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1. Introduction

Between 2019 and 2020, coronavirus dis-
ease (COVID-19) pandemic has rapidly 
spread worldwide, leading to millions 
of infection cases and a mortality rate of 
5.7%.[1] Diabetes is considered a risk factor 
for many serious infections, especially for 
the rapid progression and poor prognosis 
of COVID-19, and thus, patients with dia-
betes require more intensive attention.[2,3] 
This has created a considerable clinical 
challenge for diabetes management during 
the ongoing pandemic. To prevent the 
risk of coronavirus transmissions, remote 
monitoring of glucose levels is required to 
provide personalized homecare. Thus, the 
development of personalized continuous 
glucose monitoring (CGM) has attracted 
more attention during this pandemic to 
efficiently manage diabetes and avoid the 
spread of coronavirus.[4] Therefore, in the 
context of these unprecedented times, 
telemedicine intervention in support of 
CGM would be an ideal solution for dia-
betes management, enabling remote clin-
ical consultation for patients with diabetes 

via glucose self-monitoring with the support of personalized 
CGM devices, not only remaining the efficacy in diabetes care 
but limiting exposures to coronavirus between patients and res-
idents to contribute to global efforts against coronavirus.

Glycemic control, a vital consideration for diabetes care, 
is recommended to be personalized[5] to control diabetes, 
becoming more important during COVID-19 pandemic. Dia-
betic complications typically arise owing to acute hyperglycemic 
fluctuations,[6] which are frequently neglected due to single-
use blood glucose measurement. Although blood glucose 
monitoring is accurate for the diabetes management because 
of high precision, miniaturization, and robust production of 
devices, it is still challenging to track fluctuations in glucose 
levels during daily activities without increasing the risk of coro-
navirus infection through timely communication with patients 
with diabetes mellitus. To address this problem, CGM devices 
have been developed and commercialized to provide an effec-
tive alternative glucose measurement method that can monitor 
real-time changes in blood glucose concentration. However, 

The COVID-19 pandemic has continued to spread rapidly, and patients with 
diabetes are at risk of experiencing rapid progression and poor prognosis for 
appropriate treatment. Continuous glucose monitoring (CGM), which includes 
accurately tracking fluctuations in glucose levels without raising the risk of cor-
onavirus exposure, becomes an important strategy for the self-management 
of diabetes during this pandemic, efficiently contributing to the diabetes care 
and the fight against COVID-19. Despite being less accurate than direct blood 
glucose monitoring, wearable noninvasive systems can encourage patient 
adherence by guaranteeing reliable results through high correlation between 
blood glucose levels and glucose concentrations in various other biofluids. 
This review highlights the trending technologies of glucose sensors during the 
ongoing COVID-19 pandemic (2019–2020) that have been developed to make a 
significant contribution to effective management of diabetes and prevention of 
coronavirus spread, from off-body systems to wearable on-body CGM devices, 
including nanostructure and sensor performance in various biofluids. The 
advantages and disadvantages of various human biofluids for use in glucose 
sensors are also discussed. Furthermore, the challenges faced by wearable 
CGM sensors with respect to personalized healthcare during and after the 
pandemic are deliberated to emphasize the potential future directions of CGM 
devices for diabetes management.
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CGM devices have some limitations in terms of cost, accuracy, 
and patient friendliness,[7] which has led to the development of 
wearable noninvasive glucose-monitoring platforms. In recent 
years, wearable glucose-monitoring platforms using different 
human biofluids have been developed, and these have shown 
suitable compatibility with blood glucose levels. The develop-
ment and application of these wearable CGM devices are in the 
pioneering phase, and certain shortcomings remain regarding 
the clinical utilization for point-of-care monitoring. Under the 
pressure of COVID-19 pandemic, wearable CGM-based per-
sonalization  of diabetes healthcare  has faced difficulties in 
offering considerable management significance to the hospital 
healthcare system, leading the researchers to make an effort to 
develop superior glucose sensors that are applicable from hos-
pital to home for contribution in the fight against coronavirus.

In this review, we highlight the trending technologies of 
glucose measurement for personalized healthcare monitoring 
systems for patients with diabetes during COVID-19 pandemic. 
The latest progress from 2019 to 2020 of glucose monitoring 
platforms that have been developed to significantly contribute 
to a global effort on tackling COVID-19 as well as managing 
diabetes was reviewed, representing the possibilities of nano-
materials toward glucose monitoring, from invasive to nonin-
vasive measurement, by comparing the sensing performance 
in terms of materials, sensitivity, and time response. In addi-
tion, the benefits and drawbacks of various human biofluids in 
glucose sensing are discussed to deliberate the challenges of 
wearable CGM devices, from the perspective of universaliza-
tion to personalization toward personalized healthcare systems 
owing to the support of wearable CGM technology during this 
pandemic and in the future.

2. Off-Body Sensors for Glucose Monitoring

Most of conventional blood glucose measurements involving 
common handheld glucometers required a finger pricked step 
to prepare blood samples through a disposable test strip based 
on enzymatic reaction.[8] Despite the quite accurate perfor-
mance, especially during the COVID-19 pandemic, the over-
whelming need for continuous glucose monitoring, which is 
accurate enough to help health-care workers control diabetes, 
attacks considerable attention of scientists. To address the dis-
advantages of glucometers and improve the comfort and com-
pliance of patients, scientists are attempting to fabricate more 
effective sensing platforms using either enzymatic or nonenzy-
matic methods. To satisfy the demand of affordable and con-
venient glucose-monitoring sensors for diabetes management; 
thus, an attempt was made to investigate glucose-sensing opti-
mization. Electrochemical and optical sensing platforms for 
glucose measurement are the most popular investigated due to 
their advantages in term of sensitivity, selectivity, and stability 
that can be utilized to be an efficient CGM device.[9,10]

2.1. Nanomaterial-Based Optical Glucose Sensors

Signals for optical biosensing are either directly generated via 
the interaction of the biorecognition element and the optical 

field, or via label-free techniques. Transduction systems of 
optical sensing are diverse, that include fluorescence/near-
infrared (NIR) fluorescence and surface-enhanced Raman 
scattering (SERS) spectroscopy.[9] Particularly, for recognition 
of biological entities, various biomolecules can be employed, 
such as enzymes, antigens/antibodies, hormone receptors, or 
nuclear acids that are recognized through catalysis or affinity 
binding.[11,12]

Recently, most optical glucose sensors are based on the inten-
sity of color change and on the binding of an enzyme or nano-
material with glucose. Primitive enzymes derived from nature 
have been commonly used for the colorimetric determination of 
glucose by hydrogen peroxide (H2O2), which can accelerate the 
speed of chemical reactions due to the regulation of biological 
processes under mild environmental conditions.[13] Currently, 
various lateral flow assays (LFAs) have been employed for glu-
cose measurement, which depends on color change when the 
dipstick of the sensor touches the fluid.[14] Most recent studies 
have employed nanocellulose (NC), an intriguing cellulose-
based material, to develop a colorimetric detection system by 
integrating glucose oxidase (GOx) on the carboxyl-NC/cellulose 
substrate via TEMPO-mediated oxidation. After the carboxyl-NC 
is optimized, this integrated system was also underpinned by 
the basic principles of LFA. This detection system allowed the 
color change in the presence of H2O2 with a response range of 
1.5 × 10−3 to 13.0  × 10−3 m for glucose concentrations in urine 
(Figure  1A).[15] For fluorescence systems, rational design and 
fluorophore are crucial factors that influence device perfor-
mance.[16] Conventional strategies involve establishing glucose 
enzymatic oxidation by glucose oxidase by integration with var-
ious biomolecules or nanoparticles.[17–19] In recent years, biodots, 
also known as bioinspired fluorescent nanodots, have attracted 
attention in the nanochemistry field because of their inherent 
profiles, such as biocompatibility, favorable aqueous dispers-
ibility, low cost, and tunable fluorescence.[18] In particular, such 
a platform was developed using a threonine−PEI dot (TP)−GOx 
glucose-monitoring system in which hydrothermal methods 
were used for sensing artificial sweat samples (Figure 1B).[18] In 
this system, the ultrasmall size of the biodot allowed it to be con-
jugated with GOx to minimize the protein’s native function dis-
turbance, resulting in a single-step fluorescence “turn-off” enzy-
matic assay. Although it has good quality in terms of sensitivity, 
enzymatic-based sensing has several nonignorable drawbacks 
such as the cost of synthesis, especially for active enzyme immo-
bilization which depends on external environmental factors such 
as pH, temperature, or humidity, leading to instability and as a 
result a reduction in enzyme activity, and finally, influent preci-
sion of detection systems.[13,20,87] Alternatively, to overcome these 
drawbacks, nanozymes, which can efficiently mimic enzyme 
activities, are attracting attention using nonprotein molecules, 
including metal/metal oxide-based nanoparticles, graphene 
oxide, or supramolecules.[13,20,21] Diverse enzyme-like nanomate-
rials have been reported to contain glucose oxidase-like, super-
oxide dismutase-like (SOD-like), and peroxidase-like activity (the 
most popular) in the presence or absence of H2O2. Although 
these enzyme-mimetic nanomaterials are becoming potential 
candidates owing to their considerable benefits such as low cost, 
design flexibility, earth plentitude, and high stability under harsh 
conditions, they lack stability and biocompatibility in solution, 
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which still pose challenges. Hence, to eliminate these shortcom-
ings and improve the accuracy of determination, enzyme-free 
colorimetric detection techniques have been developed based 
on diverse nanomaterials including nanotubes, nanorods, nano-
particles, nanosheets, and nanowires.[13,22] Typically, Pd nano-
particles (Pd NPs) or pristine Co3O4 (P-Co3O4)/reduced Co3O4 
(R-Co3O4) nanocomposites are attracting increasing attention 
because they possess peroxidase-like activity as well as optical 
properties, and thus, can be used to construct a colorimetric glu-
cose probe. Both Pd91-GBLP NPs and the P-Co3O4/R-Co3O4 plat-
form, which are fabricated via bioconjugation or hydrothermal 
techniques, can monitor glucose levels at a very low limit 
detection of 1 × 10−6 m and 0.69 × 10−6 m/0.32 × 10−6 m, respec-
tively.[20,23] Multi-hydroxyl carbon dots (CDs) were aggregated 
on phenylboronic acid (PBA)-molecular-brush-grafted magnetic 
nanoparticles (Fe3O4@APBA) to produce a novel glucose com-
posite probe that can respond to glucose in human blood at a 
minimum level of 0.15 × 10−6 m within 5 min (Figure 1C).[24] In 
other study, Long et al. proposed a novel sandwich assay by self-
assembling p-mercapto-phenylboronic acid (PMBA) monolayers 
on a gold nanodisk (Au-ND) and then mixing with silver nano-
particles (AgNPs) (Figure  1D). This system allowed the moni-
toring of blood glucose in the wide range of 1 × 10−3 to 40 × 10−3 m  
after a fast response time within 10 s.[25]

