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Carcinoembryonic antigens (CEAs) are prominent cancer biomarkers that enable the early detection of
numerous cancers. For effective CEA screening, rapid, portable, efficient, and sensitive diagnosis
approaches should be devised. Metal-organic frameworks (MOFs) are porous crystalline materials that
have received major attention for application in high-efficiency signal probes owing to their advantages
such as large specific surface area, superior chemical stability and tunability, high porosity, easy surface
functional modification, and adjustable size and morphology. Immunoassay strategies using antigen—
antibody specific interaction are one of the imperative means for rapid and accurate measurement of
target molecules in biochemical fields. The emerging MOFs and their nanocomposites are synthesized
with excellent features, providing promising potential for immunoassays. This article outlines the recent

breakthroughs in the synthesis approaches of MOFs and overall functionalization mechanisms of MOFs
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Accepted 29th February 2024 with antigen/antibody and their uses in the CEA immunoassays, which operate according to

electrochemical, electrochemiluminescent and colorimetric techniques. The prospects and limitations of

DOI: 10.1039/d3ra07059) the preparation and immunoassay applications of MOF-derived hybrid nanocomposites are also
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1. Introduction

Over the past few years, massive incidences of cancer triggered
its early diagnosis by the quantification of specific substances,
i.e. biomarkers, produced by tumor cells. Carcinoembryonic
antigens (CEAs) are a type of glycoprotein involved in cell
adhesion, which are produced during fetal development.* The
CEA is a highly sensitive and specific tumor marker for
pancreatic, breast, and colon cancers. The risk of these diseases
increases when the level of CEAs exceeds 5 ng mL ™' in the
serum/plasma. In the presence of a CEA identified as a tumor
marker, the body produces antibodies (Abs) to fight them. For
the effective treatment and clinical diagnosis of cancer, the
accurate and rapid determination of CEAs is crucial. Further-
more, after adjuvant chemotherapy or surgical resection, the
CEA concentration determination can help monitor and iden-
tify metastatic cases or tumor recurrences.” Hence, the selective
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and sensitive determination of CEAs has garnered rapid
advancement due to its significance in clinical medicine.

Abs as developing critical immunoglobulin macromolecules
play vital roles in diverse applications (e.g., biosensing, catal-
ysis, disease treatment, medical diagnosis, and scientific
research). Abs exhibit the merits of low immunogenicity, high
solubility, conformational and colloidal stability, high biode-
gradability, and specificity in sophisticated and fundamental
reactions. Despite these advantages, the propensity for
degradation/aggregation and inferior biophysical stability pose
significant challenges to the expansion of the applicability of
biomolecular techniques.> Moreover, therapeutic proteins can
be degraded by perturbation environments such as chemical
reagent corrosion, mechanical force impact, and temperature
alteration leading to low efficacy.” Nevertheless, they can further
cause biosafety risks and impose extra costs for Ab applications.
For instance, the employment of sugars for lyophilization and
vitrification of proteins can cause unpredictable immunoge-
nicity or aggregation owing to the uncontrollable crystallization
of sugars.® Furthermore, polymer additives as enhancers of
thermal stability of proteins maintained the possible immu-
nological risks and separation difficulty.® Therefore, the devel-
opment of controlled conditions and efficient and facile
approaches is an urgent requirement for the stabilization of
these biopharmaceutical proteins. Fortunately, the immobili-
zation of Abs on diverse supports has been extended
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significantly in recent years to overcome the above-mentioned
complications. In diagnostic immunoassays, Abs are immobi-
lized on semiconductor chips, electrodes, or optical fibers via
various strategies by the formation of distinct linkages to
improve the catalytic and stability performance of Abs. Since the
loss of biological activity upon immobilization of Abs is prob-
lematic in many cases, the development of efficient immobili-
zation supports is a study hotspot in biomedical analysis. An
ideal support platform must provide a biocompatible environ-
ment that prevents Ab aggregation through chemical,
mechanical, and thermal stability along with a high capacity to
load Abs. In recent investigations, the commonly employed
substrates for the immobilization of Abs include molybdenum
disulfide (MOS,), nanoparticles (NPs), polymers, graphenes,
and metal-organic frameworks (MOFs), which cannot only
improve their stability and activity but also reduce the inhibi-
tion of products. At this state, MOFs formed by organic ligands
and metal nodes are considered as a novel class of crystalline
solid-state matrixes for the immobilization of Abs despite
several identified materials having a large specific surface area.
Facile functionalization, tunable pore size and structure, high
porosity, selectivity, and stability of MOFs help reduce or
eliminate the possible leakage of the embedded molecules due
to the interactions of host-adsorbed biomolecules and
enhanced stability. Additionally, Abs can be immobilized in
MOFs through plentiful in situ and post-synthetic procedures
such as biofunctionalization, in situ encapsulation, diffusion,
surface immobilization, and embedding based on covalent
attachment and host-guest interactions.

This study reviewed recent progresses in CEA biomarker
detection using immunosensors based on MOF-derived
composites, and alongside that, examined the performance of
different techniques, which developed according to this
concept. At first, various strategies for Ab immobilization by
MOF carriers are studied, in particular in situ encapsulation,
diffusion into the pores, and surface bioconjugation (e.g,
covalent linkage and adsorption). Particularly, the recent tech-
nological hotspots are also considered in the field of Ab
immobilization by MOFs for Ab immobilization and multi-Ab
immobilization. Then, the applications of MOFs as immobili-
zation supports for Abs in the immunosensing of CEA have also
been discussed, such as electrochemical, -electro-
chemiluminescence, colorimetric, and other sensing
approaches. Finally, the further opportunities and challenges
for Ab immobilization in MOFs and their sensing applications
are also reviewed.

