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Advances in electrochemical sensors for real-time
glucose monitoring
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Technological advancements are revolutionizing diabetic care worldwide, particularly in the realm of
glucose monitoring. Traditionally invasive and cumbersome, glucose monitoring is shifting towards less
invasive methods, enhancing patient quality of life and reducing risks associated with hypo- and
hyperglycemia. Wearable biosensors, focusing on sweat and interstitial fluid, offer novel avenues for early
disease detection and personalized point-of-care testing. This review paper provides a comprehensive
overview of recent strides in wearable sweat sensors, including historical perspectives, electrochemical
sensing mechanisms, material advancements, and the role of nanomaterials in enhancing sensor
performance. By examining the evolution of glucose monitoring devices and highlighting commercially
available devices, the review underscores the wide-ranging utility of electrochemical sensors in glucose
Enzymatic and non-enzymatic sensing mechanisms, potentiometric, amperometric/
voltammetric sensors, ion-selective electrodes, and biosensors are discussed in detail, alongside various

monitoring.

materials employed to optimize sensor performance. The burgeoning interest in nanomaterial-enabled
sensor platforms signifies a promising future for sweat-based glucose monitoring, with potential
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implications for personalized healthcare and disease management.

Introduction

Technological advances are revolutionizing diabetic care
across the globe." In diabetic patients, regular glucose
monitoring is needed to optimize control and reduce
glycaemic variability.” This has been in the past very invasive,
cumbersome and blood based. Such testing by less invasive
means has the ability to reduce the risks of hypo and
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hyperglycaemia, and improve patient quality of life for a wide
range of patient populations.”> Wearable biosensors, with a
focus on sweat and interstitial fluid (ISF) as abundant
sources of biochemical markers,”” offer pioneering avenues
for management as well as early disease detection and
personalized point-of-care testing (POCT).*® These sensors
afford real-time physiological data acquisition through
noninvasive means, enabling continuous monitoring round
the clock.' For instance, the accurate surveillance of
hypoglycemia or hyperglycemia via sweat is essential for
diabetic patients, as fluctuations in blood glucose levels pose
significant health risks."?

Diabetes is a leading cause of chronic disease, with 530
million people globally (1 in 10 adults) affected.”® It is
characterized by erratic blood glucose levels and ranks
among the foremost causes of global mortality. Due to the
associated burden of disease, access to care and painful
finger-prick testing there can be non-compliance with
monitoring. In the short term there are the physiological
complications of hypoglycaemia or hyperglycaemia (DKA or
HONK) and longer term the risk of severe complications such
as cardiovascular disease, renal impairment, vision
impairment, and neuropathies. Glycaemic variability has
been shown to be associated with greater microvascular
disease. Therapeutic options focus on titrating medications
to achieve greater time in range (TIR)."

Type 1 diabetic (T1D) patients have autoimmune
destruction of their pancreatic beta-cells, reliant on insulin and
are routinely advised to monitor their blood sugar levels daily
and administer insulin subcutaneously via syringe, prefilled
pens or insulin pump devices." Type II diabetic (T2D) patients
are typically resistant requiring a number of
medications orally and or injected (including insulin in some
patients) to control their blood glucose levels.'® The World

insulin

Associate  Professor Preda is
Head of MQ Health
Endocrinology and Clinical Lead
of MD Research at Macquarie
University Sydney Australia. She
has over 160 publications and
presentations including 4 book
chapters across a breadth of
medical research over the last 20
years.  She  completed a
Fellowship at the Oxford Centre
for Diabetes, Metabolism and
Endocrinology in the UK where
she worked on the genetic basis
of central nervous system tumours. She has a Masters of Public
Health from the University of New South Wales and is actively
involved in medical student through to post graduate teaching,
PhD supervision, Physician specialist training and collaborates in
multiple international clinical trials.

Veronica Preda

894 | Sens. Diagn., 2024, 3, 893-913

View Article Online

Sensors & Diagnostics

Health Organization (WHO) has also updated the diabetes
classification to reflect the presence of many other forms of
diabetes including hybrid forms of diabetes, specifically LADA
(‘type 1.5 diabetes’) which has features of both T1D and T2D."
Excess insulin or other glucose lowering therapy over titration
can precipitate perilous hypoglycemic episodes, potentially

culminating in coma or fatality. Presently, interstitial
monofilament sensors serve as the primary means of glucose
monitoring, albeit with inherent limitations including

invasiveness, finite lifespan, high costs, compatibility issues,
signal lag, and dermal reactions.

The integration of nanotechnology has become crucial in
enhancing sensitivity on detector surfaces for biomarker
detection. This advancement has resulted in a significant
increase in the lower limit of detection by a thousand-fold,
offering novel opportunities to enhance selectivity while
reducing power consumption. Early research in non-invasive
diabetes diagnostics has illustrated the feasibility of this
approach through breath analysis. Utilizing straightforward
solid-state devices composed of distinct nanomaterial
compositions, it is now possible to detect acetone, the primary
breath marker for diabetes, in human breath at extremely low
concentrations, reaching down to a few particles per
billion."®2°  Furthermore, through nanostructuring and
functionalization =~ of  electrochemical = micro-electrodes
integrated into flexible polymer substrates, real-time
measurement of glucose and other vital biomarkers directly
from human tears, saliva and sweat has become
achievable.** Technological innovations in electrochemical
sweat sensors offer promising solutions to circumvent these
constraints by enabling multiplexed sensing for concurrent
detection of diverse analytes, employing iontophoresis for
sweat induction, and integrating microfluidic systems for
precise measurements.>**®> Moreover, self-powered wearable
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sensors, leveraging energy harvesting and storage mechanisms,
ensure sustainable and autonomous operation, generating
extensive time-series data that underpin personalized and
intelligent healthcare via big-data analytics.>**”
Electrochemical sensors represent pivotal components in
noninvasive sweat glucose monitoring devices, functioning
on the principles of electrochemistry to detect and quantify
specific chemical compounds. These sensors typically
comprise a working electrode, a reference electrode, and an
electrolyte (Fig. 1a and b), where the working electrode (WE)
facilitates the electrochemical reaction with the target
analyte, while the reference electrode (RE) maintains a stable
potential for accurate measurements.”> The electrolyte
facilitates ion flow between electrodes, and the sensing
mechanism involves redox reactions wherein the target
analyte undergoes oxidation or reduction at the working
electrode. Potentiometric sensors (Fig. 1a) measure the
potential difference between working and reference
electrodes,”® providing quantitative insights into analyte
concentrations,” while amperometric sensors (Fig. 1b) gauge
the current generated during electrochemical reactions,
offering an alternative approach for quantification.>**° Ton-
selective electrochemical sensors are a sub-class of
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Fig. 1 Schematic diagram of a) potentiometric, b) amperometric/

voltammetric, c¢) enzyme-based and d) non-enzyme-based
electrochemical sensors (note: the pathway for non-enzyme-based
sensors illustrated here represents a generalized mechanism, and
specific reactions may involve direct electron transfer from the target
to the electrode or through different intermediaries).
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potentiometric sensors that operate based on specific ion-
membrane interactions, selectively responding to desired
ions for concentration quantification.®® Enzyme-based
electrochemical sensors (Fig. 1c) amalgamate enzyme
specificity with electrochemical transduction principles to
detect and quantify specific analytes, with enzyme selection
crucially dictating sensor specificity.*> Non-enzyme-based
electrochemical sensors (Fig. 1d) alternative
transduction principles, such as direct oxidation-reduction
reactions or nanomaterial-based mechanisms, to detect and
quantify analytes without relying on enzyme specificity.>*>* It
should be noted that the reaction pathway depicted in
Fig. 1d represents a simplified model designed to illustrate a
general non-enzyme-based electron transfer mechanism.
Consequently, it may not fully capture the complexity
inherent in all such reactions.*

This review aims to comprehensively overview of recent
strides in wearable sweat sensors, encompassing historical
perspectives, electrochemical sensing mechanisms, and
material advancements. We summarize the evolution of
glucose monitoring devices from inception to contemporary
developments, alongside deliberating on the United States
Food and Drug Administration (FDA)-approved commercially
available glucose sensing devices. Subsequently, our review
expands on the wide-ranging utility of electrochemical
sensors in glucose monitoring devices, elaborating on both
enzymatic and non-enzymatic sensing mechanisms,
potentiometric and amperometric sensors, ion-selective
electrodes, and biosensors. Finally, we highlight various
materials employed in electrochemical sensors to facilitate
sensing processes and optimize sensor performance.

