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The field of glucose biosensors for diabetes control has experienced enormous scientific and technological de-
velopments since it was first introduced in the 1960s, with electrochemical biosensors emerging as the most
promising platform for real-time, dynamic glucose monitoring due to the high precision, versatility and
compatibility with wearable devices. Over the past decade, wearable healthcare technologies have significantly
advanced, enabling non-invasive or minimally invasive monitoring of biomarkers in peripheral biofluids such as
sweat, saliva, tears and interstitial fluid (ISF) through electrochemical sensing. While enzymatic biosensors,
particularly those employing glucose oxidase (GOx), remain prevalent for their sensitivity, challenges such as
enzyme instability and limited shelf life persist. In response, non-enzymatic have gained prominence, leveraging
nanostructure materials like metal oxides (e.g., NiO, CuO, ZnO), metal-organic frameworks (MOFs) and bime-
tallic composites (e.g., CuCo-MOFs) to achieve superior sensitivity, stability and catalytic performance. These
materials exploit high surface-to-volume ratios, tuneable porosity and synergistic effects to overcome limitations
such as pH sensitivity and poor conductivity. Innovations in material design, including laser-induced (LIG) and
hybrid composites (eg., MXene/rGO), further enhance electron transfer and these materials enable low detection
limits, wide linear ranges and rapid response time. This review comprehensively examines recent enzyme-free
glucose sensors, focusing on the advancement of nanomaterials and their integration into wearable platforms
such as microneedle-based ISF monitor contact lens sensors for tear analysis and hydrogel patches for sweat
glucose detection. We critically evaluate the current state of biofluid sensing, addressing challenges in accuracy
mad scalability while highlighting the convergence of advanced nanomaterials.

Glucose sensors
Electrochemical biosensors

such as tears, sweat, saliva and interstitial fluid (ISF) [1,3]. Electro-
chemical biosensors remain the most widely used biosensing platform

1. Introduction

Over the past ten years, wearable healthcare has advanced signifi-
cantly in health monitoring [1]. Personalised diagnostics and physio-
logical health monitoring have benefited from the rapid advancement of
technology. The advances include the development of wearable sensing
technology, a promising and rapidly developing area of research that is
confidently moving forward from tracking physical activity to moni-
toring health issues [1,2]. Recent research has focused on designing
non-invasive and /or minimally invasive wearable devices to track
constantly changing health-related biomarkers in peripheral biofluids
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since their inception, offering distinct advantages including rapid
detection, cost effectiveness, portability and instrument simplicity,
making them particularly suitable for point-of-care diagnostics and
immunoassays. To date, they represent the most clinically significant
category encompassing both enzymatic and non-enzymatic biosensors
that primarily use amperometric techniques. While enzymatic sensors
utilize biological recognition elements, their non-enzymatic counter-
parts operate through direct electrochemical oxidation of glucose [4].
These biosensors operate based on the amperometric principle,
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continuously measuring the current generated by the oxidation or
reduction of an electroactive species in a biological reaction [5]. Glucose
biosensors have evolved through four generations of enzymatic systems,
primarily utilising glucose oxidase (GOx) and glucose dehydrogenase
(GDH) with their respective cofactors. Among these, GOx is particularly
valued for its glucose selectivity and stability under varying pH and
temperature conditions. However, maintaining enzymatic activity re-
mains challenging due to their inherent instability and limited lifespan.
Beyond biosensing applications, blood glucose monitoring also relies on
other enzymes such as glucose dehydrogenase (G-6-PD), hexokinase
(HK) and GDH, which play critical roles in metabolic pathways [6].

In enzymatic sweat glucose sensors, glucose oxidase converts glucose
into gluconic acid (C¢H1207) and hydrogen peroxide (H205). In contrast,
non-enzymatic sensors rely on nanomaterial modifiers (e.g., metals, al-
loys and metal oxides) to directly oxidise glucose without enzyme
mediation. Liu et al. [7] showed a mechanism that outlines the redox
process where cobalt-iron with MOF catalyses the oxidation of glucose
to gluconolactone.

[Co(II)Fe(IT) (MI),) ], + nOH ™ —[Co(III)Fe(Il)MI,(OH),], +ne~ €h)

[Co(III)Fe(IIT) (MI) ,(OH), ], + nOH ™ —[Co(IV)Fe(III)(MI) ,(OH), |, + ne~

(2)

[Co(IT)Fe(IT)(MI) ], + glucose— [Co(III)Fe(II)MI4(OH),], + H>0 @)
-+ gluconolactone

[Co(IIT)Fe(II) (ML), (OH),],, -+ glucose— [Co(Ill\Fe(II)MI,],, + H,O @

+ gluconolactone

Recently, simple and flexible matrices have garnered significant
attention due to their suitability for immobilising biomolecules (e.g.,
proteins, enzymes, DNA) and developing sensitive enzymatic bio-
sensors. Self-assembled monolayer-based interfaces are essential for
constructing enzymatic biosensors due to their highly ordered molecular
structure. These systems offer convenience, flexibility and excellent
sensitivity and selectivity. Furthermore, these monolayers offer molec-
ular biological activities which promote the direct electron-transfer
process and the electrocatalytic ability of biomolecules [8]. They use
different immobilisation techniques, such as adsorption, crosslinking
electro-polymerisation, and polymerisation. These biosensors have a
short shelf life which is influenced by enzyme degradation and chemical
interferences [9,10]. A biocompatible membrane, such as lipids, poly-
mers and hydrogels is used together with enzymes and mediators to limit
contamination and unwanted responses. Considering the limitations of
enzyme-based biosensors, non-enzymatic biosensors do not require the
use of biological molecules like enzymes [11,12]. Moreover,
non-enzymatic biosensors’ surface area can be enhanced with catalysts
or immobilisation platforms, and functionalised nanomaterials can
improve the sensitivity and specificity of detection [13]. Non-enzymatic
sensors remain superior in terms of stability and cost-effectiveness, and
the incorporation of nanostructured metals and metal oxides onto the
electrode surfaces greatly improves sensitivity, playing a crucial role in
the progress of non-enzymatic biosensors [14]. The current review pri-
marily focuses on the detection of glucose using non-enzymatic bio-
sensors and different biofluids, with a specific emphasis on the latest
advancement of non-enzymatic biosensors based on surface modifica-
tion and encompassing metal oxides and metal-organic frameworks
(MOFs). Additionally, the review covers the wide variety of materials
used, the underlying detection principles, and an in-depth evaluation of
the sensors’ effectiveness in detecting glucose levels in biofluids such as
sweat, saliva, tears and interstitial fluids (ISF). The review highlights
considerable progress made in this area, the promising future, and the
capabilities of non-invasive biosensors in biofluids.
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2. Metal nanomaterial composites on non-enzymatic glucose
sensing

