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Recent advances in non-invasive on-body chemical sensing over the last five years (2018-2022) are summarized
in this review. The review illustrates major achievements enabled by chemical sensors and biosensors based on
electrochemical and optical transduction that were tested on human subjects. The review is limited to purely
non-invasive analysis of body fluids and therefore sampling methods using e.g microneedles and implantable
sensors are excluded. Based on the recent literature, major research efforts are currently directed towards
epidermal chemical sensors, in particular electrochemical and optical sensors and biosensors for determination of

Sweat electrolytes, pH and metabolites in sweat. Other types of samples, such as tears, saliva and dermal interstitial

Electrolytes
Metabolites
Glucose

fluid, receive less attention. However, glucose monitoring often relies on interstitial fluid as a representative
sample. Recent approaches utilize innovative design of chemical sensor and biosensor platforms as well as
microfluidic sampling for non-invasive on-body chemical sensing.

1. Introduction

A major trend in analytical chemistry is the transition from
centralized laboratory analysis towards distributed chemical analysis in
applications such as environmental monitoring and clinical diagnostics.
This transition is enabled by the development of compact-size chemical
sensors and biosensors with associated microfluidics and wireless con-
nectivity. Wearable chemical sensors for personal health monitoring is a
very active research area that aims to revolutionize the field of clinical
diagnostics and personal healthcare. Analytes of interest include me-
tabolites, electrolytes, H30" (pH), hormones, nutrients, proteins, and
drugs. For some relevant analytes, such as glucose, lactate, pH, elec-
trolytes, oxygen and CO», the chemical sensor technology is relatively
mature. However, extensive research is still needed to develop robust
chemical sensors and biosensors for several other biomarkers, especially
when considering continuous monitoring. The interdisciplinary nature
of this extremely challenging and prospective research field is well
illustrated in previous authoritative reviews [1-6]. Heikenfeld et al. [1]
provide a historical perspective of various mechanical, electrical, optical
and chemical sensors, and highlight the barrier properties of human skin
(epidermis), which makes non-invasive chemical monitoring particu-
larly challenging. Heikenfeld et al. [2] also discuss the partitioning of
analytes between blood and peripheral biofluids such as interstitial

* Corresponding author.
E-mail address: johan.bobacka@abo.fi (J. Bobacka).

https://doi.org/10.1016/j.trac.2024.117542

fluid, saliva and sweat, which is essential for selecting the most repre-
sentative non-invasive sample type. Ray et al. [3] emphasize the ad-
vances in chemistry, material science, and engineering that enable the
development of integrated wearable sensor technologies. Gao et al. [4]
focus on flexible electronic devices and systems for physical and
chemical sensing in wearable applications. Kim et al. [5] focus on
wearable biosensors based on electrochemical and optical transduction.
Furthermore, Sempionatto et al. [6] highlights the combination of
modern data analysis with wearable chemical sensors as a tool for
biomarker discovery. These reviews provide a broad overview of
wearable sensor technologies for on-body measurements that were
mostly published until the year 2018 [1-5] and highlight the importance
of wearable chemical sensors for biomarker discovery [6]. Due to the
rapid progress in this research field, the goal of the present review is to
highlight the most recent trends in non-invasive on-body chemical
sensing by focusing on wearable chemical sensors and biosensors that
were published during the last five years (2018-2022) and tested on
human subjects.

On-body chemical sensing enables continuous tracking of bio-
markers that are central to human health and wellbeing. Wearable
biosensors for continuous glucose monitoring (CGM) is an excellent
example that fulfils an enormous need among people with diabetes.
CGM eliminates the discomfort related to blood sampling via finger
pricking and it allows users to obtain frequent readings of their glucose
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Abbreviations

AgNWs  silver nanowires

BSA bovine serum albumin

CFT carbon fibre thread

CNT carbon nanotube

Ecoflex platinum-catalyzed silicone (rubber)
FET field effect transistor

GOx glucose oxidase

HIS paper highly integrated sensing paper
HRP horseradish peroxidase

ISEs ion-selective electrodes
ISF interstitial fluid
ISM ionophore-based PVC membrane

LIG lased inscribed graphene
LOx lactate oxidase

MHA 6-mercaptohexan-1-ol
MHD magnetohydrodynamics
PANI polyaniline

PB Prussian Blue

PDMS  polydimethylsiloxane

PET Polyethylene terephthalate
PU polyurethane

PVA polyvinyl acetate

PVB polyvinyl butyral

PVC polyvinyl chloride

rGO reduced graphene oxide

RM reference membrane (PVC or PVB based)

concentration. Hence, CGM provides real-time changes and trends in
glucose concentrations, which are crucial to manage diabetes more
effectively. However, all commercially available CGM devices are still
invasive, because they rely on biosensors that are inserted or implanted
under the skin to access interstitial fluid (ISF) that is a clinically relevant
biological sample. Analysing ISF via microneedles causes less discomfort
compared to finger pricking, but is still invasive.

Non-invasive extraction of ISF is possible by reverse iontophoresis
and the more recent magnetohydrodynamic sampling method [7],
which rely on transport of ISF through the skin without any physical
puncture of the skin. However, non-invasive sampling of ISF is not trivial
due to the excellent barrier properties of human skin. Therefore, recent
research is much focused on non-invasive chemical sensing utilizing
alternative human samples, such as sweat, saliva and tears, which are
easily accessible as they are naturally excreted from the body, in contrast
to ISF. However, the clinical relevance of sweat, saliva and tears is still
questioned. As we know from basic analytical chemistry, it is absolutely
essential that the sample is representative of the medium that we want to
analyse - in this case human blood or tissue. If the biomarker concen-
tration in the sample does not correlate with its concentration in the
human body, the analysis is meaningless. This is probably the reason
why commercially successful CGM devices mainly rely on the analysis of
ISF.

Information about biomarkers in the human body may be obtained
non-invasively also via spectroscopic methods, i.e. by applying electro-
magnetic radiation through the skin. This approach solves the sampling
issue. However, when considering the chemical complexity of biological
media, a major challenge is to find wavelengths of the electromagnetic
radiation where only the analyte interacts and responds without any
interference from the matrix. Whatever analytical method chosen, non-
invasive on-body chemical sensing is still associated with major chal-
lenges, which are addressed by many research groups [1-7]. The fast
progress and prospective future applications in this branch of analytical
chemistry encouraged us to summarize the recent trends in the form of
this review.

This review covers recent advances in non-invasive on-body chemi-
cal sensing. The focus is on applications in this field over the last five
years (2018-2022) in samples like sweat, interstitial fluid, saliva, and
tears. The review illustrates major achievements enabled by chemical
sensors and biosensors based on electrochemical and optical trans-
duction that have been tested on human subjects. Since the review is
limited to non-invasive analysis of body fluids, all sampling methods
that require physical skin puncture are excluded. Therefore, even
minimally invasive techniques, such as microneedles, are outside the
scope of this review. Wearable sensors that record physical parameters
such as hearth rate, electrocardiogram (ECG), temperature and physical
movements, belong to the class of physical sensors, which are also
outside the scope of this review. Typical samples, analytes, wearable

sensors, and detection methods used in non-invasive on-body chemical
sensing are summarized in Scheme 1.

2. Epidermal sensors

Epidermal sensors are devices or systems that are designed to be
worn on the skin. Due to their ability to continuously monitor a wide
range of parameters in a non-invasive and convenient manner, these
sensors have the potential to revolutionize healthcare, sports, and other
human activities. Potential use scenarios of epidermal sensors in
healthcare include remote monitoring of patients, continuous moni-
toring of vital signs, and early detection of abnormal medical conditions.
In sports, epidermal sensors may help athletes to optimize their per-
formance and to prevent injuries by monitoring fatigue levels. In occu-
pational health, epidermal sensors can be used to monitor the exposure
of workers to harmful substances or conditions. In research, epidermal
sensors enable studies on human physiology and behavior in real-world
situations.

Chemical sensors and biosensors based on electrochemical trans-
duction (current, potential, impedance) represent a major group of
epidermal sensors that are used to measure e.g. electrolytes, metabolites,
and drug concentrations in sweat [5,6]. Another type of epidermal
sensors uses electromagnetic radiation in the UV-vis-NIR wavelength
range to measure and analyse chemical properties. For instance,
near-infrared spectroscopy can be employed in non-invasive measure-
ment of blood oxygenation level or glucose concentration by shining
light through the skin and measuring the reflectance or transmittance.
Likewise, in fluorescence-based sensors particular chemicals or bio-
molecules are detected by measuring the light emitted after excitation.

Epidermal sensors come in various forms, such as patches, temporary
tattoos (stickers), or other wearable devices that contact the skin. They
should be biocompatible, flexible, thin, and lightweight to conform to
the irregular surface of the skin, allowing for comfortable and unob-
trusive wear for prolonged times. Batteries usually power epidermal
sensors, while also other energy sources, energy harvesting mechanisms,
and wireless energy transfer are used. Additionally, epidermal sensors
should be able to communicate wirelessly with external devices for data
collection, analysis, and interpretation.

2.1. Sweat

Sweat, also known as perspiration, is the fluid secreted by sweat
glands in the skin of mammals. It is mainly composed of water, elec-
trolytes (such as Na*, K, Ca?*, Mg?*, and Cl7), metabolites (such as
lactate, ammonia, and urea), and unmetabolized pharmaceutical drugs
[8,9]. Sweating serves several important functions in the body, such as
thermoregulation, detoxification, hydration, and sweating promotes
skin health [10]. In research works done within the period considered in
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Scheme 1. Typical types of samples, analytes, wearable sensors, and detection methods used in non-invasive on-body chemical sensing.

this review, both classical and novel materials and techniques were used
to fabricate electrolyte and pH sensors for wearable applications. The
two main transduction methods used were electrochemical and optical.
Table 1 shows the concentration ranges of important analytes in sweat,
and other biofluids, and their diagnostic importance.

2.1.1. Electrochemical sensors for determination of electrolytes and pH in
sweat

All electrochemical sensors mentioned in this section were tested in
on-body applications. The sensitivity and working range of the sensors
are summarized in Table 2.

2.1.1.1. Fibre and fabric type sensors. A self-healable sensor has the
ability to repair or recover its functionality after being damaged. This
property provides benefits such as extended life span, reduced mainte-
nance costs and enhanced reliability. Self-healable and wearable sensors
with a fast and reversible recovery were presented by Yoon et al. [16] for
monitoring Nat and K* in sweat. The sensors were prepared by covering
carbon fibre thread (CFT) with poly(3,4-ethylenedioxythiophene) doped
with polystyrene sulfonate (PEDOT:PSS) and further coated with the
respective ionophore-based polyvinyl chloride (PVC) membrane (ISM).
For the reference part, CFT was covered with Ag,AgCl paste and a
reference membrane (RM) composed of polyvinyl butyral (PVB) con-
taining NaCl. Both fibres were subsequently coated with poly(1,
4-cyclohexanedimethanol succinate-co-citrate) (PCSC) as the
self-healing polymer (SHP). Finally, the indicator and reference fibres
were weaved together (Fig. 1A and B). A similar approach was used by
the same authors for pH monitoring [17]. In this case, the indicator fibre
was prepared by covering CFT with polyaniline (PANI), which is known

to be sensitive to pH changes (Fig. 1C). The obtained fibre-type sensors
were knitted into textile garment (Fig. 1D).