utilize

Historical background of wearable
glucose biosensors

Wearable biosensors have catalyzed advancements across
diverse domains by enabling continuous, real-time
monitoring of physiological parameters through non-invasive
assessment of biochemical markers in biofluids such as
sweat, tears, saliva, and interstitial fluid.>™** These
biosensors typically comprise a biological recognition layer
interfacing with target molecules and a transducer effecting
the conversion of molecular interactions into quantifiable
signals. Sweat-based sensors, in particular, offer unparalleled
convenience owing to the facile accessibility and collection
protocols associated with sweat.”> Employing components
such as receptors, nucleic acids, cells, and enzymes, these
sensors leverage optical, colorimetric, or acoustic sensing
modalities.”*® Mechanistically, these sensors facilitate
analyte collection via microfluidic mechanisms, followed by

detection through a  bio-recognition layer, signal
transduction, and subsequent wireless or local output
presentation.’®”

Fig. 2 outlines the evolution of biosensors for wearable
applications, from their beginnings to very recent years.*®
Initially focused on monitoring blood glucose levels using

Sens. Diagn., 2024, 3, 893-913 | 895
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Fig. 2 Evolution of biosensors for wearable applications from beginnings to the present day (adapted with permission from ref. 38, copyright

2022, MDPI).

enzyme-based electrodes, the field saw a significant
breakthrough in the 1962 with the introduction of glucose-
oxidase-enzyme-based biosensors by Clark and Lyons.** These
biosensors facilitated the monitoring of glucose levels through
enzymatic reactions, leading to the development of the first-
generation glucose sensor. Over time, improvements such as
immobilization of enzymes and the introduction of insulin
pumps by Kadish*® in 1963 enhanced blood glucose
management, despite some logistical challenges. The
expression of glucose oxidase has notably advanced the
development of electrochemical sensors for glucose
monitoring, as evidenced by the myriad of designs and
implementations that followed. The original glucose oxidase
enzyme electrode by Updike and Hicks,"" intended for
continuous blood glucose monitoring, marked a significant
milestone. This enzyme electrode employed amperometric
methods to measure oxygen depletion in an immobilized
glucose oxidase gel, demonstrating an innovative approach to
glucose sensing. Throughout the mid-20th century, pioneers
like Leland C. Clark and Arnold Kadish made significant
contributions to biosensor technology, culminating in the
development of the first glucose meter, Dextrostix, in the
1970s.*> These innovations laid the groundwork for home
blood glucose monitoring, transforming diabetes management.

In the 1990s, George S. Wilson's needle-type glucose
sensors revolutionized glucose sensing technology,”
improving precision, selectivity, and patient comfort.
Concurrently, advancements in DNA sensor technology®* and
nanotechnology further expanded biosensing capabilities,
leading to the development of continuous glucose
monitoring  (CGM) devices and nanomaterial-based

896 | Sens. Diagn., 2024, 3, 893-913

biosensors. The COVID-19 pandemic since March 2020 has
accelerated the adoption of telehealth and virtual diabetes
care, with continuous glucose monitors (CGM) and insulin
pumps playing a central role in remote data accessibility.*>*
The FDA has been instrumental in authorizing the use of
emerging technologies for patient and healthcare provider
access. See Table 1 and Fig. 3 for an overview of FDA-
approved glucose monitoring devices.

In recent years, there has been a burgeoning interest in
leveraging nanomaterials to pioneer the development of
cutting-edge electrochemical sensors for glucose monitoring
in sweat.>*?***/7% This surge in research activity has resulted
in the exploration of a diverse array of nanomaterials,
ranging from carbon-based materials®® such as graphene®"**
and carbon nanotubes®* to metal-based nanoparticles like
gold?”*> and silver.”®”” These nanomaterials possess unique
properties such as high surface area, exceptional
conductivity, and catalytic activity, rendering them highly
suitable for enhancing the performance of glucose
sensors.”>”® Through a detailed exploration of these
nanomaterial-enabled sensor platforms, this review aims to
provide valuable insights into the burgeoning field of sweat-
based glucose monitoring and its potential implications for
personalized healthcare and disease management.

Carbon-based electrochemical
sensors

Carbon-based electrochemical sensors exploit the distinctive
electrochemical characteristics of carbon-based materials,””
including carbon nanotubes (CNTs),°°* graphene,®** and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 FDA approved glucose monitoring devices
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Year of
Device name Type Description approval
Dexcom G6 (Fig. 3a) CGM Provides real-time glucose readings every 5 minutes; worn as a sensor on 2019
the body with a transmitter that sends data to a receiver or smartphone app

Accu-Chek Guide Blood Provides easy-to-use features like spill-resistant vial, large test strip dosing 2016
(Fig. 3b) glucose area, and connectivity options

meter
OneTouch Verio Flex Blood Offers accurate blood glucose readings; may include features like wireless 2016
(Fig. 3¢) glucose data syncing with compatible apps

meter
Abbott FreeStyle Libre =~ Flash GM Measures interstitial fluid glucose levels; users scan the sensor with a reader or 2022
(Fig. 3d) smartphone to obtain glucose readings; does not require routine fingerstick calibrations
Medtronic MiniMed Hybrid Insulin pump system that automatically adjusts basal insulin delivery based on CGM 2017
670G (Fig. 3e) closed-loop  readings to maintain glucose levels within a target range
Medtronic Guardian CGM Provides real-time glucose data; integrated with Medtronic insulin pumps to aid in 2018

Sensor 3 (Fig. 3f)

diabetes management

Fig. 3 The glucose monitoring devices approved by the US-FDA for patient and healthcare provider access: a) Dexcom G6, b) Accu-Chek Guide,
c) OneTouch Verio Flex, d) Abbott FreeStyle Libre, e) Medtronic MiniMed 670G, and f) Medtronic Guardian Sensor 3.

carbon quantum dots®>®® to enable efficient analyte
detection. CNTs, exemplifying sp> carbon structures
composed of graphene sheets arranged as molecular

cylinders, exist predominantly in three forms: single-walled
carbon nanotubes (SWCNT), double-walled carbon nanotubes
(DWCNT), and multi-walled carbon nanotubes (MWCNTs).®”
These nanostructures exhibit notable attributes such as high
chemical and thermal stability, low capacitance, enhanced
peak currents, and reduced overpotentials, all of which
enhance sensor sensitivity.®*®® Yun Oh et al”® developed a
skin-attachable, stretchable electrochemical sensor
employing CNTs for the detection of glucose and pH in sweat
using a simple, cost-effective layer-by-layer (LbL) method.”"
The sensor's assembly comprised three sequential steps: first,
employing gold nanostructures (AuNS) to create an
intrinsically stretchable sensor platform devoid of serpentine
or island-bridge structures; second, depositing CNTs onto the
AuNS substrate via LbL method (Fig. 4a); and finally,
fabricating a glucose-detecting WE by depositing a CoWO,/
CNT nanocomposite onto the LbL-CNT/AuNS platform

© 2024 The Author(s). Published by the Royal Society of Chemistry

through LbL deposition, eliminating the need for enzyme
utilization. CoWO, nanoparticles were hydrothermally
synthesized on the CNT surface (Fig. 4a), offering high
conductivity and a substantial surface area. A pH-sensitive
electrode based on polyaniline (PANI), was fabricated via
electropolymerization on the LbL-CNT film, leveraging PANI's
pH-sensitive properties resulting from surface deprotonation
enabling hydrogen ion detection.”’ The integration of
adhesive materials like silbione facilitated the development
of a skin-attachable sweat sensor (Fig. 4b). The sensor
exhibited = commendable performance metrics, with
sensitivities of 10.89 pA mM ' cm™ and 71.44 mV per pH for
glucose and pH, respectively (Fig. 4c and d), coupled with
mechanical stability up to 30% stretching (Fig. 4b, inset) and
air stability for 10 days. The sensor demonstrated strong
adhesion even in wet skin conditions, enabling the detection
of glucose and pH levels in sweat during physical activities
such as running while adhered to the skin.