Recently, few studies have reported that optical-based glucose 
measurement techniques are less attractive than electrochem-
ical-based sensors (Table  1). Although optical glucose-sensing 
systems have achieved good performance with high sensitivity 
and selectivity, these platforms have not attracted attention 
because of the long response time or lack of reusability, making 
it difficult to release commercially.

2.2. Nanomaterial-Based Electrochemical Sensors of Glucose

Electrochemical sensors have attracted immense attention 
because of their facile fabrication and miniaturization of equip-
ment. These instruments can provide a quantifiable electric 
signal based on glucose levels, such as current or voltage. The 
devices can be classified into two types based on the sensing 
element—enzymatic (enzyme present) or nonenzymatic 
(enzyme absent).[38–40] Herein, we highlight the development 
of novel glucose-electrochemical sensors using diverse sensing 
materials containing enzymes, metal-oxide nanocomposites, 
bimetallic nanoparticles, carbon nanotubes, graphene-oxide-
based nanomaterials, and conductive polymers, which are 
described in Table 2.

2.2.1. Novel Investigation of Enzyme-Based Electrochemical 
Glucose Sensors

Since the generation of glucose sensors, enzyme-related sys-
tems are the most common model, and GOx underpins most 
of these devices.[39] Enzymatic glucose sensors use conduc-
tometric, impedimetric, potentiometric, and amperometric 
techniques based on GOx immobilization.[41,42] To generate an 
electrical connection between the electrode and enzyme, medi-
ated electron transfer (MET) and direct electron transfer (DET) 
can be used. Both categories of glucose measurement sensing 
are based on a primary electrochemical reaction between glu-
cose and water, which produces gluconolactone and H2O2 via 
the action of GOx. The dissociation of H2O2 is amplified by a 
small electrical current to generate free electrons, and then, 

Figure 1.  A) Fabrication of colorimetric-based glucose test-strip by casting the indicated solutions on cellulose substrates. Adapted with permission.[15] 
Copyright 2020, Elsevier. B) The formation of a one-step glucose sensor by integrating threonine−PEI dots with GOx as an enzyme-fluorescent sensing 
probe. Adapted with permission.[18] Copyright 2020, American Chemical Society. C) The fundamental principle of the CDs/Fe3O4@APBA system for 
blood glucose determination. Adapted with permission.[24] Copyright 2020, Elsevier. D) The preparation of the Au-ND/glucose/Ag NPs sandwich system 
based on the SERS principle. Adapted with permission.[25] Copyright 2021, RSC Pub.
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the glucose concentration is determined in the immediate 
area.[9] In terms of MET determination, voltammetry is a prof-
itable tool that has various merits, including high sensitivity, 
low cost, with easy and fast sample preparation. For structural 
design, the working electrode plays a crucial role, and the 
most common electrodes are glassy carbon and mercury.[43] 
Therefore, numerous studies have established glassy carbon 
electrode (GCE)-based-sensors such as GOx/CoS-MWCNT 
(multi-walled carbon nanotube)/Nafion/GCE[44] and polymer 
phenylethnylcopper (PPhECu)-based photoelectrochemicals 
(PECs).[45] In particular, PEC methods have emerged as a poten-
tial analytical method with high sensitivity, low background 
noise, and simple equipment. The performance of PEC sensors 
mainly depends on photosensitive materials, and the operating 
principle is based on the photocurrent alteration of the elec-
trode modified with a photoactive material. Furthermore, the 
PPhECu, can be synthesized, which has a high initial signal, 
to develop a PPhECu/GCE-based PEC device with a very low 
detection limit of 0.16 × 10−6 m.[45]

In order to eliminate unexpected risks, such as the insta-
bility of mediators in MET, DET application is a potential 

strategy and is more popular in the field of enzyme-based glu-
cose sensors. Various studies have focused on the utilization 
of nanomaterials to provide high conductivities and surface 
areas for electrode anchoring on the surface, thus reducing 
the distance between the flavin adenine dinucleotide (FAD, 
active site of GOx) and the underlying electrode minimiza-
tion in DET.[46] These nanomaterials include graphene, carbon 
nanotubes (CNTs), nanocomposites, nanoparticles, and con-
ducting polymers, which are developed as micro- or nanoscale 
matrix/arrays, as nanomaterial-based substrates, and via 
layer-by-layer functionalization.[19,46] Typically, to construct 
GOx/MC (mesoporous carbon)-COOH bioelectrodes, GOx is 
immobilized on carboxylized MC before being dispersed on 
a carbon cloth (CC), which enhances the amount and activity 
of immobilized GOx, thus enriching the electrode proper-
ties.[47] The Nafion/GOx/MC-COOH platform has been shown 
to present good electrocatalytic activity; it not only increased 
the anodic charge-transfer coefficient (α) but also enhanced 
the peak current intensity and the reduction peak current of 
O2 (Figure  2A).[47] In addition, various nanostructured metal 
oxides have a remarkable ability to facilitate electron transfer 

Table 1.  Summary of off-body nanomaterial-based optical glucose sensors.

Principle Platform Biological sample LOD Detection range Response time Enzyme Refs.

Colorimetry HRP-H2O2-TMB Urine 0.03 × 10−6 m 0.2 × 10−6–55.6 × 10−6 m – GOD [26]

Colorimetry carboxyl-NC@GOx Urine – 1.5 × 10−3 m–13.0 × 10−3 m – GOx [15]

Colorimetry G/H-Aerogel Blood & sweat 11.4 × 10−6 m – 30 min GOx [27]

Fluorescence AgNPs@PCN-224 Human blood 0.078 × 10−6 m 0 × 10−3–3 × 10−3 m 40 min GOx [28]

Fluorescence CdTe QDs Blood & saliva 5 × 10−9 m 10 × 10−9–100 × 10−6 m 30 min GOx [17]

Fluorescence GQDs/AuNCs/Fe2+ Human blood 0.18 × 10−6 m 1 × 10−6–15 × 10−6 m 15 min GOx [19]

Fluorescence TP−GOx Artificial sweat 25 × 10−6 m 25 × 10−6–1000 × 10−6 m 45 min GOx [18]

NIR Fluorescence GOx-Pt-Porphyrin-PLA-
alginate hybrid

– 1.5 × 10−3 m 0 × 10−3–10 × 10−3 m 4 min GOx [29]

UV-vis spectrophotometer GOx@HP-MIL-88B-BA Human blood 0.98 × 10−6 m 2 × 10−6–100 × 10−6 m 10 min GOx [30]

Whispering gallery mode 
resonator

WGMRs/Au-NPs/GOx – – 0 × 10−3–2.4 × 10−3 m – GOx [31]

Chemiluminescence IC/hemin/glucose/H2O2 Blood & urine 15.0 × 10−9 m 0.06 × 10−6–3.5 × 10−3 m – [32]

Colorimetry Gal-1 IN PEG-AuNPs – 100 × 10−12–10 × 10−3 m 10 min [33]

Colorimetry MGCN-chitin-AcOH Blood & urine 0.055 × 10−6 m 1 × 10−6–900 × 10−6 m 3 min [34]

Colorimetry MnO2 nano-oxidizers Human blood 10 × 10−6 m 10 × 10−6–5 × 10−3 m 50 min [35]

Colorimetry NL-MnCaO2 Human blood 23.86 × 10−6 m 18.3 × 10−6–421.6 × 10−6 m – [13]

Colorimetry Pt2+
2.30@g-C3N4 – 0.01 × 10−3 m 0.13 × 10−3–2.00 × 10−3m – [21]

Colorimetry Pd91-GBLP NPs Human blood 1 × 10−6 m 2.5 × 10−6–700 × 10−6 m – [23]

Colorimetry P-Co3O4 Human blood 0.69 × 10−6 m 10 × 10−6–30 × 10−6 m 30 min [20]

Colorimetry R-Co3O4 Human blood 0.32 × 10−6 m 1 × 10−6–20 × 10−6 m 30 min [20]

Fluorescence CDs/Fe3O4@APBA Human blood 0.15 × 10−6 m 0.2 × 10−3–20 × 10−3 m 5 min [24]

Fluorescence CNPs Human blood 10 × 10−6 m 50 × 10−6–2000 × 10−6 m 5 h [16]

Fluorescence His-AuNCs Urine 3.4 × 10−6 m 5 × 10−6–125 × 10−6 m 40 min [36]

SERS Fe3O4 NPs@Au NPs/d-
Ti3C2TX MXene

Plasma 0.033 pg mL−1 0.0001–100.0 ng 5 s [37]

SERS Ag NRs@Al2O3 – 10−4 × 10−3m 10–3 × 10−3–3 × 10−3 m ≈10 s [22]

SERS Au-ND/glucose/Ag NPs Blood – 1 × 10−3–40 × 10−3 m 10 s [25]
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Table 2.  Summary of off-body nanomaterial-based electrochemical sensors of glucose.

