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Review

Glucose Detection Devices and Methods Based 
on Metal–Organic Frameworks and Related Materials

Muhammad Adeel,* Kanwal Asif, Md. Mahbubur Rahman,* Salvatore Daniele,* 
Vincenzo Canzonieri, and Flavio Rizzolio

Assessment of glucose concentration is important in the diagnosis and 
treatment of diabetes. Since the introduction of enzymatic glucose biosen-
sors, scientific and technological advances in nanomaterials have led to the 
development of new generations of glucose sensors. This field has witnessed 
major developments over the last decade, as the novel nanomaterials are 
capable of efficiently catalyzing glucose directly (i.e., act as artificial enzymes, 
therefore defined nanozymes) or to entrap enzymes that are able to oxidize 
glucose. Among other nanomaterials, metal–organic frameworks (MOFs) 
have recently provided a tremendous basis to construct glucose sensing 
devices. MOFs are large porous crystalline compounds with versatile struc-
tural and tuneable chemical properties. In addition, they possess catalytic, 
peroxidase-like, and electrochemical redox activity. This review comprehen-
sively summarizes the general characteristics of MOFs, their subtypes, and 
MOF composites, as well as MOF-derived materials employed to construct 
electrochemical, optical, transistor, and microfluidic devices for the detection 
of glucose. They include enzymatic, nonenzymatic, wearable, and flexible 
sensing devices and methods. The review also outlines the design and 
synthesis of MOFs and the working principles of the different transduction-
based glucose sensors and highlights the current challenges and future 
perspectives.
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1. Introduction

Diabetes is one of the lethal diseases 
that kills a large number of people 
around the globe each year, and it also 
leads to several other illnesses such as 
kidney failure, stroke, and blindness.[1,2] 
It is one of the most diagnosed diseases 
having an increasing number of patients 
every year. For example, global diabetes 
cases have been projected to be 463 mil-
lions in 2019, which will raise to about 
578 and 700 millions by 2030 and 2045, 
respectively.[3,4] The deficiency of insulin 
production in the pancreas that induces 
a high glucose level in the blood is the 
primary cause of diabetes.[5] Some other 
factors such as genetic, lifestyle, and 
viral causes are also responsible for 
diabetes.[1] Maintaining the blood glu-
cose level within the normal concentra-
tion range (<100  mg dL−1 while fasting) 
is the key strategy for saving lives and 
avoiding the associated diseases caused 
by diabetes.[1,6] Thus, the development of 
precise and accurate measurements of 
glucose concentrations in human body 

fluids using low-cost, easy, and portable devices is highly 
demanded.

Several glucose-sensing devices and methodologies have 
been developed in the last two decades based on electrochem-
ical and optical techniques.[7–9] In particular, electrochemical 
systems caught considerable interest due to their high sen-
sitivity, low limit of detection (LOD), portability, low-cost, 
easy operation, and good selectivity.[7] They have been com-
mercialized with great success since the introduction of self-
testing blood glucose electrochemical meters in the 1980s.[7–9] 
Although an electrochemical glucose sensor allows self-moni
toring and point-of-care (POC) testing, issues such as long-
term stability, accuracy, and reliability are yet to be resolved. 
Optical detection systems (e.g., based on fluorescence (FL), 
colorimetry (CM), surface plasmon resonance (SPR), surface-
enhanced Raman scattering (SERS)) have also been developed 
and are highly competitive. They allow continuous glucose 
monitoring (CGM) every 1–5  min with high accuracy up to 
about one week. However, CGMs based on an enzymatic reac-
tion require frequent calibrations (usually 5–8 times a day)[9–11] 
and have to be replaced regularly due to the degradation of rea-
gents and the immune response of the body, all circumstances 
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that lead to an increase in the cost of detection. It must be 
highlighted that though most of the commercially available 
electrochemical and optical glucose sensors require a small 
amount of blood (1 µL)  for  the measurements, the sample is 
typically taken from the body by either finger pricking or a 
thin lancelet implanted subcutaneously. Both methodologies 
are invasive, cause discomfort and pain after repeated use, 
and can pose the patient at risks of potential infection or cause 
tissue damage.[10–14] Therefore, there has been a continuous 
effort for developing noninvasive or minimal invasive glucose 
sensors by modifying the technology and devices or using 
samples different from blood (e.g., body fluids such as sweat, 
tears, and urine).[1,10,15]

Electrochemical and optical glucose sensors can be classi-
fied into enzymatic and nonenzymatic. In an electrochemical 
enzymatic glucose sensor, typically, a glucose oxidase (GOx) 
enzyme-modified electrode is used. GOx acts as a catalyst for 
the oxidation of glucose, and it is often coupled to nanostruc-
tured electrode modifiers such as metal-oxides (MOs) (ZnO, 
Al2O3, TiO2, etc.) and other metal nanostructures, carbon 
nanocomposites, and hydrogels.[16–19] These nanostructured 
materials have a dual function: as electron transporting chan-
nels and as matrices onto which GOx is immobilized. The GOx 
enzyme-based commercially available electrochemical glucose 
sensors suffer from poor environmental stability and involve 
complex GOx immobilization processes onto the sensor sur-
face.[1] Additionally, GOx loses its catalytic activity at higher  
(> 8.0) and lower (<2.0) pH and is affected by the presence of 
surfactants.[1,8] These limitations of GOx triggered researchers 
to develop nonenzymatic electrochemical glucose sensors. 
In nonenzymatic electrochemical glucose sensors, biomi-
metic nanozymes such as metal nanomaterials (e.g., Au, Pt, 
Ag, Ni, Cu, Co, etc.),[20] MOs (e.g., NiO, CuO, Co2O3, MnO2, 
ZnO, etc.),[19] metal sulphides,[21,22] metal–organic frame-
works (MOFs),[23] metal-azolate frameworks (MAFs),[24,25] and 
nanocomposites,[26] are utilized as electrode modifiers. Most 
of them catalyse the glucose oxidation in an alkaline condi-
tion, which represents an issue since the detection of glucose 
at physiologic pH would be preferable, especially for direct 
measurements in blood. Au and Pt-based nanomaterials could 
catalyse glucose oxidation also at physiological pH, but they 
are costly and suffer from poisoning effects due to electro-
chemically generated intermediates.[27] In addition, Pt nano-
materials, in real biological matrices, display strong protein 
adsorption ability and poor selectivity toward glucose oxida-
tion due to the interference of other bio-molecules, which 
leads to unreliable current responses for glucose concentra-
tion measurement.[28]

In enzymatic optical glucose sensors, GOx is entrapped into 
nanomaterials together with various recognition elements (e.g., 
fluorescent dyes, fluorophores-luminescent complexes) that 
induce optical signals upon glucose oxidation, which can be 
revealed using different optical methods.[9,29–31] These devices 
have also been employed successfully for the detection of glu-
cose directly in body sweat, tears, and saliva. However, also 
enzymatic optical sensors display the same limitations due 
to enzyme stability, as outlined above for the electrochemical 
enzymatic sensors. Therefore, nonenzymatic optical sensors 
have also been developed.

For both enzymatic and nonenzymatic sensors and for 
whatever transduction systems, in the last decade MOFs, 
the subclasses of MOFs, and their composites have attracted 
significant attention as electrode/support materials and rec-
ognition elements.[24,25] MOFs are hybrid porous materials 
that are constituted by the metal ions (Mn+)/cluster Mn+ in 
the center, surrounded by organic ligands (Figure  1a).[32–34] 
MOFs have been widely used in several fields, including bat-
teries, supercapacitors, solar cells, and sensor technology 
due to their high surface-to-volume ratio, high porosity, 
and catalytic activities (Figure  1b).[35–42] So far, over 20  000 
MOFs have already been developed, and many of them have 
been successfully used not only for glucose sensing but also 
for the detection of other chemical species such as H2O2, 
L-cysteine, tryptophan, and glutathione.[24,25] For the detec-
tion of glucose in biological fluids, MOFs have been inte-
grated into electronic devices, microfluidics, and transistors 
and have allowed achieving high sensitivity, selectivity, and 
low LODs.[43,44] The interest of researchers toward MOFs 
for general sensing applications and in particular for glu-
cose detection has increased steeply as is evident from the 
number of publications that appeared in the last decade 
(Figure  1c). This denotes the potential of these materials in 
the sensor field.[45]

In spite of the importance of these materials, to the best of 
the authors’ knowledge, no review summarizing the progress 
of MOFs and their derivatives for glucose sensing is reported 
in the literature. This paper aims at providing a comprehensive 
overview of the state-of-art of MOFs, their subclasses and com-
posites, as well as MOF-derived materials to build enzymatic 
and nonenzymatic electrochemical, optical, transistors, and 
microfluidics glucose sensors. Additionally, the general design 
and synthesis methods of MOFs and the general electrochem-
ical and optical glucose-sensing mechanism using MOFs are 
discussed by highlighting the current challenges and future 
perspectives.

2. Design of MOFs for Glucose Sensors

MOFs are flexible and porous (ranging from micropore to 
mesopore scale) materials with zeolite-type structures.[46,47] Var-
ious methods have been developed for the synthesis of MOFs, 
including hydro (solvo) thermal, diffusion, microwave, ultra-
sound, and electrochemical approaches.[48,49] MOFs can be syn-
thesized in different shapes, dimensions, functionalities, high 
surface area (from 1000 to 10  000 m2 g−1), and porosity (down 
to 9.8 nm pore diameter) by controlling the synthesis methods 
and conditions (e.g., temperature, pressure, solvents, pH, reac-
tion time).[50,51] The high surface area and porosity of MOFs 
allow the easy diffusion, adsorption, and entrapment of guest 
molecules into their infinite and ordered frameworks. These 
outstanding characteristics widen the application of MOFs, 
MOF composites, and MOF-derived materials in various tech-
nological fields.[32]

For biosensing applications, the chemical stability of MOFs 
in aqueous media over a wide pH range and, for electro-
chemical based devices, high electrical conductivity are pre-
requisites for reliable data acquisition.[24,25,52] However, most 
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of the MOFs are unstable in an aqueous medium and insu-
lating at low bias. Ding et  al. comprehensively summarized 
the approaches and the progress in designing and synthe-
sizing stable MOFs toward a broader range of applications.[53] 
For glucose sensing the issues that need to be considered 
depend on either the transduction system employed and the 
role played by MOFs themselves (i.e., enzymatic or nonenzy-
matic oxidation of glucose), as schematized in Figure  2 and 
highlighted below:

–	 Utilization of hydrophobic and N-donor linkers (e.g., pyra-
zolate, imidazolate,1,2,4-triazolate, etc.) in order to impart to 
the materials distinctive tolerance to aqueous solutions at the 
working pH values (typically neutral and basic media). These 
characteristics were achieved, for example, by Co-MAF based 
on 2-ethylimmidizole linker for glucose sensing.[24,25,52] Al-
ternatively, tolerance to water solutions can also be achieved 
by post-synthetic modification with long-alkyl substituents, 
or hydrophobic surface treatment of MOFs to protect from 
water without the loos of porosity.[53,54] A scheme that closely 
follows this idea was proposed by Lopa et al., who developed 
MAF 4-CoII using 2-methylimidazole hydrophobic linkers for 
nonenzymatic glucose sensing.[24,53]

–	 Selection of chemically inert Mn+-compounds, characterised 
by low toxicity and low-cost, which are important aspects for 
the environmental sustainability and commercial availability 
of the sensors. This is the case, for example, of several Cu-
MOFs and Fe-MOFs, which in addition, present low toxic-
ity.[58,63]

–	 Utilization of two or more Mn+/cluster Mn+ to form stable 
secondary building unit (SBU), which could form a strong co-
ordination bond with the ligands and increase the inertness 
and hydrophobicity of the final product, as reported by Patra 
et al. in a work dealing with a Pt NPs and Fe-MOF (iron(III) 
trimesate or MIL-100(Fe)) nanocomposite for the immobili-
zation of GOx.[58]

–	 Use of redox active Mn+/cluster Mn+ with lower redox poten-
tial to avoid interference due to species present in real sam-
ples that oxidize at higher redox potentials, examples include 
the use of copper, cobalt and nickel.[24,25]

–	 Improve the selectivity of the material by direct insertion of 
size-matching ligands as brackets into the pores of MOFs 
via de novo synthesis, which splits the large cage or chan-
nel space into smaller segments for GOx entrapment.[53] 
These aspects have been taken into consideration and have 
led, with more or less success, to the development of various 
MOFs-based sensors for the determination of glucose, as 
will better appear from the examples reported in this review 
article.