Garland et al.”? fabricated wearable flexible perspiration
biosensors using laser-induced graphene (LIG)*’* in

Sens. Diagn., 2024, 3, 893-913 | 897


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sd00086b

Open Access Article. Published on 08 May 2024. Downloaded on 7/16/2025 4:30:12 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Critical review

View Article Online

Sensors & Diagnostics

a Mask Dipping in
S CoWO,/CNT
es ') J e ..
\ ) . = N — 8
. Attach Peel off Electro-
LbL-CNT fil patterned the mask deposition
T mask CoWO,/CNT of PANI PANI/CNT
e X
Drop- \ Chlorination - Drop- Encap-
casting by FeCl, casting sulation
R Stretchabl
of AgNW AgNW Ag/AgCl  of PVB Reference of silbione electrri)cch:mi?:al
electrode SETB0R
b 0.20 Co 4 d
=-Glucose | 5 £ Q@ Drop-casting § Q@ PANI
] @ LbL method P 2001 8:*\ @ PANICNT
= 015 g Ll K] RN N
£ p $=1089 . > Q. S= 60.78
'y 2 . 4 S 100} e, o
& 2 " .8 R .
o 0.10 @ 34 o A
g 5 g 5.2 | § AN e
= 2 9 o S=71.44 3. 8
© oo0s} £ g X,
s é:;. \ -~
= S =373 -100f
0.00 . . . . . . . A
Stretch Normal Compress ° 00 0.1 0.2 0.3 4 5 6 7 8
Glucose, mM pH

Fig. 4 a) Schematic of the fabrication processes using LBL deposition to prepare a skin-attachable, stretchable electrochemical sweat sensor. b)
Assessment of the effectiveness of the skin-attached sensor in human sweat during mechanical deformation to determine glucose and pH levels.
c) Sensing performance of the sensor fabricated by drop-casting (blue), and LBL (red) techniques toward glucose. d) Sensing performance of pH
senor PANI (blue), and PANI/CNT (red) fabricated pH sensor (adapted with permission from ref. 70 copyright 2018, American Chemical Society).

combination with polymeric tape microfluidics for
continuous monitoring of glucose in medical diagnostics and
athletic performance assessment. The working, reference,
and counter electrodes were customized in shape and
dimensions to suit the dimensions of microfluidic patches
(Fig. 5a and b). Initially, the sensors underwent ex vivo
testing using a microfluidic setup that delivered artificial
perspiration containing target biomarkers to the sensors via
laser-drilled holes, emulating the size and distribution of
human skin pores. Subsequent on-body evaluation was
conducted during cycling exercises in a multi-subject trial
involving 15 participants with varying demographics. In vitro
assessments revealed a glucose sensitivity of 26.2 pA mM "
em™ and a detection limit of 8 uM in phosphate-buffered
saline (PBS) (Fig. 5¢, red line). Sensitivity was slightly lower in
artificial sweat (Fig. 5c, blue line) due to variations in pH and
ionic strength, resulting in a sensitivity of 12.6 A mM™"
em ™ and a detection limit of 47.7 pM. Individual sensor
repeatability was also excellent with R*> = 0.99 and low error
bars (sd. <1.0 x 107) at all concentrations (Fig. 5d).
Comparative analysis with existing wearable glucose sensors
showcased superior performance, coupled with reduced costs
and complexity, underscoring the potential of LIG-based
glucose biosensors for wearable applications.

MOF-based electrochemical sensors

MOFs have emerged as highly promising materials across
various applications owing to their exceptional properties.”>”®

898 | Sens. Diagn., 2024, 3, 893-913

One such application is in the realm of wearable glucose
sensors,”” which hold significant potential for continuous
glucose level monitoring in individuals afflicted with
diabetes, offering real-time data acquisition without the
necessity for frequent blood sampling.”**® Shu et al.>® have
developed a highly stretchable wearable electrochemical
sensor employing Ni-Co metal-organic framework/Ag/
reduced graphene oxide/polyurethane (Ni-Co MOF/Ag/rGO/
PU) (NCGP) to continuously and accurately measure glucose
levels in sweat. The fabrication process involved an enhanced
wet spinning technique to produce reduced graphene oxide/
polyurethane (rGO/PU) fibers using a capillary template.
These fibers (rGO/PU) were subsequently coated with
conductive Ag glue and Ni-Co MOF nanosheets, resulting in a
stretchable fiber WE (Fig. 6a). Comparative electrochemical
analysis revealed that the NCGP fiber electrode exhibited
superior performance for glucose detection compared to
conventional rGO/PU and Ag/rGO/PU fiber electrodes due to
its enhanced electrocatalytic activity. The NCGP fiber
electrode demonstrated sustained electrochemical
performance even under mechanical deformation,
underscoring its exceptional stretchability and durability. The
integration of the NCGP fiber electrode, Ag/AgCl fiber
reference electrode, and Pt wire CE onto absorbent fabric,
fixed onto stretchable PDMS substrate, facilitated the creation
of a wearable nonenzymatic sweat glucose sensor (Fig. 6b),
which was subsequently deployed on a volunteer's arm for
glucose level monitoring (Fig. 6c). Electrocatalytic activity
analysis on the flexible NCGP fiber electrode elucidated its

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 a) Image of an amperometric LIG sensor with three electrodes.
b) Microscopic image showing working, reference, and counter
electrodes protecting the LIG electrical leads. c) LIG glucose biosensor
tests in artificial sweat, and PBS. d) Individual glucose sensor dynamic
range and repeatability for n = 3 (values presented as average +
standard deviation) (adapted with permission from ref. 72, copyright
2023, American Chemical Society).

superior performance in glucose oxidation compared to other
electrodes, as evidenced by cyclic voltammetry (CV) responses
(Fig. 6d and e). Furthermore, an investigation into the impact
of Ni-Co MOF coating configuration revealed that double-
sided coating led to a twofold increase in redox peak current
due to the higher electroactive surface area (Fig. 6f).
Additionally, varying concentrations of glucose resulted in
corresponding changes in oxidation current, indicating the
efficacy of Ni-Co MOF in facilitating glucose oxidation over a
wide concentration range.

Amperometric analysis demonstrated the excellent glucose
detection performance of the NCGP fiber electrode,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 a) Schematic presentation of the manufacturing process to WE
(NCGP), and RE (Ag/AgCl Fiber). b) Schematic diagram of NCGP
glucose sensor integrated into the stretchable PDMS substrate. c)
Sensing device attached to the volunteer's arm. d) CV curves of
different fiber electrodes in 0.1 M NaOH without glucose. e) CV curves
of different fiber electrodes in 0.1 M NaOH with 0.1 mM glucose. f)
Comparison of the one-side coated Ni-Co MOF, and two-side coated
Ni-Co MOF electrode against redox peak current. g) Glucose sensitivity
after addition various interference substances (adapted with
permission from ref. 56 copyright 2021, American Chemical Society).

exhibiting a linear range of 10 uM to 0.66 mM, high
correlation coefficient (R* = 0.9873), and sensitivity of 425.9
uA mM' cm> Moreover, the sensor displayed good
selectivity for glucose detection amidst various interfering
substances like DA, LA, NaCl, UA, and Cys (Fig. 6g), and
exhibited minimal sensitivity to temperature changes during
glucose detection. Comparative analysis against other flexible
electrochemical glucose sensors revealed the superior sensing
performance of the NCGP-based sensor, which maintained
consistent sensitivity even under mechanical deformation,
along with long-term stability and minimal sensitivity to
temperature fluctuations. Validation against commercial
glucose meters confirmed the accuracy of the NCGP fiber-
based wearable sensor in detecting glucose levels in sweat,
thus highlighting its efficacy for real-world application.