Type of electrode Platform Biological  
sample

Sensitivity 
[µA mM−6 cm−2]

LOD Detection range Response 
time

Enzyme Refs.

AlGaN/GaN HEMT AuNPs/GOx Blood 106 1 × 10−9 m 0.001 × 10−3–9 × 10−3 m < 8 s GOx [85]

Carbon fiber CF-PEDOT-GOx Blood 8.5 – 0.5 × 10−3–15 × 10−3 m < 2 s GOx [46]

Cu-nanoflowers Cu-nanoflower@AuNPs-GO NFs – – 0.018 × 10−6 m 0.001 × 10−3–0.1 × 10−3 m – GOx [86]

FTO GOx/nano-ZnO/PVA – 41 2.0 × 10−6 m 0.2 × 10−3–20 × 10−3 m < 3 s GOx [42]

GCE GOx/CoS-MWCNTs/Nafion Human blood 14.96 5 × 10−6 m 8 × 10−6–1.5 × 10−3 m 5 s GOx [44]

GCE PPhECu/GCE-based PEC Human blood – 0.16 × 10−6 m 0.5 × 10−6–5 × 10−3 m – GOx [45]

ITO glass 3D porous graphene aerogel@GOx Human blood – 0.87 × 10−3 m 1 × 10−3–18 × 10−3 m – GOx [87]

Laser-induced 
graphene (LIG)

LIG/PtNPs/GOx Sweat 4.622 300 × 10−9 m 0.0003 × 10−3– 2.1 × 10−3 m – GOx [88]

Pt disk PANI-MMT/PtNPs/CS Human blood 35.56 0.1 × 10−6 m 10 × 10−6–1.94 × 10−3 m – GOx [49]

Pt disk Gelatin/GOx–Pt Blood 158 0.5 × 10−6 m 0.5 × 10−6–1.8 × 10−3 m 1.4 s GOx [89]

Au AuNP-MIPs Human blood – 1.25 × 10−9 m 1.25 × 10−9–2.56 × 10−6 m – [90]

Au Copper-G-COOH Human blood 1142 7.96 × 10−9 m 0.1 × 10−6–5.48 × 10−3 m 2 s [73]

Au PEDOT–ERGO Human blood 696.9  0.12 × 10−6 m 0.1 × 10−3–100 × 10−3 m <1 s [91]

Carbon cloth CuO/Ni(OH)2 – 598.6 0.31 × 10−6 m 0.05 × 10−3–8.50 × 10−3 m 1 s [92]

Carbon cloth ZnCo2O4 NWAs Human blood 3880 2.5 × 10−6 m 5 × 10−6–0.5 × 10−3 m 5 s [93]

Carbon cloth ZnO Blood 4792 0.43 × 10−6 m 1 × 10−6–1.45 × 10−3 m < 3 s [94]

Cu foam (CF) Nanoporous Cu2O NRs/NTs Blood 5792.7 0.015 × 10−6m 15 × 10−9–0.1 × 10−6 m < 1 s [95]

CNF NiMoO4 Human blood 301.77 50 × 10−9 m 0.0003 × 10−3–4.5 × 10−3 m 5 s [96]

CF NiCu-OH@Cu(OH)2 NRA Human blood 6560.3 32 × 10−9 m 100 × 10−9 –1.5 × 10−3 m 3 s [68]

Cu foil AuNPs@CuO NWs Human blood 1591.44 0.3 × 10−6 m 0.3 × 10−6–31.06 × 10−3 m – [97]

Cu foil Cu3Pt/Cu2O Nanorod Human blood 5082 1.759 × 10−6 m 0.005 × 10−3–10 × 10−3 m < 6 s [62]

Cu foil Dendritic Au – 300 0.6 × 10−6 m 10.0 × 10−6–15.0 × 10−3m – [98]

Cu sheet oxidized Zn–Sn hybrid nanostructures – 2135 – 0.5 × 10−6–0.1 × 10−3 m 1 s [99]

Cu foil CuS nanosheets/Cu2O/CuO NWAs – 4262 – 0.002 × 10−3–4.1 × 10−3m – [69]

Glassy carbon (GC) Cu-NW-CNT-BL – 1907 0.33 × 10−9 m 10 × 10−6–2000 × 10−6 m 1 s [81]

GC Cu(OH)2 particle Blood and urine 253 – < 0.1 × 10−3 m < 4 s [100]

GC GC/PDPA/PTA/ZnO – 20.30 0.1 × 10−6 m 1 × 10−6–7 × 10−6 m < 2 s [56]

GC NiCo2S4/EGF-7 Human blood 7431.96 0.167 × 10−6 m 0.0005 × 10−3–3.571 × 10−3 m 5 s [101]

GC NiCP/CNTs Human blood 2931.4 2.1 × 10−6 m 2.1 × 10−6–400 × 10−6 m – [102]

GCE AgNPs/NSC – 35 220 0.046 × 10−3 m 5 × 10−6–3 × 10−3 m – [55]

GCE Au@NiCo LDH – 864.7 0.028 × 10−6 m 0.005 × 10−3–12 × 10−3m 4 s [52]

GCE Au@Ni/C – 23.17 0.0157 × 10−3 m 0.5 × 10−3–10 × 10−3 m 3 s [53]

GCE AuNPs/RGO Human sweat – 4 × 10−6 m 10 × 10−6–400 × 10−6 m – [54]

GCE Co3O4 – 212.92 2.7 × 10−6 m 0.05 × 10−3–3.2 × 10−3m 5 s [61]

GCE CoMoO4/MPC-2 Human blood – 0.13 × 10−6 m 5 × 10−7–1.08 × 10−4 M 1.76 s [103]

GCE Cu@C/Nafion Human blood 2565  21.35 × 10−6 m 0.04 × 10−3–40 × 10−3 m – [104]

GCE Cu@Pd-CS – 23.00 – 0.1 × 10−3−1 × 10−3 m – [105]

GCE Cu2O MSs/S-MWCNTs Human blood 581.89 1.46 × 10−6 m 0.00495 × 10−3–7 × 10−3 m – [59]

GCE CuO-350-AIR Saliva 1806.1 0.15 × 10−6 m 5 × 10−6–1.165 × 10−3 m 3 s [106]

GCE Cu3(BTC)2-derived CuO nanorod – 1523.5 1 × 10−6 m 1 × 10−6–1.25 × 10−3 m 5 s [107]

GCE Cu-xCu2O NPs@3DG foam – 230.86 16 × 10−6 m 0.8 × 10−3–10 × 10−3 m – [41]

GCE Cu@HHNs Human blood 1594.2 1.97 × 10−6 m 5 × 10−6–3 × 10−3 m – [84]

GCE E-NiCo-BTC Human blood 230.5 0.187 × 10−6 m 0.0 × 10−3–5.7 × 10−3 m – [63]

GCE rGO-Cu2O micro-octahedrals (without 
Nafion)

Human blood 24.8 0.53 × 10−6 m 1 × 10−6–9000 × 10−6 m – [58]
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between the active surface site and the electrode.[42] In a recent 
study, GOx was immobilized on a ZnO–polyvinyl alcohol (PVA) 
composite film before being deposited on fluorinated tin oxide 
(FTO) using a spin-coating technique to construct a voltam-
metric sensor—GOx/nano-ZnO/PVA/FTO. This sensing plat-
form not only responds quickly (less than 3 s) but also reaches 

a high sensitivity of 0.041 mA mM−1 to detect glucose in real 
human blood serum samples.[42] Additionally, platinum elec-
trodes have been increasingly used to generate a working elec-
trode with high reproducibility and stability, based on the very 
low and stable baseline current of the Pt electrode.[48] Recently, 
in one study, a novel amperometric sensor was developed by 

Type of electrode Platform Biological  
sample

Sensitivity 
[µA mM−6 cm−2]

LOD Detection range Response 
time

Enzyme Refs.