3. Evolution of Different Generations and 
Mechanism of MOF-Based Electrochemical 
Glucose Sensors

3.1. Evolution of Electrochemical-Based Glucose Sensors

Electrochemical transduction system-based glucose sensors 
attained the highest success because of their low-cost device 
fabrication, reliable output signal, and ease to use for diabetic 
patients. In this method, an electrical signal is applied (cur-
rent and voltage) as input, and the output current, voltage, 
or resistance changes are measured to quantify the glucose 
concentration.[55] In 1962, Leland C. Clark first introduced an 
electrochemical glucose sensing system based on GOx modi-
fied Pt electrode,[1,8] relying on the following reaction mecha-
nism and denoted the first-generation of the glucose sensors 
(Figure 3)

Glucose O Gluconic acid H O2
GO

2 2
x+  → + 	 (1)

H O 2H O 2e2 2
Pt

2 → + ++ − 	 (2)

Later, progression began of the first-generation glucose 
sensors by replacing GOx with glucose-1-dehydrogenase 
(GDHs).[1] GOx utilizes O2 as the external electron acceptor, 
whereas GDHs use pyrroloquinoline quinone and flavin ade-
nine dinucleotide as the cofactor for the oxidation of glucose 
in biological fluids. Although GDHs-based amperometric 

Figure 1.  a) Schematic illustration of the preparation of MOFs, b) applications of MOFs, and c) number of publications of MOFs-based sensors and 
glucose sensors from 2012 to July 2021; source: Web of Science.

Adv. Funct. Mater. 2021, 2106023



www.afm-journal.dewww.advancedsciencenews.com

2106023  (4 of 28) © 2021 Wiley-VCH GmbH

biosensors are advantageous in being able to be operated 
at lower detection potentials than the first-generation GOx-
based sensors, and their performance is not influenced by 
the O2 level in the analyte solution, they suffer from several 
drawbacks and result in less popularity compared with GOx  
utilized in glucose biosensing.[55] Subsequently, a second-
generation of glucose sensor was developed, utilizing non-
physiological redox mediators (e.g., methylene blue, indigo 
disulfonate, ferrocenemethanol, benzyl viologen, etc.) to 
transporting electrons from the enzyme to the sensing elec-
trode (Figure  3).[56] This requires O2 free biological fluids 
to eliminate the competition between the mediator and O2. 
Moreover, a mediator must be stable indefinitely during the 
redox processes for continuous glucose oxidation. This limita-
tion inspired the development of a third-generation glucose 

sensors based on the direct charge transfer between the 
enzyme and the sensing electrode, eliminating the neces-
sity of both mediator and O2 (Figure  3).[55,56] All these gen-
erations (first to third) of glucose sensors utilize enzymes, 
suffering from the reliability of measurement due to the low-
stability of enzymes and the chemical deformation during 
the manufacturing process, storage, and use.[1,55,56] There-
fore, a large number of nanomaterials were developed, which 
served as biomimetic enzymes (also defined nanozymes) 
for the enzymeless oxidation of glucose. They are classified 
as fourth-generation glucose sensors (Figure  3).[1,55,56] All 
the generations of glucose sensors require the use of novel 
nanomaterials to serve as an electron transporting channel, 
enzyme immobilization matrix, and nanozyme. For all these 
purposes, MOFs are very attractive materials.

Figure 3.  Schematic illustration of working principles for different generations of electrochemical glucose sensors.

Figure 2.  Schematic illustrations of routes to build chemically stable MOFs.

Adv. Funct. Mater. 2021, 2106023
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3.2. Mechanism of MOF-Based Nonenzymatic Glucose Sensors

The electrochemical redox activity of Mn+/cluster Mn+ in the 
MOFs can mediate the redox reaction of various molecules. 
For this, the diffusion of the analytes close to the Mn+/cluster 
Mn+ or into the pore of MOFs is essential for efficient mediated 
redox reaction. The mechanism of a MOF-based nonenzymatic 
electrochemical glucose sensor can be considered a two steps 
process (Figure  4). In the first step, glucose molecules (size 
about 1 nm) enter the pore of MOFs (pore size up to 9.8 nm) 
and eventually adsorbed on the active center;[50] in the second 
step, Mn+/cluster Mn+ is oxidized upon the applied potential 
and reduced back by the oxidation of glucose into gluconolac-
tone. This induces to increase in the oxidation current with the 
increase of the concentration of glucose.[24,25]

3.3. Mechanism of MOF-Based Enzymatic Glucose Sensors

For an enzymatic electrochemical glucose sensor, pris-
tine MOFs and their composites are generally used for the 
entrapment of GOx, process facilitated by the large pores of 
MOFs.[57,58] Upon the application of a suitable potential, glucose 
is oxidized to gluconic acid induced by GOx, thus enabling glu-
cose detection (see reactions below and Figure 5a). However, the 
physical entrapment of the bulky GOx (6.0 × 5.2 × 7.7 nm3)[59] 
into the pores of MOFs can deteriorate their structure, conse-
quently the stability of sensors. To avoid this problem, a large 
number of MOFs with free guest-accessible functional groups 
(e.g., NH2, SO3H, NO2, NHCO or NHCONH, etc.) 
have been developed.[60] Thus, GOx can be immobilized onto 
the surface or into the pores of MOFs by covalent interaction 
with the functional moieties (e.g., NH2 and/or/COOH), 
enabling the electrochemical oxidation of glucose to gluconic 
acid (Figure 5a). Surprisingly, no report is available concerning 
the development of enzymatic sensors based on functionalized 
pristine MOFs. This is conceivably due to the intrinsic charac-
teristics of MOFs.

The low conductivity of pristine MOFs is another factor that 
limits the performance of GOx-based MOF sensors. To deal with 

this drawback, several types of MOFs composites, containing 
metal- and carbon-based materials, have been developed.[57]

MOF composites have been utilized for the oxidation of glu-
cose on a mimetic multi-enzyme system, in which MOF acted 
as a secondary biomimetic catalyst for H2O2 reduction.[61] The 
immobilized or entrapped GOx into the MOFs composites can 
catalyse the oxidation of glucose with the production of glu-
conic acid and H2O2. The latter is reduced to H2O mediated by 
the peroxidase-like activity of a specific MOF in the composite 
(as shown in the following reactions and Figure 5b)

Glucose O Gluconic acid H O2
GO

2 2
x+  → + 	 (3)

H O 2H 2e 2H O2 2
MOF

2+ +  →+ −
	 (4)

4. MOF-Based Nonenzymatic Electrochemical 
Glucose Sensors

4.1. Pristine MOFs

For a nonenzymatic glucose sensor, the electrode modifiers 
should act as biomimetic enzymes. To this purpose, MOF sys-
tems with various Mn+/cluster Mn+ (M = Cu, Ni, Co, Fe, etc.) 
have been developed for the construction of electrochemical 
glucose sensors.[62–64] Some selected examples are outlined 
below, while others based-MOFs and exploiting similar reaction 
mechanisms are enumerated in Table 1 together with the main 
analytical performance.

Cu-based pristine MOFs have been widely investi-
gated for glucose sensing due to their lower redox potential 
(ranging between 0.1 and 0.5 V vs SCE or Ag/AgCl, reference 
electrodes) and high selectivity without the interferences due 
to maltose, fructose, sucrose, ascorbic and uric acid, and other 
biomolecules. Furthermore, Cu is a nontoxic and low-cost 
element. Sun et  al. developed the hydrothermally Cu-based 
MOF, [Cu2(BTC)Cl(H2O)4],[64] which was employed to modify 
a conventional glassy carbon electrode (GCE), using Nafion 
as a binder. The as-prepared sensor exhibited electrocatalytic 

Figure 4.  Schematic illustration of nonenzymatic sensing through metal–organic frameworks.
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www.afm-journal.dewww.advancedsciencenews.com

2106023  (6 of 28) © 2021 Wiley-VCH GmbH

activity for the oxidation of glucose in basic solution induced 
by the electrochemically generated Cu3+ from the Cu2+ of the 
Cu-MOF The sensor displayed a linear range from 0.06 × 10−6 
to 5000 × 10−6 m, a sensitivity of 89 µA cm−2 /× 10−3 m, and a 
LOD of 0.01 × 10−6 m. It was applied for the detection of glucose 
in urine spiked samples. Wu et al. used a hydrothermally syn-
thesized Cu-MOF (HKUST-1) for the modification of a carbon 
paste electrode (CPE), made by mixing graphite powder (10%) 
and paraffin (30%), the latter as a binder.[63] The high surface 
area (491.59 m2 g−1) and porosity (average size of pores of 
0.498 nm) of the Cu-MOF provided an catalytic activity for glu-
cose oxidation in NaOH solution (pH 13.0). The oxidation pro-
cess again involved a Cu3+/Cu2+ redox couple. Calibration plots 
obtained with the Cu-MOF/CPE sensor showed two linear 
ranges, between 5 × 10−6 and 3910 × 10−6 m and 3910 × 10−6 and 
10 950 × 10−6 m, and a LOD of 0.11 × 10−6 m. The response time 
to concentration changes was very short, equal to 0.5 s. The 
suitability of the sensor in real world application was assessed 
in diluted serum samples. Cu-based MOFs are also promising 
for the development of multi-analyte sensors by exploiting the 
formation of multiple redox pairs Cu2+/Cu+ and Cu3+/Cu2+, 
characterized by different redox potentials. Taking advantage 
of the latter characteristics, Zhang et  al. solvothermally syn-
thesized a highly porous and structurally stable 3D Cu-MOF 
(MOF-14) for the modification of a CPE, which was then 
applied for the detection of glucose and H2O2

[62] The enzyme-
less detection of glucose and H2O2 was performed in basic and 
neutral solutions, respectively, by exploiting the Cu3+/Cu2+ and 
Cu2+/Cu+, respectively. The amperometric detection of glucose 
was performed at 0.7 V, and the calibration plots revealed two 
linear ranges, 5 × 10−6–45 × 10−6 m and 45 × 10−6–2800 × 10−6 m, 

and a LOD of 1 × 10−6 m. Unfortunately, no application of the 
sensor in real samples or its suitability for the simultaneous 
detection of both analytes were assessed.