Very recently, Xia et al® engineered a wearable
electrochemical sensor utilizing a bimetallic (Ni-Co) MOF-
coated CNT/PDMS film electrode employing a dual-stamping
method for real-time analysis of sweat glucose levels. They
presented a facile approach, termed stamping-vacuum
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filtration dry transfer (SVFDT) method, for the fabrication of
a wearable sweat glucose sensor incorporating CNTs/
MWCNTs/PDMS (CMP). A WE, made of Ni-Co MOF/CNTs/
MWCNTs/PDMS (NCMP), was prepared by selectively
modifying the enzyme-like Ni-Co MOF material onto the
active region of the electrode, and NCMP has three electrodes
such as RE, CE, and WE (Fig. 7a). The sensor patch was fixed
above the volunteers' arm to absorb sweat for detection
(Fig. 7b) while indoor exercise was performed for 20 min
before the test to collect sweat. Comparative CV analysis of
CMP and NCMP film electrodes before glucose introduction
revealed a significant increase in oxidation current
specifically for the NCMP film electrode upon the addition of
glucose, suggesting the superior catalytic activity of Ni-Co
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MOF nanomaterials towards glucose oxidation and its
accurate detection. The gradual addition of glucose (from 20
UM to 1100 pM) resulted in a proportional increase in
oxidation peak current for the NCMP film electrode (Fig. 7c),
indicating facile glucose oxidation over a wide concentration
range. Sensitivity assessment using the amperometry method
demonstrated rapid current escalation with rising glucose
concentration, showcasing the excellent sensitivity of the
flexible NCMP film electrode-based sensor. Calibration curves
revealed an outstanding correlation coefficient (R* = 0.998)
with a linear range spanning from 20 uM to 1.1 mM for the
NCMP film electrode (Fig. 7d), accompanied by a remarkable
sensitivity of 71.62 A mM ' %> and a low detection limit
of 6.78 uM (signal/noise = 3) for glucose detection.
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Fig. 7 a) NCMP glucose sensor preparation, and integrated with RE, CE, and WE. b) The sensor was fixed above the volunteers' arms to absorb
sweat for detection. c) The oxidation time-current curve against series of glucose concentration (20-1100 uM). d) Calibration curve NCMP current
response against different glucose concentration (adapted with permission from ref. 49 copyright 2023, Elsevier). e) Glucose detection test with
different concentration range between 1-50 mM. f) The current signals of the GOD-GA-Ni/Cu-MOFs electrode dropped after two, four, and six
days, respectively (adapted with permission from ref. 78 copyright 2021, Elsevier).
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Furthermore, selectivity evaluation of the NCMP film
electrode for glucose detection against various
interfering substances commonly present in sweat (e.g.,
lactate, uric acid, sodium chloride, ascorbic acid) illustrated
that only glucose elicited a significant impact on the current
signal, affirming the excellent selectivity of the film electrode.

In a similar approach, Wang et al.”® developed a glucose
sensor employing a field-effect transistor (FET) configuration
integrated with bimetallic Ni/Cu-MOFs. A one-step
hydrothermal method was employed to fabricate a novel
glucose biosensor, wherein Ni/Cu-MOFs films were directly
grown on FET devices and functionalized with GO, using
glutaraldehyde (GA) as a linker. Various ratios of Ni and Cu
ions (ranging from 1:7 to 30:1) were investigated to discern
their influence on the characteristics of the bimetallic MOFs.
The biosensor's field-effect performance and glucose
detection  capabilities systematically  assessed,
contrasting with sensors based on monometallic Ni-MOFs.
The Ni/Cu-MOFs-based biosensor manifested enhanced
electrical conductivity and specific responsiveness to glucose,
even amidst the presence of interfering substances (such as
sucrose, fructose, uric acid, ascorbic acid, galactose, and
lactose), underscoring its significant potential for glucose
detection. The gradual increase in glucose concentration,
spanning from 1 uM to 50 mM, led to a notable shift in the
source-drain current of the GO,-GA-Ni/Cu-MOFs (7:1)-FET
(Fig. 7e), with a fast response dynamic of less than 5 seconds
(Fig. 7e, inset). The underlying cause was traced back to the
enzymatic reaction occurring between glucose and GOD,
which resulted in a transient modification of the protonation
state within the conductive MOFs. Comparative analysis
against other FET-based glucose sensors’®®' showcased
superior sensitivity, broader detection range, and lower
detection limit for the GO,~GA-Ni/Cu-MOFs (7:1)-FET (e.g.,
the sensitivity of 26.05/10.96 pA uM™ cm™2, the detection
range of 0.001-20 mM, the detection limit of 0.51 uM).
Moreover, the biosensor demonstrated a low standard
deviation of 3.32% in glucose detection, indicative of its
robust reliability. Despite exhibiting less favorable long-term
stability (Fig. 7f), where the sensitivity dropped by 2.12%,
16.72% and then 20.60% by the second, fourth and sixth
days of testing, respectively, the GO,-GA-Ni/Cu-MOFs-FET
could be utilized as a disposable and real-time glucose sensor
due to its commendable specificity, reproducibility, and rapid
response time.

active

were

Polymeric-based electrochemical
sensors

Polymeric-based electrochemical sensors have garnered
significant attention and recognition in recent years due to
their versatility, adaptability, and inherent properties (e.g.
flexibility, biocompatibility, and tunable conductivity)
conducive to sensing applications.**® With advances in
polymer science and electrochemical techniques, polymeric-
based sensors exhibit enhanced sensitivity, selectivity, and

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Critical review

stability, making them invaluable tools in fields ranging from
biomedical diagnostics®***> to environmental monitoring.***”
Commonly employed polymers encompass a diverse range of
materials tailored to specific sensor requirements: PDMS
serves as a flexible substrate,®*™° polyethylene terephthalate
(PET) facilitates textile integration,’®® polyimide (PI)
imparts thermal stability,”°® PU enhances mechanical

properties,””*® polyvinyl alcohol (PVA) enables hydrogel-
based  sensing,””'®®  polyacrylamide (PAM) ensures
biocompatibility,’°>'** and conductive polymers such as

poly(3,4-ethylene  dioxythiophene):poly(styrene  sulfonate)
(PEDOT:PSS), PANI, and polypyrrole (PPy) offer superior
electrical ~conductivity.'"®*'**  These diverse polymeric
materials collectively enable the development of wearable
sensors characterized by comfort, conformability, and
accuracy in detecting sweat analytes such as glucose,
electrolytes, and metabolites. Through strategic selection and
integration of these polymers, wearable sweat sensors can
achieve optimal performance and versatility, catering to a
wide array of biomedical and healthcare applications.

Conductive polymers

Conductive polymers present a versatile framework for the
advancement of wearable sweat sensors,'” % offering
augmented performance metrics including flexibility and
biocompatibility, thus rendering them highly promising
across a spectrum of applications encompassing healthcare,
sports performance monitoring, and personalized wellness
management. These sensors typically integrate conductive
polymers either as sensing elements or as constituents of
the electrode system to discern and quantify diverse
analytes within sweat. PANI stands as a pivotal subject of
investigation in the realm of conducting polymers'®® and its
appeal lies in several inherent advantages, including notable
thermal and environmental stability, elevated conductivity,
and  straightforward  and  cost-effective  synthesis
methodologies.'” Recently, Lim et al''® developed a
wearable sweat biosensor featuring a pliable nanocomposite
layer made of nitrogen-doped graphene quantum dots (N-
GQDs) onto the PANI for glucose monitoring. The inclusion
of N-GQDs facilitated enhanced electron transfer,
consequently endowing the N-GQDs/PANI nanocomposite
with heightened sensitivity towards H,O, in comparison to
pristine PANI. This enhancement culminated in sensitivity
values of 68.1 + 1.11 and 44.06 + 2.1 uA mM ' cm™? for N-
GQDs/PANI and pristine PANI, respectively. Moreover, upon
integration of GO,, the GO,/N-GQDs/PANI-based biosensor
exhibited exemplary performance in glucose detection
within artificial sweat. Even when incorporated into a
flexible electrode, precise glucose detection was upheld,
with the sensitivity of 93.2% without any discernible
alterations in the nanocomposite layer's morphology. In
contrast, the sensitivity of the GO,/Pt-based biosensor
dwindled to 71.3% for glucose detection post continuous
bending tests. Consequently, the N-GQDs/PANI
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nanocomposite  layer  ensured steadfast long-term
monitoring with resilient electrodes for non-invasive human
sweat glucose monitoring using wearable biosensors. In a
similar approach, Chang et al.'" made a novel NGQDs/PANI
for a non-invasive wearable self-powered triboelectric sensor
(TES) aimed at monitoring glucose levels in human sweat.
By introducing electron-rich functional groups such as
NGQDs, the surface electronegativity of PANI was modulated
(Fig. 8a and b), fostering enhanced charge transfer between
PANI and intermediates, and amplifying triboelectric
outputs. Fig. 8b showed the schematic illustration for the
working principle of zeta potential measurement for thin
films by surface potential analyzer. The presence of GO, in
NGQDs/PANI/GO,-TES engendered enzymatic reactions
producing H,0,, wherein the ensuing unstable H,O,
underwent decomposition to yield H', inducing the
protonation of PANI and engendering alterations in its
conductivity and output values. Relative to pristine PANI/
GO,, NGQDs/PANI/GO,-based TES exhibited superior
sensitivity (23.52 mM ') in glucose detection attributable to
improved electron transport and surface charge modulation
by NGQDs (Fig. 8c), resulting in an enhanced voltage
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signals from 28 to 40 V upon increasing the glucose
concentration from 0 to 2 mM (Fig. 8d). This highlighted
the feasibility of wearable TES on human skin, showcasing
their reliable and sensitive operation facilitated by a self-
driving system obviating external power sources.