Fibre-type substrates are appealing, because the resulting sensors can
be woven into garments providing close and comfortable contact with
human skin. Additionally, fibre-based sensors can be very flexible thus
resisting damage caused by on-body usage.

Wang et al. [18] presented a general concept of making highly
flexible electrochemical fabric from carbon nanotube (CNT)-based
sensing fibre units that were weaved into the fabric from which a
garment was made (Fig. 2A). Sensing fibres were made for potentio-
metric determination of Na*, K*, Ca®", and pH, as well as for ampero-
metric sensing of glucose. For making the Na*, K™, and Ca?* sensors,
conventional ionophore-based PVC membranes were used, whereas the
pH sensor was based on PANI. The glucose sensor was of the enzymatic
amperometric type. The reference electrode was Ag/AgCl/PVB.

In another work, Terse-Thakoor et al. [19], presented a multi sensor
thread-based patch for potentiometric determination of Na™, NHJ, and
pH, as well as for amperometric lactate monitoring in sweat. The sub-
strate of the sensors was either polyester (PE) or stainless steel (SS)
thread covered with carbon black. For Na™ and NHj sensors, conven-
tional ionophore-based PVC membranes were used, while PANI was
used for the pH sensor. Lactate was measured by an enzyme-based
amperometric sensor. This concept is promising because the fibrous
textile threads can be directly sewn, woven, or stitched on to any
garment to be in close contact with the skin (Fig. 2B)

A novel wearable sweat nanobiosensor based on conductive thread
decorated with zinc-oxide nanowires (ZnO NWs) (Fig. 2C and D) was
proposed by Zhao et al. [20]. The sensor was used for the potentiometric
detection of Na® and lactate in sweat. Here, the enzymatic

Table 1
Concentration ranges of essential analytes (mM) and pH (pH units) in blood, ISF, sweat and saliva and their diagnostic importance.
Analyte/ Concentration (mM)/pH value Diagnostic importance Ref.
H
P Blood ISF Sweat Saliva
pH 7.35-7.45 6.6-7.6 6-6.8 6.7-7.3 Pathogenesis of skin diseases, wound healing [11-13,
15]
Na™ 135-145 similar to 10-100 27-217 Cystic fibrosis, muscle cramp, hyper/hyponatremia [6,9]
plasma
K" 3.5-5 similar to 5-15 10s Hyper/hypokalemia and an indicator of ocular disease [9,14]
plasma
Ccl™ 96-106 similar to 10-100 7-18 Cystic fibrosis, lung disease, hyper/hypochloremia, and potentially for hydration status [6,9]
plasma and electrolyte stores
Glucose 3.9-5.5 0.8-6 0.006-0.3  0.03-0.14  Diabetes management, metabolic syndrome [6,14]
Lactate 0.5-10 2.5-6.6 3.7-50 <3.5 Fatigue level, lactic acidosis, ischemia, sepsis, liver disease and cancer, hydration plan [6,14]
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Table 2
Electrochemical sensors for determination of electrolytes and pH in sweat.
Working electrode Reference electrode Analyte Concentration range SensitivitymV/dec ref
CFT/PEDOT:PSS/ISM/SHP CFT/Ag,AgCl/RM/SHP Na® 0.1-100 mM 60.7 [16]
K+ 0.1-100 mM 54.8
CFT/PANI/SHP CFT/Ag,AgCl/RM/SHP pH pH 3.89-10.09 —58.7 [17]
CNT fibre/PEDOT/ISM CNT fibre/Ag,AgCl/RM Na™ 10-160 mM 45.8 [18]
CNT fibre/PANI K" 2-32 mM 35.9
Ca*! 0.5-2.53 mM 52.3
pH pH 4-7 N/A
PE thread/C/ISM PE thread/Ag,AgCl/RM Na™® 1-1000 mM 52.8 [19]
PE/thread C/ISM NH; 0.1-100 mM 60.6
SS thread/G/PANI pH pH 4-8 ~-62.3
Cotton thread, PDMS/C/ZnO-NWs/ISM Cotton thread, PDMS/Ag,AgCl/RM Na® 0.1-100 mM N/A [20]
C/PANI, PU fibre Ag/AgCl pH pH 2-7 ca —60 [21]
Au NWs/SEBS fibre/Au/ISM Au NWs/SEBS fibre/Au/RM Na' 10°-10'M 59.2 [22]
cr- 10°-107'M ~57.2
pH pH 4-8 -58.3
rGO fibre/ISM rGO fibre/Ag,AgCl/RM pH pH 3-8 —55.4 [23]
PDMS/AuNS/CNTs/PANI PDMS/AuNS/Ag,AgCl/RM pH pH 4-8 —-71.4 [24]
PDMS/AuNS/CNTs/CoWO4 Glucose 0-0.3 mM 10.89 pA/mM
PET/C/PEDOT/ISM PET/C/PEDOT/IL, PM/RM Na* 10*-10'M 54.8 [25]
K* 107%-10'M 53.9
PET/C/PEDOT/ISM PET/C/PEDOT/IL,PM/RM Na™® 1074-10"'Mm 57 [26]
PET/Au/ISM PET/Ag,AgCl/RM Na® 15-120 mM 56 [27]1
Ccl 15-120 mM N/A
PDMS/Au/C/ISM PDMS/Au/Ag,AgCl/RM Na* 0.1-200 mM 60 [28]
K+ 0.1-100 mM 46
PU/C/MWCNTs/ISM PU/IL Na* 0.1-100 mM 54.2 [29]
K" 0.1-100 mM 56.8
Ccl 1-100 mM —63.0
pH pH 4-7.5 -50.1
PET/SilkNCT/PEDOT:PSS/ISM PET/Ag,AgCl/RM Na* 5-100 mM 51.8 [30]
K" 1.25-40 mM 31.8
PDMS/v-AuNW/ISM PDMS/v-AuNW/Ag,AgCl/RM Na*® 10°%-10"'M 58.2 [31]
PDMS/v-AuNW/PANI K" 10°-1017"M 41.5
pH pH 5-8 —56.1
PET/C/ISM PET/Ag,AgCl/RM Na™® 1-1000 mM 19.6 [32]
PET/C/ISM K* 1-1000 mM 14.6
PET/C/PANI/GOx chitosan Glucose 0.1-50 mM 15.1
PE/C/PANI PE/Ag,AgCl/RM pH pH 4.5-8.5 —-59.1 [33]
PET/Ag/C/F-TisCyTy/PANI PET/Ag,AgCl/RM pH pH 1-11 —40.7 [34]
PET/TA-rGO/PDMS PET/Ag,AgCl/RM pH pH 1-10 —-53.0 [35]
PET/Au/WOs3, PVDF PET/Ag,AgCl/RM pH pH 3-8 —-51.77 [36]
Paper/C or Au or Pt/Nafion Paper/Ag,AgCl/RM Na* 10737°-107%° M 56.3 [37]1
Silanized paper/Gr/ISM Silanized paper/Gr/RM Na* 10°-10'M 55.7 [38]
K" 10°°-107'M 57.0
al- 10°°-10'M —56.7
pH pH 4-7.5 —56
Leather/Nag 44MnO,, GR, DBP, PVDF Leather/Ag Na* 0.21-24.54 mM 58 [39]
PET/Ag/C/ISM PET/Ag/RM Na™® 10-1.60 mM N/A [40]
PET/Ag/C/PANI K+ 2-32 mM N/A
pH pH 4-8 —53.8
PET/Ag/C/ISM PET/Ag,AgCl/PVB/RM Na™® 15-120 mM 56.2 [41]
K+ 5-40 mM 51.3
PDMS/AgNWs/rGO/ISM PDMS/AgNWs/RM Na* 10-160 mM 60.1 [42]
PDMS/AgNWs/rGO/ISM K" 2-32 mM 64.5
PDMS/AgNWs/AuNPs/PANI pH pH 3-8 —60.0
Au/Ir/PEDOT/IrOx N/A pH pH 1-9 -53 [43]
NBR/Au/Ag,AgCl NBRAu/Ag,AgCl/RM al- 25-200 mM —-52.8 [44]
NBR/Au/PANI pH pH 4-7 —60.3
Textile/Ecoflex/Eco-Gr/ISM Textile/Ecoflex/Eco-Gr/Ag,AgCl/RM Na* 1-1000 mM 58.76 [45]
EIROF 3 M™ EKG electrode pH pH 4-8 —-32.11 [46]

CFT - carbon fibre thread, PEDOT:PSS — poly(3,4-ethylenedioxythiophene) doped with polystyrene sulfonate, ISM — ionophore-based PVC membrane, SHP - self
healing polymer, RM - reference membrane (PVC or PVB based), PANI - polyaniline, CNT - carbon nanotube, PE — polyester, C — carbon, SS - stainless steel, PDMS —
polydimethylsiloxane, ZnO NWs — zinc oxide nanowires, PU — polyurethane, AuNWs — gold nanowires, SEBS — styrene-ethylene/butylene-styrene, rGO — reduced
graphene oxide, AuNS - gold nanosheets, CoOWO, — cobalt tungstate, PET — Polyethylene terephthalate, SilkNCT - silk fabric-derived nitrogen-doped carbon textile, IL —
ionic liquid, PM - polymeric matrix, v-AuNW - vertically aligned gold nanowires, GOx — glucose oxidase, F-TizC,Tx — fluoroalkyl silane functionalized Ti3C,Tx Mxene,
TA-rGO - Tannin-reduced graphene oxide, WO3 — Tungsten oxide, PVDF — poly(vinylidene fluoride), Gr — graphene, GR — graphite, DBP — dibutyl phthalate, PVB —
poly(vinyl butyral), AgNWs - silver nanowires, AuNPs — gold nanoparticles, IrOy — iridium oxide, NBR - nitrile rubber, Ecoflex — platinum-catalyzed silicone (rubber),
Eco-Gr - Ecoflex/Graphene, EIROF - electrodeposited iridium oxide film.

potentiometric determination of lactate was based on measuring the
redox potential of the oxidised and reduced tetrathiafulvalene couple
(TTF"/TTF). The TTF'/TFF ratio changes due to the oxidation of lactate
in the presence of LOx according to the reaction:

Lactate + 2TTF" — pyruvate + 2TTF + 2H"

Hou et al. [21] reported a highly sensitive and wearable
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potentiometric pH sensor based on electrospun flexible PANI/PU fibres.
In such a construction, PANI provided pH sensitivity while PU enhanced
the mechanical properties. By using this sensor, pH changes below 0.2
PH units could be detected.