Ni or Ni-based MOFs have also been used to detect glu-
cose. In all these systems, the electrocatalytic oxidation of 
glucose involved the Ni3+/Ni2+ redox couple. Chen et  al. 
developed Ni-MOF microspheres (Ni-BTC) and NiO derived 
from Ni-MOFs to modify the electrode surface for non-
enzymatic detection of glucose in an alkaline medium.[65] 
It was found that the Ni-BTC sensor displayed higher ana-
lytical performance than that of the NiO derived from 
Ni-BTC. This was attributed to a faster heterogeneous charge 
transfer occurring at the Ni-BTC-modified electrodes. In 
both cases, two linear concentration ranges were found 
(5 × 10−6–3000 × 10−6 m and 3500 × 10−6–6000 × 10−6 m with sen-
sitivity of 932.68 µA cm−2/× 10−3 m and 273.04 µA cm−2/× 10−3 m, 
respectively).[65] It must be considered the latter behavior, 
with a lower sensitivity at high glucose concentrations, 
is common for highly porous materials, as is the case of 
MOFs-derived sensors. This phenomenon was explained to 
be essentially due to hindered diffusion within the pores for 
both glucose and gluconolactone. Lopa et  al. solvothermally 
synthesized a Ni-MOF (Ni2(dihydroxyterephthalic acid, also 
known as CPO-27-NiII) with high surface area (950 m2 g−1) 
(Figure  6a).[66] Also in this case, the CPO-27-NiII modified-
GCE exhibited two dynamic ranges for the electro-oxidation 
of glucose in an alkaline medium. The operational stability of 
the sensor was low (stable up to 500 s) due to the separation 
of Ni(OH)2 from the MOF structure. However, the stability 
was high enough for the development of disposable-type 
sensors.[66]

Table 1.  Analytical performance of nonenzymatic electrochemical glucose sensors based on pristine-MOFs.

Electrode material Technique Linear range [× 10−6 m] LOD [× 10−6 m] Sensitivity [µA cm−2/× 10−3 m) Potential [V] Ref.

Cu-MOF AMP 5–10 950 0.11 – 0.45 [63]

Cu-MOF DPV 0.06–5000 0.01 89 – [64]

Cu-MOF AMP 10–1900 – 273 0.60 [72]

Ni-MIL-77 AMP 1–500 0.25 1.542 0.60 [73]

Co-MOF AMP 5–900 1.6 169 0.40 [74]

Figure 5.  Schematic illustration of different architectures of enzymatic glucose oxidation mechanism based on MOFs and MOF composites: a) physical 
entrapment and covalent immobilization of GOx into MOFs and b) peroxidase mimicking of MOFs.
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Bimetallic or mixed-metallic MOFs were developed to 
make stronger the coordination bond between metal ions and 
ligands and to increase the inertness and hydrophobicity of 
the final product.[53] To avoid problems related to the low con-
ductivity of MOFs and the use of insulating Nafion or paraffin 
binders, some strategies involving the direct growth of MOFs 
onto the electrode surface were adopted. For example, Zhang 
et al. prepared a mixed Ni2+/Fe2+ MOF (MIL-53(NiFe)), directly 
grown on a Ni foam (Figure  6b), the latter acting as an elec-
trode substrate.[67] This MIL-53(NiFe)/Ni sensor worked in 
alkaline media and showed good performance in terms of sen-
sitivity (41.95  mA cm−2/× 10−3 m), LOD (0.67  × 10−3 m), and 
selectivity (i.e., negligible interferences due to several biological 
molecules, including acetaminophen, ascorbic acid, dopamine, 

uric acid, sucrose, fructose, l-cysteine, and folic acid). These 
analytical characteristics can be ascribed to the higher number 
of active sites (i.e., electrochemically formed Ni3+ and Fe3+ in 
MIL-53(NiFe)/Ni) toward the oxidation of glucose, as well 
as to the molecular sieve effect of the MIL-53(NiFe) MOF, 
which hider diffusion of interferants toward the active sites. 
Noteworthy, the sensor was electrochemically stable for up to 
18 days without any noticeable variation of current for glucose 
oxidation. A binder-free Cu-MOF-modified GCE electrode was 
developed by Shahrokhian et al.[68] In this case, the fabrication 
involved a first stage in which Cu was electrodeposited onto the 
GCE. Subsequently, Cu was converted into Cu(OH)2 nanotubes 
(NT) by both chemical and electrochemical anodization in an 
alkaline solution. Finally, Cu-MOF (Cu-BTC) was prepared by 

Figure 6.  a) Mechanism of glucose oxidation at the CPO-27-NiII/GCE sensor. Reproduced with permission.[66] Copyright 2018, Elsevier. b) Mechanism 
of glucose oxidation at the MIL-53(NiFe)/Ni sensor. Reproduced with permission.[67] Copyright 2019, Royal Society of Chemistry. c) Schematic illustra-
tion to develop binder-free Cu-MOF/GCE. Reproduced with permission.[68] Copyright 2018, Elsevier.
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reacting Cu(OH)2-NT with H3BTC (C9H6O6) linker (Figure 6c). 
This self-supported Cu-MOF/GCE worked in an alkaline 
medium providing a linear range, response time, and LOD of 
2–4000 × 10−6 m, 1.6 s, and 0.6 × 10−6 m, respectively.

Other than Cu and Ni-based MOFs, binder-free Co-
based MOFs were also developed for nonenzymatic detec-
tion of glucose.[69–71] Li et  al. hydrothermally prepared a 
Co-MOF ([Co2(OH)2C8H4O4]) nanosheets (NS) array onto a 
Ni foam.[69] The oxidation of glucose was performed in an 
alkaline solution and displaying good analytical performance 
(i.e., sensitivity, LOD, linear range, and response time were: 
10 886 µA cm−2 × 10−3 m, 1.3 × 10−9 m, 1 × 10−6 to 3000 × 10−6 m, 
and <5 s,  respectively). However, in the alkaline medium, the 
stability of the sensor was low due to the weak interaction 
between Co2+ and the organic linker.

Other articles report on a variety of pristine Cu-MOF, 
Ni-MIL-77, and Co-MOF-based electrochemical enzymeless glu-
cose sensors.[63,64,72–74] The mechanisms involved are similar 
to those described above, while their analytical performances, 
including linear range, LOD, sensitivity, and applied potential, 
are summarized in Table  1. In addition, most of the MOFs-
based sensors here considered were employed for the detection 
of glucose in real matrix, such as serum, plasma, urine, and 
even in food samples.

4.2. Subclasses of MOFs

MAFs or zeolite imidazolate frameworks (ZIF)) are one of 
the evolving subclasses of MOFs, exhibiting directional coor-
dination ability between azolate ligands (e.g., tetrazolates, 
pyrazolates, triazolates, imidazolates, etc.) and metal ions.[75] 
Imidazolate linkers-based MAFs are advantageous to obtain a 
relatively larger pore size due to their longer bridging length. 
The tuneable pores and the inert/hydrophobic inner/outer 
surface of MAFs are attractive for the development of high-
performance and chemically stable electroanalytical devices 
with high reproducibility. Recently, MAFs or ZIFs and their 
composites have attracted wide interest in the development of 
enzymeless electrochemical glucose sensors. Lopa et al. devel-
oped a nonenzymatic glucose sensor using a solvothermally 
synthesized and highly crystalline Co-MAF (MAF-4-CoII or 
Co(mim)2), (Figure 7a).[25] The Nafion binder containing as-pre-
pared MAF-4-CoII-modified GCE showed electrochemical sta-
bility for glucose oxidation for up to 1 h in NaOH solution. As 
for other MOF-based sensors, two dynamic ranges, i.e., from  
2 × 10−6 to 50  × 10−6 m and 100 × 10−6 to 1800  × 10−6 m were 
found, with a lower sensitivity (i.e., 30.95 µA cm−2/× 10−6 m, 
compared to 990.90 µA cm−2/× 10−3 m) at higher glucose con-
centrations. The LOD was 0.60  × 10−6 m. Improvements in 
the performance of MAF-based glucose sensors were achieved 
by using ultra-thin 2D structures, which allowed an easier 
accessibility of the analyte toward the catalytically active sites 
of the sensor.[16] Having this in mind, our group opening a 
new possibility of MAFs applications, preparing a 2D NS of 
Co-MAF (MAF-5-CoII) by a simple hydrothermal method. The 
MAF material with Nafion binder were employed to modify 
commercially available screen-printed electrodes (SPEs) 
(Figure  7b).[24] The as-prepared MAF-5-CoII/SPE could detect 

glucose nonenzymatically in both alkaline media and at physi-
ological pH, again providing two linear concentration ranges 
(from 62.80 × 10−6 to 180 × 10−6 m, and from 305 × 10−6 to 
8055 × 10−6 m) and a LOD of 0.25 × 10−6 m. In both media, the 
glucose oxidation process occurred through the formation of 
the CoII/CoIII redox pair in the MAF system.

4.3. MOFs and MAFs/ZIFs Composites

As mentioned in  Section 2, the low electrical conductivity of 
MOFs is an issue that can limit the practical applications of 
pristine MOFs as electrocatalysts for glucose sensing.[76,77] 
This drawback was overcame by using highly conductive 
nanomaterials such as graphene, carbon nanotubes (CNTs), 
metal nanoparticles and activated carbon loaded or encap-
sulated in MOFs.[78–81] Therefore, MOFs and MAFs or ZIF 
act as templates to load a variety of nanomaterials.[82,83] For 
example, Wang et  al. prepared a hierarchical 3D flower-like 
Ni-MOF (nickel(II)-(Ni(TPA)) through a simple solvothermal 
method.[84] Subsequently, single-wall carbon nanotubes 
(SWNTs) together with chitosan (CS) were incorporated 
into the Ni-MOF by applying ultrasounds. CS acted as a dis-
persing and binding agent (Figure  8a). The as-prepared Ni-
MOF-SWNT-CS modified GCE showed significantly enhanced 
catalytic activity for the oxidation of glucose in alkaline media 
compared to the pristine Ni-MOF and SWNT, induced by 
the cooperative effect of electrocatalytic Ni-MOF and the 
high electrical conductivity of SWNT. The composite sensor 
displayed a linear range from 20  × 10−6 m to 4.4  × 10−3 m, 
a LOD of 4.6  × 10−6 m, and fast response (<5 s). In another 
report, Chen et  al. prepared graphene nanosheets (GS) 

Figure 7.  a) Schematic of the plausible mechanism for glucose oxidation 
at MAF-4-CoII/GCE sensor for glucose oxidation in NaOH(aq.). Repro-
duced with permission.[25] Copyright 2019, Elsevier. b) Schematic of the 
plausible mechanism of glucose oxidation at MAF-5-CoII/SPE sensor 
at physiological pH. Reproduced with permission.[24] Copyright 2021, 
Springer.
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sandwiched Co-based ZIF ([Co(mim)2]n or ZIF-67) nanohy-
brids (Figure 8b).[85] The GS@ZIF-67 hybrids with an ordered 
nanostructure showed better catalytic activities toward glucose 
oxidation compared to the pristine ZIF-67. This is conceiv-
ably due to the synergistic effect of more accessible catalyti-
cally active sites of ZIF-67 and the high electrical conductivity 
of GS. This GS@ZIF-67 hybrids-based nonenzymatic glucose 
sensor showed high sensitivity of 1521.1 µA cm−2/× 10−3 m  

with a linear range between 1 × 10−6 and 805.5  × 10−6 m and 
LOD of 0.36 × 10−6 m (S/N = 3). Similarly, some other carbon 
materials based MOF composites such as Ni-MOFs/CNTs[86] 
and Cu-MOF/carbon nanohorns (CNHs) (Figure  8c)[87] were 
reported for nonenzymatic glucose sensing, which showed 
better analytical performance for glucose sensing compared to 
the corresponding bare MOFs counterpart. The analytical per-
formance of these materials is also included in Table 2.