Metal oxides have been extensively studied for the detection of non-
enzymatic glucose in an alkaline environment [15]. The metal oxides,
including nickel oxide (NiO), Zinc oxide (ZnO), iron oxide (Fe30a),
copper oxide (CuO), Cerium oxide (CeO2), and manganese dioxide
(MnO») [16], are combined with other elements or compounds to form
composites. Metal oxide nanomaterials have garnered significant in-
terest as immobilizing matrices for biosensors due to their advantageous
characteristics, such as biocompatibility [17], ease of preparation [18],
controllable shape and size, chemical stability [19], optical and catalytic
properties, electro-transfer kinetics, and strong adsorption capability
[20]. They also possess unique physicochemical properties, including
fluorescence, UV absorption, photocatalytic activity, and dielectric and
magnetic properties [21]. Metal oxide-based biosensors fall short of
commercialization standards because they fail to meet clinical detection
requirements. This shortfall is due to the enzyme’s sensitivity to pH
variations, storage conditions temperature fluctuations [22]. Addition-
ally, they must support enzyme immobilization for glucose oxidation in
a neutral pH environment [23]. The current trends to date include the
integration of metal oxides with other functional materials such as
conducting polymers and carbon materials (e.g., graphene and graphene
oxide) to create a synergistic effect with non-enzymatic glucose [24,25].
This approach improves sensitivity and addresses the limitations of
enzyme-based biosensors, including pH and temperature fluctuations, as
well as the loss of enzyme functionality under harsh conditions [25].
Studies have been done to highlight nickel and its compounds in elec-
trocatalysis and energy storage, specifically the electrochemical activity
of nickel-based compounds, particularly the Ni(II) and Ni(II) couple.
The interest lies mainly in the oxidation of carbohydrates, which include
glucose, on nickel oxide in the application of nonenzymatic glucose
sensing [26]. For example, Vu et al.[27] reported the NiO nanohives
distributed on Ni foam, which showed sensitivity towards glucose
compared to nickel (II) oxide materials reported prior. The synthesised
NiO/Ni electrodes demonstrate excellent glucose sensing performance
with a sensitivity of 10.08 mM'.cm~2 and a limit of detection of 7.25
pA, showing strong potential for clinical glucose monitoring applica-
tions. Eprilia et al.[28] proposed a nickel foam modified with a
hollow-like structure of NiCo204 to minimise Ni instability and high
overpotential in glucose sensing. The prepared Ni foam/NiCoy04 at a
ratio of 1:2 nickel to cobalt ratio showed a sensitivity of 0.060 mA pM !
and a detection limit of 0.060 pM. The enhanced pore volume and the
surface of Ni foam/NiCo,04 relative to the unmodified Ni Foam facili-
tate electrolyte diffusion to the electrodes’ active, thereby improving its
electrochemical performance. Zhou et al.[29] presented a glucose
electrochemical sensor on a reduced graphene oxide (rGO) sheet to
assist the Fe and Co bimetallic oxides. The introduction of iron (Fe) can
prevent the agglomeration of nanomaterials and increase their homo-
geneity [30,31]. Fe also alters the microstructure of cobalt (Co) oxides,
which enhances electrocatalytic efficiency by creating oxygen va-
cancies, and defects, and improving the adsorption of reaction in-
termediates. Additionally, the synergistic effect of metal ions may
further improve electrocatalytic performance [31,32]. The Fex-
CoyO4-rGO modified electrode showed enhanced electrocatalysis and
exhibited excellent detection performance for glucose in tears with a
detection limit as low as 0.07 uM and a sensitivity of 1510 pM ™}
em ?mA~! [32]. Wei et al.[33] designed a 3D hybrid structure
combining Au and Cuy0 on a copper foil for glucose detection. The
resultant hierarchical Au/CuO nanowires demonstrated significant
electrocatalytic activity, a large surface area, and a fast electron transfer
rate, outperforming previously reported sensors utilising Au and
Cuy0-based composite modified electrodes, exhibiting enhanced sensi-
tivity at lower detection potentials. The Au/Cu,O NWAs supported on a
conductive substrate showed low glucose LOD (1.5 pM) at a lower
voltage of 0.4 V, and a higher sensitivity of 2.098 mA mM . cm 2 and a
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limit of detection of 1.50 pM. The stability of the sensor was evaluated
by measuring its current response to glucose at three-day intervals over a
month. After 30 days, the sensor maintained 94.7 % of its original
sensitivity to glucose. Three possible reasons for this exceptional
detection sensitivity as compared to other non-enzymatic glucose sen-
sors made with Cu and Cu hybrids: (1) The incorporation of Au nano-
particles onto Cuy0O improves the material’s conductivity and introduces
extra active sites for glucose oxidation. (2) The nanowire array config-
uration of the electroactive materials provides a high density of active
sites, enhancing the electrocatalytic oxidation of glucose. (3) The lack of
binders enables efficient and rapid electron transfer among glucose, the
electrocatalyst, and the current collector [33]. Shao et al.[34] developed
a novel sonochemical synthesis method to regulate transient cavitation
intensity during the fabrication of transition metal oxides (TMOs) on
self-supported electrodes. Polydopamine (PDA) was used as an additive
to stabilise CuO growth, ensuring a more uniform size distribution of
CuO nanoparticles on the Carbon Cloth (CC) substrate. This method led
to a precisely controlled nanostructure and improved interfacial prop-
erties, leading to the successful application of the CuO/PDA/CC elec-
trode for glucose detection. The resulting flexible electrode
demonstrated a significantly larger electrochemically active surface area
(4.61 mF. cm~2) than CuO/PDA/CC and CuO/CC electrodes, along with
a high sensitivity of 1.843 pA cm~2. mM ™!, demonstrating remarkable
stability [34]. The application of metallic Cu and its oxides to fabricate
glucose sensors has been widely used due to their low cost and high
catalytic behaviour. Since the discovery of graphene in the sensor field,
research has been done to combine graphene, metallic Cu, and Cu ox-
ides. However, the interaction between graphene and Cu is significant,
resulting in a slower rate of electron transfer, which deteriorates the
sensor’s performance as reported by Hidalgo-Manrique et al.[35]. To
overcome this shortfall, a graphene modification together with
free-standing Cu/Cu0, and CuO for glucose detection was proposed.
Ren et al.[36] demonstrated the incorporation of graphene, along with
the synergistic effects of Cuo, Cus, and Cuz, significantly enhances the
rate of electron transfer, thereby improving the overall sensing proper-
ties. A nonenzymatic glucose biosensor developed utilizing a hybrid of
copper oxides combined with Cu and graphene, mitigates the adverse
effects of metals on graphene through the insertion of an intermediate
Cu oxide layer. This self-supporting Cu—CuO-CuO glucose sensor ex-
hibits remarkable resistance to interference, strong cycling and temporal
stability, as well as a high sensitivity of 3102 A/mM.cm within a linear
concentration range of 0.0022-2.88 mM. The enhanced catalytic per-
formance is attributed to the synergistic effects of the Cu—-CuO-CuO
multi-oxidation system and the accelerated electron transfer rate facil-
itated by graphene. This enhancement is achieved by minimizing the
interaction between copper and graphene through the presence of a Cu
oxide intermediate layer. Moreover, the catalytic potential of graphene,
associated with its inherent defects, is further amplified [36-38].
Different metal oxides have shown great catalytic activity when applied
to glucose sensing. However, metal oxide tends to have low conductiv-
ity, preventing electron transfer between the catalyst and the electrode.
To overcome this challenge, metal oxides are combined with conductive
materials, forming binary, ternary, or multi-compound-based compos-
ites for non-enzymatic glucose sensing. Gopal et al.[39] reported using a
ternary composite made from CuyO based on MXene supported on
reduced graphene oxide (rGO). MXene, a two-dimensional material, is
integrated with metal oxide nanoparticles onto rGO sheets to form a
composite electrode. The composite exhibits excellent electrocatalytic
activity towards glucose oxidation, enabling efficient glucose detection,
rGO inhibits the stacking of MXene sheets, which boosts the electron
transfer rate and creates more active sites. This results in a higher peak
and spike current in the MG-CuxO composite. The prepared MXene
sheet-Cu0 composite shows good selectivity, stability, reproducibility,
and sensitivity of 125.6 pAmM l.cm™2 for glucose analysis. The
MG-Cu20 modified electrode’s reproducibility was validated by con-
ducting chronoamperometry (CA) tests on six different electrodes, all of
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which exhibited consistent current changes, demonstrating the mate-
rial’s performance [36,39]. More importantly, the use of metal oxides,
which face challenges with low sensitivity due to restacking or internal
sheet aggregation, combined with the addition of polymeric nanofibers
in the composites, helps to address this limitation. Using metal/metal
oxide nanoparticles to modify carbon nanofibers in activated carbon
fibre (ACF) is a coherent and expandable technique to promote effective
glucose sensing. Saravanan et al. introduced a flower-like CuO/NiO
nanostructure integrated with activated carbon nanofiber (ACNF)
membranes to enhance electron transfer and provide a high surface area,
thereby improving glucose electrooxidation kinetics. The resulting
CuO/NiO/ACNF composite exhibited flexibility, binder-free fabrication,
recyclability and cost and time-efficient production, simplifying glucose
detection. The fabricated sensor demonstrated high sensitivity
(247 pA mM L.em™2) and a low detection limit (146 nM) [40]. To build
a synergistic electrocatalytic composite with a three-dimensional
network that possesses high electrical conductivity and effective
sensing area, Au and CO304 composite was proposed by Coyle etal.[41].
Although Co304 exhibits poor electronic conductivity, its application as
a sensor material was aided by incorporating Co304 into the Au scaffold
structure, resulting in an improvement of the electrochemical sensing
capabilities. The material showed excellent sensitivity towards glucose
of 2.014 mA.mM*.cm ™2 at the low concentration range of 20 pM'.mM
[41]. The CuO-graphene and CupO-graphene composites typically
involve complex procedures, such as hydrothermal or annealing tech-
niques, often supplemented with surfactants or stabilising agents. These
methods regulate the dispersion and dimensions of the produced oxides.
However, they present challenges in scalability, making it difficult to
manufacture the products in significant quantities [35]. Table 1 sum-
marises the advantages and disadvantages of different metals and metal
oxides found to be favourable in glucose sensing.