Highly stretchable (up to 200 %) fibre-based ion-selective electrodes
(ISEs) and reference electrode for determination of Na™, C1~, and pH in
sweat were presented by Xu et al. [22]. The electrodes were fabricated
by depositing the ISM and RM on stretchable gold fibre substrates (Au
NWs) (Fig. 3). The slopes of the resulting ISEs slightly fluctuated upon
stretching the fibres between 0 % and 200 % strain. The stretchable fibre
electrodes was woven into a garment for on-body sweat monitoring.

A textile integrated potentiometric pH sensor was proposed by
Napier et al. [23]. To prepare the sensor, a traditional plasticized
PVC-based membrane containing the ionophore, was spray-coated on
reduced graphene oxide (rGO) in the form of a fibre (with diameter of 35
or 50 pm and about 15 mm length) to improve the reproducibility of
sensor production. Similarly, the reference membrane was spray-coated
on the same rGO fibre to make the reference part. Sections of the rGO
fibre between pH and reference parts were coated with insulating PU
(Fig. 4).

2.1.1.2. Planar type sensors. Planar type sensors are among the most
commonly studied flexible sensors as they offer advantages such as a
uniform sensing surface and ease of integration. In this case, the most
frequently used substrates are polyethylene terephthalate (PET) and
polydimethylsiloxane (PDMS).

Oh et al. [24] presented a stretchable (mechanical stability up to 30
% stretching), skin-attachable sensor for the determination of pH and
glucose in sweat (Fig. 5). A PANI-based potentiometric sensor was used
for measuring pH, while glucose was determined using a non-enzymatic
amperometric sensor. The stretchable substrate used for making pH or
glucose sensors was PDMS/gold nanosheets (AuNS)/CNT prepared by
layer-by-layer deposition. The substrate was covered with PANI and
cobalt tungstate (CoWO,) for preparing the pH and glucose sensor,
respectively. The Ag/AgCl reference electrode was prepared via chlori-
nation of silver nanowires covered with a PVB-based RM. Due to
encapsulation of the sensor with sticky silbione™, the sensor had good
adhesion even to wet skin.

A flexible sweat sensing platform (Fig. 6A) for potentiometric Na*
and K" determination was demonstrated by Alizadeh et al. [25]. The
Na' and K" sensors were based on conventional ISMs. For making the



Z. Boeva et al.

A

Au/SEBS
fiber

Pre-
strain

1300%

-

Release o

Spandex

1

\

'

Trends in Analytical Chemistry 172 (2024) 117542

B

Au NWs |SM or RM
Au films

i

\
1
&

e

—— -

'

Fig. 3. (A) Fabrication process of stretchable Au fibre-based ISE and RE. (B) Schematic illustration of the wearable potentiometric ion sensors including three ISEs
and RE. Adapted with permission from Ref. [22]. Copyright © 2020, American Chemical Society.

PU | pHmemb. | PU  PU | Refmemb. | PU _
B Wicking thread'w
C Reference pH

—— > D

Fig. 4. (A) Images of active regions of pH and reference membranes. (B)
Interconnect region of sensor bundle. (C) Active region of sensor bundle.
Adapted with permission from Ref. [23]. Copyright © 2022, John Wiley & Sons.

reference electrode a PET/carbon ink substrate was covered with
PEDOT (as transduction layer) and a RM containing ionic liquid (IL) in a
polymeric matrix. The platform was integrated into a patch containing a
conformable fluidic system for sweat collection with rapid sweat
removal to minimize sensor lag (Fig. 6B). In another publication pre-
sented the same year by McCaul et al. [26], the ISE platform (Fig. 6A)

was integrated into a watch-type casing made by 3D printing and used
for Na* measurement in sweat (Fig. 6Q).

A flexible PET-based sweat sensing patch was reported by Nyein
et al. [27]. The patch comprises four layers: a spiral-patterned micro-
fluidic channel, a pair of parallel Au electrodes for impedance-based
sweat-rate sensing, a parylene-C insulation layer, and Na™*, K*, Cl-,
pH potentiometric sensing electrodes (Fig. 7A). The analyzed data was
wirelessly transmitted to a cell phone via Bluetooth (Fig. 7B).

Another soft, flexible, and skin-worn potentiometric device for the
detection of Na' and K" in sweat was reported by Sempionatto et al.
[28]. A microfluidic system permitted effective natural sweat pumping
to the detection chamber. The device consisted of a top PDMS layer
containing the sensors, a second PDMS layer containing microchannels
and an adhesive layer in contact with the skin (Fig. 7C).

PU is another possible substrate for making planar sensors. In a work
by Parrilla et al. [29], a flexible device for monitoring Na™, K*, Cl~, and
pH in sweat was introduced. The device comprised a sampling cell and
multichannel sensors (Fig. 8A). The design of the sampling cell pre-
vented sweat contamination and evaporation problems and provided
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passive sweat flow (Fig. 8B). The potentiometric sensors were prepared
by depositing the respective ionophore-based PVC membrane layers on
carbon ink and multiwalled carbon nanotubes (MWCNTs) deposited on
the PU substrate. The reference electrode was constructed by using a
plasticized PU membrane containing ionic liquid.

He et al. [30] reported a PET based flexible patch with silk
fabric-derived nitrogen-doped carbon textile (SilkNCT) for potentio-
metric monitoring of Na' and K" in sweat (Fig. 9). The SilkNCT textile
provided good electrical conductivity and good water wettability
needed for efficient electron transmission and good access to reactants
due to the porous and intrinsically N-doped graphitic structure. Other
biomarkers (glucose, lactate, ascorbic acid, and uric acid) were also
determined by enzyme-based amperometric sensors.

Vertically aligned gold nanowires (v-AuNW) on a PDMS substrate

was reported by Zhai et al. [31]. This substrate was used for the fabri-
cation of a stretchable and wearable epidermal ion-selective electrode
array for the potentiometric determination of pH, Na* and K' in sweat.
The ISMs were ionophore-based PVC membranes in the case of Na™- and
K*-ISEs, while the pH electrode was PANI-based. The analytical per-
formance of the device was maintained under up to 30 % strain. The
v-AuNW ISEs could easily be integrated with a flexible printed circuit
board for wireless communication.

Mou et al. [32] presented a PET-based epidermal sensor for poten-
tiometric determination of Na™, K™ and glucose in sweat (Fig. 10A). For
measuring Na®™ and K" ions, potentiometric ionophohore-based sensors
were used, while an enzyme-based glucose sensor was used for poten-
tiometric measurement of glucose. The glucose sensor was prepared by
depositing a glucose oxidase layer (GOx) on a PANI-based pH sensor. In
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this case, GOx catalyzed glucose oxidation thus generating H' that was
measured by the potentiometric pH sensor (Fig. 10B).
In a lactate biosensor presented by Xuan et al. [33] for on-body

lactate determination, pH and temperature sensors were included to
account for the acidity and temperature influence on the lactate
measurement.

A flexible, superhydrophobic, and skin-attachable potentiometric pH
sensor based on a more recent 2D material (MXene) was presented by
Chen et al. [34]. For the sensor preparation, the MXene (fluoroalkyl
silane functionalized Ti3CyTy), and a PANI membrane were deposited on
a PET substrate. This construction improved the sensitivity, revers-
ibility, responsiveness, and environmental stability of the sensor. The pH
sensing and reference parts are shown in Fig. 11A. In another flexible
potentiometric pH sensor reported by Lin et al. [35], self-adhesive
tannin (TA)-graphene supramolecular aggregates were deposited on a
PET substrate (Fig. 11B). TA was self-assembled on reduced graphene
oxide to form supramolecular aggregates (TA-rGO) which promoted
electron transfer from TA to the electrode. The phenolic hydroxyl groups
in tannin served as pH responsive sites and provided strong adhesion.
Due to the electronic conductivity of TA-rGO, a reference electrode
membrane was deposited on top of the PET/TA-rGO substrate. Still
another example of a potentiometric pH sensor with PET substrate was
given by Tang et al. [36]. The authors used proton lattice intercalated
tungsten oxide (HyWO3), with high chemical stability, biocompatibility,
and low cost, as the pH sensitive and selective material (Fig. 11C).

Synthetic substrates are the most frequently used materials for planar
sensor fabrication. However, substrates based on natural materials are
also used. Hoekstra et al. [37] proposed a paper substrate for prepara-
tion of a wearable patch for potentiometric monitoring of total cation
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content in sweat. The working electrodes were constructed by depos-
iting carbon, gold or platinum on a paper substrate and subsequently
covering it with Nafion. For the reference electrode, the paper substrate
was covered with Ag,AgCl ink and subsequently PVB containing NaCl.
The Na' ion was chosen as a model analyte. In this case, the best results
(slope, detection limit, linear range, and response time) were obtained
with carbon as substrate. The potentiometric results correlated well with
the conductometric ones.

Another example of a paper-based potentiometric sensor was pre-
sented by An et al. [38]. The flexible integrated four-channel sensor was
used for simultaneous monitoring of K*, Na*, CI” and pH in sweat. The
sensor substrate was silanized paper covered with graphene. The ISEs
had ionophore-based PVC membranes, and the reference electrode was
also based on PVC (Fig. 12).

Leather was used as a substrate by Ghoorchian et al. [39] for

preparing a wearable potentiometric ion sensor for real-time monitoring
of Na™ in human sweat samples. As the sensing material, Nag 44MnO;
was used due to its Na * incorporation ability, electrical conductivity,
stability, and low fabrication cost. For the flexible Na® sensor, the
leather substrate was covered with cyanoacrylate glue to increase the
surface hydrophobicity. Carbon paste containing Nag 44MnOo, graphite,
dibutyl phthalate (DBP), and poly(vinylidene fluoride) (PVDF) was
deposited on the substrate. The potentiometric sensor was integrated
into a headband textile.

2.1.1.3. Mass production. Low-cost and high-throughput production
with controllable size and density of sensors can be achieved using roll-
to-roll (R2R) fabrication methods, where a PET substrate is very often
used. Bariya et al. [40] reported the mass production of printed elec-
trodes using the roll-to-roll gravure technique on 150 m flexible PET
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Fig. 12. A schematic representation of the fabrication of paper-based ISEs. Adapted with permission from Ref. [38]. Copyright © 2019, Elsevier.

substrate rolls (Fig. 13A and B). For Nat and K*-ISEs, ionophore-based
PVC membranes were used and the pH sensor was PANI-based. Impor-
tantly, the roll-to-roll gravure technique allowed the production of
consistently performing sensors.

In another work, Nyein et al. presented R2R process for the mass
production of microfluidic sensing patches [41]. The patch (Fig. 13C-F)
permitted sweat capture within a spiral microfluidic channel for
measuring sweat rate and analytes such as Na™, K", and glucose in real
time. The electrodes and the microfluidic channel were printed on a
flexible PET substrate, using silver and carbon inks. The potentiometric
Na' and K" sensors were made using traditional ionophore-based ISMs.