GCE rGO-Cu2O micro-octahedrals (with 
Nafion)

Human blood 415 0.96 × 10−6 m 1× 10−6–9000 × 10−6 m – [58]

GCE nCuO-MHS/Nafion – 25.46 1 × 10−6 m 0.001 × 10−3–3 × 10−3 m – [108]

GCE Ni@Cu-MOF Human blood 1703.33 1.67 × 10−6 m 5 × 10−6–2500 × 10−6 m – [82]

GCE NiFe2O4-NiCo-LDH@rGO Human blood 111.86 12.94 × 10−6 m 3.5 × 10−5−4.525 × 10−3 m [64]

GCE Ni-MOF400 Bovine serum 2918.2 0.92 × 10−6 m 5 × 10−6–4.1 × 10−3 m – [83]

GCE NiO-NC-rGO Human blood 4254 70.9 × 10−9 m 0.5 × 10−6–20.0 × 10−6 m – [109]

GCE NiO nanodonuts – 904.6 1.4 × 10−6 m 0.05× 10−3–9.5 × 10−3 m 2 s [60]

GCE Ni5P4 Human blood 149.6  0.7 × 10−6 m 0.002 × 10−3–5.3 × 10−3 m – [50]

GCE Pd–Ni@f-MWCNT Human blood 71 0.026 × 10−6 m 0.01 × 10−3–1.4 × 10−3 m 3–5 s [66]

GCE PtAu Human blood – 3 × 10−6 m 0.01 × 10−3–10 × 10−3 m – [65]

GCE ZnO/CeO2 – – 0.224 × 10−6 m 0.5 × 10−6–300 × 10−6 m – [110]

Graphene Ni-G-PLA Blood and saliva – 2.4 µmol L−1 2.0–20.0 in blood
0.02–0.20 in saliva

– [111]

FTO CuO – 1207 1.19 × 10−6 m 1.19 × 10−6–2.2 × 10−3 m < 4 s [112]

FTO Fe2O3NR – 100.46 5.5 × 10−6 m 0.5 × 10−3–2.5 × 10−3 m – [113]

FTO PdNS-Cu/Cu2O Human blood 0.1 × 10−6 m 0.5 × 10−6− 2600 × 10−6 m 5 s [67]

ITO Au-NiO1−xHNAs Human blood 4061 0.001 × 10−3 m 0.005 × 10−3–15 × 10−3 m – [114]

ITO CuO PNBs Human blood 1876.52 60 × 10−9 m 0.1 × 10−6–2 × 10−3 m – [78]

ITO Hybrid Cu2O-ZnO Blood 441.2 0.13 0.02 × 10−3–1 × 10−3 m < 3 s [57]

ITO LI–NiEC–CdS–G – – 0.4 × 10−6 m 1.0 × 10−6–1.0 × 10−3 m – [115]

ITO NiNPs/ERGO – 185 200  40 × 10−9 m 0.5 × 10−6–244 × 10−6 m 4 s [116]

ITO Pd-PBTh – 5620 7 × 10−6 m 0.04 × 10−3–0.4 × 10−3 m 3 s [79]

MEM MWCNTs-TBA-MIPs/AFC/MEM Blood – 0.61 × 10−6 m 1 × 10−6–180 × 10−6 m – [117]

Ni film Ni/Cu bowl-like array film Urine 3924 0.05 × 10−6 m 0.5 × 10−6–2.5 × 10−3 m 5 s [74]

Ni foam Ag@CNC@NF – 3.64 × 1010 6 × 10−9 m 0.5 × 10−3–7 × 10−3 m 0.1 s [51]

Ni foam ND-Gr-NH Human blood 15431.2 0.1 × 10−6 m 5 × 10−6–2000 × 10−6 m 1 s [72]

Ni foil GLAD Ni thin film Urine and sweat 1600 0.05 × 10−6 m 0.5 × 10−6–9 × 10−3 m – [70]

Ni foil GLAD NiO thin film Urine and sweat 4400 0.007 × 10−6 m 0.5 × 10−6–9 × 10−3 m – [70]

Ni foil NiMn2O4 NSs@NF – 12 300 0.24 × 10−6 m 0.115 × 10−3–0.661 × 10−3 m 2 s [71]

Ni substrate CuxCo3−xO4 nanoneedle framework 
thin-film

– 13 291.7 1.36 × 10−6 m Up to 1.4 × 10−3 m < 0.5 s [118]

Platinum foil Ni60Nb40 nanoglass – 20 000 100 × 10−9 m 2 × 10−3–38 × 10−3 m – [119]

Polyurethane (PU) Ni(OH)2/PU – 2845 0.32 × 10−6 m 0.01 × 10−3–2.06 × 10−3 m < 5 s [120]

Porous CuO CuO PN Saliva 2299 0.41 × 10−6 m 5 × 10−6–0.225 × 10−3 m 0.8 s [121]

Pt CoxOyHz@ZIF-67/TiO2 NTs Human blood – 0.03 × 10−6 m 0.1 × 10−6–1 × 10−3 m – [122]

Titanium foils BiOBr-TNTA Human blood 773 10 × 10−9 m (5  ×  102) × 10−9–(3  ×  107) 
× 10−9 m

– [75]

Titanium foils NiCo/TiO2@C NFAs Human blood 975.3 0.6 × 10−6 m 1 × 10−6–7658 × 10−6 m 5 s [123]

LIG Cu NPs Blood 495  0.39 × 10−6 m 1 × 10−6–6.0 × 10−3 m 0.5 s [124]

Table 2.  Continued.
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electrodepositing Pt nanoparticles (PtNPs) on polyaniline 
montmorillonite (PANI-MMT) hybrid nanocomposite and 
then immobilizing it on glucose oxidase (GOD), resulting in 
the fabrication of a PANI-MMT/PtNPs/CS-GOD sensor. This 
developed sensor exhibited a quick response in determining 
human blood serum glucose levels with a high sensitivity of 
35.56 µA mM−1 cm−2 and limit of detection (LOD) of 0.1 × 10−6 m.[49]  

Although they guarantee glucose detection because of the high 
sensitivity and good selectivity,[19] these sensing platforms have 
several drawbacks similar to optical devices, as mentioned in 
a previous study.[41] Therefore, to tackle these issues of enzy-
matic-related sensors, 3D porous graphene aerogels in micro-
fluidic systems have been established as novel amperometric 
sensors. This platform exhibits some considerable merits, 

Figure 2.  A) Fabrication of the Nafion/GOx/MC-COOH sensor by dispersing GOx-immobilized MC/COOH onto a carbon cloth electrode. Adapted 
with permission.[47] Copyright 2020, MDPI. B) The fundamental principle of the 3D porous graphene aerogel@GOx system as a microfluidic biosensor. 
Adapted with permission.[87] Copyright 2020, Royal Society of Chemistry. C) The PEC self-powered sensor was constructed using a Fe2O3NR photo-
anode and platinum wire cathode. Adapted with permission.[77] Copyright 2020, Elsevier. D) The mechanism of enzyme-free electrochemical platform  
Pd-PBTh/ITO. Adapted with permission.[79] Copyright 2020, Elsevier.
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including increased specific surface area, which can be used 
to modify more GOx, enhanced physiological conditions, and 
limited contamination of GOx. Because of these factors, a 
sensor with good biocompatibility, low sample consumption, 
long-term enzyme activity, and stability for practical use was 
developed (Figure 2B).[87]

2.2.2. Novel Investigation of Enzyme-Free Electrochemical  
Glucose Sensors

Alternatively, the development of enzyme-free devices to over-
come the challenges of enzymatic-glucose probes has attracted 
attention, to develop probes with advantages such as low cost, 
fast response, good sensitivity, ultra-low detection limit, and 
long-term stability.[50,51] Currently, among the numerous cut-
ting-edge technological devices, especially in terms of glucose 
sensors, GCE has numerous attractive properties such as a low 
background current and convenient fabrication; therefore, it is 
an important electrode for nonenzymatic instruments. How-
ever, a drawback of this platform is its slow electron transfer; 
thus, it is necessary to modify the surface of the electrode by 
loading it with various catalyst nanomaterials such as noble and 
transition metal/metal oxides (e.g., Au,[52–54] Ag[55]/ZnO,[56,57] 
Cu2O,[58,59] NiO,[27,60] and Co3O4

[61]) and alloys/complexes (e.g., 
Cu3Pt,[62] Ni5P4,[50] and NiCo[63,64]).

Both noble metals (e.g., Au, Ag, Pt,[65] and Pd[66,67]) and tran-
sition metals (e.g., Cu[68,69] and Ni[70–72]) ameliorate glucose oxi-
dation in an electrocatalytic manner; thus, they are commonly 
employed for glucose quantification. In particular, noble metals 
possess essential electrocatalytic activity; thus, in the last few 
years, they have been intensely applied in nonenzymatic glu-
cose platforms.[69] In particular, a conifer-like copper-G-COOH 
nanocomposite was prepared and then deposited on a bare gold 
electrode to fabricate an enzyme-free glucose sensor with high 
sensitivity, low LOD, and fast response of under 2 s.[73]