Zinc Oxide exhibits a strong optical response and can be used in the
fabrication of colometric glucose sensing. Among its various properties,

Table 1
Analytical comparison of electrochemical sensors modified with metal oxides
and noble metal nanoparticles as reported in various studies.

Materials Target Limit of Sensitivity References
analytes detection (A mM !
(uM) em™?)
Cu/Cuz0 Glucose 0.6 1.95 x 10° [42]
aerogels
TiO2/CuO Glucose 10 - [43]
nanofibers
Co304-Au Glucose 0.005 12.5 [44]
nanowire
CuO nanosheets Glucose - 5.20 x 102 [45]
TiO2/I/CMC Glucose 400 - [46]
(TIC)
NiO/C Glucose 2 30.2 [47]
Cu0/GO Glucose [48]
CuO-rGO Glucose 4.7 x 10* 1746 [49]
Cu,0-BSA NPs Glucose Up to 100 0.000400 [50]
Au /Co304 //FTO  Glucose 50 8.20 x 10* [51]
CuO MFs/ Glucose 6.5 - [52]
Nafion/GC
CoO micro Glucose 0.5 2.82 x 107 [53]
flowers on a
nickel foam
(NF)
NiMnO3 Glucose 0.01 7560 [54,55]
NN-CuO/N-rGO Glucose 0.01 0.0340 [55]
NiC0,04-r1GO Glucose 100-550 4372 [56]
Pt-NiO/rGO Glucose 2.7 832 [57]
Glucose 29 297 [57]
Co0304/MWCNT Glucose 0.4 63.3 [58]
C0304/Cu0 NRA Glucose 0.4 5405 [59]
Caterpillar-like Glucose 1.8 1215 [60]

gold nanotubes
Cu0
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Table 2
Saliva, tears, sweat and interstitial fluids (ISF)-based glucose monitoring devices comparison.
Biofluid  Advantages Disadvantages Electrode material/ Sensitivity Linear Range  LOD Reference
Technique
Saliva e Non-invasive o Low correlation blood o Au/CuO/SPCE 236.70 pA mM ! 2 pM to [81]
cm 2 397 uM
e Easily collected and does not e Many interfering biomarkers e NiCo-LDH/MWCNTSs 2.25 pA mM ! 0.1-3000 pM 0.03 pM [82]
require stimulation em ™2
e Hysteretic behaviour
o Low sensitivity
e Prone to breeding bacteria
Sweat e Non-invasive e Hysteretic behaviour e Carbon black 14.64 yA mM ! 5 uM to 4.83 yM [38]
nanoparticles (CBNPs) ~ cm 2 1250 uM
e Easily collected via different e Every analysis requires sweat; e Zwitterionic PSBMA- 255 mM ! 14.7 yM [82]
stimulation techniques not suitable for diabetic patient modified thread
e A good candidate for
wearable technology
e Continuous monitoring
Tears e Non-invasive e Low comfort e polyvinyl chloride 0.2-2 mM 50 yM [83]
e Less impurity and e Energy supply problem e FC blue light Mini- 0.1-10 mM 2.15 mM [84]
interference LEDs
e Agood candidate for wireless e Poor precision
transmission technology
ISF e Non-invasive e Skin irritation o CGM device 0.25-35 mM [85]