Figure 8.  a) Schematic of the synthesis of Ni-MOF-SWNT-CS composite, electrode fabrication, reaction mechanism, the corresponding ampero-
metric signals for glucose oxidation. Reproduced with permission.[84] Copyright 2019, Elsevier. b) Schematic of the fabrication of Cu-MOF/CNHs/GCE, 
scanning electron micrographs (SEM), and the reaction mechanism for glucose oxidation. Reproduced with permission.[87] Copyright 2020, Elsevier.  
c) Schematic illustration of the synthesis of sandwich-like graphene@ZIF-67 heterostructure. Reproduced with permission.[85] Copyright 2019, American 
Chemical Society. d) Schematic of the reaction mechanism for glucose oxidation at Ag@ZIF-67 sensor. Reproduced with permission.[104] Copyright 
2018, Elsevier. e) Schematic of the reaction mechanism for glucose oxidation at Cu-in-ZIF-8 sensor. Reproduced with permission.[105] Copyright 2016, 
Elsevier. f) Schematic of the Ni-MOF/Ni/NiO/C/GCE sensor for glucose detection in human serum sample. Reproduced with permission.[88] Copyright 
2017, American Chemical Society.
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The incorporation of metal nanostructures into MOFs and 
their subclasses can enhance the catalytic activity of glucose 
oxidation thanks to the synergetic effects of the various com-
ponents and to the fact that they prevent the material aggrega-
tion, thus maintaining the high surface area and more catalytic 
active sites. Meng et al. developed a series of Ag@ZIF-67 (Co-
based MOF) nanocomposites through a sequential deposition-
reduction method by varying the Ag loading amount (from 0% 
to 0.5%) (Figure 8d).[104] A GCE was modified with the as-pre-
pared Ag@ZIF-67 composites by using a Nafion binder. The 
results revealed that the response time of the sensor decreased, 
and the sensitivity increased with increasing the amount of Ag 
loading into ZIF-67. The optimized Ag@ZIF-67/GCE sensor, 
with an Ag content of 0.5%, provided the following analytical 
characteristics: dynamic range of 2 × 10−6–1000  × 10−6 m, sen-
sitivity of 0.379 µA cm−2/× 10−6 m, LOD (0.66  × 10−6 m), and 
good stability and selectivity. In another report, Shi et al. encap-
sulated Cu nanoparticles (NPs), having sizes ranging from 
2.5 to 5  nm, into ZIF-8 (Cu-in-ZIF-8). The latter was used to 
modify SPE systems for the detection of glucose in NaOH solu-
tion (Figure 8e).[105] Compared to the Cu NPs loaded ZIF-8 (Cu-
on-ZIF-8), the Cu-in-ZIF-8 exhibited higher activity and better 
stability toward glucose oxidation. This can be ascribed to the 
uniform distribution with a narrow size range of Cu NPs in Cu-
in-ZIF-8, which provides plenty of active sites for the electro-
catalytic oxidation of glucose. In contrast, Cu-on-ZIF-8, induced 
to agglomerate the NPs and reduced the electrocatalytic active 
sites for the oxidation of glucose.

Metal/MO composites loaded MOFs were also reported for 
nonenzymatic glucose sensing. For example, Shu et  al. pre-
pared a Ni-MOF/Ni/NiO/C nanocomposite by one-step calcina-
tion method (Figure 8f).[88] The as-prepared Ni-MOF/Ni/NiO/C  

nanocomposite modified GCE displayed better catalytic 
activity toward glucose oxidation compared to the pristine 
Ni-MOF and provided LOD and sensitivity of 0.8 × 10−6 m and 
367.45 mA cm−2 m−1, respectively. The better performance of the 
Ni-MOF/Ni/NiO/C nanocomposite was attributed to the higher 
conductivity of the composite materials with respect to the pris-
tine MOFs. Arif et al. prepared another nanocomposite of Ag@
TiO2@ZIF-67 (Co-based MOF).[89] The ZIF-67 acted as the chief 
catalyst for the oxidation of glucose, while Ag@TiO2 coopera-
tively enhanced the electron transfer process. An Ag@TiO2@
ZIF-67-modified GCE showed improved analytical performance 
and high stability. Exploiting similar cooperative functions, 
a variety of MOF-nanocomposites was developed for glucose 
sensing, and they showed enhanced sensing performance com-
pared to their corresponding pristine MOFs. The various types 
of MOFs-composites sensors together with their analytical per-
formance are summarised in Table 2.[86,87,96,88–95]

4.4. MOF Derived Materials

MOFs can serve as precursors or template for the prepara-
tion of new nanomaterials through pyrolysis and chemical 
decomposition.[106] Several nanomaterials, for examples 
MOs (CuCo2O4, NiCo2O4−NiO), and composites, including 
carbon based materials, (Fe3O4@C/Cu, Cu/Ni/C, Cu/N/C, 
NiO–NiCo2O4@polypyrrole, etc.) were developed for sensing 
and other electrochemical applications (super cap, batteries 
and gas separation purposes).[106–110] Recently, nanomaterials 
derived from MOFs showed promising aspects for electrochem-
ical glucose sensing due to their high surface area, improved 
chemical stability, high electrical conductivity, and tunable 

Table 2.  Analytical performance of nonenzymatic electrochemical glucose sensors based on MOF composites.

Electrode material Linear range [× 10−6 m] LOD [× 10−6 m] Sensitivity [µA cm−2/× 10−3 m] Potential [V] Ref.

Ni-MOF/SWCNT 20–4400 4.6 – 0.55 [84]

Ni-MOF/CNTs 1–1600 0.82 13 850 0.60 [86]

Cu-MOF/CNHs 0.25–1200 0.078 – 0.32 [87]

Ni-MOF/Ni/NiO/C 4–5664 0.8 367.45 0.65 [88]

Ag@TiO2@ZIF-67 48–1000 0.99 78.8 0.40 [89]

CuO NPs/Ce-MOF 0. 005–8600 0.002 2058.5 0.55 [90]

Boron nitride/MOF 10–900 5.5 18 100 0.60 [91]

Cu2O@ZIF-67 10–10 000 and 10 000–16 300 6.5 307.02 and 181.34 0.55 [92]

TiO2/ZIF-8 – 0.08 – -0.45 [93]

AuNP/Ni-MOF/Ni/NiO 0.4–900 0.1 2133.5 0.65 [94]

Ni3(PO4)2@ZIF-67 1–4000 0.7 2783 0.45 [95]

CoII-MOF/Acb 5–1000 1.7 255 0.55 [96]

Au@Ni-MOF 5–7400 1.5 1447.1 0.55 [97]

CuO/Cu-MOF 1–600 0.33 33 950 0.65 [98]

Co3O4@ZIF-8 5–800 0.13 0.520 0.59 [99]

Ni/Co-MOF 0.1–1400 0.047 2.08 0.42 [100]

Ag NPs/MOF-74 (Ni) 10–4000 4.7 1.29 0.65 [101]

Ni-MOF 2–2000 0.1 27 900 0.65 [102]

Cu NWs/MOF/GO 20–26 600 7 0.007 0.30 [103]
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porosity. For example, Luo et  al. prepared hierarchical CuO 
nanospheres derived from a Cu-MOF by thermal decomposi-
tion (Figure 9a).[111] The porous hierarchical CuO nanospheres 
with controllable porosity and surface area showed better glu-
cose sensing properties in an alkaline solution than hierar-
chical CuO clusters. The sensing mechanism of this sensor 
involves the oxidation of glucose by the electrochemically 
generated CuOOH in an alkaline medium. The analytical per-
formance resulted in a linear range of 0–6.535 × 10−3 m, a sen-
sitivity of 806.1 µA cm−2/× 10−3 m, and a LOD of 0.15 × 10−6 m.  
The sensor was tested in artificial saliva containing glucose 
concentrations in the range from 5  × 10−6 m–1.165  × 10−3 m. 
This kind of sensor promises applications for the noninvasive 
detection of glucose.

The development of bimetallic oxides derived from MOFs 
can represent another effective strategy to enhance the sen-
sitivity of glucose detection. Yang et  al. developed an elec-
trochemical glucose sensor based on MOF-derived hollow 
CuCo2O4 polyhedron/porous reduced graphene oxide 
(PrGO) composites, prepared by thermolysis of Cu-Co-ZIFs 
and PrGO (Figure  9b).[109] The CuCo2O4/PrGO/GCE sensor 
showed synergistic oxidation of glucose to gluconolactone 
induced by the reduction of electrochemically generated 
Cu3+ and Co3+ to Cu2+ and Co2+, respectively, in an alkaline 
medium. The role of PrGO in the composite is to enhance 
the conductivity. The analytical performances of the sensor 
were: sensitivity 2426 µA cm−2/× 10−3 m, linear range over 
0.5 × 10−6–3354 × 10−6 m, a response time <3 s, and LOD of 
0.15 × 10−6 m.

Carbon materials (e.g., porous carbon, graphene, etc.) incor-
porating metal and MO composites derived from MOFs are 
promising electrocatalysts for glucose sensing. The electrooxi-
dation of glucose, catalyzed by metal and MO, can be enhanced 
by the faster electron transfer processes that occur within the 
carbon materials. Xiao et  al. prepared a metal/MO@carbon 
composite (M/MO@C) (M = Ni, MO = CuO, Cu2O, and NiO) 
by the direct carbonization of bimetallic Cu/Ni-MOF.[112] A M/
MO@C-modified GCE sensor exhibited good performance for 
glucose detection in an alkaline medium. The linear range was 
from 0.1 × 10−6 m to 2.2 × 10−3 m with a LOD of 60 × 10−9 m. 
Similar results were obtained by Archana et al., who prepared 
a CuO/NiO-C nanocomposite derived from a bimetallic Cu/
Ni-based MOF by thermal annealing at 430°C under N2 atmos-
phere (Figure  9c).[113] The CuO/NiO-C composites showed 
even a lower LOD (37 nm) with a sensitivity of 586.7 µA cm−2/×  
10−3 m. This improved performance can be attributed to the 
existence of abundant channels into the composites, which 
improved both the adsorption and diffusion of glucose on 
the catalytic sites. A variety of other MO’s nanocompos-
ites derived from MOF[112,113,122–131,114,132–141,115,142–145,116–121]  
were developed for glucose sensing and Table 3 summarized 
their composition and relevant analytical performance.

