effective strategies for the sampling of ISF.
Microneedles with a depth of <200 um are capable of
piercing through the epidermis or the upper dermis layer
with minimal pain, allowing for either the collection of a
quantifiable amount of ISF by capillary action or the
direct measurement of ISF by utilizing the microneedles
as recording electrodes®®®”. These microneedles can be
monolithically integrated with a wearable electrochemical
sensor for continuous in situ analysis of the metabolites in
ISF with a short sampling time to minimize the risk of
external contamination. Figure 3a (top panel) shows an
example of a microneedle-based ISF sensor that is parti-
cularly tailored for the continuous direct measurement of
the levodopa concentration in ISF, which is useful for
patients with Parkinson’s disease®”. Levodopa has served
as the benchmark antiparkinsonian drug for many dec-
ades. For effective management of Parkinson’s disease, the
dose of levodopa must be controlled to avoid any negative
consequences in which low doses lead to parkinsonism,
anxiety, and depression. Thus, there is a critical oppor-
tunity to develop a wearable sensor to provide indivi-
dualized information associated with the concentration of
levodopa in a timely manner. To this end, this sensor
consists of three microneedles filled with different carbon
pastes to form (1) an enzyme-modified working electrode,
(2) an unmodified working electrode transducer, and (3)
an Ag/AgCl reference electrode. Each microneedle has a
hole through which ISF is transported. This sensor pro-
vides a dual-mode sensing capability in which indepen-
dent electrochemical measurements (involving redox and
biocatalytic processes) occur at the two working electro-
des. Specifically, direct (nonenzymatic) anodic detection
of levodopa occurs at the unmodified working electrode
using square-wave voltammetry (SWV), while tyrosinase
(TYR)-based biocatalytic detection occurs at the neigh-
boring enzyme-modified working electrode via chron-
oamperometric measurement of the corresponding
dopaquinone product. For pilot field testing in a mouse
model, this sensor was connected to a portable electro-
analyzer for wireless data transmission (Fig. 3a, bottom
panel), showing favorable analytical performance in the
multimodal sensing of levodopa upon penetration of the
microneedles through mouse skin, with high sensitivity
(0.048 nA pM ™!, R*=0.999), selectivity, and stability
(standard deviation of 2%) along with a wide linear
dynamic range (between 20 and 300 uM).

Figure 3b (top panel) shows another example of a
microneedle-based wearable ISF sensor that enables the
continuous assessment of the subcutaneous alcohol con-
centration in ISE®®, This sensor aims to provide an easier-
to-use and more reliable means to evaluate alcohol con-
sumption compared to conventional methods for blood
alcohol sampling. This sensor consists of three pyramidal
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microneedles with apertures through which a Pt or Ag
wire is inserted to form working, counter, and reference
electrodes. Each microneedle was used as an electro-
chemical electrode to directly measure the ISF. The Pt-
wire-integrated microneedle (working) electrode is func-
tionalized with an electropolymerized poly(o-phenylene-
diamine) (PPD) film along with an AOx enzyme
immobilized with a chitosan matrix and an additional
coating of a Nafion film. The multilayer PPD/Nafion
coating serves as a permselective/protective barrier to
prevent potential interferents from coming into contact
with the surface of the microneedles. The Pt electrode
transducer is capable of detecting the hydrogen peroxide
(HyO,) generated by the AOx-catalyzed oxidation of
ethanol, producing an oxidation current correlated to the
target ethanol concentration. This sensor showed a high
sensitivity of 0.062nAmM ' in chronoamperometric
measurements using 0.1 M phosphate buffer solution
(pH = 7.0) with ethanol up to 80 mM at a sampling rate
and applied working potential of 35s and 0.6V (versus
Ag/AgCl), respectively. As shown in Fig. 3b (bottom
panel), the chronoamperometric response of the micro-
needles was measured ex vivo upon their penetration
through mouse skin at 0.6 V (versus Ag/AgCl) after 100 s
of incubation in an artificial ISF solution. The results
clearly showed that the concentration of ethanol in the
ISF solution increased linearly in 25 uM steps, demon-
strating the feasibility of continuously monitoring the
subcutaneous alcohol level in ISF.