Higher glucose
concentration

Hysteretic behaviour

pH-responsive
hydrogel system

Good correlation to blood
Large linear range
High sensitivity

ZnO is non-toxic, has high chemical stability and can be modified into
one-dimensional (1D), two-dimensional (2D), and three-dimensional
(3D) forms to improve its catalytic performance [61]. Hsu et al.[61]
studied the optical properties of ZnO by synthesizing high-density ZnO
nanowires and decorating them with platinum nanoparticles. The
sensitivity of the glucose sensor was investigated by comparing the use
of UV and green LED illumination. The sensitivity was significantly
higher under UV illumination at 928 em~2.mM™! than under green light
at 123 cm™2. mM ™}, primarily due to UV-induced effects such as surface
charge localization and overcoming the Schottky barrier.

To exploit ZnO photo-oxidation properties, which is a feature
required in fluorescence sensing applications. Dao et al.[62] combined
the unique properties of ZnO nanorods with CuO wire mesh to make a
non-enzymatic absorbance glucose sensor. Additionally, ZnO was used
to photo-oxidise glucose to HoO using the ferrous oxidation-xylenol
orange (FOX) assay technique. The sensor had a sensitivity of
0.394 mM ! and a detection limit of 0.25 mM. The enhanced sensitivity
arises from the high surface-to-volume ratio of the ZnO/CuO nano-
composite, which facilitates the adsorption of glucose and gluconic acid.
However, these molecules eventually cover the active sites, leading to
saturation. This inhibits further molecular interactions, reduces Hy05
generation and consequently limits the absorbance response.

2.1. Metal-organic frameworks (MOFs) for non-enzymatic glucose
biosensing

Energy storage and electrochemical sensor technology are two areas
with numerous potential applications for the design and structural
customisation of metal-organic frameworks (MOFs) materials [63].
They also manage to serve as sturdy substrates for detecting material
location, indicating a promising application for electrochemical detec-
tion. MOFs are large porous crystalline structures formed by coordina-
tion bonds of metal ions/clusters and organic ligands with potential
unsaturated active sites and large surface areas [64,65]. The MOFs
support the immobilisation of small-sized noble metal NPs and inhibit
their aggregation, thus resulting in increased catalytic activity and
structural stability. According to several studies, MOFs or ZIFs have
several drawbacks that limit their use in electrolysis, such as poor
chemical activity and undesired conductivity [66-68]. To address this

limitation, research then shifted to incorporating additional metallic
centres in the framework. Using the benefits of MOFs and the combined
effects of Cu and Co metal ions, Song et al.[63] produced bimetallic
CuCo-MOFs on the surface of Nickel foam (NF) using hydrothermal
synthesis, which allowed for highly sensitive biosensors. The
CuCo-MOFs/NF demonstrated a high sensitivity of 8304.4 pA mM ',
cm 2 for glucose detection. The sheet-like architecture in NF and the
synergistic effect of cobalt (Co) and copper (Cu) metals in the catalysts
are responsible for the improvement in electrocatalytic performance. NF
improves electronic conductivity and active site accessibility, facili-
tating rapid charge transport during redox reactions [63]. Li et al.[66]
studied the use of 2D MOF nanosheets to enhance the electrocatalytic
performance of non-enzymatic biosensors. This was achieved by etching
solid gold to create nanoporous gold, which served as a substrate, and
the growing of a NiCo-MOFNs array vertically on the substrate surface
through in situ methods [66]. The resulting biosensor demonstrated
exceptional performance, attributed to the 2D structure and the syner-
gistic interaction between N, Co, and Ni. Key performance metrics
include a wide linear range of 1 mm to 8 mM, a high sensitivity of
0.6844 pA mMl.cm™2 a fast response time of under 1's, and a low
detection limit of 0.29 mM. The development of obi- or multi-metallic
MOF compounds offers superior catalytic efficiency and electro-
chemical activity compared to single-metal MOFs and MOF-free bime-
tallic compounds, due to their synergistic enhancement [69]. Moreover,
bimetallic transition materials offer advantages such as multi-
functionality, enhanced catalytic efficiency, improved activity and
greater stability when compared to single-component monometallic
materials [70]. The production of bimetal MOFs with desired
morphology and enhanced electrochemical performance remains chal-
lenging, despite their enormous potential. To address this, Ma et al.[71]
synthesised a nanosized Ni/NiO@C via a one-step calcination method of
a yolk-shell hollow morphology [71]. The Ni and NiO particles were
evenly distributed within the carbon matrix, which improved their
electronic conductivity and provided numerous electrocatalytic active
sites. The distinctive yolk-shell hollow sphere structure of the
Ni/NiO@C microspheres used to modify the electrode created an effi-
cient pathway for electrochemical sensing. This electrode demonstrated
a broad linear range of 0.01-10 mm, a sensitivity to 1291 pA mM 1,
ecm™2, and a detection limit of 0.116 yM for glucose. Additionally, it
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exhibited strong selectivity, excellent reproducibility and long-term
stability for the two analytes [71]. The study found that increasing the
mass concentration of Ni/NiO@C microspheres on electrodes improves
the current response for glucose detection, peaking at 2 mg/mL. Beyond
this concentration, the current response decreases, suggesting that too
much active materials hinder electronic communication with the elec-
trode, while too little is not sufficient for effective glucose oxidation
[71]. Due to their high electronegativity and polarisability, halogens
impart unique characteristics to halogenated molecules, such as low
surface tension and low surface energy. Li et al.[66] reported a one-pot
synthesis method for NiCo bimetallic MOF nanoplates using pyridine as
a modulator. This approach introduced a polar halogen molecule onto
the surface of the MOFs, resulting in halogenated NiCo-MOF nanoplates
to enhance sensing activities. The surface halogenation improved the
MOF interaction with glucose, and the synthesized NiCoBP-Br showed a
high sensitivity of up to 1755.51 pA mM ' cm™2 in the range of
0.5-6065.5 pM. The MOF-based electrochemical biosensors have been
focused on improved tolerance of strong acidic and basic environments.
Kim et al.[72] prepared a chemically stable ZIF-67 by partially replacing
cobalt with zinc. The synthesised Zeolitic-imidazolate framework (ZIF)
with different ratios of Zn?*/Co?*ZIF-Zn x Co1x (0 <x < 1)waskept in
an aqueous media of 0.1 M NaOH to investigate the chemical stability
under a base environment. The ZIF-Zn0.5Cog 5 electrode showed supe-
rior chemical stability and had good electrocatalytic activity towards
glucose oxidation. The ZIF-Zng 5Cog 5 electrode showed sensitivity that
is comparable to cobalt-MOFs, with a sensitivity of 1105.6 pA mM.
cm2, linear range up to 1.25 mM, and a detection limit of 9 pM. The
suggested mechanism for glucose oxidation by Co?*-based ZIF includes
two stages, Co>" within the ZIF is oxidised to Co>" when the OH is
present in the solution; Co>* is subsequently reduced back to Co*" by
glucose, which is oxidised to gluconolactone. This reaction enhances the
anodic current, as the consumption of Co>™ in the second stage promotes
the first stage [72]. This method has proven effective in restoring elec-
trocatalysts on the electrode surface to enhance sensor longevity. Metals
and metal oxides are synthesised at the nanoscale to increase active sites
and surface area; however, nanoparticles often agglomerate due to their
high surface energy. Therefore, merging porous carbon materials with
the metal/metal oxide nanoparticles with help solve the challenge. Xiao
et al.[73] developed a metal/metal oxide@carbon composite
(M/MO@C) that was synthesised through the direct carbonisation of a
bimetallic Cu/Ni-based MOF, resulting in a three-dimensional porous
material. The nanoparticles were evenly distributed within the porous
matrix, exhibiting excellent reproducibility, remarkable stability, and
high selectivity [73].