Nonetheless, metal nanoparticles are expensive and suscep-
tible to poisoning, which minimizes their wide application. 
Fortunately, several alternative investigations have attempted 
to tackle these problems by combining nanoparticles with tran-
sition metals or transition metal oxides.[73] For instance, copper 
foil or copper oxide (Cu2O or CuO) has been used to success-
fully construct electrochemical glucose sensors because of 
their high isoelectric point and low overpotential for electron-
transfer reactions.[71] Based on a simple and easy synthesis 
technique, a copper foil can be grown into various CuO nano-
structures such as nanoflowers, nanowires, and nanorods, 
which have many advantages.[74] Li et al. developed CuO nano-
wires (NWs) on 3D copper foam followed by coating gold nano
particles (Au NPs) to form CuO NWs with Au NPs.[74] Cu₃Pt/
Cu₂O nanorod arrays with different CuO nanostructures were 
synthesized by Yang et  al. using the immersion-reduction 
method. Note that this sensor has a large surface area for  
glucose contact and a fast electron transfer path; thus, it exhibits 
an outstanding sensitivity of 5082 µA mM−1 cm−2 and a fast 
response time (<6 s).[73] Nickel (Ni), which is also an excel-
lent material, possesses excellent sensitivity, stability, and out-
standing ability to catalyze glucose oxidation in alkaline media 
and is widely applied in sensors.[70,74] Zhang et al. developed a 

novel nonenzymatic glucose sensor of porous NiMn₂O₄ NS@
NF via a hydrothermal method followed by heat treatment. 
This sensor responds quickly (within 2 s) and has a very high 
sensitivity of 12.3 mA mM−1 cm−2 for glucose.[71] Human serum 
is used as the sample for almost all conventional glucometers, 
which is extracted via invasive methods, leading to discomfort 
and pain for the patients. Therefore, it is necessary to inves-
tigate noninvasive glucose sensors using other biological 
fluids such as urine, sweat, and saliva.[39] For instance, Singer 
et  al. fabricated two amperometric electrochemical integrated 
devices using Ni and NiO electrodes, which were fabricated 
via the glancing angle deposition (GLAD) technique. Although 
they were utilized to quantify glucose in artificial sweat and 
urine samples, the GLAD NiO thin film platform was better 
than the GLAD Ni thin film in terms of sensitivity and LOD.[70] 
Additionally, TiO2 has exceptional photosensitivity and chem-
ical stability; thus, it is possible to apply it as an electrode in 
PEC devices.[75] Moreover, to enhance the electrocatalytic per-
formance, free-standing 1D nanostructures have been estab-
lished as direct pathways for electron transport and binder-free 
contact with the electrocatalyst.[75] In particular, the perfor-
mance of the BiOBr–TiO2 nanocomposites was confirmed by 
Zhao et  al., which showed good photocatalytic activity, excel-
lent stability, and high photocurrent densities under visible 
light conditions. Hence, the fabricated BiOBr-TNTA sensors 
via vacuum impregnation and chemical precipitation achieved 
a minimum LOD of 10 × 10−9 m.[75]

Among the three principal categories of transparent conduc-
tive oxide (TCO) films, SnO2-based films have enormous poten-
tial, including high hardness, low electrical resistivity, good 
electrochemical stability, high optical transmittance, and espe-
cially, the large amount of tin resources. Nevertheless, SnO₂, 
the natural semiconductor, is a nonconductive material. Var-
ious doping elements (e.g., Mn, Sb, and F) have been applied 
to modify the crystal structure of SnO₂ thin films by various 
coating techniques such as chemical vapor deposition, spray 
pyrolysis, or sol–gel methods to synthesize fluorine-doped tin 
oxide (FTO) films.[76] He et  al. utilized FTO films and hema-
tite (Fe2O3) nanorod (NR) structures to fabricate an Fe2O3NR/
FTO electrochemical glucose sensor (Figure  2C).[77] Because 
of the inherent advantages of Fe2O3 such as abundance, eco-
friendliness, nontoxicity, good light absorption, and especially, 
photochemical stability in alkaline electrolytes, the electricity 
required for this system could be obtained from renewable solar 
energy, and the glucose-monitoring device could be self-pow-
ered. Another application that utilizes the rich source of tin is 
indium tin oxide (ITO) electrode, which exhibits robust sensing 
stability.[78] In particular, the ITO electrode was modified by 
electropolymerization of bithiophene to form PBTh/ITO, fol-
lowed by the electrodeposition of palladium particles onto the 
PBTh/ITO film, and the construction of an amperometric Pd-
PBTh/ITO glucose sensor (Figure 2D). This proposed platform 
responded quickly within ≈3 s with exceptional sensitivity of 
≈5620 µA mM−1 cm−2.[79]

Additionally, various carbon-based materials have been syn-
thesized as supports for loading metal-based substances or 
nanocomposites, such as graphene or graphene oxide (GO), 
CNTs, and other carbon substances.[38] Graphene is a single 
graphite sheet and exhibits unique electronic, mechanical, and 
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optical properties. Its electrocatalytic properties can be improved 
by depositing heteroatoms (e.g., N, B, P, and S).[80] Typically, 
GCE/rGO-Cu₂O micro-octahedrals, which is a differential pulse 
voltammetry electrical glucose sensor, was investigated hydro-
thermally to detect glucose levels in human serum. For the first 
time, the utilization of ascorbic acid has led to easy accumula-
tion of Cu₂O onto the reduced GO (rGO) to form rGO-Cu2O 
micro-octahedrals before attaching to the GCE.[58] In contrast, 
Palve et al. recently applied CNTs to develop an amperometric 
Cu-NW-CNT-BL/GCE glucose sensor. First, copper nanowires 
(Cu-NWs) were synthesized via an ethylenediamine-mediated 
method. Then, Cu-NW and CNT were loaded on GCE by layer-
by-layer film deposition. This platform could respond quickly 
in 1 s and could detect glucose at a minimum level of 0.33 × 
10−9 m.[81] Furthermore, another CNT modification, MWCNTs, 
have also been employed for efficient electrochemical sensor 
applications.[59,66] Typically, functionalized MWCNTs are com-
bined using several procedures, such as side splitters, which act 
as fundamental components in the construction of Pd–Ni@f-
MWCNT.[66] Recently, numerous metal-organic framework 
(MOF) materials have emerged as a promising component 
for nonenzymatic glucose sensor production. However, in the 
electrochemical platform, they experienced a serious deficiency, 
which is low conductivity. Thus, they are commonly used in 
the derivative form. Alternatively, various conductive mate-
rials, such as noble metal nanoparticles, CNTs, or graphene, 
have been integrated to improve the conductivity of MOFs.[82] 
To concretize these development potentials, several remark-
able achievements have been reported: Ni-MOF400/GCE by Yin 
et al.,[83] Ni@Cu-MOF/GCE by Xue et al.,[82] or ZIF-8, a zeolite-
type metal-organic framework to form hydrophilic hierarchi-
cally porous nanoflowers (HHNs) and finally construct Cu@
HHN sensors, by Zhu et al.[84]

Intriguingly, in recent reports, the electrochemical glucose-
monitoring system has demonstrated the possibility of highly 
sensitive quantifiable acquisition as well as low LOD within 
a short time. Collectively, the various advantages offered by 
electrochemical devices, as already mentioned, have recently 
broadened new avenues toward the commercialization of glu-
cose monitoring for diabetes.

Indeed, over 30% of COVID-19 infected patients suffered 
underlying disease which most of them had diabetes and 
hypertension.[125] Various studies indicated that it is hard to 
comprehensive treatment for diabetes patient suffering viral 
infection due to fluctuations of their blood glucose levels, cause 
complications and mortality increase.[4,126] Applying remotely 
blood glucose evaluation for not only severe COVID-19 patients 
but also inpatients, facilitates proper glycemic control, minimi-
zation of hospitalizations as well as invasive procedures.[126–128] 
Therefore, during the on-going COVID-19 pandemic, con-
tinuous glucose self-management is an urgent requirement 
for better diabetes care under severe quarantine to make ade-
quate intervention for patient and reduce the risk of exposure 
to medical staff.[4] More importantly, the off-body glucose sen-
sors could serve as confirming test for patients with diabetes. 
Hence, to overcome these difficult circumstances, an urgent 
request should be implemented for novel sensing with higher 
accuracy and feasibility of the intervention for diabetes patients 
without hospital admission.

3. Emergence of On-Body Wearable Glucose 
Continuous Monitoring

For glucose monitoring, blood is the most exploited biofluid 
because of the abundance of glucose. However, direct blood glu-
cose measurement requires an in-hospital invasive sampling, 
which is considered as a significant risk factor contributing 
to the spread of coronavirus. Furthermore, the recent studies 
have reported the increased severity of COVID-19 disease in 
patients with diabetes with ≈2.85-fold of death higher than 
those without diabetes.[129,130] Therefore, it is the crucial neces-
sity to shift from direct communication to remote glucose mon-
itoring to control glucose level in individuals, minimizing the 
severe effects of COVID-19. Owing to their noninvasive access, 
external biofluids, including sweat, interstitial fluid (ISF), saliva, 
and tears, are desirable alternatives to blood for the monitoring 
of various biological analytes, including glucose.[131–134] In the 
past few years, efforts have been made to develop wearable 
sensing devices for continuous, noninvasive detection of glu-
cose levels in these alternative body fluids, which have helped 
address the key drawbacks of blood glucose monitoring. Due to 
excellent properties of nanomaterials, nanoscale materials have 
been employed in wearable CGM sensor fabrication to improve 
sensing performance. Besides, several nanomaterial-free plat-
forms have also shown their excellent sensing performance 
for glucose level with good comfort for the wearers. Herein, 
we summarize the most recently developed wearable sensing 
devices for on-body continuous measurement of glucose levels 
in specific biofluids (Table 3) and highlight the state-of-the-art 
methods of this field. We further discuss the advantages and 
drawbacks of each biofluid source involved in designing glu-
cose wearable sensing devices.