2. Selection of MOFs for antibody
immobilization (MOF/Ab
biocomposites)

Abs, naturally produced glycoproteins, are used as bio-
recognition elements in developing immunosensors towards
various antigens including bacteria, antibiotics, and proteins.”
Inspired by the selectivity, sensitivity, and fast response of Ab-
antigen reactions, Abs are widely used in sensing
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applications. Still, one of the key problems hindering the
reproducibility and stability performance of the sensors is the
immobilization of Abs. In this regard, MOFs as crystalline
porous materials with multiple functional groups such as
sulfonates, phosphates, amines, nitrates, and carboxylates are
ideal matrix materials to immobilize several Abs with high
stability and immobilization capacity.® In biological applica-
tions, some unique properties are advantageous for MOFs,
including stability in biofluids, non-destructive sensing,
biodegradability, and low toxicity, along with environmental
matters in their synthesis.” Using several post-synthetic modi-
fication methods, rational design of linkers and nodes, and
synthetic conditions, MOFs with these properties and different
chemical functions can be faithfully personalized.' At the first
step of porous MOF development, the micro-sized bulk crys-
talline structure limited the catalytic activity and dispersibility
in solutions in the sensing field. Therefore, a decrease in
particle size (nano-scaled MOFs) would improve the analyte
diffusion and electroactive accessibility leading to enhanced
sensitivity of sensors."" Typically, nano-MOF-based sensors with
smaller sizes and a large number of active sites exhibit a low
limit of detection (LOD) and enhanced sensitivity."> Recently,
Ab immobilization on MOFs with various topologies has been
remarkably stated with the prosperous development and in-
depth research of MOFs in sensing fields due to their signifi-
cant properties.”® At the state of Ab integration, the large
specific surface area of MOFs (even up to 6000 m* g~ ') endows
them with more accessible active sites, resulting in higher Ab
loading capacity and enhanced catalytic activity. Besides,
benefitting from the adjustable structure and aperture size of
MOF scaffolds, Abs can efficiently match them. In a typical
example, Wang and coworkers fabricated MOFs with tunable
sizes by altering the solvent composition in the reaction
system.” Such a decrease in the size of MOFs to nanoscale
improved not only the electrocatalytic activity but also the dis-
persibility in solutions. Owing to the above-mentioned advan-
tages of nanoscaled MOFs, the applicability, sensitivity, and
assay time of MOF biocomposite-based sensors can be effi-
ciently enhanced." Furthermore, the water stability of MOFs is
another key factor for MOF-Ab-based sensing applications.
Although Abs are soluble in water and destructible in organic
solvents, MOFs possess weak metal-ligand bonds in aqueous
solutions, which requires further research on the formation of
water-stable MOFs. On account of the strong water stability, two
types of MOF frameworks have been synthesized.” The first
category is the metal carboxylate framework containing high-
valence metal ions such as Zr*', Cr**, and Fe®" possessing
high coordination number and charge density. Benefitting from
this feature, MOFs with stable coordination bonds between
ligands and metal ions can be made along with providing a rigid
structure."*® The second category is the metal azolate frame-
work consisting of soft nitrogen-donor ligands, including pyr-
azolates, triazolates, imidazolates, and tetrazolates, which can
react with soft divalent metal ions to build strong MOF struc-
tures.'” With recent advances in the design of novel and porous
MOFs by choosing proper organic ligands, metal ions, and
synthesis approaches, a variety of MOFs with different sensing
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properties have been developed for conjugation with bio-
composites such as Abs. Moreover, Ab protection is another
effect of the highly ordered MOFs that increases their opera-
bility in practical applications by making them steadier in
extremely high alkaline or acidic media, organic solvents, and
high temperatures. Last but not least, the reusability of Abs can
be ensured by immobilization in MOFs. According to the
concept of MOFs for Ab immobilization, extensive research has
been reported using MOFs as carriers to immobilize Abs
through diverse approaches to construct different immuno-
sensors with exceptional specificity and selectivity.

2.1. Surface bioconjugation

Abs were incorporated into MOFs for capturing the target
antigens, which produces an optical or electrochemical signal.
In this part, the approaches of fabricating MOF-Ab bio-
composites are mainly discussed based on the interaction mode
between the MOF matrix and Abs. Generally, Ab-conjugated
MOFs are synthesized via post-synthetic modification, which
comprises chemical or physical immobilization of Abs on pre-
prepared MOFs.? Basically, chemical immobilization of Abs is
reached by the chemical reaction between Abs and the
unreacted functional groups of MOFs using cross-linkers or
coupling agents. In contrast, simple impregnation between Abs
and MOFs is involved in the solution phase at the physical
modification state. The post-synthetic bioconjugation strategies
of Abs-MOFs are usually divided into two types including
covalent attachment and surface adsorption.

2.1.1. Adsorption. Generally, surface adsorption is the
commonly used method benefiting from the advantages of
broad applicability and simple operation. This strategy
commonly uses weak interactions such as hydrophobic inter-
actions, - stacking, electrostatic, hydrogen bonding, and van
der Waals forces to anchor Abs on the MOF surface."® Generally,
Abs are mixed physically with pre-synthesized MOFs under mild
conditions without any synthesis requirements. Benefiting from
all these advantages, various types of MOFs can be used as
matrices to immobilize Abs via surface adsorption. In a typical
example of a surface adsorption procedure, an impedimetric
sensor was developed based on Ab-MOF biocomposites for the
determination of vomitoxin and salbutamol by Liu et al.*® The
impedance signal was obviously increased when the
biocomposite-modified electrode captured the vomitoxin or
salbutamol antigens. Benefitting from the higher Ab loading
capacity of MOFs, a lower LOD was obtained for salbutamol (0.4
pg mL™") and vomitoxin (0.7 pg mL™"). Upon the addition of
different interferences, the impedance response represented no
change indicating good specificity.

2.1.2. Covalent linkage. In comparison with surface
adsorption, the covalent attachment is much stronger and has
higher linkage stability. Typically, the covalent linkage results
from the formation of peptide bonds via a condensation reac-
tion between amino and carboxyl groups, which originates from
Abs and MOFs.?® Additionally, the covalent attachment could be
derived from the cross-linking process between amino groups
on MOFs and biomolecules using a crosslinking polymer, i.e.,
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glutaraldehyde. As another type of covalent attachment, noble
metal NPs can be applied as immobilization supports to anchor
Abs benefiting from the electrostatic adsorption between noble
metal NPs and Abs. In this regard, Bhardwaj et al.>* developed
an Ab-MOF sensor using covalent linkages for the determina-
tion of atrazine. To form an immunosensing platform, atrazine
Abs were conjugated to the polyaniline-based thin film
substrate with a high electrical conductivity. The designed
immunosensor demonstrated a low LOD of 0.01 nmol L™ for
the conductometric detection of atrazine. No significant change
in electrical signals of the platform in the presence of several
other pesticides has been directed toward their high specificity.

2.2. Diffusion into MOFs

Pore diffusion is a strategy in which biomolecules are adsorbed
into the porous structure of MOFs instead of their surface as an
immobilization matrix.?*> In this method, MOF structures are
pre-synthesized and then the infiltration of Abs into the MOF
cavity can occur under biocompatible conditions. This process
profits from several advantages for the fabrication of bio-
composites. First, Abs can highly load into the pores of MOFs by
virtue of the mesoporous cavity and large pores of MOFs.
Second, the numerous supramolecular interactions such as
electrostatic interactions, w-m interactions, and hydrophilic
interfacial interactions between framework ligands and Abs
simplify the rapid diffusion. Third, the MOFs offer a protective
layer for immobilized Abs preserving the activity of biomole-
cules and avoiding the leakage of Abs. Since the crystallization
of MOFs is independent of the infiltration process, MOFs with
excellent aqueous stabilities, low defects, and highly crystalline
structures could be synthesized under hydro/solvothermal
conditions expanding their applicability.