By incorporating different percentages of Prussian blue
nanoparticles (PBNPs) in PEDOT:PSS, Xu et al.'"> develop a
non-invasive hydrogel-based biosensor using capable of
accurately measuring glucose levels in rabbit serum. In a
hydrogel-based conductive biosensor, the hydrogel matrix
serves as a scaffold for immobilizing bioreceptors, such as
enzymes, antibodies, or DNA strands, which selectively bind
to the target analyte. Here, the PBNPs were utilized for
catalyzing H,0,, while PEDOT:PSS served as a conducting
framework to facilitate swift electron transfer. The sensing
performance was evaluated using chronoamperometry and
CV in both rabbit serum and PBS, and was compared with
that of a commercial glucometer. The 5% PBNPs-containing
electrode demonstrated the highest sensitivity of 1474.0 pA
mM ' em™ towards 0.08 mM of glucose (Fig. 8e, pink bar),
which is 11-fold higher than pure PB (129.0 uA mM ™" cm™,
Fig. 8e, blue bar) and 2.7-fold higher than PEDOT:PSS/PB
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Voltage, V
S

1 L L L 1 I

0 0.5 1 15 2
Glucose, mM

o
w
T

e
N
h

o
o
)

Sensitivity, mA mM™* cm?

HEMA PEDOT:PSS

Electrodes

Agarose

Fig. 8 a) Schematic illustration of wearable sweat test based on NGQDs/PANI. b) The working principle of zeta potential measurement for PANI
and NGQDs/PANI thin films. c) Voltage response comparison of pristine PANI and NGQD-3/PANI/GO,. d) Output voltage against different glucose
concentration (adapted with permission from ref. 111 copyright 2023, Elsevier). e) Sensitivity against H,O, of PBNPs containing electrode (5% PBNPs
showed highest conductivity, green triangle, and 15% PBNPs showed lowest conductivity, brown triangle). f) The HEMA, EDPOD, and agarose
containing different hydrogel sensor clips for glucose detection sensitivity (adapted with permission from ref. 112 copyright 2022, Elsevier).
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without PBNPs (531.1 pA mM ' cm?, Fig. 8e, purple bar).
However, increasing PBNPs content up to 15% significantly
reduced the sensitivity of the sensor down to 80 uA mM ™"
em™ (Fig. 8e, brown bar), which could be attributed to
hindered electronic transport on the electrode surface
caused by the weak conductivity of PBNPs. Furthermore, the
current density of the PEDOT:PSS-based sensor with non-
conductive hydrogels (agarose and hydroxyethyl
methacrylate (HEMA)-based hydrogels) resulted in a 10
times higher sensitivity of PEDOT:PSS-based sensor to
glucose (330 uA mM ™' em™?) compared to HEMA (31.3 pA
mM ™ em™) and agarose hydrogel-modified electrodes (20.0
pA mM™' em™) (Fig. 8f).

In another approach, Cetin et al'™ conducted a
comprehensive investigation into the optimal enzyme
concentration, comparing it to prior research focusing on
either pre-functionalization of PAN nanofibers (NFs) with
MWCNTs or post-functionalization with corresponding
conductive polymers (e.g. PPy and PEDOT). The results
highlighted enzyme concentration as a crucial factor in
biosensor performance, with optimal concentrations found
to be approximately 92.5 U for MWCNTs/PEDOT NFs and
approximately 46.25 U for MWCNTs/PPy NFs. Higher
enzyme concentrations (~255 U, ~370 U) were observed
to diminish sensitivity and overall detection efficiency of
the biosensing matrices. Incorporating MWCNTs into the
NFs enhanced sensitivity and LOD, even at non-optimal

enzyme concentrations, with the most significant
improvement seen at the optimal concentration. PEDOT-
based  biosensors  demonstrated  slightly  superior

performance to PPy-based ones, both in the presence and
absence of MWNCTs. The achieved analytical parameters
are among the highest reported to date, with good
stability, suggesting practical feasibility for detecting other
analytes of interest.
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Fig. 9 a) Schematics and images of the sensor patch applied to the
skin (left), and unassembled components (right). b) The SEM image
displaying the hydrogel MNs. Benchtop evaluation: amperometric
response of c) glucose, and d) lactate sensor patch (adapted with
permission from ref. 118, copyright 2023, American Chemical Society).
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Polymeric matrices

Polymeric materials are integral to the field of electrochemical
sensor technology, functioning not only as electrodes but also as
adaptable matrices. They provide a versatile platform for
integrating different sensing elements, thereby improving the
performance and stability of electrochemical sensors.
Commonly employed polymeric matrices encompass
hydrogels,""*'® and elastomers,'*”""” each tailored to specific
requirements in wearable sensing applications. Dai et al''®
developed a wearable sensor patch (Fig. 9a) equipped with
hydrogel MNs (Fig. 9b) for in situ analysis of interstitial fluid,
particularly focusing on glucose and lactate monitoring. The
MNs, made from methacrylated hyaluronic acid (MeHA), known
for its exceptional swelling capacity and mechanical
robustness,""® were selected for their effectiveness in extracting
ISF. The sensitivity of the sensor against glucose and lactate was
evaluated using benchtop and in vivo assessment methods. In
the benchtop method, the sensor exhibited rapid stabilization of
the current signal within 60 seconds for glucose (Fig. 9¢) and
120 seconds for lactate (Fig. 9d), and robust sensing
performance against common interfering substances. Sensitivity
analyses revealed in vitro sensitivities of 0.024 + 0.002 pA mM ™"
for glucose (Fig. 9¢) and 0.0030 + 0.0004 uA mM ' for lactate
(Fig. 9d), with linear ranges of 0.1-3 mM and 0.1-12 mM,
respectively. For in vivo evaluation, the sensor's effectiveness was
tested on mice, showing a sensitivity of 0.020 + 0.001 pA mM "
and a detection range of 1-8 mM for glucose sensing, holding a
promise as a minimally invasive platform for continuous
monitoring of multiple biomarkers in ISF, facilitating enhanced
health monitoring and disease management.