2.2. Classification of wearable biosensors

The human body secretes biofluids such as sweat, saliva, tears and
intestinal fluids, which contain important biomarkers such as glucose,
uric acid and lactate and can be used for disease diagnosis and moni-
toring [74]. These biofluids are easy to sample and can provide rapid
results in a non-invasive approach, such as smart watches, patches,
contact lenses, and mouthguards. Furthermore, biofluids have several
advantages such as needle-free sampling, reduced physical discomfort
and anxiety (especially for frequent testing), no need for trained
personnel, healthcare costs-eliminated risk of bloodborne infections for
enhanced safety, and greater stability due to the absence of rapid
coagulation. Several studies described a relationship between the con-
centration of blood glucose and the concentration of glucose present in
the biofluids, which is lower [75]. Saliva is easily collected, and the
concentrations of electrolytes such as magnesium, calcium, sodium,
potassium, bicarbonate and phosphate are lower in saliva. Furthermore,
saliva is highly contaminated, making it challenging to separate the
fluid’s natural electrolyte content [76]. Sweat glucose is particularly
preferred, as studies have shown that its concentration, ranging from
1-4 mg/dL (0.06-0.22 mM), closely correlates with blood glucose
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levels. Saliva serves as an easily accessible biomarker with a simple,
non-invasive collection process; however, it has a lower concentration of
glucose and other analytes. Additionally, the presence of numerous
impurities makes it challenging to accurately isolate the intrinsic elec-
trolyte levels in the fluid [77,78]. Tear and interstitial fluid (ISF) have
well-maintained volumes and generate consistent glucose concentra-
tions as compared to other biological fluids like saliva and sweat [79,
80]. As a result, indirect blood glucose monitoring techniques have been
developed, focusing on measuring glucose levels in tears and analysing
their correlation with blood glucose level concentrations [80].

2.3. Saliva non-invasive methods

Saliva is the most accessible biofluid that consists of biomarkers that
are used for monitoring glucose. The development of biosensor tech-
nologies based on sweat will help facilitate access and potentially,
improve healthcare outcomes for low-resource patients [85]. It has a
different oral function such as lubrication, protection against pathogens
and digestion of food. Saliva is such a complex biological fluid that has a
range of molecules, enzymes, hormones, proteins, and genetic material,
that can help monitor and identify pathological and physiological
changes that happen in the body. The working principle behind the use
of saliva as a biomarker is that the blood glucose can diffuse into the
glands that produce saliva, where it is excreted. Although there is a time
lag between the concentration of saliva and that of blood glucose due to
the diffusion of glucose from the bloodstream into the salivary glands, it
can be correlated [86]. Other factors that can affect the concentration of
salivary glucose range from diet, oral health, salivary flow rate, and
sometimes medications. The accuracy of salivary glucose measurements
can be affected by these factors, which can also increase variability [87].
Arakawa et al.[88] first reported on the fabrication of non-invasive
monitoring of saliva glucose using a detachable oral cavity sensor. The
glucose sensor was fabricated on a polyethene terephthalate glycol
(PETG) surface and consists of a platinum electrode coated with a
glucose oxidase (GOD) and a silver/silver chloride electrode. This novel
mouthguard glucose sensor can detect glucose in artificial saliva at
5-1000 mol/L. This glucose sensor can directly measure oral cavity
saliva glucose levels without pre-treatment. The substrate material is
made from PETG and silver as the substrate material, along with the
platinum electrodes coated with cellulose acetate. The proposed glucose
sensor could quantify the glucose concentration in the range of
1.75-1000 pmol/L. Although saliva is a promising option for
non-invasive sensors, it presents challenges such as the breakdown of
food residues and the presence of protein and other active chemicals that
can interfere with the detection of target analytes during sensing [88,
89]. To solve this problem different strategies are employed including
timing after the most recent meal, including saliva stimulation and
mouth washing, in addition to different sample processing including
centrifugation and filtration [90]. De Castro et al.[91] developed a
colorimetric detection microfluidic paper-based wearable sensor for
glucose and nitrite monitoring. The enclosed pPAD (microfluidic
paper-based devices) was incorporated into a mouthguard, and the
proposed had a detection limit of 27 pmol/L and 7 pmol/L for glucose
and nitrite, respectively [91]. Samples were obtained from patients with
a prior diagnosis of diabetes mellitus and periodontitis. Liu et al.[92]
developed a non-invasive alternative toothbrush glucose sensor for
diabetic patients that uses saliva and toothpaste residues as a detecting
platform. The two electrodes were constructed from the graphite ink on
the working electrode and the Ag/AgCl ink was used on the refer-
ence/counter electrode. At the same time, GOD immobilised the work-
ing electrode. The sensor showed promising results in glucose detection
in 5 min using an amperometric biosensor platform [92]. Additionally,
Aparicio-Martinez et al.[93] developed a non-enzymatic salivary
glucose sensor using AgNPs/graphene composites to enable direct
glucose oxidation without needing an immobilised biomolecule. The
sensor featured a reference RE) made of Ag/AgCl ink, a counter
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electrode (CE) composed of bare laser-induced graphene (LIG), and a
working electrode (WE) constructed from LIG/AgNPs/graphene. The
sensor’s performance was evaluated from a linear range of 1-10 mM and
a narrow range of 1-2 mM. It had an improved LOD of 45 M and an
increased sensitivity of 52.2 mA/mM [93]. Panwar et al.[94] designed a
3D-printed optical biosensor strip for non-invasive glucose detection in
saliva. The device integrates microfluidic and biochemical methods,
with an optical sensor engineered to minimize interferences from
ambient light. Clinical testing demonstrated a strong correlation with
blood glucose levels, achieving a sensitivity of 26.89 count/(mg/dL) and
a detection limit of 28 mg/dL [94]. Qian et al.[95] developed a flexible
non-enzymatic glucose sensor designed to replicate an alkaline envi-
ronment for glucose reaction. The sensor features an alkaline hydrogel
patch embedded in situ with Cu-Ni nanocomposite on a carbon-based
working electrode. This design exhibited a broad linear detection
range (10 pM and 3 mM), high sensitivity, and a low detection of 1 pM.
The sensor successfully measured glucose levels in biofluids like sweat
and saliva, demonstrating its applicability for both healthy individuals
and diabetic patients.