2.1.1.4. Other implementations. Some interesting sensor implementa-
tions are shown below. They are ingenious and novel although based on
existing technologies. For example, Xu et al. [42] reported a
battery-free, all-printed, and stretchable electrode array for measuring
Na™, KT, pH, and glucose in sweat (Fig. 14A). For all sensors and the
reference electrode, PDMS/silver nanowires (AgNWs) was used as sub-
strate. In the case of Na* and K™ sensors, rGO was deposited on top of the
substrate and covered with the respective ISM. In the pH sensor, gold
nanoparticles (AuNPs) were deposited on top of the PDMS/AgNWs
substrate and covered with a PANI layer. For the reference electrode, the
same substrate was covered by PVB. The main advantage of this concept
is that the sensor itself is battery-free and does not consume any power.
For data readout the device is powered by the mobile phone near field
communication (NFC) and the data is transmitted wirelessly (Fig. 14B).

Gil et al. [43] reported an ear-worn device meant mainly for
measuring cardiovascular parameters and additionally pH and lactate in
sweat (Fig. 14D). The sweat rate was estimated using the impedance
method. The determination of pH and lactate levels was done using
potentiometric and amperometric sensors, respectively. The solid-state
pH sensor was of metal/metal oxide type (Au/PEDOT/Ir/IrOy).

A glove-based sensor was presented by Bariya et al. [44]. The sensor
was capable of efficiently collecting relatively large volumes (hundreds
of pL) of sweat sample in 30 min without the need of physical stimula-
tion. The sensor array was patterned on a nitrile rubber (NBR) glove or
finger cots (Fig. 14C). Chloride ion and pH were measured potentio-
metrically and other analytes (Zn, ascorbic acid, and ethanol) ampero-
metrically. The chloride ion sensor and Ag/AgCl reference electrode
were fabricated by depositing Ag,AgCl conductive ink over the Au
electrode. The reference electrode was made by the deposition of a thick
layer of PVB solution with saturated NaCl over the Ag/AgCl.

Recently, Kil et al. [45] reported fully integrated wireless sweat
sensor socks for the real-time monitoring of Na™ concentration in sweat.
For this purpose, highly stretchable and conductive graphene ink was
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used for the preparation of the Nat sensor. The graphene ink (Eco-Gr)
was prepared by a fluid dynamics-assisted exfoliation of graphite that
was mixed with elastomeric Ecoflex (Fig. 14E).

2.1.2. Optical sensors for determination of electrolytes and pH in sweat

Although the electrochemical transduction mode is most popular in
the case of electrolyte and pH measurements, there are also examples
where optical transduction was used, as summarized in Table 3. Kim
et al. [47] proposed a soft microfluidic device with valves made from a
super absorbent polymer (SAP) and colorimetric assay papers to sample,
store and analyse chloride in sweat samples from the skin (Fig. 15A). The
colour developed in the assay papers were stabilized by means of
non-interacting ions and a surfactant. The device was used on human
subjects and the results were compared to those obtained in the
laboratory.

A more advanced colorimetric soft patch was presented by Choi et al.
[48]. This patch enabled the measurement of temperature, total loss of
sweat and its range. Additionally, it allowed for quantitative determi-
nation of pH, chloride, glucose, and lactate (Fig. 15B). Precise readout
was facilitated by the integrated colour calibration markings. The results
from on-body measurements correlated well with the results from the
laboratory. In the same year, Promphet et al. [49] presented a flexible
textile-based colorimetric sensor for determining pH and lactate in
sweat. The sensor was made by depositing three different layers onto a
cotton fabric. The layers were: chitosan, sodium carboxymethyl cellu-
lose, and an indicator dye (mixture of methyl orange and bromocresol
green) for pH or an enzymatic assay for lactate sensing. Cetyl-
trimethylammonium bromide (CTAB) was used to prevent fading of the
indicator colours.

Another flexible colorimetric sensing patch was developed by Zhang
et al. [50]. In this patch, superhydrophilic colorimetric assays were
assembled on top of a superhydrophobic substrate generating a large
wettability contrast to efficiently concentrate the sweat. This system was
used for determining pH, chloride, and calcium ions in sweat (Fig. 15C).
A similar approach of contrasting hydrophobic and hydrophilic parts of
the sensor was presented by Zhao et al. [51]. In this case, a microfluidic
thread/fabric-based  analytical device integrated hydrophilic
dot-patterns with a hydrophobic surface via embroidering thread into
the fabric (Fig. 15D). The thread-embroidered patterns functioned as
detection zones for sweat loss, pH, chloride, and glucose. Embroidered
reference markers for more accurate colorimetric data readout sur-
rounded the working dots.

2.1.3. Biosensors for sweat analysis
Epidermal biosensors for monitoring various analytes in sweat have
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attracted significant attention lately, as summarized in Table 4. The
popularity of using sweat for non-invasive on-body monitoring is obvi-
ously due to the good availability of sweat as a sample. Two methods of
sweat production are generally used by researchers: (i) exercise induced
sweating and (ii) chemically induced sweat production at rest. Moni-
toring biomarkers in sweat comes with the challenge of fluidic man-
agement and controlling the flow and production rate that affect the
analytical sensitivity of a sensing platform in use [13]. Multiple reviews
were written recently about sweat detection theory [52], covering chip
design, modes of liquid transport, sampling [53], and other persisting
challenges of this research direction. Several recent articles report novel
methods of fluid quantification and management using e.g. nanoliter to
microliter flow rate sensors (Fig. 16) [54], super-absorbing polymer
[55] and tesla [56] valves, open nanofluidic sensors and hexagonally
patterned (hex) wick with fumed silica and with gelatine binder used to
couple the hex wick and sensor surface (Fig. 17) [57,58] for creating
continuous and blood-correlated sweat biosensing devices, and
flow-rate independent measurements of lactate concentration using
enzyme/nanozyme approaches (Fig. 18) [59]. Correction of the
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biosensor reading based on pH and temperature was recently introduced
by Wiorek et al. [60] and Yoon et al. [61] to improve the accuracy of
wearable sensor platforms.

The choice of the operational parameters of a biosensor largely de-
pends on the method of detection and signal transduction as well as the
nature of the biorecognition element used for the construction of the
sensing layer. For example, in case of amperometric biosensors, the
choice of potential applied at the working electrode depends on the
molecule to be amperometrically detected, which can be a substrate or
product of the enzymatic reaction, mediator or catalytic centre of the
enzyme [62]. The redox potential of these molecules at which the
maximum current density is observed largely depends on the modifi-
cation of the working electrode. For example, hydrogen peroxide may be
reduced at a carbon working electrode modified with Prussian Blue at
potentials below 0 V, while hydrogen peroxide can be oxidised at po-
tentials above 0.3 V if the electrode material is chosen to be Pt or its
alloys with other metals of the platinum group. The size of the material
particles used for modification of the working electrode, their doping
degree, and arrangement at the surface of the electrode further affect the
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Table 3
Chemical sensors based on colorimetric transduction for detecting electrolytes
and pH in sweat.

Analyte Concentration/pH range Ref.
Ccl™ 0 to >160 mM [47]
Ccl™ 25-100 mM [48]
pH 5.0-6.5

pH 1-14 [49]
pH 4.4-7.4 [50]
Cl™ 0-125 mM

Ca** 0-15 mM

pH 57.5 [51]
Ccl™ 10-150 mM

choice of the potential applied at the working electrode. Therefore,
electrochemical biosensors are typically optimised for multiple param-
eters, including the potential applied at the working electrode that
produces the largest oxidation or reduction current upon addition of the
analyte of interest, i.e. highest sensitivity.

Many articles published in the past five years cover various aspects of
the research in sweat biomarker monitoring. In attempts to improve
sensitivity and lower the limit of detection of the biosensors, carbon
nanomaterials, metal nanoparticles, MXenes, conductive hydrogels, and
combinations of these materials show promising results. For example,

Copyright © 2019 The Authors. Distributed under a Creative Commons Attribution License
socks. Adapted with permission from Ref. [45]. Copyright © 2022, American Chemi-

Xiao et al. [63] used graphene oxide in combination with metal organic
frameworks (ZIF-8) as a large surface area carrier to load tyrosinase for
amperometric detection of levodopa.

Besides graphene oxide, other 2D materials such as MXenes were
used for preparing materials showing high conductivity and enhanced
electrocatalytic properties. These materials were used to immobilize
biomolecules at the flake or nanowire surface to obtain biosensors with
large surface area and enhanced analytical signal. Li et al. [64] devel-
oped a highly integrated sensing paper (HIS paper) using TizCoTx to
create a sweat analysis patch for simultaneous lactate and glucose bio-
sensing (Fig. 19). TigCyoTx was decorated with methylene blue as a
mediator for electron transfer from the enzyme to the conductor and
vertically aligned single sheets of MXene allowed for capillary transport
of sweat to the biosensor surface. A similar concept, but combining
TigCaTx with Prussian Blue as a mediator for hydrogen peroxide
reduction, was presented by Lei et al. [65]. The biosensor featured
typical analytical performance for biosensors based on Prussian Blue in
addition to being non-toxic, which is critical to wearable platforms
(Fig. 20). TigCyTx were also combined with electrocatalytically active
ZnO tetrapods and deposited on a stretchable electrode as an electro-
chemically active transducer layer for the qualitative determination of
glucose [66]. The obtained transducer worked at a low applied negative
potential of —0.24 V, which allowed to avoid the impact of interfering
species present in sweat.
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Among the material science approaches, fabrication of laser inscri-
bed graphene (LIG) as a conductor is an interesting method for fabri-
cation of electrodes and electrode traces for biosensors. Unlike
traditional inkjet or screen-printing techniques, laser scribing does not
require a solvent and complex formulation of inks. Rather, it converts
sp° carbon of a substrate material into sp? configuration, thus making it
electrically conductive. The substrate material can be a flexible film,
such as polyimide, suitable for fabrication of wearable analytical de-
vices. The drawback of LIG traces, compared with printed ones, is low
conductivity. However, treatment of a substrate with acetic acid im-
proves the yield of sp? carbon atoms. Acetic acid-activated LIG enabled
fabrication of a fully functional glucose biosensor based on laser scribed
electrodes with analytical performance typical for Prussian Blue/GOx
enzyme-mediator coupling [67].

Several works focused on the development of multilayer architec-
tures combining for example, carbon nanotubes (CNTs), Nafion, and Pt
nanoparticles (PtNPs) serving as an electrocatalyst for electrochemical
oxidation of hydrogen peroxide [68]. Interestingly, poly--
m-phenylenediamine was used as an anti-interference layer sieving
molecules larger than H20; to improve the mediator operational sta-
bility and solve the problem of oxidation of electrochemically active
molecules at 0.6 V, a typical applied potential for hydrogen peroxide
oxidation on Pt. The developed platform was used to detect glucose,
lactate, and choline in sweat. Carbon nanotubes were used in a
bi-enzyme biosensor to couple Horseradish peroxidase (HRP) with an
electrochemical transducer via direct electron transfer enabling
mediator-free electron transfer from Glucose oxidase (GOx) via
hydrogen peroxide [69]. The wearable biosensor demonstrated very
high sensitivity and low oxidation potential, which made the biosensor
less susceptible to interfering agents.