3.1. Sweat-Based Glucose Monitoring

Among the common body fluids, sweat is the most widely 
exploited for target analyte determination because of its ease of 
collection, noninvasive accessibility, and rich physiological infor-
mation.[174–176] Furthermore, sweat can be easily and continuously 
generated either during exercise or by on-demand stimulation 
with cholinergic drugs, making it a readily accessible biofluid for 
continuous monitoring of glucose level during daily activity. The 
wide distribution of sweat glands over the body makes it suitable 
for the rapid monitoring of glucose after device integration. In 
the context of hyperglycemia and diabetes, the ease of access has 
led to massive development toward the utilization of sweat-based 
wearable platforms for glucose sensing.[177–180] Sweat can be 
easily sampled at the skin surface within several minutes by 
simply attaching the sensing device containing a sweat collector 
to the epidermal area, that allows immediate measurement. Var-
ious remote devices for glucose monitoring have been devel-
oped, including temporary tattoos,[181] patches,[145,182] wrist 
bands,[183] microfluidic devices,[135,136,153] and textile-based wear-
able systems.[140,160,184] Owing to advancement of materials, fabri-
cation techniques, and sampling approaches, a number of 
skin-interfaced biosensors have been validated for their real-time 
CGM in sweat during physiological activities (Figure 3).[135–161,185] 
Electrochemical sensors are the most commonly used method 
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for wearable device design owing to their high sensitivity and 
simplicity, low-cost fabrication, high speed, and high analytical 
performance.[186–188] Several strategies have been developed to 
optimize the on-body sensing capability of these wearable elec-
trochemical sensors. A sweatband-based flexible printed circuit 
board (FPCB)-connecting MOF as a nonenzymatic sensor was 
integrated for real-time analysis of sweat glucose.[158] The fabrica-
tion process is illustrated in Figure  3A. The sensor was fabri-
cated using Pd nanoparticles (Pb NPs) enveloped in a Co-based 
zeolitic imidazole framework (ZIF-67) (Pd@ZIF-67) based on the 
water-splitting electrocatalytic property. This sensor platform was 
then connected to an FPCB, followed by a connection from a 
Bluetooth low-energy chipset to an Android-based smartphone 
app that enables real-time detection of body glucose. The 
increasing pH caused by proton reduction allowed this device to 
detect glucose under biological pH with no added reagents, 
allowing maintenance-free and long-time monitoring of glucose. 
The as-fabricated wearable sensing device exhibited a low LOD 
of 2 × 10−6 m after a 27 s response time and exhibited a good cor-
relation with the blood glucose concentrations determined by a 
commercial glucometer on the same participants. This excep-
tional performance demonstrated the efficiency and reliability of 
the sweatband sensor for noninvasive clinical analysis of glucose 
detection and application during daily activities. To improve the 
sensing sensitivity and device flexibility during user activity, 
another electrochemical sensor utilizing an ethylene-vinyl ace-
tate copolymer (EVA)-meso/macroporous CNT nanocomposite 
was proposed[148] (Figure  3B). The sensor was fabricated based 
on a horseradish peroxidase (HRP)-coupled glucose oxidase 
(GOx) mediator-free system. The productive orientation of the 
enzymes was enhanced through immobilization on the hierar-
chical meso/macroporous CNT, which enabled direct electron 
transfer, leading to the improvement of the sensor’s  
sensitivity. Such sensing components were integrated into a flex-
ible, wearable film for on-body monitoring of sweat glucose 
during exercise. This device presented one of the highest sensi-
tivities for glucose detection to date with an LOD of 3 × 10−6 m 
and fast response of 3 s. It also showed high stability after a 7 day 
storage period under 4 °C and high sensitivity for the selective 
detection of glucose in the presence of other common interfer-
ences in sweat. The real-time applicability of the sensor was also 
demonstrated on volunteer participants, implying the reliability 
of the sensor for CGM.[148] To improve the feasibility of the 
sensing device, the power generation efficacy is considered. Due 
to their suitable power generation properties, biofuel cells have 
been recently fabricated in the form of electronic skin for glucose 
sensing in situ through wireless transmission via Bluetooth 
communication.[144] The unique feature of this device is the inte-
gration of 0D to 3D nanomaterials, which results in high power 
intensity, allowing long-term stable performance. Finally, sweat 
glucose levels were detected upon glucose oxidation reaction 
caused by GOx (Figure  3C). The as-prepared sensor showed a 
linear response of glucose concentration in a physiologically cor-
related range from 0 to 150  × 10−6 m and a sensitivity of 
0.1  mV µM−1. The long-term electrochemical stability of the 
sensor indicated its potential for continuous wearable use. 
Another important property of this sensing device is the combi-
nation of two types of sensors and a microfluidic module on soft 
e-skin; thus, this wearable device represents a combinatorial Pl
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platform that provides highly improved reliability of sensing 
results for on-body monitoring. As such, the on-body validation 
showed a minor delay for continuous monitoring with an invari-
able performance after 60 h continuous monitoring. Further-
more, during the biking process, the glucose level in sweat 
detected by this sensor decreased quickly and then remained 
constant over time, which was well correlated with the physiolog-
ical glucose levels, indicating its stability and reusability during 
long-term operation. Such good fabrication properties make this 
compact e-skin format a successful alternative to solve the prob-
lems of on-board interaction of low-energy Bluetooth, providing 
a tool for tremendous robotic and wearable healthcare possibili-
ties. Although electrochemical sensors are still being developed 
for more accurate and comfortable wearable platforms, ratio-
metric fluorescence-based sensors have attracted increasing 
attention in the last 2 years owing to their prominent photolumi-
nescence.[189,190] A promising example of such ratiometric fluo-
rescence-based sensing platforms for sweat glucose monitoring 
was recently reported.[143] Figure 3D illustrates the construction 
process of a ratiometric fluorescent nanohybrid-based wearable 
skin pad for the noninvasive and remote control of sweat glu-
cose. To elevate the fluorescence and oxidation kinetics of PSi 
and thus enhance the detection sensitivity, bimetallic (Ag and 

Au) nanoparticles (BiM) were doped on the luminescence porous 
silicon (Psi) particles (BiM@PSi). For fabricating a dual fluores-
cent nanohybrid, BiM@PSi particles were entrapped on carbon 
quantum dots (CQDs) to form a CQD/BiM@PSi composite. The 
as-prepared nanocomposite was then co-immobilized with GOx 
into a wearable skin pad, which can be attached on the body; 
then, under the oxidation of sweat glucose by GOx, H2O2 is gen-
erated, leading to a change in the ratiometric fluorescence from 
red to blue in a manner proportional to the sweat glucose level. 
Owing to the excellent properties of the BiMCQD@PSi/GOX/
CS/PU pad, the resultant sensor presented a fast ratiometric flu-
orescence change with increased sensitivity, which was easily 
captured and analyzed by a camera on a smartphone. The plat-
form was successfully employed for noninvasive and visible 
detection of glucose levels in diabetes/healthy volunteers during 
night sleep and showed clear resolution between normal glucose 
and hyperglycemic levels. Furthermore, the results obtained by 
this wearable pad agree with those obtained using a marketed 
blood glucometer, revealing its reliability and applicability for 
noninvasive tracking of the physiological state. The accurate, 
sensitive, and timely detection of sweat glucose level enables 
real-time monitoring of human daily healthcare management in 
an easy, simple, yet effective and robust method.

Figure 3.  A) High correlation between blood glucose level and sweat glucose concentration measured using a commercial glucometer and water 
splitting-assisted electrocatalysis-based sweatband sensor, respectively. Adapted with permission.[158] Copyright 2019, American Chemical Society.  
B) The procedure of mediator-free wearable electrochemical biosensors for sweat glucose monitoring based on the bienzyme system via direct electron 
transfer reaction. Adapted with permission.[148] Copyright 2020, Elsevier. C) The preparation and detection processes of battery-free, biofuel-powered 
soft electronic skin for glucose wireless sensing. Adapted with permission.[144] Copyright 2020, The American Association for the Advancement of Sci-
ence. D) Fabrication and monitoring procedure of a BiM-CQD@PSi-based enzymatic sensing device for noninvasive and visual monitoring of sweat 
glucose. Adapted with permission.[143] Copyright 2020, American Chemical Society
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3.2. Interstitial Fluid-Based Glucose Monitoring

Although sweat is a desirable biofluid for glucose monitoring, 
concerns regarding its varied composition, skin contamination, 
unstable sample volume, uncontrollable sample secretion rate, 
low glucose concentration, and complexity of sensing device 
fabrication have driven great interest in wearable sensors for 
glucose monitoring using interstitial fluid (ISF). Because the 
molecular components of ISF are similar to those of blood, 
ISF is a valuable source of molecules with diagnostic poten-
tial. Accumulating data have demonstrated a good correlation 
between glucose levels in the blood and ISF.[191–194] There-
fore, ISF is another attractive source of biofluids that provide 
a large noninvasive source of glucose. However, compared to 
other body fluids, ISF-based CGM is limited due to the sam-
pling difficulty. Taking advantages of the current technological 
development, several sensing platforms have been designed 
for minimally invasive or noninvasive monitoring of glucose 
levels through ISF.[162–165,167–171] Among the different strategies, 
micrometer-scale needle patches that allow to access the dermis 
layer beneath the skin surface in a minimally invasive manner 
have been widely employed in wearable CGM fabrication for 
rapid, simple, and continuous monitoring of glucose levels in 
ISF due to the ease of wearability for users.[164,195,196] Bollella 

et al. developed a microneedle-based glucose sensor by immo-
bilizing Au-MWCNTs onto the microneedle gold surface and 
to the methylene blue mediator (MB) to obtain Au-MWCNT/
pMB composite.[164] To generate glucose-specific sensing device, 
Au-MWCNT/pMB composite was functionalized with glucose 
dehydrogenase. This sensing platform exhibited successful 
monitoring on healthy volunteers after cycling exercise and 
after regular meals, making it a potential device for pain-free 
CGM. Another fully integrated wearable microfluidic sensor 
has been developed that provides precise and robust means 
for real-time continuous measurement of glucose levels in 
ISF.[162] The fabrication procedure is depicted in Figure 4A. The 
sensor was integrated into a small, compact wearable package 
that comprises a multi-combination of a microfluidic chip, a 
flow cell, electronics, and a microcontroller connected to an 
external device via Bluetooth. To measure the glucose level in 
ISF, a colorimetric assay was implemented due to its rapidness 
and sensitivity. The as-prepared sensor exhibited a sensitivity of 
0.026 ± 0.002 × 10−3 m at a detection limit of 68 × 10−6 m in a 
linear response up to 8 × 10−3 m after 3 s response time. In vivo 
validation of the sensing device in healthy human volunteers 
also showed the expected trends which agree with the results 
obtained by blood glucose measurement, demonstrating the 
applicability of the proposed device in real-time physiological 