2.3. In situ encapsulation

The in situ encapsulation approach introduces biomolecules,
e.g. Abs, during the synthesis process of the framework struc-
tures to form MOF biocomposites.”® MOFs should be formed
under mild conditions considering the fragile nature of
biomolecules to avoid destroying the activity of immobilized
biomolecules. From the view of the growth mechanism, the in
situ encapsulation strategy commonly occurs through two
competing strategies of biomimetic mineralization and co-
precipitation. In the biomimetic mineralization approach, the
biomolecule is directly mixed with the MOF and its surface
facilitates the nucleation of MOF precursors to yield bio-
molecule@MOF. For the co-precipitation method, biological
species coated with capping agents such as polyvinyl pyrroli-
done are passively encapsulated into the MOF.

Because post-synthetic methods are generally employed for
the fabrication of Ab-conjugated MOFs, the specific control of
reaction conditions including temperature and pH is essential.
During Ab conjugation, various buffers could be utilized to
maintain reaction parameters such as pH. Tris(hydroxymethyl)
aminomethane, phosphate buffer (PB), phosphate-buffered
saline (PBS), and 2-(N-morpholino) ethane sulfonic acid (MES)
are the frequently used buffers. Apart from the used post-
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synthesis modification approaches for the attachment of Abs to
MOFs, the activation of pending groups is frequently explored
because of easy activation and large availability. In a work
conducted by Kumar et al., anti-bovine serum albumin (anti-
BSA) was covalently conjugated to a Zn-based MOF in which
their pendent group was activated. Pendant group activation
was accomplished using 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) cross-linkers and MES buffers. To keep
the pH of the reaction solution during covalent conjugation, the
PBS buffer was used. The interaction of EDC and carboxyl
groups forms active intermediates such as O-acylisourea, and
this active intermediate could be hydrolyzed to produce
a carboxyl group in the absence of an amine group. At this state,
the conjugation efficiency was decreased by the hydrolysis
process of these intermediates; hence, using N-hydrox-
ysuccinimide (NHS) could be advantageous to avoid hydrolysis.
To this end, the formation of NHS esters by the interaction of
intermediate components and NHS served as an active site for
amines. It is found that NHS ester reacts with the nearby amine
group to form an amide bond. The EDC-NHS was exploited
further for the conjugation between carboxylic groups of Abs
and amine-functionalized MOFs.** As such, the sensitivity of the
sensor is enhanced by the oriented attachment of Abs, which
increases the available active sites on the sensing substrate. For
investigating the conjugation status of Abs and MOFs, some
spectroscopic procedures such as FTIR and UV-vis spectros-
copies could be more deliberately used. To this end, the
completion of bioconjugation between Abs and MOFs can be
confirmed by the appearance of special bonds and also a shift in
the band of UV-vis spectra.

3. Immunosensing approaches for
MOF-derived nanocomposites

The combination of sensing technology with a specific and
sensitive immunoassay is of the immunosensing analysis
strategies, which are widely investigated for sensing and
monitoring. New ideas are provided for the development of
efficient and novel immunoassay strategies due to the remark-
able properties of MOF-Ab materials such as (i) high surface
area,” (ii) Ab protection in various media,® (iii) high reproduc-
ibility, recyclability, and stability,*® and (iv) structural flexibility
and ease of synthesis.”” Based on the type of detection, various
immunosensors such as colorimetric, electrochemical, and
electrochemiluminescent (ECL) immunosensors
structed and their main features are summarized.

are con-

3.1. Electrochemical immunosensors

Electrochemical immunoassays have emerged as valuable
analytical techniques due to their cost-effectiveness, broad
dynamic range, and remarkable sensitivity. Several electro-
chemical immunoassay platforms have attracted considerable
attention in recent years. According to the detection principle,
electrochemical immunosensing is divided into voltammetry
(square wave, linear sweep, cyclic, and differential pulse),
amperometry, and impedance subclasses. In voltammetry,
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information about the species is obtained by the current,
resulting from the applied time-dependent potential to an
electrochemical cell. In amperometry, a pulsed or constant
potential is typically applied to the working electrode after
measuring the resulting current as time-dependent. Moreover,
impedance spectroscopy is based on the characterization of
frequency-dependent electrical impedance at alternating
currents. The integration of MOF-based composites has been
demonstrated to enhance the detection capabilities of electro-
chemical immunoassays. The main focus of these approaches is
on two fundamental elements: (i) modification of electrodes
using MOF composites and (ii) fabrication of immunoprobes
using MOF nanocomposites. The thoughtful design of immu-
noprobes based on the MOF-derived materials is advantageous
in improving the electrochemical sensing performance. On the
one hand, MOFs possess a meticulously arranged pore building
that affords a large surface area for loading electrochemical
active substances, thereby augmenting the sensitivity of the
nanoprobes. On the other hand, MOFs have the capability to
serve as a protective layer to safeguard materials from external
factors, thereby enhancing the stability of the probes.?® In this
regard, Biswas et al.?® developed a samarium (Sm)-MOF-based
electrochemical label-free immunosensor for the sensitive
determination of a colon cancer biomarker. For that, highly
stable MOFs were synthesized by a solvothermal process using
different carboxylate ligands such as 1,3,6,8-tetra(4-
carboxyphenyl)pyrene  (TBPy), meso-tetra(4-carboxyphenyl)
porphyrin (TCPP), and trimesic acid (TMA). All the rod-shaped
Sm-TMA MOFs, spherical-shaped Sm-TBPy MOFs, and cubic-
shaped Sm-TCPP MOFs exhibited respective electrocatalytic
activity. The immunosensing performances and electrocatalytic
activity were significantly affected by the density of Sm(m)
unsaturated coordination sites. Under optimal conditions, the
designed immunosensors were used for the determination of
CEAs with a lower LOD and a wide linear detection range in
human serum samples. In another work, Huang et al.** devel-
oped an electrochemical immunosensor based on gold nano-
particle (AuNP)@Cu/Co-MOF nanosheets for the sensitive
determination of CEAs and alpha-fetoprotein (AFP). Here,
AuUNP@Cu-MOF and AuNP@Co-MOF nanosheets as redox
probes were used to label different Abs. For blocking the
remaining potential active sites, glucose oxidase was used. In
the presence of glucose oxidase, glucose was in situ catalyzed to
H,0, using MOF-based materials. To obtain amplified signals,
AUNP@Cu-MOF- and AuNP@Co-MOF-derived materials were
used for further catalysis of H,0,. The results showed a lower
LOD of 0.31 pg mL~" with a linear range of 0.001-80 ng mL ™"
for CEA determination. Remarkably, the prepared electro-
chemical immunoassay proposed cost-effective, simple, and
rapid analysis of CEA in biological samples. To solve the prob-
lems of fast decrease in response signal and unstable signal of
traditional electroactive substances, Jiang et al.’* developed
another MOF-based electrochemical immunosensor using
a tetrahydroxy-1,4-benzoquinone (THQ) ligand and Cu** (Cu-
THQ MOF)-modified AuNPs under green and mild conditions
for CEA determination in real serum. For that, a uniform layer
of AuNPs was deposited on the surface of a glassy carbon