Metal-based electrochemical sensors

Metallic-based electrochemical sensors have emerged as
promising tools for sweat analysis, offering precise and
sensitive detection of various biomarkers. These sensors
utilize metallic materials (Au, Pt, Ag), as the working
electrode,"”* capitalizing on their inherent conductivity
and electrocatalytic properties. The rapid electron transfer
kinetics facilitated by metallic substrates contribute to
enhanced sensitivity and detection limits, making them ideal
for analyzing sweat constituents such as glucose, lactate, and
electrolytes.””>> Surface modifications with specific modifiers
or nanostructures further refine selectivity and stability,
ensuring accurate and reliable measurements. Such sensors
hold great potential for non-invasive monitoring of
physiological parameters through sweat analysis, paving the
way for personalized healthcare and athletic performance
optimization. Zhao et al.*” developed a flexible nonenzymatic
sweat glucose sensor based on Au nanoflowers (Au NFs)
coated carbon cloth (CC) and gauze (Fig. 10a-c). The SEM
image confirmed the outer surface of the WE (Au NFs) was
coated by the CC (Fig. 10d). A chemical reduction method
was applied to synthesize Au NFs on the surface of the CC
and used Au NFs@CC as a WE for nonenzymatic glucose
catalysis. Another CC was employed as a CE and RE. The
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Fig. 10 a) The front and b) back side of the flexible sensor prepared by CC, and gauze. c) The disassembled of the all component of the sensor. d)
The SEM image of the WE coated by CC. e) The electrode showed good conductivity against PBS solution, and 480 pL solution showed highest
conductivity. f) The LVS analysis with different glucose concentrations. g) The linear fitting cure current vs. concentration (adapted with permission
from ref. 47, copyright 2024, Royal Society of Chemistry). h and i) The TEM observation of the encapsulated Pd NPs in ZIF-67. j) The electrode
embedded within the sweatband. k) The glucose monitoring result in blood (blue), and sweat (red) (adapted with permission from ref. 122,

copyright 2019, American Chemical Society).

wearable sweat glucose sensor was integrated by sewing three
electrodes and two gauzes together (Fig. 10a). A low current
was observed with 80 uL of PBS solution due to insufficient
coverage of the WE surface, whereas 240 uL of PBS solution
demonstrated good conductivity, and saturation occurred at
480 upL (Fig. 10e). LSV analysis with varying glucose
concentrations (0, 1, 3, 5, and 8 mM) showed the sensor's
ability to respond to different glucose levels (Fig. 10f).
Amperometry was employed to assess the current response
characteristics of the flexible sensor, revealing higher current
flow with increased glucose concentration. Dilution of the
solution resulted in reduced response current intensity. The
sensor exhibited excellent current response characteristics for
glucose determination, with calibrated parameters including
sensitivity, linear interval, and stabilization time. The linear
fitting curve showed linearity in the concentration range of
8.0-4.0 x 10° uM, with a calculated sensitivity of 63.9 uA
mM ™ em™ and a limit of detection of 5.18 uM (Fig. 10g).
Zhu et al.'®* engineered a wearable perspiration glucose
sensor featuring palladium nanoparticles (Pd NPs)
encapsulated within a cobalt-based zeolitic imidazolate
framework (ZIF-67) as the electrocatalyst. The device
comprised three electrodes: the working electrode, fabricated
from Pd@ZIF-67 (Fig. 10h and i), was screen-printed onto a
PET film, while the counter electrode was prepared using
carbon conductive ink similarly applied to the film. The RE
entailed coating a composite membrane, containing polymer
and electrolyte, onto an Ag/AgCl electrode. Integrating a

904 | Sens. Diagn., 2024, 3, 893-913

nonenzymatic sensor with a flexible printed circuit board
(FPCB) enabled Bluetooth connectivity to an Android-based
smartphone app, seamlessly embedded within a sweatband
for real-time perspiration glucose analysis (Fig. 10j). Glucose
monitoring results in blood and sweat over a 10 day period
(Fig. 10k). Using a commercial glucose meter for blood
glucose assessment and the sweatband sensor for
perspiration glucose examination, tests conducted on days 3,
5, and 8 intentionally followed meals by two hours.
Remarkably, a robust correlation between blood glucose
concentration (Fig. 10k, blue, right y-axis) and sweat glucose
concentration (Fig. 10k, red, left y-axis) was observed, with a
correlation factor approximating 0.2.

Padmanathan et al'*® reported the synthesis of
Ni3(PO,),-8H,0 nano/microflakes on nickel foam (NF) using a
facile one-pot hydrothermal method and explored its
multifaceted utility. The fabricated electrode demonstrates
impressive performance across various domains, notably as a
sensor for monitoring glucose and pH levels in sweat and as a
constituent in a hybrid energy-storage device. Exhibiting a
specific capacity of 301.8 mAh g™ (1552 F g') at a current
density of 5 mA cm™>, the electrode maintains 84% of its
initial capacity after 10000 cycles. Additionally, when
integrated with activated carbon as the negative electrode, the
resulting supercapattery comprising Nis(PO,),-8H,O/NF
manifests a high specific energy of 334 W h kg’
accompanied by a power density of 165.5 W kg . Functioning
as an electrocatalyst for nonenzymatic glucose sensing,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Ni3(PO,),-8H,O/NF exhibits exceptional sensitivity (24.39 mA
mM ™ cm ™) along with a low detection limit of 97 nM (S/N =
3). Furthermore, as a pH sensor for sweat, the electrode offers
precise detection capabilities across the pH range of 4 to 7.
Owing to its remarkable electrochemical attributes, this three-
dimensional nanoporous Niz(PO,),-8H,O/NF electrode
emerges as a promising candidate for diverse applications in
electrochemical energy storage and biosensing.

Chen et al® developed a pinecone-shaped glucose
biosensor, made of electrodeposited nano-pinecone structure
(approximately 600 nm in size) on stainless-steel acupuncture
needle (AN), using a composite microelectrode of Au and nickel
(Ni) nanoparticles (Fig. 11a-c). Upon contact with glucose, the
surface of the electrode facilitated the conversion of glucose
molecules to gluconolactone. Fig. 11d demonstrates that as
glucose concentration gradually increased, the peak of anodic
current also increased, while the peak of cathodic currents
declined, indicating strong electrocatalytic capacity for glucose
oxidation in an alkaline environment by Ni/Au/AN. Continuous
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addition of glucose into 0.1 M NaOH exhibited a step shape
and stepwise graph increase in response current, indicating a
proportional response to glucose addition (Fig. 11e).
Comparative analysis revealed that the Ni/Au/AN composite
also exhibited an exceptional amperometric response at low
glucose concentration (Fig. 11f) and significantly enhanced
electrocatalytic activity, featuring an extended linear range,
heightened sensitivity and a reduced LOD in contrast to Ni/AN
or Au/AN electrode. Notably, the presence of a matrix of AuNPs
significantly enhanced the electrochemical response of NiNPs
for glucose detection, potentially attributed to the abundance
of active sites within the bimetallic hierarchy. Under optimized
conditions, the nonenzymatic biosensor demonstrated dual
linear relationships, boasting sensitivities of 766.02 and 368.77
(A mM ™ cm™?) and a LOD of 0.14 uM. Operating within a
concentration range of 0.5 uM to 1.5 mM and 1.5-5 mM
(Fig. 11g), the Ni/Au/AN biosensor exhibited exceptional
selectivity, stability, and repeatability surpassing previous
electrode configurations. The developed biosensor presents a
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Fig. 11 a) The images of AN, Au/AN, Ni/AN, and Ni/Au/AN under bright-field. b) SEM image of the Ni/Au/AN. c) The conversion of the glucose
molecule to gluconolactone. d) The conductivity of the electrode increased with gradually increasing the glucose concentration in 0.1 M NaOH. e)
Stepwise increasing of the current upon addition of the glucose in 0.1 M NaOH. f) Stepwise increasing of the current at low glucose concentration
in 0.1 M NaOH. g) The linearity curve between current response and glucose concentrations (adapted with permission from ref. 55, copyright

2022, American Chemical Society).
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promising avenue for point-of-care clinical monitoring, offering
effective detection of glucose levels in human serum.