Figure 4.  A) Operation and clinical setting for real-time continuous monitoring of ISF glucose concentration using a droplet microfluidic-based sensor. 
Adapted with permission.[162] Copyright 2019, Springer Nature. B) Enzymatic, electrochemical-based baby-friendly pacifier platform for continuous 
detection of the saliva glucose levels of infants. Adapted with permission.[170] Copyright 2019 American Chemical Society. C) Process of integration of 
an eyeglass-based sensing device and on-body tear glucose measurement process. Adapted with permission.[173] Copyright 2019, Elsevier. D) Vascu-
lature anatomy-like sensor for painless, needle-free CGM using blood dielectric properties. Adapted with permission.[166] Copyright 2020, American 
Association for the Advancement of Science.
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in vivo monitoring. Notably, this sensor did not require human 
post-setup interaction, providing real-time feedback of glucose 
levels in the ISF with an accurate detection every 3 s.[162] Despite 
the challenges facing ISF glucose monitoring, including device 
operation, sampling procedure, and precise control of extraction 
rate, ISF-based glucose sensing platforms could provide diverse 
applications in both research and commercialized-level devices.

3.3. Saliva-Based Glucose Monitoring

Saliva is another important biofluid that has currently attracted 
attention as a valuable biofluid for noninvasive monitoring 
and diagnosis due to its abundant availability and continuous 
supply.[197,198] Saliva is an extracellular fluid that contains a wide 
array of biomarkers and can be easily obtained in a noninvasive 
manner either through passive or stimulation methods.[133] Over 
the past few years, several types of wearable devices for on-body 
measurement of glucose in saliva have been developed that 
combine the sampling and sensing steps into a compact, wear-
able platform.[168–170] In general, the biosensors in the form of a 
mouthguard or dental accessories contain sensing component 
integrated with a wireless communication device and a rectifying 
system that allows the real-time saliva collection in a unidirec-
tional manner. A chemical wearable sensor fully integrated into a 
pacifier has been developed for glucose monitoring of infants[170] 
(Figure 4B). The biosensor was fabricated based on glucose oxi-
dase conjugated on a Prussian Blue electrode transducer. The 
sensor was then integrated with an amperometric circuitry, con-
nected to a Bluetooth system for low-power setup, coupled with 
an electrochemical detector, and a baby-friendly polymeric nipple 
for saliva sampling. This design allowed the development of a 
safe sensing system for a baby’s daily life that could address the 
common difficulties of on-body determination of salivary glu-
cose levels in infants. The device exhibited a successful meas-
urement of glucose levels in artificial saliva with an LOD of 
0.04 × 10−3 m in a linear range of 0.1 × 10−3–1.4 × 10−3 m, which 
concurred with the glucose concentrations of diabetic saliva. The 
applicability of the sensor for real-time saliva glucose measure-
ment was demonstrated through the good agreement between 
the current obtained from the glucose detected in human saliva 
by the PB-GOx sensor and the commercial blood glucometer 
signal. Continuous real-time monitoring of saliva glucose was 
also performed in humans with normal glucose levels and type 1 
diabetes. The pacifier sensor showed an apparent change in glu-
cose level before and after a meal in diabetic subjects. Notably, by 
fully integrating the sensor with wireless transduction, the sim-
plicity of this sensing device was proved in terms of controlling 
the health of infants and the comfort of the device. Thus, this 
device is preferable for saliva-based health monitoring of babies. 
Therefore, this wearable device provides an alternative strategy 
to address the current issues of blood sampling through invasive 
access, especially in newborn diseases.

3.4. Tear-Based Glucose Monitoring

Compared to other biofluid-based sensors, the sensing device 
for tear glucose is relatively less attractive because the glu-

cose levels in tears are often greatly reduced, continuous 
measurements are often not possible, and the process causes 
discomfort to the wearers. However, because tear fluid is 
generally readily available and can be obtained in a noninva-
sive manner, tear fluid has received exclusive attention as a 
potential noninvasive body fluid for real-time monitoring of 
glucose. Several biosensor platforms containing transparent 
and harmless materials integrated into eyelid or eyeglass have 
been fabricated for glucose monitoring in tear samples.[172,173] 
EyeGlass is a common daily accessory that provides con-
venient access to stimulated tears. An eyeglass nose-bridge 
pad-based wearable bioelectronic platform was developed for 
noninvasive monitoring of tear glucose (Figure  4C).[173] The 
previously developed wearable devices are mostly based on 
contact lenses, requiring direct contact of the device on eyes, 
hence causing undesirable irritation. In contrast, this eyeglass 
nose-bridge sensor contains the electrochemical detector in 
the nose-bridge, enabling the collection of stimulated tear 
noninvasively. The biosensor was fabricated by assembling 
a Prussian blue-mediated carbon electrode into the fluidic 
device which is then mounted onto the eyeglass nose-bridge 
pad that enabled stimulated tears to be directly collected over 
a glucose oxidase-based electrochemical detector. The data 
obtained by in vitro flow injection analysis showed that the 
device performed well in terms of detecting tear glucose with 
a clear, robust linear response, good selectivity in the pres-
ence of other metabolites, and highly stable response over a 
duration of 10 h. Real-time testing of tear glucose levels was 
performed in healthy human subjects. The eyeglass-based glu-
cose sensor exhibited a rapid response to new stimulated tear 
samples, which implies success in the detection of changing 
glucose tear concentrations. The sensor also showed a trend 
in the measured tear glucose levels, which was well-matched 
with that of blood glucose values. A 30  min interval during 
the 2 h experiment was also analyzed, demonstrating its first 
proof-of-concept for CGM. Another colorful, peacock tail 
feather-like opal carbon pillar electrode was developed in the 
form of eyelids for tear glucose sensing.[172] The sensor was 
prepared by fabricating an opal carbon with bright color and 
integrating silica crystal templates with high porosity into the 
sensor, thus enabling sensitive detection while ensuring high 
energy storage. The sensing device showed good performance 
with a detection limit of 12 × 10−6 m and good correspondence 
between tear glucose levels and blood glucose concentration 
when using tear samples from three volunteers during eye 
movement. From a clinical viewpoint, the adaptation of this 
wearable sensing platform to physiological monitoring of dis-
eases as well as daily healthcare could provide an ideal solu-
tion for healthcare and beauty at the same time.

3.5. Noninvasive Blood-Based Glucose Monitoring

In addition to the conventional optical and electrochemical 
sensors, during the last several years, electromagnetism 
(EM) has emerged as a promising technology for noninvasive 
CGM.[199,200] In principle, glucose monitoring by EM is based 
on the specific dielectric properties of blood altered by glucose 
concentration. The presence and fluctuation of blood glucose 
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levels lead to variations in the dielectric constant of blood, 
which can be recorded by EM waves and converted into glucose 
concentration values. This method allows the direct measure-
ment of blood glucose levels noninvasively, which helps address 
the drawbacks of other wearable sensor types, including time 
delay or sensitivity. Recently, a first-of-its-kind, noninvasive, 
direct glucose-monitoring sensor from blood was developed, 
which holds promise for the development of “closed-loop” 
therapy (Figure  4D).[166] For sensor fabrication, two different 
electromagnetism-based parts were integrated into a single 
system, including a multiband-reject filter and a multiband 
slot antenna printed on a flexible polyethylene terephthalate 
using silver nano-ink. Several modifications have been intro-
duced to achieve high accuracy in terms of glucose variations. 
These include the simulation of the vascular anatomies into the 
sensor structure that ensures improved accuracy and sensitivity 
of glucose level estimation. Most significantly, the proposed 
antenna was designed for on-body matching when integrated 
onto a human hand model that provides good contact between 
the antenna and the human body. Consequently, highly sensi-
tive analysis of the variations blood glucose levels with no delay 
was achieved, demonstrating the efficacy of direct monitoring 
of glucose from the blood. This sensor presented a high sensi-
tivity toward glucose variations compared to other interferent 
compositions. The sensor was also validated for its applica-
bility in the detection of real-time glucose levels. Notably, by 
combining the antenna and the filter in a single platform, 
this sensing device could measure glucose levels accurately  

regardless of the individual’s characteristics, which is a great 
challenge for current glucose sensors in human trials.[201]

Overall, the adoption of alternative biofluids and blood 
dielectric properties for noninvasive tracking of glucose levels 
by advanced nanomaterial-based wearable devices showed 
immense opportunity to improve glycemic control and public 
healthcare. Regarding on-body glucose monitoring, each body 
fluid presents its advantages and drawbacks, as summarized in 
Table 4, making it a significant factor in establishing a stand-
ardized detection approach for noninvasive glucose monitoring. 
However, with the latest developments in the integration of 
nanomaterial-based sensors into wearable accessories, such 
“touch and sense” platforms will provide a useful tool for real-
time monitoring of glucose levels in a noninvasive fashion. This 
comparative information could increase the further interest of 
researchers as well as clinical practicians to exploit the supe-
rior remote CGM devices for better control of diabetes with the 
most accurate and reliable glucose measurement without direct 
communication to patients during the on-going COVID-19 pan-
demic and in the future.