In order to improve the analytical performance of the biosensors, a
range of 3D materials were used as electrodes for biosensor preparation.
A hierarchically organized conductive hydrogel made of PANI, PVA and
thermally expanded graphene oxide was used as an electrode for GOx
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immobilization to achieve high sensitivity and mechanical stability of
the resulting wearable biosensor (Fig. 21) [70]. Another approach by
Karpova et al. [71] used alkoxysilane polymers to improve the transport
properties of the hydrogel used for enzyme immobilization. Eight
different polymers for glucose oxidase immobilization were tested and
compared with Nafion. It was found that biosensors based on y-amino-
propyltriethoxysilane featured the highest analytical sensitivity to
glucose, i.e. 0.23 A/ (Mocmz), which is 4-5 times higher than the one for
biosensors prepared with Nafion. Further improvement in analyte
permeability through the 3D material was achieved by replacing a
hydrogel with a porous membrane for the enzyme immobilization and
combining it with dendritic nanostructures at the electrode surface [72].
The dendritic structures anchored the porous enzymatic membranes,
offered mechanical robustness of the sensor devices, and provided a
large surface area to improve stability and sensitivity of the biosensor
(Fig. 22).

Textile-based chemical sensors and biosensors are among the most
attractive ones. A challenge for such sensors is their fast degradation
upon wear and after a few washing cycles. Within the last five years,
several design solutions were proposed towards integrating biosensors
into cloth. For example, an ordinary cotton fabric was used to make a
disposable, biodegradable and functional diagnostic platform, using
commercially available Au plasma coated thread, solving the problem
with sensor degradation [73]. The diagnostic platform used ferrocene as
a mediator coupled with GOx as a proof of concept, featuring excellent
analytical performance of the biosensor and a facile fabrication method
(Fig. 23).

In another work by Zhao et al. [20], cotton thread was impregnated
with PDMS to alter its fluid wicking properties and then covered with a
roll-printing process to infer conductivity to the thread. After annealing,
ZnO nanowires were grown via a hydrothermal method, followed by
deposition of TTF and LOx entrapped in Nafion to create a biosensor. In a
similar manner, reference and counter electrodes were fabricated by
covering the PDMS-impregnated cotton threads with Ag/AgCl/PVB and
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Table 4
Analytical performance of biosensors for biomarker monitoring in sweat.
Biosensor implementation Analyte Analytical sensitivity, Limit of Tested shelf life/opera- Reference
nA/(uM e cm?)? detection, pM* tional stability
Pt/AOx/BSA/chitosan/glutaraldehyde Ethanol 7.320 + 0.099 1.7 [57]1
PB nanoparticles/y-aminopropyltriethoxysilane/LOx/carbon black Lactate 260 + 25 N/A [59]
nanoparticles
C/PB/GOx/chitosan/Nafion Glucose (1.14 + 0.03) nA/pM N/A [60]
Au/rGO/PtNPs/Chitosan-GOx Glucose 29.10 200 7 days/- [61]
GOx/PtNP/acetic acid treated LIG Glucose 65.6 0.3 16 days/- [67]
Au/GO/ZIF-8@tyrosinase Levodopa 47 nA/pM 0.45 7 days/- [63]
MB/Ti3C,Ty/Nafion GOx/Chitosan Glucose 2.4 nA/pM 17.05 -/14 days [64]
1.2¢
MB/Ti3C,Ty/Nafion LOx/Chitosan Lactate 0.49 nA/pM 3.73 -/14 days [64]
0.24°
CNT/PB/Ti3C,Ty/carbon filter membrane GOx/Chitosan/BSA/ Glucose 35.3 0.33 -/15 days [65]
Glutaraldehyde
CNT/PB/Ti3C,Ty/carbon filter membrane LOx/Chitosan/BSA/ Lactate 11.4 0.67 -/15 days [65]
Glutaraldehyde
ZnO tetrapods/MXene/GOx/Nafion Glucose 7.87 +£2.8 17 £ 1.7 -/10 days [66]
Au/Cr/MWCNT/Nafion/PtNP/PPD GOx/BSA/Glutaraldehyde Glucose 59 + 12 N/A -/20 h [68]
Au/Cr/MWCNT/Nafion/PtNP/PPD LOx/BSA/Glutaraldehyde Lactate 0.79 £ 0.18 N/A [68]
Au/Cr/MWCNT/Nafion/PtNP/PPD ChOx/BSA/Glutaraldehyde Choline 68 +5 N/A [68]
Patterned CNT-ethylene-vinyl acetate copolymer/GOx-HRP Glucose 270 £ 10 3 7 days/- [69]
polyaniline, PVA, thermally expanded graphene/GOx/chitosan Glucose N/A 0.2 [70]
C/PB/GOx/y-aminopropyltriethoxysilane Glucose 230 N/A 1 year/25h [71]1
C/PB/GOx/Al,03/agarose, glycerol Glucose 41.8 10 -/20 h [72]
Au/6-ferrocenylhexanethiol/6-mercaptohexan-1-ol (MHA)/MHA-GOx Glucose (0.088 + 0.010) 0.301 -/6 h [73]
self-assembly monolayer
Carbon/ZnO nanowires/Nafion TTF/LOx/Chitosan/Glutaraldehyde Lactate 0.94 V/M 3610 -/- [20]
elastomeric gold fibre/PB/LOx/chitosan Lactate 19.13 137 -/- [74]
CNT fibres/PB/chitosan/SWCNT/GOx Glucose 2.15 nA/pM N/A -/~ [18]
Ag/C/GO/PB/PU/LOx/Chitosan Lactate 0.33 nA/pM" 440 -/- [75]
MWCNT/PB GOx/Chitosan Glucose 105.93 4.95 22 days/- [76]
Au nanodendrites/PB/GOx/chitosan Glucose 8 nA/pM N/A -/- [77]
Au nanodendrites/PB/GOx/chitosan Lactate 67 nA/uM N/A -/~ [771
Carbon-Prussian Blue/LOx/BSA/Chitosan Lactate 0.3" N/A -/10 runs [79]
Carbon-Prussian Blue/AOx/BSA/Chitosan Alcohol 0.2° N/A -/10 runs [79]
Carbon-Prussian Blue/AOx/BSA/Chitosan Alcohol 0.7" N/A -/10 runs [78]
Au/Au nanodendrites/11-mercaptoundecanoic acid SAM/CYP2B6 Nicotine 4.3 nA/pM 1.6 -/ca 1600 s [80]
Rh/C/AAO/BSA/glutaraldehyde Ascorbic 3.5nA/] pMW’ N/A -/90 min [81]
acid
Carbon-Prussian Blue/GOx/BSA/agarose Glucose 46.5 + 4.1 N/A -/7500 s [82]
Carbon/AuNP/Prussian Blue/GOx/CNTs/BSA/Chitosan Glucose 24.8 7.34 -/9h [83]
Carbon/AuNP/Prussian Blue/LOx/CNTs/BSA/Chitosan Lactate 1.0 1.24 mM -/9h [83]
ZnO/Au/cortisol antibody - di(N-succinimidyl)3,3"-dithiodipropionate Cortisol 0.25 Q/ng ml~? 1 pg/ml -/- [84]
self-assembly monolayer (SAM)/ethanolamine
TTF/CNT/LOx/chitosan/PVC Lactate 124 mV// (mMocm2) 2.1 mM -/8 days [86]
TTF/CNT/GOx Glucose 5.4 mV/ (pM-cmz) 43 -/8 days [86]
AuNP/GOx/Chitosan Glucose 1.27 24 16 days/180 h [87]
AuNP/cortisol antibody - SH-PEG-COOH SAM/BSA Cortisol 61.2 pA/dec 7.47 nM -/- [85]
C/PB/TTF/CNT/LOx/BSA/Chitosan/colorimetric Lactate N/A 3.70 mM -/- [88]
Toray carbon paper-060 PTFE FcMe,-LPEI/LOx Lactate 16.4" N/A -/30 min [89]
LOx on porous carbon Lactate 6.14 V/M N/A -/2h [90]
PDMS/MWCNT/BiVO,4/SiO,/GOx/Nafion/PDMS Glucose 0.2 pA/dec 22.2 pM 28 days/- [91]
GOx—peroxidase—o-dianisidine colorimetric Glucose 111.23 AU./mM 0.03 mM 25 days/- [92]
Au nanorods/KI/GOx/HRP colorimetric Glucose 241.5 nm/mM 7.2 10 months/- [93]
Urease/filter paper Urea N/A N/A -/- [94]
Creatininase, creatinase, sarcosine oxidase, and peroxidase/p-reservoirs Creatinine N/A N/A -/- [94]
Au nanocluster/MnO, nanosheets/poly(allylamine hydrochloride)/ Uric acid N/A 136 nM 3 days/- [96]
uricase luminescent
PSi/(Au-Ag)NP/GOx/chitosan/PU fluorescent/luminescent Glucose 3.46 %/mM N/A -/10 h [971

AOx - Alcohol oxidase, BSA — bovine serum albumin, PB - Prussian Blue, LOx — lactate oxidase, GOx — glucose oxidase, rGO - reduced graphene oxide, PtNP - platinum
nanoparticles, LIG — lased inscribed graphene, ZIF - zeolitic imidazolate framework, MB — methylene blue, GO — graphene oxide, CNT — carbon nanotube, MWCNTSs —
multiwalled carbon nanotubes, PPD - poly-m-phenylenediamine, HRP — horseradish peroxidase, ChOx — choline oxidase, PVA - polyvinyl acetate, MHA - 6-mercapto-
hexan-1-ol, TTF - tetrathiafulvalene, SWCNT - single walled carbon nanotubes, PU - polyurethane, SAM - self-assembly monolayer, AAO — ascorbic acid oxidase, PVC
— polyvinylchloride, AuNP - gold nanoparticles, PEG — polyethylene glycol, FcMe,-LPEI - dimethylferrocene-modified with linear polyethylenimine, PDMS — poly-

dimethylsiloxane, (Au-Ag)NP - gold-silver nanoparticles, PSi — porous silica.
# Unless otherwise stated.

b Estimation based on graphical data provided in the article, when the exact number was not reported.

¢ Calculated based on the numerical data provided in the article.