5. MOF-Based Enzymatic Electrochemical  
Glucose Sensors
MOFs have also been explored for the development of enzy-
matic electrochemical glucose sensors. Although enzyme-based 

sensors have certain restrictions as described in the introduc-
tion section, they are more accurate and commercially available 
for self-monitoring and POC testing applications. However, 
one of the main challenges of enzyme-based glucose sensors 
is the difficulty of GOx immobilization without compromising 
the electrochemical response.[1] Several articles report on strate-
gies for the immobilization of GOx in MOFs, their derivatives 
and MOF composites without compromising the sensitivity 
of the sensors. For example, Patra et al. reported a Pt NPs and 
Fe-MOF (iron(III) trimesate or MIL-100(Fe)) nanocomposite 
(Figure 10a), which effectively incorporated GOx.[58] A suspen-
sion of MIL-100(Fe) and GOx was successively deposited onto 
an electrodeposited Pt NPs-modified carbon ink electrode (CIE) 
and then employed for the detection of glucose. Noteworthy  
is the circumstance that the detection was performed in ace-
tate buffer medium (pH 5.3), i.e., under acidic conditions. 
Even under these conditions the sensor showed a sensitivity of  
71 mA cm−2 m−1 and a low LOD of 5 × 10−6 m. The good perfor-
mance can be ascribed to the synergistic effect of Pt NPs and 
MIL-100(Fe) as well as the high porous structure of MIL-100(Fe), 
which improved the trapping and the immobilization efficiency 
of GOx. In Ref.,[57] Paul et  al. employed a similar strategy to 
prepare an Au NPs encapsulated ZIF-8 for a mediator-free 
enzymatic glucose sensor (Figure  10b). This sensing system 
was able to detect glucose down to nanomolar concentration 
levels (i.e., 50 × 10−9 m). Other strategies of immobilization of 
GOx made use of Zr(IV)-MOF/ionic liquids (IL),[146] ZIF-8 bio-
composites,[147] Au NPs/Cu-BTC/macroporous carbon,[148] Cu-
hemin MOFs,[149] Tb@MOFs-CNTs,[150] and nanoporous carbon 
derived from Al-PCPs,[151] which provided a good analytical per-
formance for glucose detection as summarized in Table 4.

MOFs were also used as a peroxidase-like biomimetic cata-
lyst for H2O2 reduction to accelerate the GOx catalyzed glucose 
oxidation. Wang et al. developed a polydopamine (PDA)/ZIF-8/
rGO composite- modified GCE for the detection of glucose, 
where PDA acted as an immobilization matrix for GOx and 
rGO served as the electron transporting channel (Figure 10c).[61] 
The H2O2, generated by the GOx-catalyzed oxidation of glucose 
to gluconic acid, was reduced to H2O, mediated by the oxidized 
form of ZIF-8. The sensor performance provided a linear range 
from 1 × 10−6 m to 3.6 × 10−3 m, sensitivity of 15 191 µA/× 10−3 m, 
and LOD of 0.333 × 10−6 m.

6. Optical Glucose Sensors Based on MOFs

Optical transduction-based glucose sensors are beneficial for 
direct, label-free, and real-time detection within 1–5 min.[10,11] 
To date, a large number of optical transduction methods have 
been developed for glucose sensing, including near-IR spec-
troscopy, min-IR spectroscopy, CM, Raman spectroscopy, 
FL, coherence tomography, SPR, optical coherence tomo
graphy, Fourier transform near-infrared spectroscopy, and 
SERS.[1,152,153] MOFs and their composite-based optical glu-
cose sensors, categorized as enzymatic and nonenzymatic 
similar to the electrochemical glucose sensors, have been 
developed based on the CM, FL, chemiluminescence (CL), 
SERS, and SPR detection methods.[154–158] In the following 
section we discuss the principles of CM and FL for glucose 
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Figure 9.  a) Schematic of the synthesis of CuO derived from Cu-MOF and the corresponding SEM images. Reproduced with permission.[111] Copyright 
2020, Royal Society of Chemistry. b) Schematic of the synthesis of MOF-derived CuCo2O4/PrGO for glucose oxidation. Reproduced with permission.[109] 
Copyright 2017, Elsevier. c) Schematic of the synthesis of MOF-derived CuO/NiO-C composite. Reproduced with permission.[113] Copyright 2019, 
American Chemical Society.
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sensing, based on MOFs, MOFs composites, and MOF-
derived materials.

6.1. Principles of Detection

Tthe principles of glucose detection based on CM and FL methods 
are highlighted, as most of the MOFs sensors available in the lit-
erature are based on the latter transduction modes (see Table 5).

CM methods possess technical advantages over other optical 
detection methods such as visual ability and low-cost.[157] The 
principles of detection of the enzymatic detection of glucose based 
on MOF is schematized in Figure 11a. In a GOx immobilized or 

entrapped onto/in MOFs, glucose is enzymatically catalyzed to 
gluconic acid and H2O2. Subsequently, the generated H2O2 is 
reduced by the MOFs due to their peroxidase-like activity. This 
prompts a characteristic chromogenic reaction in the presence of 
colored reagents. This color change is a function of the concen-
tration of glucose and it is monitored at a given wavelength.

The FL detection of glucose based on MOFs can be 
performed by nonenzymatic or enzymatic approaches. In non-
enzymatic FL detection systems, fluorescence MOFs act as 
molecular recognition compounds or fluorophores.[159] Upon 
glucose binding or entrapped into the pores of MOFs, a change 
in the fluorescence signal occurs. The change in the FL inten-
sity is proportional to the concentration of glucose (Figure 11b). 

Table 3.  Analytical performance of nonenzymatic electrochemical glucose sensors based on MOF-derived nanomaterials.

Electrode material Technique Linear range [× 10−6 m] LOD [× 10−6 m] Sensitivity [µA cm−2/× 
10−6 m]

Potential [V] Ref.

Co@NCD AMP 0.2–12 000 0.11 125 0.5 [122]

Co(OH)2 AMP 5–6700 1.730 - 0.55 [123]

Cu@C800 AMP 200–8000 29.8 0.48 µA/× 10−3 m 0.55 [124]

CuO polyhedrons AMP 0.5–800 0.46 13 575 0.55 [125]

Nanoporous C/Co3O4 DPV 5 × 10−6–2.06 × 10−2 2 × 10−6 0.14 µA cm−2/× 10−12 m – [126]

Cu–Cu2O–CuO/C CV up to 1000 – – – [127]

Amorphous Co3O4 AMP 0.5–956.5 3.9 1074.22 0.58 [128]

Co NP/Porous C AMP 100–1100 5.69 227 0.5 [129]

CuO nanorod CA up to 1250 1 1523.5 0.6 [130]

Porous CuO AMP 0.5–2800 0.1 934.2 0.55 [131]

CuOx@Co3O4 core–shell NW AMP 0.1–1300 0.036 27 778 – [114]

Fe3O4 DPV 0–9000 15.70 4.67 – [132]

Ni/C AMP 24–1200 7.87 9.11 0.5 [133]

Cu@ Porous C AMP 0.15–5620 0.48 28.67 0.45 [134]

CuO AMP 0.5–5000 0.07 – 0.42 [135]

Co3O4 AMP 5–1175 0.2 700 0.58 [136]

Co3O4/CNTs AMP 5–2000 0.35 22 210 0.55 [137]

NiCo NSs/graphene 
nanoribbons

AMP 5–800
and 1000–10 000

0.6 344 0.6 [138]

NiCo2O4 microflowers – 1–7800 0.48 – – [139]

Co3O4/rGO AMP 1–500 0.4 1315 0.35 [140]

CoO-Co-NC-rGO AMP 0.5–10 0.34 3172 0.6 [141]

Cu@ Ni microsphere AMP 0–5000 0.4 496 µA/ × 10−3 m 0.54 [115]

Co3O4/CuO NWs AMP 0.5–100 0.23 6.0 µA/ × 10−3 m 0.5 [142]

3D CuCo-Oxide AMP 0.05–3300 0.026 41 020 0.55 [143]

ZnO-NiO AMP 13–4860 4.12 448.6 0.5 [144]

Ni3N@C AMP 1–3000
and 3–7

0.3 1511.59
and 783.75

0.60 [145]

NiO superstructures AMP 18–1200 6.15 395 µA/× 10−3 m 0.55 [116]

CuNi/C NS AMP 200–2720 0.066 17 120 0.54 [117]

Co nanobeads/rGO AMP 150–6250 47.5 39.32 0.55 [118]

Ni2P/GN AMP 5–1400 0.44 7234 0.5 [119]

Cu@porous C AMP 1- 6000 0.6 10 100 0.55 [120]

Ni@C NS AMP 0.15–1480 0.05 32 790 0.54 [121]
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The mechanism of the enzymatic FL glucose sensor is similar 
to the enzyme-based CM sensors (Figure 11c). In this case, a flu-
orescent probe is used in place of color reagents.[156] Upon exci-
tation at a certain wavelength, the fluorescent probe emits light, 
whose intensity is proportional to the concentration of glucose.

6.2. Enzymatic Glucose Sensors

The literature reports a variety of enzymatic MOFs based glu-
cose sensors, exploiting optical transduction approaches. For 

example, Xu et  al. immobilized GOx onto an NH2 function-
alized MOFs (Fe-MIL-88B-NH2) via a covalent interaction by 
post-modification method (Figure 12a).[160] The remarkable per-
oxidase-like activity of Fe-MIL-88B-NH2 and the catalytic activity 
of GOx for the oxidation of glucose enabled cascade catalysis for 
the CM detection of glucose at pH 4.0 by the oxidation of color 
reagent tetramethylbenzidine (TMB). The analytical character-
istics were linear range from 1 × 10−6 to 500 × 10−6 m and LOD 
of 0.487  × 10−6 m. In Ref.,[157] Zhao et  al. developed a similar 
CM detection method of glucose at pH 4.0, based on the GOx@
ZIF-8@Fe-PDA hybrid shell. In this case, GOx was embedded 
in ZIF-8 by the co-precipitation approach (Figure 12b). The per-
oxidase mimicking of the ZIF-8@Fe-PDA hybrid shell and the 
GOx induced oxidation of glucose, followed by a cascade cata-
lytic reaction for the CM detection of glucose by the oxidation of 
TMB. The linear range was 5.0 × 10−6–100.0  × 10−6 m and LOD 
of 1.1 × 10−6 m. A similar co-precipitation method was applied 
for the preparation of GOx-Fe(III)-BTC by Zhao et  al.[161] The 
Fe(III)-BTC acted as a peroxidase mimicking and solid support 
for the immobilization of GOx (Figure 12c). Again, GOx-Fe(III)-
BTC enabled glucose oxidation by a cascade catalysis reac-
tion. The linear range and LOD were 5.0 × 10−6–100  × 10−6 m  
and 2.4  × 10−6 m, respectively. Based on similar cascade cata-
lytic reactions, other researchers developed Fe(III)porphyrin-
MOF,[162] MIL-53(Fe),[163] glycine functionalized MIL-53(Fe),[164] 
and hemin/MIL-101(Al)-NH2 hybrid[165] for the immobilization 
or entrapment of GOx and the subsequent CM detection.