A dual-structural Pt-Ni hydrogel with interconnected
networks of PtNi nanowires and Ni(OH), nanosheets were
engineered by Li et al.'** exhibiting excellent electrocatalytic
activity and stability in glucose oxidation under neutral
conditions. Specifically, the PtNi (1:3) dual hydrogel shows
significantly higher activity in glucose electro-oxidation
compared to pure Pt and Ni hydrogels. This enhanced
activity, combined with structural stability, flexibility, and
self-healing properties, enables the development of a high-
performance non-enzymatic glucose sensing chip. The chip
demonstrates high sensitivity, excellent selectivity, flexibility,
and outstanding long-term stability, lasting over 2 months.'**
It maintains consistent performance even under mechanical
deformation (0 to 90°), with a deviation of <1.84%."*° In
another approach, an on-chip disposable nano-biosensor'*®
was fabricated to facilitate a painless testing approach with
sufficient sensitivity to saliva glucose levels. The WE was
functionalized by incorporating SWNTs, multilayers of
chitosan (CS), Au nanoparticles, and GO,. The CS-AuNP-GO,
unit was repeatedly coated to form a multilayer, with layer
adjustments made to optimize sensing performance. After
saliva absorption using a dental cotton roll, large molecules
were filtered out using a polyvinylidene fluoride (PVDF)
membrane, and the membrane was fixed and stabilized with
iron wire gauze. The collected samples were divided into two
parts, with one part used for rapid glucose level identification
using the sensor, while the other part was processed,
centrifuged, and analyzed using a UV spectrophotometer to
evaluate sensor accuracy. Clinical findings from glucose
monitoring in healthy young adults revealed timely salivary
glucose response post-meal ingestion compared to blood
glucose, with exercise after meals resulting in decreased
salivary and blood glucose concentrations. The sensor offers
a convenient and painless means to determine blood glucose
equivalents through salivary glucose monitoring, promising
an alternative for diabetic patients.

Metal oxide-based electrochemical
Sensors

Metal oxide-based electrochemical sensors are cutting-edge
technologies offering a and convenient
approach to monitor biomarkers for health and performance
assessment.”>'*” These sensors pull the unique properties of
metal oxides to detect specific analytes within sweat samples,
enabling real-time monitoring of physiological parameters
such as electrolytes, metabolites, and biomarkers.'*® Their
sensitivity, selectivity, and low-cost fabrication make them

non-invasive

attractive candidates for wearable devices aimed at
personalized healthcare monitoring  and fitness
tracking.*"*>"° This introduction explores the principles

behind metal oxide-based electrochemical sensors and their
applications in sweat analysis for various healthcare and
performance-related purposes. Li et al'* developed a
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Fig. 12 a) The linearity curve for precise glucose detection between
90 to 10 pM concentration. b) Glucose sensing selectivity against
different interfering species like ascorbic acid, uric acid, urea, fructose,
and b-(+)-xylose. c) Photocurrent stability, and showed no significant
change over 800 s (adapted with permission from ref. 130, copyright
2023, American Chemical Society).

cadmium selenide/titanium dioxide nanotube (CdSe/TiO,-
NTs) heterojunction as nonenzymatic photoelectrochemical
sensor for precise glucose detection from 90 down to 10 uM
(Fig. 12a). Using TiO, nanotubes as photoelectrodes, the
fabricated sensor demonstrated a LOD of 3.1 uM for glucose
detection (Fig. 12a), with excellent selectivity against
interfering species such as ascorbic acid, uric acid, urea,
fructose, and p-(+)-xylose (Fig. 12b). Furthermore, the sensor

exhibited remarkable stability under continuous light

© 2024 The Author(s). Published by the Royal Society of Chemistry
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illumination, showing no significant photocurrent change
over 800 s (Fig. 12c). Comparative analysis revealed superior
performance of the CdSe/TiO,NTs sensor in terms of lower
LOD and enhanced stability compared to similar
sensors," "2 establishing its reliability for glucose analysis
in serum samples.

In another approach, Jiang et al.'®® have developed an
enzyme-free smart sensor utilizing facet-dependent cuprous
oxide (Cu,O) for both enzyme-free glucose sensing and self-
powered biofuel cell applications, marking a significant
stride in sensor technology and biomedical applications. The
team achieved the development of three distinct
morphologies of Cu,O-octahedral (Fig. 13a), cuboctahedral
(Fig. 13Db), and extended hexapod (Fig. 13c) nanostructures,
by adjusting the ratio of (CuCl,/NaOH/SDS): NH;OHCI from
1:3 to 1:2 and 1:1, respectively. Each of these Cu,O
morphologies exhibited sensitivity towards glucose detection,
with initial oxidation potentials of 0.4, 0.3, and 0.4 V for the
octahedral, cuboctahedral, and extended hexapod Cu,O
electrodes, respectively. Notably, the response signals of
Cu,O towards glucose surpassed those of interfering analytes
such as K, Na', lactate, alanine, ascorbic acid, and uric acid.
Integrated with wireless technology, the device enabled
remote real-time detection of signals via a smartphone
(Fig. 13d).

Similar to the conventional three-electrode system, the
device showcased the process of glucose biosensing with
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oxidation peaks observed at 0.5-0.6 V in CV curves and a
linear range of 0-4 mM in amperometric curves
(Fig. 13e and f), indicating its potential practical application
for wearable biosensing. Moreover, a wearable self-powered
biofuel cell was designed, consisting of Cu,O as the anode,
Pt as the cathode, and sodium polyacrylate as the electrolyte,
forming a sandwich structure on a carbon cloth platform
(Fig. 13g). The anode facilitated the conversion circulation of
Cu* to Cu®, serving as an efficient electron transfer
mediator for oxidizing glucose molecules (Fig. 13g).
Simultaneously, the cathode, rich in oxygen, composed of
poly (trifluorovinyl chloride) as an internal oxygen reservoir,
and Pt catalysts facilitated oxygen reduction, demonstrating
its glucose-sensing capabilities through both open-circuit
potential and power output. The signal response exhibited
linearity with increasing glucose concentration within the
range of 0-6 mM, with maximum power values reaching 1.4
uW at 6 mM (Fig. 13h and i). Beyond glucose monitoring,
this newly designed enzyme-free wearable smart biosensing
concept could seamlessly extend to the monitoring of clinical
metabolites worn on the skin, offering significant
opportunities for applications in early medical diagnosis,
ongoing self-care for chronic conditions, and broader
healthcare fields.

Very recently, Gopal et a made a breakthrough in
material synthesis by creating a novel MXene-embedded
porous activated carbon (AC)-based Cu,O nanocomposite
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Fig. 13 a-c) The SEM image of the three types of Cu,O materials (octahedral, cuboctahedral, and extended hexapod nanostructures), respectively.
d) Integration wireless technology with the sensor for real time glucose monitoring. €) CV curves of cuboctahedral Cu,O-based glucose sensor. f)
Amperometric measurements of cuboctahedral Cu,O-based glucose sensor. g) Schematic diagram of forming sandwich structure on the carbon
cloth platform, and upon contact glucose molecule convert into gluconic acid. h) Potential measurement, and inset was linear curve. i) Power
output performance against different glucose concentrations (adapted with permission from ref. 133, copyright 2021, American Chemical Society).
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(Cu,O/M/AC) wusing the coprecipitation method. This
innovative composite was then employed as a sensor probe
for glucose detection, marking a significant advancement in
sensor technology. During the synthesis process, when the
activated carbon (Fig. 14a) and MXene were sonicated,
accordion-like MXene sheets were effectively embedded in
the pores of activated carbon, as depicted in Fig. 14b. This
unique configuration was anticipated to enhance the electron
transfer rate during the oxidation of glucose, a crucial aspect
for sensor performance. Cu,O nanoparticles (Fig. 14c) were
then incorporated into the M/AC composite (Fig. 14d) via the
coprecipitation method. The addition of MXene and Cu,O
had a substantial impact on the sensing parameters, as
demonstrated through various electrochemical techniques
such as CV, electrochemical impedance spectroscopy, and
amperometric analysis.

To evaluate the performance of the Cu,O/M/AC composite,
amperometric measurements were conducted with the
successive addition of glucose at increasing concentrations
under stirring conditions, as shown in Fig. 14e. The
composite exhibited a response starting from a glucose
concentration of 1 uM (Fig. 14f). Impressively, it displayed
two distinct linear ranges for glucose detection, with a LOD

908 | Sens. Diagn., 2024, 3, 893-913

as low as 1.96 uM (Fig. 14g). The corresponding regression
equations and sensitivity values were derived from the
calibration curves, showcasing the composite's robust
sensing capabilities. Furthermore, the Cu,O/M/AC composite
was tested in the presence of various components commonly
found in blood composition, such as ascorbic acid, sucrose,
fructose, lactose, uric acid, NaCl, KCI, urea, and dopamine.
Encouragingly, these components did not interfere with the
glucose sensitivity of the composite, as illustrated in Fig. 14h.
These findings highlight the immense potential of the
synthesized Cu,O/M/AC nanocomposite as a versatile sensing
material, particularly in the development of non-enzymatic
glucose sensors. This breakthrough represents a significant
step forward in sensor technology, promising enhanced
accuracy and reliability in glucose monitoring and potentially
other biomedical applications.