Ag, respectively. The resulting three electrodes were weaved around
with a wicking cotton thread to provide electrolytic contact and function
as a three-electrode setup for detection of lactate. The resulting elec-
trochemical platform demonstrated adequate sensitivity to lactate in a
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real sweat sample. A more sophisticated thread construction was used by
Wang et al. [74], where a stretchable thread consisting of an elastomeric
gold fibre coated with Prussian Blue/LOx/chitosan was weaved into a
textile and used as a working electrode. Correspondingly, other threads
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made of uncoated elastomer gold fibres and elastomer gold fibres A similar approach was used to cover carbon nanotube fibres with a
covered with Ag/AgCl were weaved into the same textile to be used as thin layer of Prussian Blue followed by coating the obtained composite
counter and reference electrodes (Fig. 24). with a chitosan/single walled carbon nanotube (SWCNT)/glucose
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oxidase mixture (Fig. 25) [18]. Finally, graphene oxide and Prussian
Blue mixed into carbon/polyurethane ink was also used to modify silver
yarn embroidered into textile to serve as working and counter elec-
trodes, where the working electrode was additionally functionalized
with a LOx/chitosan mixture to impart selectivity to lactate. The elec-
trochemical cell was then completed with a reference electrode made by
coating silver yarn with an Ag,AgCl paste [75].

Apart from weaved-in or sewed-on conductive threads, textile was
also used as an alternative to a plastic film substrate to make more
comfortable-to-wear biosensors. For example, conductive inks were
screen-printed onto a fabric in a similar processes as used for T-shirt
artwork printing [76] and embedded into a wearable platform featuring
a fluid-management device and electrical connection to a potentiostat.
Another example was the use of Janus textile (Fig. 26) to control fluid
permeation and wettability of specific areas of the wearable patch. The
electrode system embedded in the Janus textiles and modified with
corresponding enzymes allowed sensitive and real-time detection of
glucose (40-18 pM) and lactate (around 10 mM) [77].

Recent publications in sweat biomarker monitoring reported a high
level of sophistication in integrating biosensors into more complex
multimodal platforms. Materials were carefully designed to conform to
the human body and to expand the biomarker options to detect alcohol
[78,79], lactate, caffeine (a chemical sensor, not a biosensor reported in
Ref. [79]1) [79], nicotine [80], and ascorbic acid [81]. Typically, such
platforms included additional modalities, e.g ultrasound transduced to
measure blood pressure and heart rate simultaneously with biomarkers
(Fig. 27) [79] or a fully characterized battery to enable a self-powered
wearable device [82]. A number of platforms focused on sensing mul-
tiple analytes [78,79,83], also at an affordable price [83].
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A significant fraction of publications reported fabrication of micro-
fluidic devices for efficient fluid management and quantification, inte-
grated with biosensors for various biomarkers. For example, a platform
made of PDMS combining a microfluidic modality with a flexible sub-
strate was used for impedimetric detection of cortisol in sweat (Fig. 28)
by Lee et al. [84]. The biosensor was created by first growing ZnO
nanorods with a hydrothermal method onto a patterned substrate fol-
lowed by deposition of gold to obtain a nanostructured surface of the
electrode. Cortisol antibody was then immobilized at the gold surface
via formation of a self-assembled monolayer to impart selectivity and
sensitivity of the biosensor to cortisol, while the remaining surface was
blocked with ethanolamine to prevent non-specific absorption. The
biosensor was then integrated with a microfluidic platform and tested in
vivo as an epidermal patch. Significant steps were taken to miniaturise
the microfluidic devices for detection of glucose while keeping a high
degree of integration with microelectronics and battery-free powering of
the device (Fig. 29) [85-87]. Platforms featuring soft microfluidics and
hybrid colorimetric/biofuel cell systems were developed by Bandodkar
et al. [86] for real-time sensing of the concentration of lactate and
glucose, simultaneously with inorganic ions, sweat rate, and total sweat
loss to give a potential user a comprehensive and high quality health
status. Coupling GOx and LOx [86,88] or LOx and bilirubin oxidase [89]
was a typical approach in construction of biofuel cells due to the clinical
relevance of the analytes used as fuel and the relatively good robustness
of the corresponding enzymes. The power output or current generated
by the biofuel cell serves as an analytical signal of the platform to the
corresponding enzyme substrates: glucose, lactate, or bilirubin. Apart
from biofuel cell powering, NFC was reported to be useful for powering
the amperometric detection of glucose [87] and cortisol [85], featuring
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Fig. 22. (A) Schematic illustration of nanotextured glucose sensors with a porous enzymatic membrane. (B) Cross-section schematics of the working electrode. (C)
SEM image of nanotextured NiHCF/PB/Au electrode. (D) SEM image of porous membranes (inset: photo of the membrane emulsion). (E) SEM image of porous
membrane anchored to the nanotextured electrode. Reproduced with permission from Ref. [72]. Copyright © 2019, Wiley-VCH.

enzymatic and immunochemical biosensors, respectively.

In the field of wearable platforms fabrication, efforts were made to
create self-powered devices employing, for example, sweat evaporation
as the power source giving power output depending on lactate concen-
tration [90]. Another example of self-powered device was a photo-
electrochemical sensor that converted ambient light into an
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electrochemically measurable signal proportional to glucose concen-
tration [91]. The analytical performance of the wearable platforms is
presented in Table 4.

While electrochemical transduction was the most used mechanism of
converting chemical information into a physically measurable signal,
colorimetric probes were also widely used to detect glucose in sweat
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within microfluidic devices. The most typical approach was to use a
hydrogen peroxide sensitive dye as a colour indicator. To realize a dye
approach, it was necessary to carefully design a microfluidic platform,
for example by equipping it with check valves. Check valves helped to
collect microliter volumes of sweat into the detecting reservoir con-
taining GOx/peroxidase/o-dianisidine for colorimetric determination of
sweat glucose and for preventing the analyte and dye backflow
(Fig. 30A) [92]. Colorimetric readout was developed by Hartel et al.
[88] by creating a resettable electrochromic biosensor based on Prussian
Blue (Fig. 30B).

Apart from single-color implementation, that can be hard to read,
efforts were made to improve the readability of the optical response by
the naked eye. For example, GOx-horseradish peroxidase was coupled
with potassium iodide and gold nanorods and integrated into a

microfluidic wearable device with multicolor colorimetric response to
changes in glucose concentration in sweat. The multicolor readout was
available either for semi-quantification by naked eyes or quantitative
analysis with a smartphone, using a mathematical model correlating
glucose concentration with the red green blue (RGB) value of a pixel
point in the device [93]. Single-use soft microfluidic platforms with
colorimetric readout were developed for multianalyte detection of
creatinine and urea along with pH to give information about kidney
function of a potential user (Fig. 31) [94]. Similarly, glucose, lactate, pH,
and chloride ion concentration and temperature across a broad range of
ambient lighting conditions [48] were detected with a simple, yet well
characterized, smartphone readout [48,55,95]. Multimodal soft micro-
fluidic platforms were also developed for detection of alcohol and
ammonia [55] as well as cortisol, glucose, and ascorbic acid [95] using
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enzymatic colorimetric and fluorimetric assays along with monitoring of
sweat rate and conductivity using galvanic skin response.

In addition to colorimetric and fluorimetric transduction mecha-
nisms, luminescence was used to detect uric acid, glucose, and alcohol
utilizing enzyme-embedded gold nanocluster assemblies wrapped by
MnO; nanosheets as the probe [96]. Another luminescent material used
luminescent porous silica (PSi) obtained by etching from anodization of
a boron-doped silicon wafer [97]. PSi was then decorated with carbon
quantum dots and bimetallic Au and Ag nanoparticles to enhance the
initial fluorescence intensity of PSi and catalyze the PSi oxidation trig-
gered by hydrogen peroxide. The obtained composite was further
coupled with glucose oxidase immobilized with chitosan to create a
patch on adhesive polyurethane film. The readout was realized via
taking photos with a smartphone and simple image processing.

Wearable biosensors were also made disposable and easy to fabricate
from every-day materials such as water bottle polyester and nail polish
that would come as a recycling option [98]. The sensitivity of such a
biosensor made via classical immobilization of GOx in a chitosan matrix
was reported to be ca 13 nA/(uMecm?) with a limit of detection 9.2 pM.

As seen in Table 4, the analytical performance and the stability of the
biosensors greatly depends on the enzyme used and the method of
enzyme immobilization. In general, the most stable and most frequently
used enzyme is glucose oxidase that sustains one year of storage
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reported in some cited articles and much longer in the commercial test
strips. When evaluating the biosensor performance, it is important to
note also that some analytes, such as lactate, may occur even at a higher
concentration in sweat than in blood, while the situation for glucose is
the opposite [2].

A tremendous amount of research work during the last five years was
focused on sweat analysis, although the clinical relevance of sweat as a
high-quality sample that reflects body metabolism is still arguable.
Interestingly, recent studies of sweat revealed over 200 unique proteins,
indicating that sweat can indeed be used for profiling antibodies and
immune biomarkers [99] (in addition to small molecules), rendering
sweat a potentially rich source of information about the human body.

2.1.3.1. Non-enzymatic biomarker sensors. Among non-enzymatic
biomarker sensors, recent publications illustrate electrocatalytic sen-
sors typically using integrated microfluidics and modified working
electrodes in order to detect the oxidation or reduction current of bio-
markers, such as caffeine [79] and vitamin C [81].

A nanoporous gold (NPG) based electrochemical glucose sensor
[100] showed a high sensitivity of 253 pA/(mMocmz) and good selec-
tivity against interfering biomolecules. In another study, a sensor based
on the conducting polymer PEDOT:PSS hydrogel was used for accurate
detection of uric acid in human sweat showing an ultrahigh sensitivity of
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875 pA/(mMocmz) and a low limit of detection (LOD) down to 1.2 pM
[101]. Additionally, optical modality in combination with microfluidic
devices were suggested to detect e.g. acetone, CO, and ammonia emitted
through skin using a gradient-based colorimetric sensor array [102].
Molecularly imprinted polymer (MIP)-based sensors stand as a
separate category of chemical sensors where the molecular recognition
is based on the complementarity between the shape, size and functional
groups of the biomarker and the imprinted cavities at the sensor surface.
For example, a lactate MIP sensor with imprint of lactate was formed by
polymerizing 3-aminophenyl boronic acid on graphene PVDF elec-
trodes. The obtained MIP sensor was used in combination with differ-
ential pulse voltammetry (DPV) and yielded an electrochemical
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response to lactate with a sensitivity of 5.18 pA/(mMecm?) and good
specificity in the presence of glucose, urea and uric acid [103].