2.4. Sweat -non-invasive methods

Sweat is a vital biofluid that the body produces because it controls
body temperature. Sweat contains a variety of biomolecules from
forming bigger proteins to hormones, metabolites and electrolytes and it
is a great biofluid for non-invasive health monitoring [78]. For contin-
uous disease monitoring, sweat plays a significant role in making
non-invasive devices that provide effective data collection and analysis.
The sweat glands in the body are eccrine, apocrine and apocrine, which
are found in different areas of the body as shown in Fig. 1.

Sweat production in the body is mostly caused by the eccrine sweat
glands, which are found in the hypodermis layer of the skin, and Fig. 2
shows the transport mechanism of sweat [98]. More importantly, sweat
can be used to determine several biological parameters, such as blood
sugar levels and stress. In 2021, the first touch-based prototype for
measuring sweat was developed, utilizing a 75 pm-thick, porous poly-
vinyl alcohol (PVA) hydrogel to sample and transport glucose from the
fingertip to the sensor, distinguishing it from earlier touch-based pro-
totypes [99]. A skin-interfaced soft microfluidic device was shown by
Koh et al. [100]. This device collects and retains sweat on the skin’s
surface through natural perspiration, directing it through a microfluidic
network and a series of reservoirs for collection and analysis [100]. Lin
et al. [101] designed a soft hydrogel patch to detect glucose electro-
chemically from hand sweat without additional stimulation. Incorpo-
rating a Prussian, blue-doped poly (3,4-ethylenedioxythiophene)
nanocomposite electrode, the hydrogel enables non-invasive and effi-
cient glucose monitoring while specifically targeting areas that naturally
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produce sweat [101]. Xiao et al.[102] fabricated a sandwich-structured
biosensor using a dielectric layer composed of carboxylated
multi-walled carbon nanotubes (MWCNT-COOH) and Prussian blue
nanoparticles (PBNPs). It demonstrated rapid, accurate and stable
glucose detection within a linear range of 0.01-1.00 mM, achieving a
sensitivity of 11.87 pA mM™' .cm™. Glucose oxidase (GOx) was chosen
for its ability to efficiently catalyse glucose into gluconic acid and
hydrogen peroxide, maintaining high resilience and effectiveness.
However, when directly applied to an unmodified electrode surface,
GOx often undergoes structural and functional changes, potentially
affecting its biological activity [102]. Li et al.[103] explore the use of
graphene sponges (GS), also referred to as graphene aerogel or graphene
foam, which have an intertwined micro/mesoporous composition of GS
to generate additional sites for GOx adsorption and offer convenient
pathways for swift ion diffusion. Graphene sponge is characterised by its
expansive specific area, significant porosity and impressive electrical
conductivity. Effective sweat collection for sensing purposes remains a
persistent challenge [103]. To address this, Xu et al.[104] developed a
flexible skin patch that incorporates micropillars and micropumps to
stimulate and store sweat. The microfluidic chip was fabricated using a
Cu-MOF/layered electrode, which demonstrated a detection limit of
2.84 uM within a concentration of 0-1 mM [104].

2.5. Tear non-invasive method

Exploring target biomarkers requires a connection between blood
glucose levels and non-invasive body fluids. For instance, the typical
glucose concentration is around 0.0 mM in healthy adults, which is
adequate for assessing diabetes risk. Tears contain biomarkers including
glucose, proteins, vitamin C (ascorbic acid) and pH levels that can be
used for various health conditions [106]. The first-generation contact
lens glucose sensors relied on optical sensing approaches, such as fluo-
rescence and photonic crystal-based glucose-responsive hydrogels[107].
Parvizs group published a ground-breaking research study in 2011, the
first electrochemical contact lens for tear glucose detection [108]. Xie
et al.[109] fabricated a non-invasive multifunctional contact lens that
monitors glucose levels in tears, intraocular pressure and eyeball
movement. They used the one-step hydrothermal reaction to deposit
v-FeoO3@NiO nanosheets on nickel foam. This study successfully
introduced flexible biosensors with excellent electrochemical perfor-
mance, achieving a low detection limit of 0.43 pM and a broad linear
range spanning 0.005-0.5 mM and 1.0-6.0 mM. Diabetic patients are at
a high risk of diabetic retinopathy and the multifunctional abilities of
this contact lens can prevent blindness by its ability to monitor the
intraocular pressure immediately. The design of contact lens sensors has
improved with recent developments, making the eyes a great window
for diagnosing disease, particularly when it comes to the integration of
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intraocular wearable eye patches that detect multiple biomarkers in
human tears [109]. Xu et al.[110] presented a wearable eye patch that
has a response period of 30 s and the eye patch biosensor was designed
using polyethylene plastic, silicon oil and textiles. Specific colorimetric
reactions were incorporated into the sensing regions to enable the se-
lective detection of the desired targets hydrogen ion(pH), ascorbic acid,
protein, and glucose [110]. Park et al.[111] designed low-cost colori-
metric contact lenses containing cerium oxide nanoparticles to monitor
tear glucose levels in diabetic rabbits. The developed wearable was able
to accurately detect the blood glucose levels of healthy human volun-
teers and diabetics while doing non-invasive monitoring of their tears
[111]. Wang et al.[112] proposed non-invasive tests that allow diabetic
retinopathy to be detected as an advanced diabetic progression. An
opto-electrokinetic bead-based immunosensing method was created by
the scientists to identify lipocalin 1 (LCN1), which is found in diabetic
retinopathy (DR) patients’ tears [112]. Gomez et al.[113] designed a
fibre optic biosensor that is biofunctionalized to detect LCN1 protein in
tears. The label-free biosensor used modern IoT-oriented sensing plat-
forms and has demonstrated the capabilities of detecting the LCN1
protein biomarker [113]. In addition, Park et al.[114] developed a
colorimetric disc-type (SD) strip biosensor using a sensing paper coated
with glucose oxidase (GOx) and cerium oxide nanoparticles (CNPs). The
validation tests demonstrated a strong correlation between glucose
levels in tears and blood within the 0-2.5 mM range, with the SD strip
biosensor displaying distinct colour change [114]. Seipetdenova et al.
[115] introduced a novel approach for detecting two diabetic retinop-
athy (DR) biomarkers — lipocalin 1 (LCN1) and vascular endothelial
growth factor (VEGF)- in artificial tear fluid. The method employs op-
tical biosensors based on semi-distributed interferometry (SDI), which
are functionalized with anti-LCN1 and anti-VEGF antibodies for targeted
detection. As proof of concept, the research focused on determining the
biosensor’s key operational parameters and performance characteris-
tics. The results demonstrated high sensitivity and specificity, achieving
a detection limit of 5.98 ng/mL for LCN1 and 26.6 fg/mL for VEGF
[115].