In a FL-based enzymatic glucose sensor, as mentioned above, 
a fluorescent probe is used. It is oxidized by H2O2 upon the cas-
cade reactions induced by the oxidation of glucose to gluconic 
acid. Shi et al. developed a 2D Cu-MOF (Cu(bpy)2(OTf)2) for the 
entrapment of GOx by post-synthetic method (Figure 13a).[156] The 
cascade oxidation reaction of glucose to gluconic acid catalyzed by 
GOx and the subsequent reduction of H2O2 catalyzed by Cu-MOF 
induced the formation of the highly fluorescent thiochrome from 
the nonfluorescent thiamine. The analytical method revealed 
to be highly selective with two linear ranges, specifically over  
0.01 × 10−3–0.1 × 10−3 m and 0.1 × 10−3–1 × 10−3 m, and a LOD of 
0.41  × 10−6 m. In another report, Lin et  al. prepared a GOx 
enzyme-modified peroxidase mimicking MIL-53(Fe) for FL detec-
tion of glucose. The linker terephthalic acid (TA) in MIL-53(Fe) 
served as the fluorescent probe (Figure 13b).[166] The cascade reac-
tions, involving the oxidation and reduction of glucose and H2O2, 
respectively, induced the formation of the fluorescent hydroxy-
lated TA, from the nonfluorescent TA, thus facilitating the detec-
tion of glucose with good analytical performance.

In a CL transduction-based enzymatic detection of glucose, 
luminol is used as a CL probe, which is oxidized and generates 
strong CL signals upon the cascade reaction induced by glu-
cose oxidation to gluconic acid and the subsequent reduction of 
H2O2.[167,184,185] The CL intensity of the oxidized luminol is directly 
proportional to the concertation of glucose. Zhu et al. developed 
a CL glucose sensor based on a 2D MOF (Co-TCPP(Fe)).[155] The 
peroxidase activity of Co-TCPP(Fe) reduced the H2O2 generated 
by the oxidation of glucose and oxidized luminol, thus providing 
strong CL signals. The sensor was able to detect glucose in urine 
samples with good sensitivity (10.667 µg L−1) in a wide concen-
tration range (32–5500 µg L−1). Tang et al. synthesized a Fe3O4/
MIL-101(Fe) composite, a peroxidase-like enzyme, which at the 

Figure 10.  a) Schematic illustration of the synthesis of MIL-100 (M) for 
glucose oxidation. Reproduced with permission.[60] Copyright 2015, Royal 
Society of Chemistry. b) Schematic illustration of the preparation of GOx 
and Au NPs encapsulated ZIF-8 composites for glucose oxidation. Repro-
duced with permission.[57] Copyright 2018, American Chemical Society. 
c) Schematic of the reaction mechanism of glucose oxidation and H2O2 
reduction at the GOx/PDA/ZIF-8/rGO sensors. Reproduced with permis-
sion.[61] Copyright 2016, Royal Society of Chemistry.

Adv. Funct. Mater. 2021, 2106023



www.afm-journal.dewww.advancedsciencenews.com

2106023  (15 of 28) © 2021 Wiley-VCH GmbH

end of the cascade reactions, induced by GOx, led to the oxi-
dation of luminol (Figure  13c).[183] The GOx and luminol were 
mixed with Fe3O4/MIL-101(Fe) composite. This system was able 
to detect glucose over the concentration range from 5 × 10−9 to 
100 × 10−9 m, with a LOD of 4.9 × 10−9.

Similar cascade reactions strategies were exploited to con-
struct other enzymatic glucose sensors based on MOFs and their 
subclasses (In-MOF, MIL-53(Fe), Fe-MIL–88NH2, MIL-101(Fe), 
magnetic ZIF-8, ZIF-8 (NiPd), MIL-53(Fe), and ZIF-8),[159,166–172] 
MOF composites (AuNPs@MIL-101(Cr), Au@MIL-100(Fe), 
Hemin@MIL-53(Al)–NH2, Cu–hemin MOFs, Cu-MOF/
Fe3O4-AuNPs, AuNPs@ Cu-TCPP, Ficin@Zn-MOF, Ag NPs-
porphyrin MOF, Cu(II)/Co(II) organic gel, g-C3N4@Cu-MOF, 

and hemin@HKUST-1 MOF),[154,158,165,173–180] and MOF derived 
materials (CoNPs/C and Cu@C-500)[181,182] using CM, FL, CL, 
SERS, and SPR transduction methods, which are included in 
Table 5, together with the corresponding analytical performance.

6.3. Nonenzymatic Glucose Sensors

There are only a few examples reported in the literature con-
cerning the use of MOFs for the enzymeless detection of 
glucose exploiting optical transduction approaches. This is con-
ceivably related to the poor selectivity of chemical events, com-
pared to that of an enzymatic reaction. Kumar et al. developed a 

Table 4.  Analytical performance of enzymatic electrochemical glucose sensors based on MOFs, MOFs composites, and MOF derived materials.

Electrode material Detection Method Linear range [× 10−6 m] LOD [× 10−6 m] Sensitivity [µA cm−2/× 10−3 m] Ref.

Zr(IV)-MOF/IL AMP 8–100 and 100–2000 2.7 1.9 µA/× 10−3 m [146]

GOx/ZIF-8 bio-composites AMP 0–7500 2.2 1.88 [147]

AuNPs/Cu-BTC/C DPV 44.9–4000 and 4000–19 000 14.77 – [148]

Cu-hemin MOFs LSV 9.10–36 000 2.73 22.77 [149]

Tb@MOFs-CNTs CV 25–17 000 8 – [150]

Nanoporous carbon derived from Al-PCPs CV 70–990 65 6.81 µA/× 10−3 m [151]

Table 5.  Analytical performance of reported CM, FL, CL, SERS, and SPR transduction systems of enzymatic glucose sensors based on MOFs, MOF 
composites, and MOF-derived materials.

Materials Detection method Reagents/Probe Linear range [× 10−6 m] LOD [× 10−6 m] Ref.

Pristine MOFs

In-MOF FL In-MOF 0–160 0.87 [159]

MIL-53(Fe) FL TAOH 0.5–27 0.0084 [166]

Fe-MIL–88NH2 CM TMB 2–300 0.48 [167]

MIL-101(Fe) CM TMB 100–1000 0.4 [168]

Magnetic ZIF-8 CM OPD 5–150 1.9 [169]

ZIF-8 (NiPd) CM OPD 10–300 9.2 [170]

MIL-53(Fe) CL Luminol 0.1–10 0.05 [171]

ZIF-8 Wave guide – 1000–8000 – [172]

MOF composite

AuNPs@MIL-101(Cr) SERS – 10–200 4.2 [154]

Au@MIL-100(Fe) SPR – 0–12 000 – [158]

Hemin@MIL-53(Al)–NH2 CM TMB 10–300 – [165]

Cu–hemin MOFs CM TMB 10–300 6.9 [173]

Cu-MOF/Fe3O4-AuNPs CM TMB 12.86–257.14 12.20 [174]

AuNPs@ Cu-TCPP CM TMB 1–300 8.5 [175]

Ficin@Zn-MOF CM TMB 1–140 0.12 [176]

Ag NPs-Porphyrin MOF FL Ag NPs 5–80 0.078 [177]

Cu(II)/Co(II) organic gel FL TA 0.5–120 0.33 [178]

g-C3N4@Cu-MOF FL TA 0.1–22 0.059 [179]

Hemin@HKUST-1 MOF CL Luminol 7.5–75 7.5 [180]

MOF derived materials

CoNPs/C CL TMB 0.25–30 0.156 [181]

Cu@C-500 CM TMB 50–350 0.32 [182]
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FL sensor using a Zn-based MOF (IRMOF-3) having an average 
size of 160±20 nm  and synthetized by a simple hydrothermal 
method. This material showed strong emission and absorp-
tion peaks at 460 nm and 355 nm, respectively.[186] The NH2 
and COOH functional groups present on the MOF surface 
allowed binding of the cis-diols of the glucose molecule via 
host-guest interaction. This led to a remarkable quenching 
in the fluorescence intensity of the MOF. The FL intensity of 
IRMOF-3 decreased linearly with the logarithmic concentration 
of glucose in the range from 1 × 10−6 to 225  × 10−6 m, providing 
a LOD of 0.56  × 10−6 m. Despite the host-guest interaction 
that could exert to some extent selectivity toward glucose, the 
authors do not provide any information on interference due to 
other biological molecules.

Hu et  al. developed AuNPs and porphyrin-based MOFs 
composites (AuNPs/Cu-TCPP(Fe)) for the detection of glucose 
by exploiting a SERS-transduction method.[187] The AuNPs/
Cu-TCPP(Fe) hybrid was prepared by in situ modification of 
AuNPs onto the Cu-TCPP(Fe). The authors claimed that AuNPs 
mimicked the GOx like properties, while Cu-TCPP(Fe) acted as 
a peroxidase mimicking. Thus, the cascade catalysis reactions 

occurred, as those described above for the GOx-based sensors, 
and H2O2 induced the oxidation of non-Raman-active leucomal-
achite green into the Raman-active malachite green. The hybrid 
material enabled glucose detection in the concentration range 
from 0.16 × 10−3 to 8 × 10−3 m with a LOD of 3.9 × 10−6 m.

7. MOF-Based Wearable and Flexible Glucose 
Sensors
Traditional blood glucose meters measure the blood glucose con-
centration invasively. To overcome this limitation and to extend 
the possibility of glucose monitoring noninvasively during, for 
instance, physical exercise or work, flexible and wearable devices 
have been developed.[188] Wearable and flexible sensors are easy 
to integrate into clothes, contact lenses, watch, and rings for 
continuous glucose measurements in sweat, tears, and saliva. 
The glucose concentrations in the latter body fluids are statisti-
cally related to the blood glucose concentration.[1,7] Therefore, the 
detection of glucose can be performed noninvasively by using 
wearable sensors. Human sweat contains glucose concentration 

Figure 11.  Schematic of the general principles of MOFs-based a) enzymatic CM, b) nonenzymatic FL, and c) enzymatic FL glucose detection system.
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Figure 12.  a) Schematic illustration of the synthesis Fe-MIL-88B-NH2-GOx and the reaction mechanism for the cascade oxidation of glucose. Repro-
duced with permission.[160] Copyright 2019, American Chemical Society. b) Schematic illustration of the synthesis of GOx@ZIF-8@Fe-PDA hybrid shell 
and the reaction mechanism for the cascade oxidation of glucose. Reproduced with permission.[157] Copyright 2019, Elsevier. c) Schematic illustration 
of the synthesis of GOx-Fe(III)-BTC and the reaction mechanism for glucose oxidation. Reproduced with permission.[161] Copyright 2019, Springer.
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in the range from 5.6 × 10−6 to 2200  × 10−6 m, while it is ca. 
0.92 × 10−3 m in the tears of diabetic patients.[189,190] Most of the 
MOFs- based glucose sensors available in the literature fulfill 
the latter analytical requirements. In the following sections, we 
summarize the recent progress and developments of wearable 
and flexible electrochemical and optical glucose sensors based 
on MOFs, MOF composites, and MOF-derived materials.