© 2024 The Author(s). Published by the Royal Society of Chemistry
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electrode. The electrode was incubated at 4 °C after the addition
of Abs. To block the non-specific active sites on Cu-THQ MOF/
AuNPs, bovine serum albumin (BSA) was inserted. Then, the as-
prepared CEA secondary Ab tag was added to the antigen-
immersed electrodes to construct the electrochemical immu-
nosensor. Here, the coordination of Cu®>" with small THQ in
MOFs not only improved the sensitivity, stability, and conduc-
tivity but also increased the redox activity of THQ in comparison
to the traditional electroactive substance. The - stacking of
the interlayer ligand THQ and Cu®* improved the stability and
conductivity of Cu-THQ MOFs, endowing them with promising
electrochemical activity and conductivity. The results revealed
good linearity for the CEA determination in the range of 1.0 fg
mL™" to 40 ng mL™", a low LOD of 0.477 fg mL™", and a high
sensitivity of 14.81 pA (ng mL™ ') em 2.

Despite the immobilization of immune molecules and signal
enhancement strategy in the development of different MOF-
based nanocomposites for sensitive CEA determination, the
improvement of sensitivity is problematic in some cases. For
example, the insulating layer created by the immune complex
on the surface of the electrode can hinder electron transfer.
Additionally, the sensitivity could be affected by the high
impedance of the signal probe.**** Considering these issues,
Liu and coworkers® employed Cu-MOF-toluidine blue (TB)
sealed with a polydopamine (PDA) coating as an immunosens-
ing probe for the quantification of CEAs in human serum. Cu-
MOFs were used in this electrochemical immunoassay due to
their superior catalytic activity, dense porous structure, unique
electric conductivity, and well-defined configuration. PDA-
covered TB molecules with active nitrogen atoms were trap-
ped inside Cu-MOFs via electrostatic forces. In the proposed
sandwich immunosensor, chitosan and carboxylic multiwall
carbon nanotubes (MWCNs) were employed to immobilize anti-
CEA (Ab,;) and improve the conductivity of the electrode. In the
presence of CEA, the immunoreaction between the Ab;-
MWCNT-modified electrode and Cu-MOFs-TB/PDA-CEA Abs
(Ab,) generated the current response. Here, the sensitivity of
this strategy was improved by the destruction of the immune
complex and the probe using HCI, making the distance between
the sensing electrode and TB closer to produce a higher
response current. The results indicated a low LOD of 3.0 fg
mL " with a wide linear range of 20 fg mL ™" to 200 ng mL .
This strategy was successfully employed for the construction of
stable, and selective electrochemical CEA
immunosensor.

More recently, Huang's group has reported a high-
performance label-free electrochemical immunosensor using
an anti-CEA/Ag-MOF/GO composite for early CEA analysis.*
Study of the morphology and crystal structure of the altered
electrode through XRD and FE-SEM indicated that the
successful combination of GO nanosheets and Ag-MOF nano-
particles led to a significant surface area suitable for capturing
antibodies. Electrochemical tests exploiting the DPV and CV
techniques revealed that the immunosensor's selectivity,
stability, and sensitivity were enhanced via the anti-CEA/Ag-
MOF/GO/GCE. The findings indicated that, using an LOD of
0.005 ng mL™", the reduction in peak current displayed

a sensitive,
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a negative correlation with the logarithmic amount of CEA
within the range of 10-3 to 5000 ng mL™" (Fig. 1). The appli-
cability of the developed CEA immunosensor in a human serum
sample was explored. Diagnostic studies using the standard
addition technique for both DPV and ELISA demonstrated good
agreement in the results obtained from the two assays. The
developed immunosensor provides a label-free and highly effi-
cient approach for early cancer detection, demonstrating
promise for application in human fluids and clinical settings in
the future.

In another study, researchers successfully produced a two-
dimensional Cu-benzoquinone metal-organic skeleton (Cu-
THQ MOF) under mild and green conditions, which is a novel
kind of electroactive material with environmental friendliness
and low cost.*® The incorporation of an ultra-small THQ linker
with Cu”" serves to enhance the density of redox active sites, as
well as to augment both the stability and conductivity. The
addition of Cu®' resulted in an enhancement of the redox
activity and stabilization of the electrical signal of THQ, leading
to a synergistic amplification of the detection signal. The -7
stacking interaction between the interlayer ligand THQ and Cu
contributes to the improved stability and conductivity of Cu-
THQ MOF, resulting in enhanced electrochemical activity and
conductivity of the material. The utilization of Cu-THQ/Au NPs
in the construction of an electrochemical immunosensor for
the secondary labeling not only addresses the instability of
classical electrochemical immunosensor sensing signals and
the susceptibility of test signals to leakage, but also augments
the sensitivity of the immunosensor. The experimental
outcomes demonstrated that the developed immunosensor
displayed a strong linear relationship in detecting CEA within
the concentration range of 1 fg mL™" to 40 ng mL ™", with
a sensitivity and an LOD of 14.81 pA (ng ' mL ') ecm > and
0.477 fg mL™", respectively. This advancement holds promise
for potential applications in the detection of real serum samples
in the future. Bimetallic metal-organic frameworks, composed
of two different metal ions linked by organic ligands, are
considered potential precursors for producing metal oxide
composites via calcination. These composites display distinc-
tive mesoporous structures, the extensive construction of het-
erojunction, the tailored heteroatom doping content, and large
specific surface area. These characteristics contribute to
improving the sensing performance beyond that of metal oxides
derived from single-metal MOFs.”” For instance, it was
demonstrated that the Cu MOF displayed exceptional peroxi-
dase activity. Furthermore, the catalytic performance of
a bimetallic MOF containing both Ni and Cu intercalation was
found to be superior to that of the single MOF. Therefore, the
bimetallic Cu-Ni MOF shows potential for enhancing signal
amplification in the advancement of electrochemical immu-
noassay sensors. In this context, a screen-printed incorporated
electrochemical immunosensor using a Cu-Ni MOF/CPE
(carbon printed electrode) was introduced for point-of-care
(POC) analysis of CEA, as clarified in Fig. 2.*®* Primarily,
a triple electrode configuration was achieved through the
application of a carbon ink onto a polyethylene terephthalate
(PET) platform using screen-printing techniques. An aminated

RSC Adv, 2024, 14, 9571-9586 | 9575


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra07059j

Open Access Article. Published on 21 March 2024. Downloaded on 4/4/2026 4:27:21 AM.