2.6. Interstitial stomach fluid (ISF)

While blood glucose has long been the cornerstone of diabetes
management, other analytes may offer a more comprehensive view of
metabolic health. The symptoms and complications of diabetes in the
case of hyperglycaemia can be mediated via interstitial and cellular ef-
fects. Therefore, looking at glucose biosensors that use interstitial fluid

(ISF) as an analyte is worth investigating [116]. Normally, the ISF
glucose level is the same as the blood glucose under steady-state settings.
However, when blood glucose fluctuates rapidly, the difference between
blood and ISF glucose may change more gradually, with a delay ranging
from five to fifteen minutes[117]. Semi-implantable wearable contin-
uous glucose monitoring (CGM) technology offers excellent monitoring
precision without requiring surgical procedures, but it also puts patients
at risk for discomfort and infection [1,118]. However,
microneedle-based CGM systems provide a promising platform that
tracks interstitial fluid instead of blood while being less invasive and
offering long-term, pain-free and precise glucose detection [119].
Currently, the available microneedles present two issues: low reliability
and low signal-to-noise, because the limited surface area of the valid
region for immobilising sensing materials leads to a weak response
signal that is readily overwhelmed by the noise signal [120].
Micron-sized needles typically measure between 300 and 1500 pm in
length and can be inserted into the dermal layer of the skin to obtain
inflammatory stromal cells in a minimally invasive manner [92,121].
Yin et al.[122] introduced a minimally invasive wearable microneedle
featuring an integrated circuit for signal processing and transmission.
The system incorporates a glucose skin patch to detect glucose levels in
transdermal interstitial fluid. Its hollow structural design protects the
glucose oxidase (GOD) enzyme from mechanical abrasion and impact,
extending the sensor’s lifespan to 14 days. Additionally, the hollow ar-
chitecture enables higher enzyme loading, enhancing detection sensi-
tivity. The study showed an avenue of a cost-effective technique that can
detect and monitor in real-time and record fluctuations. Analytes with
low molecular weight, such as glucose, urea, pH levels, lactate and urea,
etc., have shown similar composition between blood, plasma and ISF
[93]. Abbassiasl et al.[123] reported that a laser-drilled hollow micro-
needle patch was developed for continuous ISF sampling. This system
can measure the sensitivity, selectivity, and stability of the sensors while
simultaneously monitoring pH and glucose levels in the collected ISF. Its
functionality was confirmed through in-vitro and ex-vivo testing of the
integrated screen-printed electrodes [123]. Zheng et al.[124] have
developed a microneedle (MN) glucose and alcohol hydrogel-based
swellable MN patch that was made of methacrylate hyaluronic acid
(MeHA). The electrochemical test strip could detect alcohol from 0 mM
to 20 mM and glucose from 0 mM to 12 mM in less than a minute after
extracting a microlitre of skin ISF [124].
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2.7. Flexible materials for non-invasive glucose sensing: textile and
polymer-based approaches