2.2. Dermal interstitial fluid

Interstitial fluid (ISF), also known as tissue fluid, is a clear, colourless
fluid that fills the space between cells in tissues throughout the human
body. ISF consists of a water solution or suspension of sugars, salts, fatty
acids, amino acids, coenzymes, hormones, neurotransmitters, white
blood cells and cell waste-products. ISF helps to transport nutrients and
oxygen for metabolism in cells and removes waste products and surplus
fluid from tissue. Furthermore, ISF allows for the transfer of signals and
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Fig. 29. (A) Integrated wireless, battery-free, and flexible detection system with NFC-enabled smartphone. Reproduced with permission from Ref. [85]. Copyright ©
2021, Elsevier. (B) Microfluidic patch with embedded sensors for simultaneous electrochemical, colorimetric, and volumetric analysis of sweat. Reproduced with
permission from Ref. [86]. Copyright © 2019, American Association for the Advancement of Science. (C) Glucose tag on a fingertip (scale bar: 6 mm). Reproduced with

permission from Ref. [87]. Copyright © 2022, Elsevier.

information between cells.
In the last five years, several biosensing platforms were proposed for

non-invasive monitoring of glucose in interstitial fluid, as summarized in
Table 5. Unlike sweat, ISF is in direct dynamic equilibrium with blood
but is not readily available at the surface of the skin. Typically, non-
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invasive sampling of ISF is achieved by applying a small electric cur-
rent to the skin surface. The applied current induces electroosmotic flow
through the negatively charged upper layer of skin, stratum corneum,
towards the cathode. Electroosmotic flow carries neutral molecules,
such as glucose, together with ISF to the surface of the skin.
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Fig. 30. (A) Schematic drawing of the structure and function of the integrated microfluidic check valve, sweat secretion from the human eccrine gland and the sweat
collection by the sensor, and smartphone-based data visualization and acquisition of sweat glucose detection. The right side demonstrates the arrangement of the
functionalized modules on the wearable microfluidic chip-based sensing device. Reproduced with permission from Ref. [92]. Copyright © 2019, American Chemical
Society. (B) Resettable sweat-powered wearable electrochromic biosensor. For a full figure description see original publication. Reproduced with permission from

Ref. [88]. Copyright © 2022, Elsevier.
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the reader is referred to the Web version of this article.)

Additionally, there is some contribution from the movement of charged
species in the electrical field due to electrophoresis [7]. The method of
extraction of ISF using electric current is called reverse iontophoresis, as
“reverse” is opposed to iontophoresis, which is a drug delivery method
whereby drug molecules are delivered to the deeper layers of skin at the
anode. An enhanced version of reverse iontophoresis is called magne-
tohydrodynamic extraction (MHD) [104], which uses a magnetic field of
ca 300 mT in addition to the applied electric current. The Lorenz force,
resulting from the interaction between the magnetic and electric fields,
acts on ISF enhancing its flow towards the skin surface by 13 times
compared to reverse iontophoresis (Fig. 32) [104].

The enhancement in extraction obtained by MHD makes sampling of
ISF more efficient, potentially improving the correlation between
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glucose concentrations in blood and in the extracted ISF. Since sampling
via reverse iontophoresis is rather inconsistent from person to person,
and less efficient compared with MHD extraction, several attempts have
been made recently [105] and in the past to introduce an internal
standard, such as e.g. measurement of Nat concentration, to compensate
for differences in skin permeability. To do that, the concentration of Na™
ions is monitored using a pair of ion-selective electrodes at both sides of
the iontophoretic setup, anode and cathode, to determine the difference
in Na® concentration and thus the extracted volume of ISF at each
electrode. As opposed to past efforts, such differential determination of
Na™ concentration makes it possible to introduce a correction due to the
skin differences. In addition to the internal standard used for quantita-
tion of analyte in ISF, overall biosensor fabrication methods
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Table 5
Analytical performance of wearable biosensors for glucose determination in ISF.
Biosensor Analytical Limit of Tested Reference
implementation sensitivity to detection, shelf life/
glucose, nA/ pM Opera-
(pM-sz) tional
stability
Graphene/PtNP/Au/ 9.3 6.5 -/1 day [105]
PB GOx/Nafion
inkjet printed
C/PB/screen printed, 85 7 -/- [71
drop cast GOx/
chitosan/
collagenated
nanofibre
Graphene fibres with ~ 1539.53° N/A -/- [107]
deposited Prussian
Blue GOx/chitosan
Gr/CNTs GOx 524.26" N/A -/- [108]

PtNP - platinum nanoparticles, PB — Prussian Blue, GOx — glucose oxidase, CNTs
— carbon nanotubes, Gr — graphene.

? Not mentioned whether the current density is calculated per geometric or
electrochemical surface area, the numbers may therefore significantly vary.

b Current density is calculated per geometric surface area.

demonstrate the use of nanomaterials, such as graphene and Pt nano-
particles in combination with Prussian Blue [105]. Nanomaterials are
employed to increase the electrochemically active surface area and to
enhance the electron transfer between enzyme and electrode surface.
New methods to attach enzyme to a permeable carrier were reported to
improve the transport and conversion of reactants to hydrogen peroxide
[7]. Furthermore, manipulations with extraction methods were used to
both increase skin permeability and biosensor sensitivity by, e.g. thermal
activation [105].

Typically, the composition of ISF is close to that of blood plasma.
However, upon the extraction of ISF through the skin, the concentration

Ag/AgClI electrodes

PBS buffer

Porcine skin

GeIMA hydrogel

Extraction cell

Porcine skin

Cathode (-)
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of analytes can decrease by two orders of magnitude [106] due to the
sieving effect of tight skin layers, such as dermis. Therefore, the
analytical performance of the biosensors measuring glucose concentra-
tion in blood is usually insufficient for measuring glucose concentration
in the extracted ISF. Efforts were taken to improve the analytical
sensitivity of the glucose biosensors by increasing the surface area of the
working electrode by using e.g. graphene fibres with deposited Prussian
Blue in the form of a wearable textile electrode [107]. The analytical
sensitivity of such electrodes is very large due to the large conducting
surface area. Similarly, a graphene/CNT non-woven electrode was used
to enhance the current response of the biosensor with GOx deposited
directly onto CNT bundles [108]. Although authors claim that CNT
works as a mediator for electron transfer from the catalytic center of
GOx to the electrode, most likely the electron transfer happens via
flavine adenine dinucleotide (FAD) released from enzyme as an impurity
or due to surface-induced denaturation of GOx [109]. These types of
electrodes [107,108] used no hydrogel featuring dry extraction elec-
trodes and can be considered as a step towards textile-based wearable
biosensors.

The most typical reported form-factor of the biosensors for detection
of analytes in ISF is a patch that is mounted to the skin with an adhesive.
Recent publications on wearable biosensors for ISF sampling and testing
focus on the development of multimodal (hemodynamic and biomarker,
Fig. 27) [79], multisample (sweat and ISF, Fig. 33) [78], and multi-
analyte wearable platforms for health monitoring. The sensing platforms
are based on a careful choice of materials to combine e.g. rigid acoustic
and electrochemical transducers in one platform that is yet pliable and
conforming to the human body. Towards this goal, stretchable silver ink
was developed using styrene-ethylene-butylene-styrene (SEBS) block
copolymer as a binder. The glucose biosensor was the only sensor
operating with ISF and it used a mix of Nafion, chitosan, glutaraldehyde,
and BSA to immobilize proteins, prevent their migration, and create a
viscous environment for the enzyme folding. Such a wearable platform
allowed to monitor biomarkers and their change in response to stimuli

Anode (+)

‘1

Fig. 32. (A) 3D model construction of MHD with the extraction cell cut out to reveal the main parts of the cell: GelMA hydrogel at the bottom, porcine skin on top of
the hydrogel, electrode wells filled with buffer (PBS, 10 mM, pH 7.4) and Ag/AgCl electrodes (» = 1 mm, length = 2.5 cm). (B) The extraction chamber is positioned
between two neodymium magnets (size: 70 mm x 70 mm x 30 mm). (C) Schematic picture of glucose extraction using MHD. An electric current is established
between the two electrode chambers filled with buffer solution. The electric current induces electro-osmotic flow from the anode through the skin towards the
cathode. A current density profile (J) in the presence of a magnetic field (B) generates a Lorentz force (F) that drives the interstitial fluid towards the skin surface.

Reproduced with permission from Ref. [104]. Copyright © 2021, Nature Portfolio.
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such as exercise, alcohol and caffeine consumption [78,79] and
demonstrated rather good correlation between the measured sensor
response to glucose and the concentration of glucose in blood (Pearson
coefficient = 0.9 [79]). Although the analytical performance parameters
for the biosensors were not specifically reported in the works [78,79],
the reported calibration plots suggest that the sensitivity is around
20-50 nA/(pMecm?), which is typical for biosensors with similar
formulation.

2.3. Other dermal samples

Recently, a promising biosensor platform was developed for
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detecting tumours and pathogens by combining flexible microfluidic
technology with isothermal nucleic acid amplification in a form factor of
a bandage (Fig. 34). The wearable microfluidic sensor used recombinase
polymerase amplification of nucleic acids, triggered by human body
heat (30-37 °C). The detection of nucleic acids with an optical fluori-
metric readout featured a limit of detection of 100 copies of deoxy-
ribonucleic acid (DNA)/pL and a sensitivity —0.5194 ACt/decade. The
assay used SYBR Green I as a fluorescent dye excited with a mini UV-vis
torch (Aex = 365 nm) and fluorescence was read with a smartphone as
the detector [110].

A standalone type of epidermal biosensor detecting volatile organic
compounds emitted via skin was reported only in one work, where the
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authors developed a bio-sniffer headset for determination of alcohol.
The biosensor utilized reduced nicotine adenine dinucleotide (NADH)
produced in the enzymatic reaction involving alcohol dehydrogenase

A portable wireless monitor

~__
e 2
~ -,

— 5mm
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and oxidised nicotine adenine dinucleotide (NAD') immobilized in a
PTFE membrane using PMEH (poly-[2-methacryloyloxyethyl phos-
phorylcholine]-co-[2-ethylhexyl = methacrylate]). NADH  auto-
fluorescence emission was detected with a complementary
metal-oxide-semiconductor (CMOS) camera [111].

3. Oral cavity (saliva)

Saliva is a clear and slightly viscous fluid secreted by the salivary
glands located in the mouth and throat. Saliva plays a crucial role in oral
health and has several important functions, such as lubrication, diges-
tion, antimicrobial protection, taste and smell, and in aiding speech.
Saliva analysis can be used as a diagnostic tool in certain medical and
dental conditions to provide information about various health markers
(hormone levels, drug levels, specific antibodies) and for assessing the
oral health, disease detection, and monitoring the response to treatment.
Since saliva can be non-invasively collected in larger (ml) volumes, there
is less need for wearable on-body measurements of saliva, when
compared to sweat and ISF.