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

(cc)

RSC Advances

GCE GO/GCE
0
20
£ 40 .
g —— DPYV detection
3 - = GCE+CE
5] L
~—— GO/GCE
= = GO/GCE + CEA
604 agmor/cosece
= = Ag-MOF/GO/GCE + CLA
e Anti-CEA/Ag-MOF/GO/GCE
= = Anti-CEA/Ag-MOF/GO/GCE + CEA
80

T T T T T T
08 06 04 02 0.0 02 04
Potential (V) vs Ag/ AgCI

View Article Online

Review

Anti-CEA

Ag-MOF/GO/GCE

Fig. 1 Diagram illustrating the procedural stages involved in the fabrication of the anti-CEA/Ag-MOF/GO/GCE biosensor and the subsequent
sensing of CEA. Reproduced from ref. 35 with permission from [Elsevier], copyright [2023].

Cu-Ni MOF was synthesized via a usual solvothermal approach
and subsequently treated with glutaraldehyde (GA) to activate it.
The activated MOF was then applied onto a CPE as the working
electrode. The Cu-Ni metal-organic framework (MOF)

exhibited significant peroxidase activity, enabling the catalytic
oxidation of hydroquinone (HQ) with H,0,, thereby amplifying
the peak current signal. In addition, CEA antibodies were
chemically linked with the MOF. The MOF possessed a great
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specific surface area, enabling effective capture of the Ab.
Following the creation of antibody-antigen immune complexes,
the electrochemical signal reduced due to the suppressed
catalytic function of the Cu-Ni MOF. Finally, a novel electro-
chemical immunosensor was established by integrating
a PDMS-based electrolytic cell with the CPE, which facilitated
the quantitative determination of CEA content in clinical serum
samples with a low LOD of 0.16 pg mL ™" and a broad concen-
tration range of 0.5 pg mL " to 500 ng mL "

Thus, MOF-derived electrochemical immunosensors
enhance the detection sensitivity as well as the biocompatibility
of electrode materials. MOFs with abundant active sites and
large surface area could realize high immobilization quantities
of Abs. Meantime, the tunable pore size in MOFs enables the
encapsulation and doping of biomolecules and noble metal NPs
to boost the electrical conductivity of MOF-derived composites.
However, MOFs have poor electrical stability and low electrical
conductivity. In addition to conjugating with NPs and polymers
with good electrical conductivity, enhancing the electro-
chemical function of MOFs is very imperative.

3.2. ECL immunosensors

In ECL as a branch of electrochemical analysis, a potential is
applied on the electrode surface converting electrochemical
energy into light. Owing to their high sensitivity, simple design,
and low background, ECL techniques have been extensively
used in different sensory fields. ECL immunoassays can effi-
ciently avoid sample matrix luminescence and light scattering
and do not require a light source. Furthermore, the feasible
operation and the requirement of simple equipment make ECL
immunosensors one of the advanced labeled immunoassay
methods.**® Recently, quantum dots (QDs), luminol,
Ru(bpy);>*, and other luminescent agents are used as ECL
agents to label Abs or antigens improving the applicability of
ECL-based methodologies. However, the realization of stable
and effective fixation of luminescent agents on transducers is
a challenge.** At this state, the fixation capacity and high
adsorption features of MOFs as marker carriers give high
encapsulation efficiency and stability with high ECL determi-
nation sensitivity. Li et al.** fabricated an ultrahigh-sensitive
sandwich-type immunosensor endowed with these features
using an N,B-doped Eu MOF (N,B-Eu MOF) as the signal
amplifier and PtNP-decorated SnS, nanoplates (Pt@SnS,) as the
matrix for the selective determination of CEAs. Here, PtNPs in
Pt@SnS, enhance the capability of surface electron transport
and ECL performance of SnS, nanoplates. For synthesizing N,B-
Eu MOFs, 5-nitroisophthalic acid and 5-boronoisophthalic acid
were used as the dual ligands and Eu®* as the metal node. Their
dual ligand effect in N,B-Eu MOFs greatly amplified the ECL
signal at the cathode. In the presence of CEA, the ECL response
was weakened due to its capture by anti-CEACAMS5 rabbit
polyclonal Ab (Ab;). By the addition of B-Eu MOF-goat anti-
rabbit IgG (Ab,), the ECL signal is enhanced because of the
Ab; and Ab, specific recognition. Benefitting from these, the
CEA was successfully quantified using an ECL sandwich-type
immunosensor with an LOD of 0.06 pg mL . Furthermore,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the proposed immunosensor showed good practicability, good
reproducibility, excellent stability, and high sensitivity and
specificity in real human serum.

Iridium(ur) complexes represent a growing category of ECL
materials known for their high quantum yield (QY), large Stokes
shifts, and the ability to tune their emission wavelength across
a spectrum from near-infrared to deep blue by modifying
ligands.” However, biosensing in aqueous solutions using Ir(ur)
complexes has been limited due to challenges such as the
precipitation between proteins and organic solvents, the
dispersion and poor solubility of Ir(m) complexes in aqueous
solutions, and the absence of suitable biological coupling
groups of Ir(m) complexes as labels for ECL signals.** MOFs
possess a crystalline porous framework that enables the binding
of luminescent groups or substances onto organic ligands or
metal centers. This capability allows for the effective modula-
tion of ECL performance. However, as for 3D MOFs, the long
diffusion path between co-reactants, electrons, and ions could
impede the excitation of ECL emitters. Furthermore, the elec-
trical conductivity of 3D MOFs is poor, which can decrease the
ECL response. In order to address these challenges, two primary
approaches can be engaged. One of them is to decrease the
dimensionality of MOFs to augment their electrical conduc-
tivity. Metal-organic layers (MOLs), also known as MOF nano-
sheets or coordination nanosheets, not only preserve the
benefits of MOFs, but also can significantly reduce the migra-
tion path of electrons and ions owing to their distinct 2D
lamellar structure, further improving the application rate of
ECL emitters.*® Moreover, the surface of MOLs exposes highly
available active sites that can be easily post modified and
functionalized.*® Another approach involves integrating MOFs
with other materials to produce nanocomposites such as
AuNPs, known for their favorable electrical conductivity prop-
erties. In this context, Zhang and colleagues prepared a novel
and efficient ECL emitter AuNP@Ir-Zr-MOL and employed it as
a signal label to develop an immunosensor for the accurate
determination of CEAs.*” The 2D lamellar Zr-MOL was prepared
using a solvothermal technique, followed by the coordination of
Ir(m) onto the Zr-MOL structure. To enhance the electrical
conductivity of Ir-Zr-MOL for potential conjugation with bio-
logical antibodies, a nanocomposite known as AuNP@Ir-Zr-
MOL was fabricated through the reduction of HAuCl, on the
Ir-Zr-MOL surface using NaBH,. Ultimately, an ECL signal
marker, denoted as Ab-AuNP@Ir-Zr-MOL, was developed by
linking AUNP@Ir-Zr-MOL with an antibody via an Au-S bond
interaction. The as-synthesized AuNP@Ir-Zr-MOL composite
exhibited great ECL efficacy and could be applied as an ECL
emitter because of the excellent ECL feature of Ir-Zr-MOL. The
ECL intensity exhibited a linear decrease correlated with the
logarithm of CEA concentration within the range of 1.00 pg
mL ™" to 100 ng mL ", with an LOD of 0.200 pg mL™". Moreover,
the immunosensor prepared in this study performed effectively
in human blood samples, demonstrating its potential for
practical analysis. In another study, an ECL immunosensor
utilizing a “signal on-off” mechanism was developed for the
sensitive detection of CEA. This approach is based on the
ternary extinction effects of CuFe,O,@PDA-MB, which leads to
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self-enhancement of the Ru(dcbpy);>*-activated metal-organic
layer [(Hf)MOL-Ru-PEI-Pd] (Fig. 3).*® The covalent attachment
of PEI and Ru(dcbpy);>" onto the (Hf)MOL surface effectively
inhibits the release of Ru(dcbpy),** from (Hf)MOL. Reducing
the distance between Ru(dcbpy);>" and PEI can notably enhance
the ECL efficiency of the system. Simultaneously, the incorpo-
ration of Pd NPs onto (Hf)MOL-Ru-PEI through Pd-NH, can
not only enhance the electron transmission capacity of (Hf)
MOL-Ru-PE], but also increase the availability of active sites for