Reverse-iontophoresis-based ISF sensors

Reverse iontophoresis is a technique that involves
applying a potential difference across the skin, leading to
an electro-osmotic flow of ions (e.g., Na') as charge
carriers due to the nature of human skin, which has a net
negative charge at physiological pH. As a consequence,
neutral molecules in ISF, including glucose, are extracted
to the outermost surface of the skin. Subsequently, in situ
enzymatic electrochemical detection of the as-extracted
biomarkers can be performed on the skin using a wearable
ISF sensor. Figure 3c shows an example of a reverse-
iontophoresis-based ISF sensor that incorporates (1) Ag/
AgCl reverse-iontophoresis electrodes (along with an
agarose hydrogel coating) to extract glucose from ISF and
then deliver glucose close to the working and counter/
reference electrodes and (2) a GOx-modified Prussian
blue transducer for subsequent amperometric sensing at a
low potential*®. In pilot in vitro testing, the chron-
oamperometric response of the sensor showed good lin-
earity over a glucose concentration range of 0 to 100 uM.
The sensor exhibited a high sensitivity of 23 nA uM ' and
a sufficient level of specificity for detecting a micromolar
concentration of glucose in the presence of common
interfering electroactive species, such as ascorbic acid,
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Fig. 3 Wearable interstitial fluid (ISF) sensors. a Schematic illustration of a mannequin hand wearing a microneedle sensor and the microneedle
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uric acid, and acetaminophen. Subsequently, in vivo on-
body testing was performed for healthy participants in a
fasting state. A constant current of 0.2mAcm > was
applied between the electrodes for 10 min to extract the
ISF to the skin, followed by the amperometric recording
of the glucose response at an applied potential of —0.1V
(vs Ag/AgCl) for 5min. The extraction and detection
processes of ISF glucose were repeated before and after
the consumption of a carbohydrate-rich meal, while the

participants were asked to wait for 5min prior to

postmeal measurements to compensate for the intrinsic
density time lag of 15—20 min between the glucose in the
blood and that in ISF. The measurement results clearly
displayed a distinct increase in the postmeal glucose level
compared to the fasting state, along with a close corre-
lation to the levels obtained from simultaneous fingerstick
blood glucose measurements using a commercial glucose
strip (Accu-Chek Aviva Plus).

Figure 3d shows another example of a reverse-
iontophoresis-based ISF sensor using electrochemical
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twin channels (ETCs) that are designed to efficiently drive
intravascular blood glucose out of the subcutaneous vessel
and transport it to the skin surface®. This sensor is made
by stacking multiple thin films from the bottom, including
polymethylmethacrylate (PMMA) (80 nm thick), poly-
imide (1.6 pm thick), an Au thin film (100 nm thick), an
electrochemically deposited transducer (51.8 nm thick),
and a GOx immobilization layer (1 pum thick), which
results in a total thickness of ~3 um. The ultrathin nature
of this sensor enables it to make intimate contact with the
skin to further facilitate the extraction and detection
processes of intravascular blood glucose with improved
sensitivity (130.4 mA mM ') and an improved signal-to-
noise ratio. For the extraction of intravascular blood
glucose, a flexible biocompatible paper battery was first
placed on the skin for 20min to generate the sub-
cutaneous ETCs that lead to (1) the penetration of hya-
luronic acid into ISF at the anode, (2) the refiltration of
intravascular blood glucose from the vessel, and then (3)
the reverse iontophoresis of glucose to the skin at the
cathode. Under the paper battery anode, extra hyaluronic
acid was added not only to increase the osmotic pressure
of ISF but also to promote intravascular blood glucose
refiltration at the arterial ends. As a consequence, the
intravascular blood glucose was efficiently extracted at a
high rate with an improved correlation to the real blood
glucose level compared with other methods because the
extracted intravascular blood glucose also contains the
glucose level that previously existed in blood. For the
subsequent detection process, the wearable ISF sensor
was then firmly attached to the cathode-contacting area of
the skin. The measurement results obtained from pilot
on-body field testing with healthy participants were well
matched with those obtained using a commercial finger-
prick glucometer. There was a 1-h time lag in these
measurements, which was caused by the intrinsic density
time lag of 15-20 min between the glucose in the blood
and that in ISF as well as the measurement operation time
of ~25 min.