7.1. Electrochemical

Enzymatic and nonenzymatic wearable and flexible glucose 
sensors were developed exploiting the intrinsic nanozyme 

activity or the high and tuneable porosity of MOFs that allow 
immobilizing or entrapping GOx in their structures. Zhu et al. 
developed a flexible and wearable nonenzymatic glucose sensor 
based on Pd NPs encapsulated ZIF-67 (Pd@ZIF-67), which can 
detect glucose at physiological pH without any additional rea-
gents (Figure 14a).[191] The sensor was integrated into a wearable 
sweatband for real-time glucose monitoring in sweat and were 
transmitted using a smartphone. The system was very stable 
and sensitive for up to two months under ambient conditions, 
working over a concentration range varying from 10 × 10−6 to 
1000 × 10−6 m. In another article, Xuan et al. developed a flex-
ible carbon fiber electrode modified with a Ni-MOF for the 
enzymeless electrochemical detection of glucose in sweat 
(Figure 14b).[192] The as-prepared Ni-MOF exhibited longitudinal 
expansion leading to an increase of the number of active sites 
of Ni ions, which enhanced the sensitivity of glucose detection. 
This Ni-MOF-based flexible sensor with a PVA/NaOH solid-
state electrolyte was employed to detect glucose in sweat in the 
concentration range from 0 to 1600 × 10−6 m with a sensitivity of 
470.40 µA cm−2/× 10−3 m. Another flexible platform was devel-
oped by Wei et  al. by depositing conducting leaflike Co-MOF 
onto a flexible carbon cloth (CC) for the electrocatalytic oxida-
tion of glucose in an alkaline medium. The analytical charac-
teristics of the sensor were: linear range from 0.004 × 10−3 to 
4.428 × 10−3 m, sensitivity of 1113 µA cm−2/× 10−3 m, and LOD of 
1.2 × 10−6 m.[193] This sensor was applied to detect glucose just 
in human blood serum. Some other researchers developed flex-
ible and enzymeless electrochemical detection systems of glu-
cose, based on a variety of MOFs composites, including CuO/
NiO/carbon nanocomposites deposited on cello tape,[113] sand-
paper-supported Cu-MOF,[194] Co-MOF/CC/paper,[195] ZIF-67/
carbon fibers,[196] Cu-catecholate (Cu-CAT) MOF fractals/carbon 
paper,[197] and Cu-Co-ZIF derivatives/CC.[198] The analytical per-
formances of these sensors are summarized in Table 6, which 
indicated that the bimetallic 2D Cu-Co-ZIF derivative modified 
flexible CC electrode showed remarkably high sensitivity com-
pared to the reported other pristine MOFs, MOF composites, 
and MOF-derived materials,[198] conceivably due to the enriched 
reaction sites induced by the 2D structures as well as the syn-
ergistic effect of Cu1+/2+ and Co2+/3+ redox pairs formed in an 
alkaline medium for the mediated oxidation of glucose. Most 
of these flexible MOFs-based sensors were, however, applied to 
more common body fluids such as human blood serum, urine, 
saliva.

Enzyme-based flexible glucose sensors based on MOFs have 
also been developed. Li et  al. prepared a GOx encapsulated 
ZIF-8 on a cellulose acetate nanofiber membrane as a highly 
flexible electrode for glucose detection.[199] The in-situ encapsu-
lation of GOx into ZIF-8 improved the stability of the ZIF-8@ 
GOx/MWCNTs/Au sensor up to 15 h for continuous glucose 
monitoring. The linear range was from 1 × 10−3 to 10 × 10−3 m 
and a LOD of 5.347 × 10−6 m. The sensor promises easy integra-
tion into a wearable device for glucose monitoring in human 
sweat at the physiological state (Figure 14c). Similarly, Co-MOF 
modified PET plastic substrate[200] and Au NPs/ZIF-8 modified 
plastic chip[201] were developed as the enzymatic and flexible 
platforms for glucose detection and relevant analytical perfor-
mance are shown in Table 6. Noteworthy, the Co-MOF modified 
PET plastic substrate was employed for in vivo interstitial fluids 

Figure 13.  a) Schematic of the reaction mechanism of FL detection of 
glucose based on a Cu-MOF. Reproduced with permission.[156] Copyright 
2019, Elsevier. b) Schematic of the reaction mechanism of FL detection of 
glucose based on MIL-53(Fe). Reproduced with permission.[166] Copyright 
2018, Royal Society of Chemistry. c) Plausible reaction mechanism for 
Fe3O4/MIL-101(Fe) catalyze luminol CL. Rreproduced with permission.[183] 
Copyright 2018, Elsevier.
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measurement. To this purpose, the sensor was inserted into 
to the abdominal cavity of anestetised mouse and the glucose 
amount was recorded for about 5 min.

7.2. Optical

The optical transduction-based wearable and flexible glucose 
sensors have been investigated limitedly due to their high cost 
and the difficulty of miniaturization. Additionally, optical wear-
able and flexible glucose sensors need complex fabrication 
steps, costly optical fibers, and spectrophotometers coupled to 
a computer. Therefore, wearable optical sensors are not mass-
produced for POC testing of glucose. Nevertheless, in the lit-
erature, some examples of wearable optical sensors based on 
MOFs exist. This section summarizes MOF-based flexible and 
in vivo optical platforms for glucose detection.

Huang et al. prepared an Ag@Au nano prisms-Ir-Zne MOF 
composite to modify a flexible paper electrode for enzymatic 
detection of glucose in human serum and urine by a lumines-
cence method (Figure  15a).[202] The Ag@Au nanoprisms were 
deposited into a paper substrate; subsequently, the phosphores-
cent luminophores Ir-Zne MOF was superimposed on Ag@Au 
nanoprisms. This composite significantly enhanced the emis-
sion intensity of the MOFs due to the coupling of the MOF 
dipoles with the localized SPR band of Ag@Au nanoprisms. 
Upon the addition of glucose, O2 molecules are consumed 
by the oxidation of glucose, resulting in the enhancement 
of the phosphorescence intensity of the MOF. This enabled 
the detection of glucose with a fast response time (5 s), over 
the concentration range of 0.05 × 10−3–30  × 10−3 m; a LOD of 
0.038 × 10−3 m was calculated. In another report, Cheng et  al. 
developed an enzymatic CM sensor based on an integrated 
nanozymes (INAzymes) by simultaneously embedding hemin 
and GOx inside ZIF-8 (GOx/hemin@ZIF-8) (Figure  15b,c).[203] 
The cascade reaction induced by the oxidation of glucose cat-
alyzed by GOx and the reduction of H2O2 by the peroxidase 
mimicking hemin@ZIF-8 enabled the oxidation of the colored 
substrate ABTS. The catalytic activity of this INAzyme enabled 
in vivo analysis of cerebral glucose in the concentration range 
from 0 to 250 × 10−6 m. A LOD of 1.7 × 10−6 m calculated.

8. MOF-Based Field-Effect Transistors Devices  
for Glucose Sensing
Transistors are semiconductor devices used to amplify the 
signal and switch circuits. There are two main types of 

Figure 14.  a) Wearable and smartphone-assisted glucose monitoring 
system in sweat based on Pd@ZIF-67 with the corresponding analytical 
performance. (Reproduced with permission.[191] Copyright 2019, American 
Chemical Society. b) Digital photograph of Ni-MOF/carbon fiber-based 
all-solid-state enzymeless sweat glucose sensor. Reproduced with per-
mission.[192] Copyright 2020, Royal Society of Chemistry. c) Schematic 
illustration of the GOx/ZIF-8 modified cellulose acetate nanofiber mem-
brane-based self-powered glucose biosensor. Reproduced with permis-
sion.[199] Copyright 2021, Elsevier.

Table 6.  Analytical performance of flexible electrochemical glucose sensors based on MOFs, MOF-composite, and MOF-derived materials.

Electrode material Substrate Linear range [× 10−6 m] LOD [× 10−6 m] Sensitivity [µA cm−2/× 10−3 m] Ref.

Co-MOF CC/paper 800–16 000 150 – [195]

ZIF-67 Carbon fibers 0.5–30 0.3 4835 [196]

Cu-Co-ZIF derivatives CC 20–800 2 18 680 [198]

Co-MOF PET – 54.6 – [200]

Au NPs/ZIF-8 Plastic chip – 0.06 – [201]
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transistors: Field-effect (FET) and bipolar junction.[204] FET-
based biosensors or “bio-FET” are attractive for label-free and 
real-time monitoring of a variety of target molecules. In addi-
tion, they are easy to use and cost-effective.[204,205] In a typical 
FET system, the target analytes bind to the sensing channels 
leading to the change of the source-drain “channel” conduc-
tivity. The electrical conductivity or resistance at the channel is 
inversely proportional to the carrier density, which is measured 
from a change in the source-drain voltage-current characteris-
tics.[205] The channel conductance varies as a function of the 
concentration of the target molecules. A large number of FET 
devices based on various nanomaterials for sensing different 
biomolecules, including proteins, nucleotides, and glucose, 
have been developed.[206–208] MOF materials have been investi-
gated to develop FET-based glucose sensors, albeit to a limited 
extent. This is due to the low conductivity of MOFs and the dif-
ficulty of their integration into the channel with good contact 
and intactness.[209] Nevertheless, a few examples FET-based 
glucose sensors, using MOFs and their derivatives, have been 
developed and their main characteristics are briefly described 
below.

Wang et al. developed an enzymatic FET glucose sensor based 
on a bimetallic Ni/Cu-MOF as channel layers (Figure 16a).[210] 
The Ni/Cu-MOF film was grown uniformly onto the channel of 
pre-prepared FET devices and then modified with GOx by using 
glutaraldehyde (GA) as linkers. The sensor operation involves 
the catalytic oxidation of glucose by GOx with the production of 

H2O2. Under the applied gate voltage, H2O2 oxidises and gener-
ates H+ and e−. The amount of H+ formed by the continuous 
enzymatic reaction accumulates at the interface between p-type 
Ni/Cu-MOF channel layers and the solution. The holes formed 
in the Ni/Cu-MOFs channel film react with H+, resulting in a 
decrease of the current value of the FET, proportionally to glu-
cose concentration. This sensor provides a linear range from 
0.001 × 10−3 to 20  × 10−3 m, a sensitivity of 26.05 µA cm−2/×  
10−3 m, and a LOD of 0.51 × 10−6 m.

In order to improve the electrical conductivity of the chan-
nels of FET, MOF-derived materials, containing carbon com-
posites appeared highly suitable. Inspired by this, Xiong 
et  al. synthesized a concave-shaped N-doped carbon frame-
work embedded with single site Co (Co SSC) derived from 
Cobalt phthalocyanine@ZIF-8 by pyrolysis (Figure 16b,c).[211] 
The as-prepared Co SSC was mixed with GOx and used to 
modify the Au gate electrode of a solution-gated graphene 
transistor (SGGT). This Co SSC-based SGGT significantly 
improved the sensitivity of glucose detection of three orders 
of magnitude with respect to the device produced without 
the catalyst. This allowed achieving a LOD down to 10 × 10−9. 
In another report, Xiong et  al. developed a ZIF-67 derived 
porous Co3O4 hollow nanopolyhedron to prepare GOx-CS/
Co3O4 composites (Figure 16d).[212] The as-prepared GOx-CS/
Co3O4 was used to modify the Au gate electrode of SGGT 
for glucose detection. The working operation of the sensor 
involved the cascade reactions, described in previous 

Figure 15.  a) Fabrication process and sensing mechanism of Ag@Au nano prisms- Ir-Zne MOF modified flexible paper sensor and the corresponding 
luminescence intensity variation with the variation of glucose concentrations and calibration curve. Reproduced with permission.[202] Copyright 2017, 
Royal Society of Chemistry. b,c) Schematic illustration of glucose monitoring in the brain of living rates based on INAzyme, and the schematic illustra-
tion of the integrated system along with cascade reactions mechanism for the detection of glucose in living brain. Reproduced with permission.[203] 
Copyright 2016, American Chemical Society.
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sections, induced by the glucose oxidation by GOx, the for-
mation of H2O2, which reacts near the gate and changes 
the channel current, and consequently a change of the gate 
voltage proportionally to the glucose concentration. Again, 
the sensitivity of the modified sensor was improved to such 
an extent to provide a LOD down to 100  × 10−9, which was 
1000-fold lower than that found with the unmodified Au gate 
electrode. These sensors were employed to detect glucose in 
tears.