View Article Online
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the reaction of PEI and Ru(dcbpy);®*. A highly effective
quenching probe (CuFe,0,@PDA-MB) was developed, demon-
strating ternary extinction effects that resulted in a significant
reduction in the initial ECL signal. The UV-vis spectra of
CuFe,0,@PDA-MB revealed a prominent absorption peak at
660 nm, which exhibited a clear correspondence with the ECL
emission spectrum of (Hf)MOL-Ru-PEI-Pd. Consequently, the
activation of the IFE (inner filter effect) resulted in the transfer
of energy from the (Hf)MOL-Ru-PEI-Pd donors to the
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Fig. 3 Diagrams illustrating (A) the sequential processes for the production of CuFe,O,@PDA-MB-Ab,, (B) the synthesis procedures for (Hf)
MOL-Ru-PEI-Pd, (C) and the fabrication method for CEA sensors and potential mechanisms for luminescence. Reproduced from ref. 48 with

permission from [Elsevier], copyright [2024].
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CuFe,0,@PDA-MB acceptors. The IFE arises from the radiant
energy absorption by the quenching agent. In response to the
CEA presence, the composite material CuFe,0,@PDA-MB-Ab,
effectively suppresses the excited states of (Hf)MOL-Ru-PEI-Pd
through MB, Cu®', and PDA by electron and energy transfer,
resulting in a reduction of the ECL signal. Under optimal
conditions, the proposed immunosensor displayed a broad
linear response in a range of CEA concentrations of 0.1 pg mL ™"
to 100 ng mL~" with a low LOD of 20 fg mL™".

Inspired by the luminescence functionalities of MIL-101
MOFs, CdSe QD-modified MIL-101 nanocomposites were
synthesized by Liu et al.*® for ECL detection of CEA. The as-
prepared CdSe-MIL-101 nanocomposites experienced not only
efficient accumulation and highly selective adsorption endowed
with MOFs but also excellent sensing selectivity and high ECL
intensity because of QDs. Achieving a low LOD of 0.33 fg mL "
and a linear range from 10> mg mL™ ' to 10 * mg mL "
exhibited a sensitive response of the designed ECL immuno-
sensor toward CEAs. The high reproducibility, specificity,
stability, and sensitivity of the developed immunosensor
provide their potential application for the detection of real
samples. Furthermore, their rational ECL mechanism related to
both band-gap transition and surface states may lead to the
fabrication of a designable ECL sensing platform for different
analytes with great sensing selectivity and sensitivity. Moreover,
in a work conducted by Lai et al.,® an ECL immunosensor was
developed based on donor-acceptor pairs for the ultrasensitive
determination of CEAs. In this study, a PtCu/hollow metal
polydopamine framework (h-MPF) in a ZIF-67 template as the
energy acceptor and manganese-based single-atom nanozyme/
polyethyleneimine Iuminol (Mn/PEI-luminol) in a zeolite
structured MOF (ZIF-8) template as the energy donor were
constructed. For the assembly of immunosensors according to
Fig. 4, the Mn/PEI-luminol nanocomposite was deposited onto
the surface of the glassy carbon electrode. In order to increase
the electrical conductivity, AuNPs were added, providing
a platform for attachment of the CEA primary Ab. After the
incubation of Abs, BSA as a blocking agent was inserted. Finally,
CEAs were added dropwise following the addition of PtCu/h-
MPF-Ab, composites. Mn nanozymes exhibited significant
activation of H,0, with peroxidase-like activity. By further
modification of Mn nanozymes, Mn/PEI-luminol displayed
outstanding ECL emission characteristics. The overlap of the
UV-vis spectra of PtCu/h-MPF with ECL spectra of Mn/PEI-
luminol triggers the ECL resonance energy transfer behavior
between the acceptor and the donor, which improves the
sensitivity of the immunosensor. The results showed an
acceptable linearity of 10> to 80 ng mL ™", providing a new
technique for the early determination of CEAs in clinical
diagnosis.

Benefitting from the high thermal/chemical stability and
excellent degree of microporosity of ZIF-8 platforms, Huang
et al.>* designed an ECL immunosensor using ZIF-8 as an ideal
loading template modified with AuNP/nanoporous carbon
(NPC)/graphene oxide (GO) for the determination of CEA. NPC
was synthesized on GO for the in situ growth of AuNPs because
of the -7 interaction between GO and ZIF-8 to form a GO@ZIF-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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8 composite. Here, the obtained AuNP@NPC/GO was used for
immobilizing captured Abs (Ab;) owing to good biocompati-
bility, structural stability, good immobilization ability, and an
enhanced electron transport rate. Furthermore, Ru(phen);>*-
doped silica NPs (RuSiNPs) as enhanced ECL signaling units
were used to label secondary Abs by a typical emulsion method.
Finally, a sandwiched immunoreaction-based immunosensor
was fabricated for the determination of CEAs using RuSiNPs as
the signal tracer and AuUNP@NPC/GO as the ECL substrate. The
prepared ECL immunosensor exhibited an LOD of 0.003 ng
mL ™ at a concentration of 0.01-80 ng mL ~* for CEAs in human
serum samples.