Wearable tear sensors

The human eye is much softer and smaller and much
more sensitive to pain than the skin; therefore, there are
greater challenges in the continuous monitoring of tears
at the corneal surface*””°. Over many decades, the bio-
medical science and engineering community has expres-
sed a great desire to use contact lenses as eye-wearable
sensors owing to their noninvasive accessibility to the
corneal surface and tears at the same time’"">. However,
current contact lenses serve to either correct vision pro-
blems or deliver ocular drugs passively over a given time.
Recent technological developments have enabled the
emergence of smart contact lenses, including Google’s
smart contact lenses, for providing the capability to
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continuously monitor glucose levels in the wearer’s
tears*””%, Although these contributions are intriguing to
those interested in rapidly introducing science-fiction-like
ideas into the market, several key challenges remain’?.
Specifically, most existing smart contact lenses are fabri-
cated on custom-made contact lenses comprised of
materials that can tolerate the conditions used in the
fabrication of microsensors and electronics®®. Their fab-
rication processes are typically carried out using trans-
parent plastics (e.g., polyethylene terephthalate (PET))"*"°
or a combination of polymers (e.g., PMMA, SU8 resin)gz.
Consequently, these devices suffer from limited oxygen
transmissibility (leading to short-term wearability), wett-
ability (leading to eye dryness and irritation), and softness
and ergonomic curvature (leading to wearer discomfort),
thereby impeding their practical implementation. More
recently, many ongoing research efforts have enabled the
phenomenal success of fabricating a range of flexible
sensors on custom-built contact lenses made of silicone
elastomers or Parylene-C’®. These sensors offer enhanced
on-eye transparency, oxygen transmissibility, and flex-
ibility via the use of functional nanomaterials (e.g., gra-
phene and nanowires)”’°. Their implementation in
clinical practice is in progress to further improve the
mechanical reliability (for lens handling, fitting, cleaning,
and inadvertent eye rubbing) and chemical stability (for
long-term lens storage and multiple disinfection cycles).
In this section, we introduce recent progress in eye-
wearable sensors tailored for the continuous monitoring
of tear biomarkers.

Contact lens-based tear sensors

Contact lenses are very popular and the most common
eye-wearable platform, with more than 70 million users
worldwide’?. When inserted into the eye, contact lenses
naturally touch the cornea in a noninvasive manner,
holding great potential to serve as an ideal sensor plat-
form for the continuous monitoring of tear bio-
markers*"”®. Figure 4a shows an example of a contact
lens-based tear sensor that is wirelessly controlled to
detect both tear glucose levels and intraocular pressure
(IOP)”®. This lens incorporates a number of nanomater-
ials, including graphene and Ag nanowires, to provide
excellent transparency (>91%) and stretchability (~25%),
therefore promoting on-eye safety and vision. The
sophisticated combination of these nanomaterials leads to
the construction of several electronic components,
including (1) an array of field-effect transistors (FETs) for
glucose sensors, in which the graphene-based channels
are immobilized with GOx using a pyrene linker by IT-TI
stacking and in which Ag nanowire-based source/
drain electrodes are passivated with SU-8; (2) an
inductance—capacitance (LC) resonance circuit for
an IOP sensor in which a soft elastomer is sandwiched
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Fig. 4 Wearable tear sensors. a Schematic illustration and photograph of a contact lens-type sensor for the continuous monitoring of tear glucose

under the terms of the Creative Commons Attribution-NonCommercial 4.0 International (CC BY-NC
4.0), Springer Nature. b Schematic illustration of the contact lens-type multimodal sensor that is integrated with an on-board integrated circuit chip
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International (CC BY-NC 4.0), Science Advances. ¢, left: Schematic illustration of the capsule-based tear sensor for the continuous monitoring of tear
glucose levels. Middle: Photographs of human eyes in phase Il clinical trial for (i) a baseline evaluation, (ii) middle of the trial, (iii) location of the sensor
in the inferior conjunctival fornix, (iv) after the trial. Right: Consensus grid acquired from six clinical subjects wearing the sensor for 4.5 h. Reproduced
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between the Ag nanowire-based electrodes; and (3) a
resistance—inductance—capacitance (RLC) resonance cir-
cuit in which the impedance of the radio frequency cir-
cuitry is matched for efficient wireless powering. The
sensing mechanism of tear glucose is that GOx promotes
the oxidation of glucose in tears to gluconic acid as well as
the reduction of water to H,O,. The reducing agent (i.e.,
H,0,) is subsequently oxidized to produce oxygen, pro-
tons, and electrons, leading to an increase in the drain
current of the FET's with respect to the increased glucose
level in tears. The sensing mechanism is that an increase
in IOP gives rise to an increase in the capacitance and
inductance of the sensor by thinning the soft dielectric
layer (e.g., Ecoflex) and laterally stretching the induction
coil. These changes result in a detectable shift in the