As sodium intake is correlated with hypertension, Lee et al. presented
intraoral, wireless hybrid electronics for real-time monitoring of sodium
ions in saliva [112]. The stretchable, hybrid electronic system consisted
of chip-scale components, microstructured sodium sensors, stretchable
interconnects, and a low-profile, ultrasoft, breathable, and microporous

wireless in@ral il&troni
' //

ke "
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-2 ' - ICs
> p interconnect
dielectric
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Fig. 35. System architectures and device composition. (A) Overview of the intraoral electronics displaying quantification of sodium intake via real-time monitoring.
(B) X-ray micrographs of an ultrathin intraoral electronics, conformably laminated on an oral retainer (Left), and colorized image of circuit interconnects (Right) on a
porous membrane. (C) Photos of the electronics [backside view (Left) and top view (Right)], configured in a stretchable structure with a retainer. (D) Zoomed-in
photo of the wireless electronics. (E) Exploded view illustration of the multilayer composition of the electronics in D, including ICs, mesh interconnects, dielec-
tric layer, and ground plane. Reprinted with permission from Ref. [112]. Copyright © 2019 The Authors, some rights reserved. Distributed under a Creative Commons

Attribution NonCommercial, NoDerivs License 4.0 (CC BY-NC-ND).
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membrane. The Na™ sensor was made by layering of palladium and a
Na' ISM on a copper substrate. The reference electrode was Ag/AgCl
deposited on a copper substrate. The sensors and accompanying elec-
tronics were embedded into biocompatible elastomers (SF15 and Eco30)
(Fig. 35).

Monitoring electrolytes is critical for newborns and babies in the
intensive care unit. Recently, Lim et al. presented a smart wireless bio-
electronic pacifier (Fig. 36) for real-time continuous monitoring of Na™*
and K" levels in infant’s saliva [113]. The working electrodes were
obtained by covering an Ag wire with carbon black mixed with an
Ecoflex (CB-Ecoflex) layer followed by deposition of the respective ISMs.
The reference electrode was Ag/AgCl/PVB. The microfluidic channels
were made using a mixture of PDMS and PDMS- polyethylene glycol
(PEG) co-polymer on a silicon wafer. The sensors in the device showed
good stability and a sensitivity of 52 and 57 mV/dec for the sodium and
potassium sensor, respectively. The feasibility and performance of the
device was studied in vivo. Integrating chemical sensors in a pacifier is
an elegant approach towards non-invasive monitoring of biomarkers in
babies.

4. Ocular cavity (tears)

Tear fluid, also known as tears or lacrimal fluid is a clear, watery
fluid that is produced by the lacrimal glands located in the upper outer
part of the eye. Tears play a critical role in maintaining the health and
function of the eyes, and they serve several important functions, such as
lubrication, antimicrobial protection, cornea nourishment, and main-
taining the quality of vision.

Detection of analytes in tears has been a long-sought modality of
wearable devices, especially considering the possibility of integrating
chemical sensors and biosensors into contact lenses. However, the
technology has proven to be challenging in establishing a reliable cor-
relation between concentration of analytes in tears and blood. Hence,
determination of analytes in tear fluids by using chemical sensors is still
very rare.

Moreddu et al. described the concept of laser-inscribed contact lens
sensors for the determination of pH, nitrite, glucose, and protein in tear
samples [114]. The microfluidic system was inscribed in commercial
contact lenses by laser ablation (Fig. 37). It should be stressed that the
device was tested only in vitro using artificial tear samples and colori-
metric readout. The obtained linear range was 6-8 for pH and 0-200 pM
for nitrite with sensitivities of 12.23 nm/pH and 0.03 nm/pM for pH and

A B Smart Pacifier
Microfluidic .
/ channel =l
Rechargeable
s battery
W\ Bluetooth SoC
33
Channel 1 £
inlet end {Android devices}

Fig. 36. Smart pacifier system for electrolyte monitoring. (A) Side view of the
pacifier showing a microfluidic channel, an inlet end for delivering saliva and
measuring ion concentration. (B) Illustration of the sensor’s components of the
smart pacifier with data recording on a portable device. Adapted with
permission from Ref. [113]. Copyright © 2022, Elsevier.
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Fig. 37. Contact lens sensing platform with a microfluidic system and sensing
zones. Adapted with permission from Ref. [114]. Copyright © 2020, Elsevier.

nitrite, respectively.

Recent efforts in making wearable biosensors for analysing tears
were focused on a few areas, as summarized in Table 6. Examples
include the development of biopolymers for coating NovioSense bio-
sensors and proving their clinical performance towards electrochemical
glucose monitoring in tears [115], developing electrochemical bio-
sensors integrated into spectacles for monitoring glucose, vitamins, and
alcohol [116], and developing microfluidic contact lenses with colori-
metric readout with the help of a smartphone [114]. Utilization of tears
as a sample is certainly hampered by the sensitivity of the human eye
towards even minute foreign objects, which makes it challenging to
perform chemical sensing in close vicinity to the eye. When considering
the widespread use of contact lenses, integrating the biosensor into a
contact lens seems to be feasible from the user perspective [114], while
placing a sensor stick under the lower eyelid sounds less attractive for
the user [115]. Connecting the biosensor to eyeglasses with a fluidic
device for collecting tears allows the biosensor to be further away from
the eye, which should be more comfortable for the wearer of the device
[116].

5. Conclusions and outlook

Non-invasive on-body chemical sensing of multiple biomarkers is a
vital field of research with major challenges as well as opportunities.
Based on the scientific literature from the last five years, it can be
concluded that a vast majority of chemical sensors and biosensors for
non-invasive on-body measurements rely on electrochemical and optical

Table 6
Analytical performance of biosensors for monitoring biomarkers in tears.
Biosensor implementation Analyte  Analytical Limit of Reference
sensitivity detection
Pt/Ir/Parylene/GOx/BSA/ Glucose 0.7 pA/ N/A [115]
PEG/glutaraldehyde/ mM"
Nafion
C/PB/Alcohol oxidase/BSA/ Alcohol 1 nA/mM? N/A [116]
chitosan/glutaraldehyde
GOx/PB/carbon Glucose N/A N/A [116]
GOx, peroxidase, and Glucose 1.4 nm/mM 1.84 mM [114]
3,3,5,5-
tetramethylbenzidine,
colorimetric

# Estimation based on graphical data provided in the article.



Z. Boeva et al.

transduction for determination of electrolytes, pH, glucose, and lactate
in sweat. Electrochemical sensors, such as potentiometric ion/pH sen-
sors and enzymatic biosensors give a reversible response and are
therefore suitable for continuous monitoring, while optical sensors are
generally single-use devices. It is not surprising that potentiometric ion
sensors in the form of solid-contact ion-selective electrodes, combined
with solid-state reference electrodes, continue to be a major technology
for determination of electrolyte ions, such as Na®, K™ and Cl™. Here,
plasticized polymeric membranes containing appropriate ionophores
are mostly used for ion sensing, while polyaniline is frequently used for
pH sensing. Wearable electrochemical biosensors are dominated by
glucose and lactate sensors based on the enzymes glucose oxidase and
lactate oxidase, respectively. These established and proven sensing
principles are often combined with innovative sensor design and
microfluidic sample handling, especially for sweat that is currently the
most popular non-invasive sample. While the planar sensor design is
suitable for mass production by printing technologies, new research
directions include also wearable sensors in the form of fibres and fabric,
as well as self-healable sensors.

During the last five year, sweat is by far the most popular sample type
for non-invasive on-body sensing, while interstitial fluid (ISF) is used
mainly for glucose monitoring. Reverse iontophoresis and magnetohy-
drodynamics (MHD) are the dominating non-invasive sampling methods
for ISF. Chemical sensors based on mass and thermal transduction are
rarely used for non-invasive monitoring, and the same is true for alter-
native samples like saliva and tears. Saliva can be quite easily collected
in larger volumes, which means that wearable on-body measurements of
saliva is not necessarily the first choice. Utilization of tears as a sample is
challenging, due to small volumes and the discomfort caused by sensors
in or close to the eye.

5.1. Challenges

Further progress in the field of non-invasive on-body chemical
sensing will require extensive research and development to address
several challenges related to chemical sensor technology and non-
invasive sampling of biofluids. The basic analytical performance of the
chemical sensors must comply with the requirements of the intended
application regarding selectivity, sensitivity, detection limit, response
time, signal reversibility and stability. These requirements are generally
fulfilled for many types of wearable sensors for electrolytes, pH, glucose
and lactate, while determination of e.g hormones at extremely low
concentration levels is still challenging. Importantly, the analytical
performance must remain sufficiently stable during the entire mea-
surement time (hours-days), because recalibration is not feasible in the
case of on-body measurements. This essentially means that in the end
calibration-free chemical sensors and biosensors exhibiting exception-
ally good biocompatibility and stability will be needed. Since chemical
sensing involves direct contact between the active sensor surface and the
sample, potential biofouling of the sensor material is also a major
challenge, which is related to biocompatibility and reliability of the
sensor. When the sensor is in direct contact with skin, it becomes
important to consider any potential leakage of active sensor components
that may cause skin irritation or other adverse health effects. For
example, ion-selective membranes based on plasticized poly(vinyl
chloride) may release plasticizer, ionophore and other active com-
pounds when used for prolonged times. Microfluidics that prevents
direct contact between the sensor and skin may solve this issue. When it
comes to commercial applications, the shelf-life of the sensor is
extremely important. From a user perspective, the chemical sensor must
be affordable, safe, and comfortable to use. Ideally, the chemical sensor
would be just removed from the package and attached to the body
without any need for conditioning or calibration. Finally, the sensor
output from the analyzed sample must correlate with the concentration
of the analyte in blood in a timely manner. This is a requirement that
finally determines whether the sensor will be commercialised or not.
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Obviously, the technical requirements for wearable on-body chemical
sensors are exceptionally stringent and success will require a truly
interdisciplinary approach. Despite great research achievements over
the last five years, as summarized in this review, much work is still
needed to develop chemical sensors and biosensors that work reliably
when applied for on-body measurements. Sensor parameters, such as
shelf-life and operational stability are not always available in scientific
publications. A maximum shelf-life of one year was reported for a
glucose biosensor for sweat monitoring with an operational stability of
25 h. Such performance parameters are promising for practical appli-
cations. Other works reported a maximum operational stability of 15
days for glucose biosensors intended for sweat monitoring, while the
shelf-life was not mentioned.

5.2. Opportunities

When non-invasive on-body chemical sensing of various biomarkers
becomes a reality, it will have a huge impact on our everyday lives. As
the chemical sensor technologies improve further, non-invasive chemi-
cal analysis of body fluids will make it convenient for anybody to
monitor their health status in real time. Regular tracking of biomarkers
at the molecular level will help to manage various diseases and it will
have a major impact on preventive healthcare. Taking glucose as an
example, the advantages for people suffering from diabetes is obvious.
Furthermore, it will become feasible for anybody to track their glucose
level and to make any necessary changes in lifestyle and nutrition long
before diabetes sets in. This will reduce personal suffering and at the
same time reduce the cost of public healthcare. Similarly, by regular
monitoring of e.g. cortisol levels, early signs of stress and burnout can be
detected and alleviated by lifestyle adjustments. Consequently, suc-
cessful non-invasive on-body chemical sensing of multiple biomarkers
will definitely redefine healthcare and will have a large impact on our
everyday lives.
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