MOFs were also selected to encapsulate Ru(bpy);>" to
improve water solubility, and the developed systems exhibited
stable ECL emission in an aqueous solution. NH,-MIL-88(Fe) is
characterized by stable octahedral building, small particle size,
amino groups richness, and high porosity.”> Hence, the
employment of NH,-MIL-88(Fe) as the encapsulating agent
facilitates Ru(bpy);>" to generate reproducible and stable ECL
responses. Traditional MOFs are commonly employed as
supports for developing ECL immunosensors, and it is chal-
lenging to achieve effective ECL responses because of the
inadequate Ru(bpy);>* loading by conventional MOFs. However,
NH,-MIL-88(Fe) is characterized by a high presence of amino
groups, which serve as carriers. The amino groups present on
the surface serve as a catalyst for the co-reactant K,S,0g to
produce SO, ", leading to the accumulation of a considerable
quantity of SO, ~ in the vicinity of Ru(bpy);>*. This process
minimizes energy and material transfer losses between
Ru(bpy);>* and SO,"~, consequently amplifying the ECL signal
significantly.>® Additionally, the substrate could augment the
stability of the illuminant. Herein, a sandwich-type ECL
immunosensor was designed for the extremely sensitive deter-
mination of CEAs via a triple signal enhancement approach
using Ru(bpy);>*/MIL-NH, as the signal probe and Au@MoS, as
the co-reactant promoter (Fig. 5).* The ECL immunosensor was
effectively utilized for the specific and precise identification of
CEAs, attaining an LOD of 38.9 fg mL™".

More recently, Cheng and coworkers have constructed an
ECL immunosensor based on the ECL-RET approach, with
Pd@UiO-66-NH, serving as the acceptor and Ru@TiO,-MXene
serving as the donor.”® The Ru@TiO,-MXene luminescent
complex serves to decrease the water solubility of Ru(bpy);>*
while augmenting the conductivity of the luminescent complex,
thereby boosting its ECL efficiency. The addition of small
amounts of Nafion results in a notable enhancement of signal
stability in luminescence, leading to consistent and high-
luminescence signals even at an excitation voltage of 450 V.
The Pd@UiO-66-NH, material exhibits superior visible-light
absorption capabilities and biocompatibility. Additionally,
due to their small particle size and exceptional electrical
conductivity, these substances not only act as receptors for
Ru@TiO,-MXene, but also form direct links with a wide array of
biomolecules. The developed ECL sensor demonstrates brilliant
function, with a wide concentration range from 1 x 10~° ng
mL ™" to 80 ng mL " and a low LOD of 2.65 fg mL™". Therefore,
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the fabricated ECL probe could be effectively utilized for the
determination of CEAs.

The incorporation of MOFs with antibodies has enabled the
utilization of ECL probes for biomedical analysis applications.
To illustrate, the detection limits of these detecting strategies
ranged from picograms to femtomolars for the identification of
cancer and diseases. Hence, ECL immunosensors utilizing
MOFs demonstrate heightened sensitivity compared to alter-
native immunosensor configurations using MOFs. Neverthe-
less, ECL immunoassays using MOFs still suffer from restricted
applicability due to procedural complexity and relatively high
costs. In terms of portability, the use of smart gadgets such as
microfluidic and smartphone systems can be beneficial for the
application of ECL immuno-biosensors.

3.3. Colorimetric immunosensors

Recently, colorimetric immunosensing catch the spotlight due
to its functional simplicity and low cost. These immunosensors
do not need any decoding instrumentation and typically
respond by the color change in the visible range. These features

9580 | RSC Adv, 2024, 14, 9571-9586

endowed colorimetric immunoassays to be applied in point-of-
care diagnosis and environmental mapping.*® Three types of
MOF-based colorimetric immunosensors exist by the origins of
color manifestation: (i) MOFs with a guest molecule, in which
plasmon NPs such as platinum, silver, and gold are typically
implemented in MOF-based composites. Moreover, a chromo-
phore such as 3,3',5,5'-tetramethylbenzidine (TMB) or o-phe-
nylenediamine can be used.” (ii) MOFs (intrinsic), which
contain transition metal ions, where the color change is caused
by a redox process, such as Fe?*/Fe*". The color manifestation
may occur by ligands' chromophore groups. (iii) MOFs, as
catalysts, are most dynamically and extensively developing
using non-enzymatic and enzymatic interactions. In this case,
the enzyme-MOF composites could be employed as the recog-
nition elements. It is noted that MOFs and enzymes with
inherent mimic enzyme catalytic function can be used to
construct colorimetric sensors with a multi-enzyme catalytic
cascade. These types of immunosensors provide dual-multi-
model systems to test a variety of analytes. Regarding the
beneficial aspects of MOFs in catalysis owing to their flexible
tailoring ability, high porosity, and tunable crystalline

© 2024 The Author(s). Published by the Royal Society of Chemistry
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structure, Zeng et al.*® constructed a colorimetric immuno-
sensor using 2D tetrakis(4-carboxyphenyl)porphyrin (Fe) (Fe-
TCPP)-MOFs as enzyme mimics for the determination of CEA.
In order to enhance the performance, selectivity, and sensitivity
of this immunosensor, AuNPs were deposited on the surface of
the MOFs to combine with DNA aptamers via Au-S bonds. To
realize the colorimetric reaction, nanozyme was reacted with
the substrate in the presence of CEA. The designed immuno-
sensor displayed stability as the MOF mimic is free from
interference by inhibitors or exogenous enzymes. The results
showed good determination performance with an LOD of 0.742
pg mL ™" and a linear range of 1 pg mL™' to 1000 ng mL .
Additionally, the great applicability of the proposed immuno-
sensor in clinical supplies provides them to be used in dis-
tinguishing the human serum of colorectal cancer patients.
Remarkably, the superior advantages of MOFs such as low cost,
stability, mass production, and ease of transport along with
visual detection ability can make this immunosensor suitable
for point-of-care testing in resource-poor or remote areas. In
another work, Sha and coworkers® developed a stable MOF-
based colorimetric immunosensor as a horseradish peroxi-
dase mimic for the determination of CEAs in serum samples. To
achieve an interface assembly process and good molecular
recognition, zirconium (Zr) metal ions were used as ligands.
According to Fig. 6, Zr-MOF was functionalized with a DNA
tetrahedron nanostructure (TDN) for the successful incorpora-
tion of a CEA aptamer for capturing targets (CEAapt-TDN-MOF
colloid nanorods denoted as PCN-222 (Fe)-based MOF). By
using iron tetrabenzoate porphyria, MOFs proposed strong
horseradish peroxidase mimicking activity, which leads to

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

signal amplification. Furthermore, the detection efficacy was
greatly improved by TDN, which provides further accessibility
toward the target. Thus, a significant colorimetric signal was
exhibited when CEA was captured by its Ab. At this state, CEA
was specifically detected with an LOD of 3.3 pg mL™" in the
linear range of 0.01-25 ng mL ™' in serum samples. The
designed immunosensor provides a great potential for the
effective clinical diagnosis and analysis of patients with colon
cancer.

To illustrate, optical immunosensors utilizing MOFs have
the potential to be employed in the detection of cancers and
diseases, offering a detection limit ranging from nanograms to
picograms. Besides, the majority of advanced immunosensors
have been operated according to the colorimetric technique,
offering cost-effective and simple identifying tactics. However,
by examining the benefits of colorimetric immunosensors using
MOFs, their number is less than that of other techniques. There
is a significant shortage in the utilization of colorimetric MOF-
based immunosensors for detecting CEA biomarkers.