4. Conclusions, Challenges, and Prospects

The number of patients with diabetes is rapidly growing world-
wide, and diabetes has become one of the world’s fastest-
growing chronic conditions. Because the burden of diabetes 
is enormous due to its high prevalence and increasing risks 

Table 4.  Comparative analysis of glucose sensing performance in various body fluids toward wearable CGM.

Properties Blood Urine Sweat Saliva ISF Tear

Glucose concentration ✓✓✓ ✓✓ ✓ ✓ ✓✓ ✓

Correlation to blood glucose level ✓✓✓ ✓✓ ✓ ✓ ✓✓ ✓

Reliability ✓✓✓ ✓✓ ✓ ✓ ✓✓ ✓

Invasiveness ✓✓✓ - - - ✓✓ ✓

Sampling difficulty ✓✓✓ ✓ ✓ ✓ ✓✓ ✓✓

Comfort - ✓ ✓ - - -

Pain or irritation during sampling ✓✓✓ - - - ✓ ✓

Safety - ✓ ✓ - - -

Real-time, continuous measuring ability - - ✓ - ✓ ✓

Variation between sampling site - - ✓ - ✓ -

Sample homogeneity ✓ ✓ - - ✓ ✓

Controlling ability of secretion rate ✓ ✓ - - ✓ -

Sample reproduction ✓ - - ✓ ✓ -

Requirement of stimulation or activity - - ✓ ✓ - ✓

Portability ✓ ✓ ✓ ✓ ✓ ✓

Point-of-care suitability ✓ ✓ ✓ ✓ ✓ ✓

Accuracy ✓✓✓ ✓✓✓ ✓ ✓ ✓✓ ✓

Interference ✓ ✓ ✓ ✓ ✓ ✓

Dependence of lifestyle, activity, diet,… - - ✓ ✓ - ✓

Wearable comfort - - ✓✓✓ ✓✓ ✓✓ ✓

Instrument cost-effectiveness ✓ ✓ - - - -

Level of property: (✓) low, (✓✓) moderate, (✓✓✓) high.
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of cardiovascular and other diseases, it is essential to improve 
the methods of prevention and management of diabetes to 
reduce growing global problems. Importantly, the pandemic 
spread of the COVID-19 is increasing daily, with millions 
of deaths reported worldwide, boosting the requirement for 
glucose self-monitoring, which is important for the efficient 
management of diabetes and the COVID-19 pandemic. This 
has attracted researchers’ attention to explore an accurate and 
reliable glucose-monitoring device for not only better control-
ling of diabetes during this pandemic but also contributing to 
avoid the spread of coronavirus. This review details the current 
trends during the COVID-19 pandemic period (2019–2020) in 
terms of glucose measurement using different techniques for 
real-time, noninvasive glucose monitoring. Studies on glucose 
monitoring during the last 2 years based on optical and elec-
trochemical approaches with/without the use of enzymes were 
reviewed, and their advantages and limitations were discussed. 
More importantly, current wearable  devices for  noninvasive 
CGM have been presented to highlight the state-of-art wearable, 
flexible sensors with the integration of diverse signal transmis-
sion methods that allow remote data assessment and glucose 
level control by CGM (Figure  5), joining global effort to end 
COVID-19 pandemic.

Nanomaterials have provided advantages in terms of 
enhancing the benefits of sensor platforms because of the 
increase in surface area to volume ratios and straightforward 
surface functionalization such as miniaturization; in addi-
tion, they have various advantages such as good portability, 
high sensitivity, large linear range, and rapid signal response 
times. Both optical and electrochemical sensors for glucose 
have benefited from smart nanomaterials with high sensitivity 

and specificity. Electrochemical sensors  incorporating GOx 
enzymes  with  nanomaterials improve the sensitivity and time 
response by taking advantage of the high surface area and more 
efficient electron transfer from the enzyme to the electrode. 
Although the GOx enzymes can increase the selectivity of the 
glucose sensor, the intrinsically poorer stability of the enzyme 
as a biological molecule is a drawback for the sensors, which 
affects the storage lifetime of glucose sensors. To address the 
limitation of short-term  storage, direct oxidation glucose sen-
sors have been developed based on nanomaterials in that focus 
on exploiting different materials and fabrication processes. 
However, the weaknesses of recent nanomaterial-based glucose 
sensors are their poor biocompatibility, time-consuming prepa-
ration process, and requirements for complicated equipment. 
Importantly, because of the difficulty of CGM using these sen-
sors, significant variabilities of glucose levels that are reflective 
of a patient’s physiological state are often ignored, especially 
in hypoglycemia, which is common in  insulin-treated patients 
with diabetes and more dangerous than hyperglycemia. Fur-
thermore, invasive monitoring leads to discomfort and pain 
for patients with diabetes and exposes patients to risks of infec-
tions, resulting in poor results of daily measurements. These 
glucose-monitoring techniques should be applied in hospitals 
with more experienced technicians for evaluating diabetes 
status. Thus, the challenge of exploring patient-friendly glucose 
sensing devices with high selectivity and sensitivity that can be 
readily applied for personalized, continuous glucose measure-
ment still exists.

Several studies have proven the benefits of applying alterna-
tive biofluids such as saliva, tears, and sweat as feasible analytes 
for glucose monitoring; such methods would reduce pain and 

Figure 5.  Conceptual illustration of the development process from hospital invasive detection to in-house noninvasive monitoring of glucose levels in 
biofluids using wearable sensors for collaborative applications in healthcare and research.
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may be convenient and patient-friendly. In the current decade, 
extensive efforts have been made to shift the glucose sensing 
system toward in-house monitoring and remote manage-
ment of patients with diabetes. The adoption of nanomaterials 
and economical fabrication techniques has led to significant 
improvements in wearable glucose sensors for other biofluids, 
including highly sensitive, noninvasive, and painless protocols 
and continuous real-time monitoring, which can provide the 
patient with self-monitoring solutions. The glucose levels meas-
ured by some wearable glucose sensors have been confirmed 
to highly agree with blood glucose levels; such sensors can be 
utilized as body-compliant wearable platforms. Until now, sev-
eral home-trial devices have been approved; unfortunately, no 
long-term use of these products has been reported. However, 
there are considerable challenges regarding the establishment 
of standard sets, tools, and guidelines for accurate assessment 
and monitoring. Although other biofluids act as useful nonin-
vasive analytes for glucose monitoring, the achievement of reli-
able correlations between blood glucose and the glucose levels 
of other biofluids still poses a challenge. The interference from 
other glucose sources or biomaterials in biofluids could affect 
the performance of wearable glucose sensors. Selective fresh 
glucose uptake from biofluids is important for the development 
of reliable wearable monitoring platforms. The next generation 
of wearable glucose systems should focus on accurate glucose 
measurement with other physiological parameters such as pH, 
temperature, or humidity to improve accuracy by enhancing 
the correlation with blood glucose levels. Furthermore, a 
more reliable parameter against physiological variance among 
individuals should be verified to authenticate the validity and  
reliability of wearable sensors compared with blood glucose 
sensors. In addition to individual devices that are pending for  
further research, biofluid specimen sampling protocols, emerging  
materials, and favorable device designs should be improved 
to encourage patient friendliness. Additionally, alternatives for 
energy generation methods should be considered to ensure a 
fully implanted and easy-to-wear device, especially for electro-
chemical glucose sensor systems. Finally, wearable glucose 
monitoring devices that are cost-effective and patient-friendly 
and have an appropriate response to changing blood glucose 
levels, high correlation with blood glucose levels, long-term 
stability, consistency between individuals, and continuous reli-
ability should be explored to overcome the current challenges 
of wearable glucose-monitoring systems. After consideration 
of these scientific problems, the feasibility of wearable glucose 
monitoring devices must be successfully validated through 
qualifying clinical trials for the approval of these devices for 
commercial and medical applications with guaranteed personal 
data security. Henceforth, through technological advances, 
wearable glucose monitoring platforms that have comparable 
reliability to blood glucose systems and exhibit a promising 
diagnostic potential in satisfying both patient-friendly para-
digms and public health can be developed. Through telehealth, 
these wearable devices represent a critical alternative form of 
health care, shifting from traditional face-to-face clinical con-
sultations to remote intervention. The feasibility of on-body 
CGM plays an important role in limiting health-care worker 
exposures to COVID-19. To successfully place the technology in 
diabetes management during and after COVID-19 pandemic, 

the standardized protocols from patients and residents to 
health-care workers should be finalized to provide diabetes 
comprehensive care without increasing the risk from corona-
virus. Taking advantage of CGM technology not only contrib-
utes to efficiently prevent the spread of COVID-19 during this 
pandemic but also paves the way for the personalized diabetes 
medicine in the future. With state-of-art innovation of wearable 
gadgets, we will witness the emergence of a new revolution for 
CGM and diabetes diagnosis from research to market, making 
effective diabetic healthcare programs rely entirely on wearable 
glucose monitoring, leading the way to the brighter future of 
diabetes management.
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