9. MOF-Based Microfluidic Devices for Glucose 
Sensing
Microfluidic is the science and technology that appeared in the 
early 1980s and denotes the precise control and manipulation 
of small amounts of fluids using channels with dimensions 

at the microscale levels (tens to hundreds of micrometers).[213] 
Until now, microfluidic has been applied in multi-disciplinary 
fields, including biology and medicine,[214–219] chemistry,[220–224] 
surface chemistry,[225,226] electrochemistry,[223,224,227] and micro-
technology[226,228] with the advantages of the consumption 
of small sample volume (10−9–10−18 liters). Microfluidic tech-
nology has been rationalized for about two decades, offering 
the advantage of low cost, short assay time, high specificity, 
low power consumption, reduced waste production, high 
sensitivity, and multiple target detection. Consequently, a lot 
of microfluidic biosensors have been developed, including 
DNA-, enzymes-, and immunoassay-based microfluidics bio-
sensors.[229–231] Initially, conventional soft lithography was 
used to make a microfluidic channel for continuous flow 
regimes. Later, this technology has been replaced with droplet-
based microfluidic devices that are useful to reduce the 
sample consumptions and segregation of reaction sites. Even 

Figure 16.  a) Schematic of the synthesis process and sensing mechanism of GOx-GA-Ni/Cu-MOFs-based FET for glucose detection. Reproduced with 
permission.[210] Copyright 2021, Elsevier. b,c) Schematic of the synthesis processes of Co SSC and sensing mechanism of GOx-Co SSC based SGGT for 
glucose detection. Reproduced with permission.[211] Copyright 2020, Elsevier. d) Schematic diagram of a GOx-CS/Co3O4/Au gate electrode-based SGGT 
and sensing mechanism. Reproduced with permission.[212] Copyright 2018, Elsevier.
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smaller consumption of sample volume has been achieved by 
the introduction of the digital microfluidic systems. In these 
devices, sample droplets are created on the array of electro-
statically active electrodes rather than as laminar flow of 
samples.[232]

A microfluidic sensing platform is generally composed 
of a recognition element and a transducing device, similar 
to other biosensor systems. The commonly used transduc-
tion methods in a microfluidic sensor are optical, electro-
chemical, and impedimetric.[233] The recognition elements 
(e.g., enzymes, antibodies, ssDNA, etc.) in an affinity bio-
sensor bind the target analyte, whereas, for catalytic biosen-
sors, the recognition element induces a chemical reaction or 
electron transfer. To obtain high sensitivity, reproducibility, 
and stability, the immobilization or entrapment of recogni-
tion elements into the microfluidic channel is crucial, and 
it can be attained by modifying the channels with various 
types of affinity-based and catalytically active nanomaterials. 
The immobilization or entrapment of GOx with high surface 
coverage into the microfluidic channel enabled by nano-
materials significantly enhanced the sensitivity of glucose 
detection. In particular, pristine or functionalized MOFs are 
attractive materials to improve the immobilization or entrap-
ment of GOx. This section summarized recent developments 
of MOF-based microfluidic systems for the detection of 
glucose.

Ilacas et  al. reported a paper-based microfluidic (μPADs) 
sensor for enzymatic detection of glucose using GOx@Zr-
PCN-222(Fe)-MOF via CM method without the use of col-
oring agents (Figure  17a,b).[43] The GOx@Zr-PCN-222(Fe) 
was used to prepare two different configurations of μPADs, 
i.e., well-based and lateral flow assay (LFA). For well-based 
μPADs, GOx@Zr-PCN-222(Fe)-was spotted between the chip 
layers, followed by the assembly of the platform. A solution of 
KI and glucose was spotted into the well, inducing a yellow-
brown color spot in the μPADs. In the LFA-based μPADs, 
the chips were sandwiched between parafilm layers and fur-
ther sandwiched between PVA layers. GOx@Zr-PCN-222(Fe) 
was spotted onto the inlet, allowing it to flow laterally into the 
outlet, followed by the addition of glucose with varying con-
centrations. This yielded a yellow-brown color that enabled 
glucose detection. Similarly, Gómez et  al. developed a μPAD 
for glucose sensing using GOx/Fe-MIL-101 via CM method 
and TMB as coloring agent (Figure  17c).[234] The Fe-MIL-101 
presented a peroxidase-like activity for the reduction of H2O2 
produced by the enzymatic oxidation of glucose. The subse-
quent oxidation of TMB, induced by the reduction of H2O2, 
generated a green-blue color that was revealed by a digital 
camera. The method employed allowed the achievement of 
a LOD of 2.5 × 10−6 m. Other researchers developed GOx/
hemin@ZIF-8[203] and ZIF-8/GOx&HRP[235] -based microflu-
idic devices for glucose detection with good analytical results 
and stability.

10. Conclusions, Challenges, and Future Outlooks

This review highlighted the advances of MOFs, their sub-
types, MOF composites, and MOF-derived materials for the 

construction of electrochemical, optical, FET, and microflu-
idic device for the detection of glucose. Both nonenzymatic 
and enzymatic detection systems also as flexible and wear-
able devices have been described. The review also deals with 
the design and synthesis of MOFs to develop the various types 
of sensors and the fundamental mechanisms of the different 
transduction methods involved in glucose detection.

In general, MOFs and their derivatives showed high catalytic 
activity for electrochemical enzymeless glucose detection in alka-
line medium, similar to other nanozymes (e.g., MO and their 
composites). These properties arise from the redox activity of 
Mn+/cluster Mn+ of the MOFs in an alkaline medium, which 
mediated the oxidation of glucose. Thus, one of the main chal-
lenges of MOF-based electrochemical enzymeless sensing is 
the development of redox-active materials able to work at physi-
ological pH, allowing glucose detection in biological fluids and 
avoiding the time-consuming sample treatments. One possible 
way to achieve this result is by controlling the size, inherent 
chemical properties, and general structures of MOFs, as 
reported in a recent paper concerning a 2D MAF-5-CoII mate-
rial.[24] Another aspect to be considered is the poor chemical sta-
bility and the low conductivity of MOFs. This drawback can be 
resolved by preparing MOFs using hydrophobic linkers, chemi-
cally inert or low labile Mn+, multi Mn+, post-modification, 
insertion of size-matching ligands as brackets into the pores, 
post-synthetic exchange via metal-ion metathesis, post-synthetic 
modifications with long-alkyl substituents, and hydrophobic sur-
face treatment.

In contrast, an enzymatic glucose sensor based on the phys-
ical entrapment of GOx into the pores of MOFs can catalyze 
glucose oxidation at physiological pH. The reliability of enzy-
matic glucose sensors is still a huge concern, because of the 
well-known and the above extensively discussed instability of 
GOx. Moreover, the physical entrapment of large dimensional 
GOx into the pores of MOFs cannot guarantee the reproduc-
ibility and reliability of the sensor. Fortunately, many dif-
ferent free guest-accessible functional groups (e.g., NH2, 
SO3H, NO2, NHCO, and NHCONH) contained 
MOFs have already been developed, and GOx can be immobi-
lized onto/into these functional MOFs by chemical interaction 
with strong binding to obtain high stability of enzyme-based 
sensors.

Optical transduction-based glucose detection systems are 
highly reliable and accurate for CGM though they are costly 
and difficult to miniaturize. MOFs and their derivative-based 
optical glucose sensors are mainly based on GOx enzyme, 
using CM, FL, and CL detection methods. Along with limi-
tations due to the GOx stability and physical entrapment 
onto/into MOFs, optical sensors fabrication is complex and 
requires coloured/fluorescent probes. Some specific MOFs, 
exhibiting peroxidase-like activity, are used for the CM, FL, 
and CL-based detection of glucose via cascade type reactions. 
Because, commonly used coloured or fluorescent probes are 
organic dyes, they display photobleaching and toxicity effects. 
To overcome these drawbacks, a future direction for the CM 
and FL-based glucose sensors is the development of MOFs 
with eco-friendly organic linkers, which can also act as fluo-
rescent probes. As for nonenzymatic optical glucose detec-
tion systems based on MOFs and their derivatives, they have 
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been much less investigated, mainly due to the weak lumi-
nescence properties of MOFs themselves. The post-modifica-
tion of MOFs, by incorporating suitable luminescent guests 
or luminophores inside the pores or backbone, can represent 
an effective strategy to develop nonenzymatic optical glucose 
sensors. Also, controlling the size and dimension of MOFs 
can effectively tune their luminescence properties.

FET-based devices are advantageous over optical detection sys-
tems and comparable to electrochemical systems. The main chal-
lenge in the development of a high-performance MOFs-based 
FET device is the low conductivity and difficulty of MOFs inte-
gration into the channel with good contact and intactness. Devel-
opment of MOFs composite using highly conductive nanoscale 
materials and functional MOFs for chemical immobilization of 
GOx can be the effective strategy to minimize the limitations 
due to the low conductivity and weak binding of GOx. The main 
drawback of FET-based systems for biomolecules detection, 
including glucose, is the limitation arising from the “’Debye 
screening length”’ or the shielding generated by the electrical 
double layer. This can be overcome by preparing ultrathin arrays 
of MOFs and their derivatives into the FET channels.

A microfluidic device for glucose detection is advantageous 
over other current detection methods due to its low cost and 
durability. Microfluidic is an attractive area of research and 
development due to the increasing demand for biomedical 
devices and chips to detect multianalyte. So far, MOFs are 
used to develop enzyme-based microfluidic devices with the 
CM detection method. The main drawbacks of this system are 
related to the fabrication processes, photobleaching, and toxic 
coloring reagents. These limitations can be overcome by the 
development of electrochemical and impedimetric microfluidic 
devices based on MOFs. This can also open the road toward 
the transformation of the microfluidic sensor technology from 
bench to POC and point-of-need diagnosis of glucose.

Finally, during the preparation of this review, we felt that 
MOFs, MOF composites, and MOF-derived materials for glu-
cose detection are advancing at an unparalleled rate. After about 
two decades since the first introduction in the late 1990s,[236] 
MOF is finding its place for nonenzymatic catalytic glucose oxi-
dation and also as GOx immobilization matrix for enzymatic 
glucose detection. The first examples of these possibilities 
appeared in the literature only in 2002. Thus, sooner we might 
observe the first large-scale and commercial applications of 
MOFs after resolving the critical chemical instability, redox inac-
tivity at neutral pH, and low conductivity issues of the materials.
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Figure 17.  Schematic illustration of a) well-based µPAD and b) LFA-based µPAD constructed using GOx@Zr-PCN-222(Fe)-MOF. Reproduced with 
permission.[43] Copyright 2019, Elsevier. c) Digital photographs of GOx/Fe-MIL-101 based µPAD before and after reaction with glucose. Reproduced 
with permission.[234] Copyright 2017, Springer.
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