Traditional biomedical monitoring devices often rely on invasive
methods that frequently restrict the mobility and comfort of the end-
user. However, the integration of textile materials in wearable sensors
enables a shift towards embedding sensing technology into ordinary
garments such as shirts, socks and undergarments [125]. A key benefit of
textile-based wearable electronics is their flexibility, lightweight nature
and ability to conform to the body. This facilitates a seamless sensors
integration into clothing, allowing for continuous, non-intrusive
tracking of vital signs like heart rate, breathing patterns and physical
activity. Another advantage presented by textile sensors is their
expansive coverage, providing a larger surface area for sensing func-
tionality. This proves particularly beneficial for pressure mapping in
smart textiles and posture analysis in medical and athletic applications.
Additionally, manufacturing these sensors is conveniently incorporated
during textile fabrication, enabling a cost-effective and easily scalable
manufacturing process [126,127]. Despite their advantages,
textile-based sensors present several limitations worth considering. A
primary concern is performance caused by mechanical strain, frequent
laundering and environmental exposure. Additionally, these sensors
pose challenges in complex signal processing as they produce substantial
datasets that demand sophisticated analytical algorithms for meaning
interpretation. Moreover, their sensitivity and specificity often fall short
when compared to conventional rigid sensors [128,129]. Zhao et al.
[130] developed a thread-embroided fabric sensing band integrated
with a surface-enhanced Raman scattering (SERS) detection system, and
it was fabricated with core-shell gold nanorods (AuNRs) coated with
Raman reporters (DTNB) for glucose and lactate detection in sweat. The
sensing band efficiently measured metabolite levels during different
activities by using the capillary actions of threads to passively direct
sweat flow and eliminating the need for external pressure. The limits of
detection achieved for glucose were 0.125 pM. Current sweat sampling
technologies primarily rely on functional hydrophilic materials such as
hydrogels, paper and hydrogels. While these materials can absorb sweat
passively, they cannot precisely control the sweat and its collection.
Recent advances, however, have introduced Janus-type sweat-absorbing
materials engineering with anisotropic structures, surface roughness
and energy gradients. This material enables on-demand sweat manipu-
lation, allowing for more efficient and targeted fluid handling compared
to conventional passive absorption methods [130]. Liu et al.[131]
introduce a breathable, patterned Janus textile sweat sensor designed
for efficient sweat collection and real-time monitoring of analyte con-
centrations during continuous exercise. They used a dual-process
approach to design the membrane using laser patterning of hydropho-
bic non-woven fabric (HMN) to create precisely controlled hydrophilic
channels, and fiber by electrospinning deposition of a functional nano-
fiber layer. This hierarchical design enables simultaneous longitudinal
fluid transport and lateral sweat droplet aggregation, which allows for
the detection of biomarkers such as glucose, pH, lactate, etc [131]. Ren
et al.[132] fabricated a Junus fabric by integrating hydrophobic poly-
urethane (PU) nanofibers with hydrophilic medical gauze via electro-
spinning to serve as a sweat collection interface. The working electrode
was electrodeposited with Prussian blue, followed by functionalization
with chitosan, SWCNTs/glucose oxidase, and the developed electro-
chemical sensor demonstrated a sensitivity of 3.35 pA/mM and a
detection limit of 15.32pM [132]. Polymeric materials have enabled the
development of highly stretchable, wearable sensors that can be inte-
grated and non-invasively interface with the human body. Their flexi-
bility, biocompatibility, simple processing and low cost, polymers serve
as an ideal base material for disposable and skin-adhesive sensors.
Flexible and stretchable sensors rely on polymer materials, which can be
either conductive or insulating. Conductive polymers such as nano-
structured polypyrrole (PPy), PANI and PEDOT combine metal-like
conductivity with the mechanical flexibility of plastics [133]. This
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conductivity arises from their unique molecular structure, unlike
non-conductive polymers. PPy has emerged as a versatile material for
biosensing devices due to its electrical conductivity, environmental
stability and flexibility. Its conductive nature supports efficient electron
transfer, essential for high-performance sensing. The material’s high
surface area and porosity improve biomolecule immobilisation, such as
enzymes, enhancing biosensor effectiveness. Additionally, PPy’s dura-
bility and structural adaptability, especially in highly ordered nano-
structures with high aspect ratios, make it valuable for advanced sensor
development. For example, Thakur et al.[134] designed a TiOs-PPy
nanocomposite-based non-enzymatic electrochemical sensor for glucose
detection. The TiO2-PPy modified glassy carbon electrode (GCE) ex-
hibits enhanced electrocatalytic activity for glucose oxidation due to a
synergistic effect, achieving a sensitivity of 678.57 pA-mM" -cm~2. This
improvement makes the electrode highly efficient for glucose detection.
Additionally, the glucose oxidation signals remain unaffected by inter-
fering substances such as urea, cholesterol and ribose [134]. In another
study, Okamoto et al.[135] prepared gold nanoparticles decorated with
PPy via electro-polymerisation to improve the catalytic activity in
glucose oxidation. Numerous studies have reported on the fabrication of
PANI and other metal oxides/nanomaterials for glucose detection [135].
Kailasa et al.[136] synthesised CuO nanoparticles decorated on poly-
aniline nanobelts using the polymerisation technique. The fabricated
sensors demonstrated excellent anti-interference properties, repeat-
ability and long-term stability, highlighting their potential for practical
non-enzymatic glucose detection [136]. In their study, Zhai et al.[137]
fabricated a glucose biosensor using a PANI hydrogel reinforced with
platinum nanoparticles (Pt-NPs), cross-linked with phytic acid. The
sensor exhibited a broad linear range (0.01-8 mM) and a fast ampero-
metric response of 3s [137]. Fang et al.[138] developed a flexible
conductive paper-based electrode incorporating PEDOT, PSS and plat-
inum nanohybrids for electrochemical glucose detection. The sensor
exhibited a high sensitivity of 21.17 yA mM " for glucose in both arti-
ficial urine and sweat [138].

3. Conclusion: Challenges and prospects of wearable glucose
sensors

Non-invasive biosensors for glucose monitoring have made signifi-
cant progress in research and commercialisation, but the limitations
remain. This review is classified based on four different biofluids used
for glucose biosensing. Potential biofluids for monitoring blood glucose
levels and determining if the concentration correlates with blood
glucose levels include ISF, sweat, saliva and tears. ISF has been
discovered to have a high concentration because of its proximity to
blood capillaries, which closely resemble the biomarkers in blood,
which are currently removed from the skin using reverse iontophoresis
(RI) or instruments like microneedles [139]. Sweat is the most accessible
biofluid since it can be stimulated in a variety of ways. Sweat glucose
levels are within the micromolar range and can be determined by using
microfluidic channels that collect and hold the sampled sweat or by
directly touching a sensor to perspiration on the skin. Although saliva
and tears also contain glucose, their biochemical partitioning mecha-
nism is currently poorly understood. Practical uses of contact lens
technology have been sluggish to materialise, even though they are one
step closer to helping diabetic people better manage their condition. To
prevent their influence on contact lens pain, these lenses should be
comfortable to use. The correlation between the two salivary indicators,
glucose and amylase and the findings is contradictory. Definitive con-
clusions about the connection between changes in salivary amylase
levels in diabetic patients, blood glucose control and the presence of
diabetic complications remain unclear. Additional research is necessary
to address issues and identify potential salivary biomarkers for diag-
nostic purposes.

These challenges in saliva, tears and sweat sampling for biosensing
include the following:
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e Saliva sampling: Variations in flow rate and the complexity of
saliva composition pose difficulties in achieving accurate biomarker
detection

e Tear sampling: The limited volume of teats and their complex
composition require highly selective and sensitive detection methods.
Advances in nanomaterials and microfluidics offer promising strategies
to improve sensitivity and specificity.

e Sweat sampling: While passive collection is practised for contin-
uous monitoring and is minimally invasive, earlier techniques such as
thermal stimulation and intense exercise can lead to dehydration and
biomarker fluctuations, reducing long-term reliability. It is necessary to
establish a link between the concentration of the target analytes in
biofluids and the time delay caused by diffusion.

This review also looked at sensor modification, specifically of metal
nanomaterials composites and MOFs which showed that recent break-
throughs in nonenzymatic glucose sensing leverage hierarchically
porous electrode materials with engineered surface properties. Laser-
induced graphene (LIG) exemplifies this approach, combining 3D
interconnected porosity (pore size distribution 50-500 nm), ultrahigh
surface area and metallic grade conductivity to achieve unprecedented
sensitivity. These innovative materials and integration pave the way for
precision health monitoring and show great strides into nonenzymatic
glucose sensing. In conclusion, glucose sensors have become indis-
pensable tools for glucose monitoring, enabling accurate and convenient
blood glucose monitoring that significantly improves health outcomes.
Despite their clinical value, challenges persist in sensor accuracy,
durability and affordability, underscoring the need for continued inno-
vation. Future advancements should prioritise (1) Al and machine
learning integration for real-time data analytics, (2) novel nano-
materials such as MOFs, laser-induced graphene to enhance sensitivity
and stability, and (3) scalable manufacturing techniques to reduce costs.
By addressing these critical gaps, next-generation sensors can transform
diabetes care, offering millions worldwide improved quality of life
through personalised and accessible glucose monitoring solutions.
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