resonance frequency. Initial benchtop tests revealed that
the glucose sensor detected concentrations of artificial
tear fluids as low as 1 uM with a signal-to-noise ratio of
7.34 at 1 uM, which is nearly tenfold higher than that of
the previously reported counterpart devices made of
metallic thin film electrodes. The IOP sensor also showed
a high sensitivity of 2.64 MHzmm Hg ' in a physiologi-
cally relevant range from 5 to 50 mm Hg. Pilot in vivo
tests in rabbit eyes showed that this lens detected a
change in tear glucose levels after 2h of feeding the
rabbits without any sign of irritation under blinking or
eyeball movements.

Figure 4b shows an example of a theranostic contact
lens device that allows both the continuous monitoring
of tear glucose levels and the controlled triggering of
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therapeutic ocular drugs to treat diabetic retinopathy”®.
Specifically, this lens consists of (1) a real-time ampero-
metric sensor, (2) a self-regulated pulsatile drug delivery
system, (3) a resonant inductive wireless energy transfer
unit, (4) a complementary integrated circuit (IC)-based
microcontroller chip with a power management unit
(PMU), and (5) a remote radio frequency (RF) commu-
nication system. All of these electronic components are
embedded inside a custom-built silicone hydrogel contact
lens with a diameter of 14 mm, a thickness of 200 um, and
a radius curvature of 8.0 mm, along with an equilibrium
water content of 33.6%. The amperometric sensor is
configured into working (i.e., Pt), counter (i.e., Pt), and
reference (ie., Ag/AgCl) electrodes; the working electrode
is coated with a mixed solution of bovine serum albumin
(BSA), poly(vinyl alcohol) (PVA), chitosan, and immobi-
lized GOx with glutaraldehyde. The drug delivery system
consists of multiple SU-8 reservoirs with a single
dimension of 1.5 mm x 3 mm x 130 um, each of which is
covered with a defect-free Au anode membrane. The Au
membranes can be selectively dissolved in the form of
AuCly, within 40 in the presence of tears via the use of
remote control to apply an electrical potential of 1.8 V.
The in vivo assessment of this lens in the eye of a diabetic
rabbit demonstrated the capability of continuously
detecting tear glucose levels and controllably triggering
ocular drugs, all in a wirelessly controlled manner. The
wireless monitoring of the current changes occurred
within a physiologically meaningful range from 0 to
50mgdl~" before and after the injection of insulin. The
on-demand delivery of a testbed therapeutic drug (e.g.,
antiangiogenic genistein) was also achieved through the
cornea to the retina with a comparable therapeutic effect
to conventional treatments (e.g., intravitreal injection of
Avastin) on diabetic retinopathy. Importantly, no sig-
nificant amount of heat was generated during the entire
period of the wireless monitoring and drug delivery pro-
cesses to ensure thermal safety.