Other body fluid-based glucose
monitoring technologies

Several studies have established a correlation between
various characteristics of body fluids (blood, tear, saliva,
urine, efc.)—such as conductivity, permittivity, dielectric

© 2024 The Author(s). Published by the Royal Society of Chemistry
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constant, blood refractive index, light scattering coefficient,
bioimpedance, loss tangent, and permittivity—and glucose
concentrations, allowing for non-invasive
measurement.'®1%2172313% Dervisevic et al.**® pioneered the
development of a high-density silicon-based microneedle
(MN) array patch, boasting 9500 microneedles per square
centimetre, for ISF glucose monitoring. Their approach
involved sensor modification through covalent
immobilization of glucose oxidase (GO,) and bioconjugation
strategies. This MN patch exhibited exceptional selectivity
and sensitivity in detecting glucose within the physiological
range. In vivo experiments involving ISF sensing in mice
further demonstrated a robust correlation with blood glucose
levels. In a separate study, Chang et al"®’ engineered a
Nafion-coated flexible electrochemical sensor patch affixed to
a watchband to extract ISF from the wrist. Clinical testing
involving 23 volunteers revealed an 84.34% clinical accuracy
in blood glucose measurements, indicating potential for
refinement towards commercial viability.

Gomes et al."*® introduced a flexible, bifunctional sensing
platform using biodegradable mats for glucose detection in
urine. This device successfully detected hydrogen peroxide
(H,0,) in synthetic and human urine at low applied
potentials (0 V vs. Ag/AgCl), with a detection range of 1.0 to
6.0 mM and a detection limit of 0.197 mM, while remaining
free from interference. In another study, Davies et al'*
employed a single-flash UV dual photopolymerization
technique to fabricate a stable, nanoparticle-free, and
reusable hydrogel-based holographic glucose sensor capable
of continuous and quantitative monitoring of glucose levels
in urine. This sensor exhibited high sensitivity and a low
limit of detection for glucose in urine (0.06 mmol L™).
However, urine glucose levels lack real-time correspondence
with current blood glucose levels due to the time lag between
changes in blood glucose and the appearance of glucose in
urine, rendering it inadequate for monitoring rapid
fluctuations in glucose levels. Furthermore, factors such as
hydration status, kidney function, urinary glucose excretion,
medications, diet, and renal threshold changes can introduce
inaccuracies in urine glucose measurements.

In 2014, Google and Novartis introduced the concept of
smart contact lenses for continuous monitoring of tear glucose
levels. However, by 2018, the project was discontinued due to
challenges in establishing a reliable correlation between tear
glucose levels and blood glucose levels. Park et al.'*® developed
a smart contact lens featuring an integrated LED display that
deactivates when tear glucose levels surpass a threshold of 0.9
mM, offering a convenient real-time glucose sensing capability.
Safety considerations remain paramount, necessitating
thorough assessment of device toxicity in human subjects,
given that most advancements have primarily been evaluated
in animal models. Optical transparency and mechanical
stretchability are crucial attributes for wearable contact lenses,
yet comprehensive data on these properties are currently
limited in the literature. Power supply remains an ongoing
challenge, as many devices still rely on external sources,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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although biofuel cells show promise for self-powered contact
lenses, albeit with validation only in vitro thus far. Despite the
increasing sophistication of these devices over time, there
remains substantial scope for innovation and enhancement.
Among various biofluids, saliva has garnered interest for
non-invasive glucose monitoring due to its larger sample
volumes compared to fluids like ISF or blood, despite
typically lower glucose concentrations. Arakawa et al'*'
designed a wearable mouthguard biosensor coated with
cellulose acetate for in vivo salivary glucose measurement.
This sensor exhibited a glucose concentration range of 1.75-
10000 pmol L™, encompassing typical salivary sugar
concentrations of 20-200 umol L. Garcia-Carmona et al.**
developed a non-invasive saliva biomarker monitoring device
tailored for infant saliva. They integrated all components into
a pacifier, leveraging the infant's mouth movements to
facilitate efficient saliva pumping and unidirectional flow

into the electrochemical chamber, enabling seamless
biomarker monitoring.

Summary and outlook

The evolution of electrochemical glucose sensors has

witnessed substantial strides in accuracy and reliability.
Initial iterations encountered hurdles related to calibration,
interference, and sensor drift. These sensing technologies
rely on diverse materials to optimize sensing processes and
enhance sensor performance. The choice of materials
significantly influences sensor sensitivity, selectivity, and
stability. Carbon-based electrochemical sensors typically
employ CNTs such as SWCNTs, DWCNTs, and MWCNTs,
alongside graphene and carbon quantum dots. These
nanostructures contribute to chemical and thermal stability
while boosting sensor sensitivity to glucose. Additionally,
combining AuNS with carbon materials enhances sensor
stretchability. MOFs are emerging as promising materials for
wearable sensors, enabling continuous and accurate blood
glucose monitoring in sweat. Notably, different MOF-based
electrochemical sensors like NCGP, NCMP, and GO,-GA-Ni/
Cu-MOFs exhibit varying sensitivities, highlighting their
potential in glucose sensing. Polymeric-based electrochemical
sensors have gained traction due to their versatility and
inherent properties suitable for sensing applications.
Conductive polymers like PANI are common in sweat glucose
monitoring devices, while polymeric matrices like MeHA
MNs demonstrate exceptional swelling capacity and
mechanical robustness, facilitating interstitial fluid
extraction. Metals such as Au, Pt, Pd, Co, and Ag serve as
effective working electrodes, with nanostructured materials
like PA@ZIF-67 and Niz(PO,),-8H,0 demonstrating high
glucose sensitivity. Metal oxide-based sensors like CdSe/TiO,
NTs, and Cu,O/M/AC also exhibit high detection limits
without interference from other analytes like ions and
organic compounds.

Ongoing research aims to refine sensor designs, optimize
calibration algorithms, and mitigate external factors affecting
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accuracy, thereby ensuring users can rely on these devices for
precise glucose monitoring. Artificial intelligence-driven early
warning systems have the potential to alert users to
impending  hypoglycemic  or  hyperglycemic events,
empowering them to maintain glucose within target ranges.
Technological advancements are poised to refine predictive
capabilities further. Despite substantial progress, challenges
persist, necessitating attention in future research endeavors.
One of the foremost challenges in wearable sweat glucose
sensors is extending their operational lifespan. Prolonging
sensor longevity is crucial to reduce replacement frequency,
enhancing user convenience and cost-effectiveness. Achieving
this involves optimizing sensor materials for durability and
resistance to degradation in the sweat environment. Research
focuses on developing robust, biocompatible materials that
maintain sensor performance despite harsh conditions.
Advances in sensor encapsulation and protective coatings
further aim to increase resistance to wear and corrosion,
extending sensor lifespan. Another critical challenge is
reducing the need for frequent sensor recalibration. While
calibration is vital for accurate measurements, frequent
recalibrations can be inconvenient and introduce variability.
Innovative approaches include developing self-calibrating
sensors capable of continuous glucose monitoring without
manual adjustments. This entails utilizing advanced
algorithms for real-time data processing and signal
correction, integrating internal reference electrodes, and
improving sensor stability to minimize drift over time.
Enhancing sensor stability reduces the frequency of
recalibration, ensuring consistent and reliable glucose
monitoring for users.

The future trajectory of wearable glucose sensors entails
exploring novel sensing modalities beyond traditional
electrochemical methods. Advanced technologies, such as
non-invasive or minimally invasive glucose monitoring, hold
promise for enhancing user experience and extending
continuous monitoring to a broader demographic.
Interoperability remains a crucial aspect, with integration
efforts across health monitoring devices and healthcare

systems facilitating holistic health monitoring.
Standardization  initiatives in  data  formats and
communication protocols will expedite seamless data
exchange, fostering collaborative diabetes management
approaches.
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