Capsule-based tear sensors

Despite their promising applications, none of the
existing contact lens-based sensors have been successfully
reported in long-term clinical trials in the human eye. In
addition, the remaining difficulty is an achievement of
painlessly accessing the corneal surface and operating
without side effects®’. These circumstances have led to
the development of capsule-based tear sensors as an
alternative to contact lens-based devices, which can be
unobtrusively worn under the lower eyelid for the con-
tinuous monitoring of tear glucose levels. Figure 4c (left
panel) shows a commercial-grade capsule sensor (e.g., the
NovioSense glucose sensor) that is configured into a
flexible spring-shaped coil®®. It fits well in the pocket of
the inferior conjunctival fornix (near the meibomian
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glands) where a high volume of tears is collected. Upon
insertion, the capsule sensor is unnoticeable due to its
anatomical position (Fig. 4c, middle panel). The capsule
contains (1) a spring-shaped coil made of Pt/Ir working
electrodes and a polyesterimide/stainless steel insulator
(15mm long and 1.3mm in diameter) to serve as an
antenna for wireless power transfer, (2) a pair of micro-
chips for wireless data transfer, and (3) an encapsulation
package made of a hydrophilic polysaccharide-based
hydrogel for comfort while wearing. The encapsulation
package also includes immobilized GOx to serve as an
enzymatic sensing element that can convert glucose and
oxygen into gluconolactone and H,O,. The reducing
agent (i.e., H,O,) is subsequently oxidized and detected
on the working electrode via chronoamperometric mea-
surements. Comprehensive preclinical and clinical studies
were conducted in sheep and in patients with type 1
diabetes mellitus (phase II clinical trials), respectively. As
shown in Fig. 4c (right panel), the results of the clinical
trials highlighted a close correlation of the measured tear
glucose levels with respect to the dynamic change in
blood glucose levels (i.e., >92% of the data fell into the A
and B regions of the Clarke error grid) that were obtained
using a commercial continuous glucose monitoring
(CGM) product (e.g., Dexcom G4 and Abbott Free-
StyleLibre). In addition, the capsule sensor had superior
performance to a currently FDA-approved, skin-
mountable ISF sensor (e.g., Abbott FreeStyleLibre). This
capsule sensor showed no acute response throughout the
clinical trial timeframe, and additional large-cohort clin-
ical trials are needed to confirm its utility.

Conclusions and future prospects

Recent attempts for the integration of electrochemically
active materials with stretchable sensor platforms have
substantially contributed to the emerging field of wearable
health monitoring devices, particularly by enabling the
continuous measurement of biomarkers in body fluids
such as sweat, ISF, and tears. These stretchable and
wearable sensors can analytically capture electrochemical
changes in response to biological events. The thin, soft,
and deformable nature of these sensors helps to establish
a highly intimate and unobtrusive interface with a specific
body part, such as the skin and eye, therefore enabling the
long-term reliable monitoring of patients even during on-
body movements in ambulatory care settings. Demon-
strations of these sensors in the minimally invasive col-
lection and in situ analysis of body fluids show clinical
promise in the management of many metabolic diseases,
such as diabetes, gout, and Parkinson’s disease.

These wearable electrochemical sensors require viable
power sources that also demand mechanical flexibility and
excellent conformability to the skin®%. Attempts have been
made to use lithium-ion polymer batteries, triboelectric



Park et al. NPG Asia Materials (2021)13:23

nanogenerators, and supercapacitors to demonstrate the
practical applications of wearable electrochemical sen-
sors™®¥5% Recent attempts to use biofuel cells that are
capable of converting energy via redox reactions from
biofluids to electrical energy open up a new opportunity for
the biofuel cells to act as self-powered electrochemical
sensors">*®, Biofuel cells provide unique advantages com-
pared to other energy harvesting devices in terms of bio-
compatibility and auto-power features from biofluids®”.

Some of these sensors have nearly commercial-grade
performance in terms of sensitivity, selectivity, and
response time, while their clinical correlations have been
proven through comprehensive preclinical and clinical
studies in both animals and humans. These sensors are also
remote controlled via portable units for wireless data
transfer, which facilitates further exploration of the possible
home-based telemonitoring of patients from a distance.
Telemonitoring intervention reduces the burden on the
patients for whom frequent clinical visits are a challenge,
especially for those who have limited mobility or live in
rural areas. This aspect has become increasingly important
due to the ongoing coronavirus (COVID-19) pandemic,
which has also fueled rapid growth in this field.

The remarkable innovation of these wearable electro-
chemical sensors provides important insights into future
extensive clinical trials to validate the effectiveness and
efficacy of these sensors in the management of patients
across a wide range of age groups and diagnoses. Addi-
tional cross-disciplinary research and development of
these sensors will help to further tailor their mechanical,
electrochemical, and biological properties for specific
clinical needs with a clear path toward their immediate
implementation in clinical practice. These efforts also
need to focus on further improving the sensitivity and
selectivity of these sensors in terms of the detection of
low concentrations of target analytes that can vary
according to the population, time, and body part under
different ambient conditions. In turn, the results will
better correlate with those under actual physiological
conditions. Other future opportunities exist in the
integration of multimodal sensors (ie., simultaneous
monitoring of multiple biomarkers) with artificial intel-
ligence and/or machine learning tools to learn from the
massive amounts of data collected for advanced post-
analysis capability.
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