3.4. Photoelectrochemical

The photoelectrochemistry (PEC) immunoassay represents an
innovative detection platform that involves the detection of
photocurrent generated by photoactive nanomaterials through
the specific recognition of Ab and Ag. As a developing tech-
nology in recent years, the emerging technology of PEC immu-
noassay offers numerous appealing benefits for detecting CEA,
including high sensitivity, perfect selectivity, user-friendly

nature, and low cost. As stated by electrochemical
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Fig. 6 Schematic representation of (A
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k TDN Functionalization

) CEAapt-TDN-MOF preparation process and (B) CEA detection using the CEAapt-TDN-MOF (TMB was

used as the substrate). Reproduced from ref. 59 with permission from [MDPI], copyright [2021].

immunosensing, optical signals in PEC are obtained through
photoactive material activation using light as the excitation
source and then converted into electrical signals. In photo-
electric active substances, electron excitation by light energy
generates charge transfer and separation, which could be used
as detection signals. Although numerous PEC immunosensors
have been reported, the development of novel photoelectric
active materials with super detection mode and photoelectric
conversion efficacy is of great significance. In this regard, the
metal oxide clusters of MOFs as photoactive materials can
efficiently promote the separation and transfer of electrons
followed by improving the visible-light harvesting proficiency by
matching well with the bands of sensitizers such as metal
hybrids.*®® For the development of high-sensitivity PEC immu-
nosensors and avoiding some shortcomings of pristine MOFs,
MOF-based composites could offer a hopeful perspective by
providing novel points.®* Transition-metal sulfide (MoS, and

Table 1 Classification and summary of MOF—-Ab-based immunosensors

ZnS)-functionalized MOFs are such nanocomposites that offer
excellent photoactive materials. Inspired by their beneficial
aspects, Wei et al.®* constructed an effective sandwich-type PEC
immunosensor based on MoS,/C/ZnS-MOF nanocomposites for
the determination of CEA. In this study, the solvothermal-
synthesized Zn-MOF was used as a template for the synthesis
of MoS,/C/ZnS nanocomposites as the porous photoactive
element. The formation of MoS, and ZnS and the carbonization
of Zn-MOF enhance the photocurrent response under visible
light illumination. To evaluate the PEC performances of MoS,/
C/ZnS, Ab, were immobilized on the functionalized electrode
followed by immersion in an alkaline phosphatase-AuNP-
labeled CEA Abs (ALP-Au-Ab,) solution. After optimization, the
PEC immunosensor displayed outstanding analytical features
with an LOD of 1.30 pg mL " and a linear range of 2.0 pg mL ™"
to 10.0 ng mL™' for the determination of CEAs in serum
samples.

MOF Technique/detection method LOD (ng mL ™) Linearity (ng mL ™) Ref.
Sm-TMA MOF Electrochemical 0.001 UmL™* 0.01-100 U mL™* 29
Sm-TBPy MOF 0.05 0.1-30

Sm-TCPP MOF 0.01 0.1-37

AuNPs@Cu-MOF and AuNPs@Co-MOF Electrochemical 0.31 x 10 0.001-80 30
Cu-THQ MOF/AuNPs Electrochemical 0.477 x 10°° 10 ~° to 40 31
Cu-MOFs-TB/PDA-Ab,@CEA@Ab,-MWCNTs/GCE Electrochemical 3.0 x107° 20 x 10 ~° to 200 34
MOoS,/C/ZnS (Ab;)-Zn-MOF PEC 1.30 x 10° 2.0 x 10 * to 10.0 62
Yb-MOF@AuNPs PEC 0.25 x 10 0.005-15 63
N,B-Eu MOFs ECL 0.06 x 1073 — 42
PtCu/h-MPF@ZIF-67 Mn/PEI-luminol @ZIF-8 ECL 1.35 x 107° 107" to 80 50
AUNPs@NPC/GO-Ab, ECL 0.003 0.01-80 51
RuSiNPs

MIL-101-CdSe ECL 0.33 x 10°° 10 °to 107" 49
Cu-TCCP MOF Colorimetry 0.742 x 1073 1 x 1073 to 1000 58
CEAapt-TDN-MOF Colorimetry 3.3x10° 0.01-25 59
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Furthermore, Li and coworkers®® designed an ionic liquid-
functionalized MOF for the in situ synthesis of AuNPs for
fabricating a near-infrared light-driven PEC immunosensor for
CEAs in clinical serum samples. At this state, AuNPs were
integrated on the surface of the Yb-MOF to improve the
photoelectric conversion efficacy. Compared to the pristine Yb-
MOF, the near-infrared-PEC response of the Yb-MOF@AuNPs
was enhanced four-fold. After specific assembly of anti-CEA
Abs, CEA interacted with the surface of Yb-MOF@Au-NP,
blocking the mass transfer of ascorbic acid and photo-
generated electron-hole pair transfer to the sensing interface.
Thus, the decrease in photocurrent response was used for the
quantitative determination of CEAs. The PEC immunosensor
exhibited a low LOD of 0.25 pg mL™" in the linear range of
0.005-15 ng mL " for CEAs. These results were very reliable with
the values attained from clinical tests, which verifies its appli-
cability in clinical diagnosis.

MOFs with a wider band gap resulted in a lower concentration
of photogenerated carriers. The study demonstrated that metal
oxide semiconductors, QDs, and hybrid composites have the
potential to enhance the transmission of photogenerated elec-
trons and increase PEC signals as a result of their narrow band
gaps. Hence, conjugating MOFs and CdTe-QDs modified with
active amino and carboxyl groups, which can be covalently inter-
acted with the Ab of CEAs, is a potential solution to enhance the
technique sensitivity. The capture of CEA by its corresponding
antibody, which has been modified with photogenerated carriers
through steric hindrance, can result in a reduction in photocur-
rent. Herein, a hybrid material consisting of CdTe-QDs and MIL-
101(Cr) was formulated, produced, and subsequently linked to the
Ab of CEA.* Organic-inorganic nanocomposites have revealed
strong photosensitivity, high charge mobility, and effective band
gap matching ability, leading to increased efficiency in separating
photogenerated carriers. As the photocurrent intensity of MIL-
101(Cr) varies with varying applied working voltage, a frame-
work known as the “anodic photocurrent-CEA concentration-
cathode photocurrent” system was developed. The incorporation
of composite CdTe-QDs has been shown to enhance the density of
photogenerating carriers. Consequently, a linear regression model
was developed based on the dual photocurrent intensity of M&C
composites and the amount of CEA measured. The PEC probe
established in this study can detect both cathodic and anodic
photocurrent signals at the same CEA concentrations. Under the
optimal condition, the cathodic and anodic LOD values of the PEC
immunosensor for CEA were 0.00023 ng mL " and 0.00018 ng
mL ™", respectively. The designed PEC immunosensor presented
suitable sensitivity and stability for the analysis of urine and
human serum samples. For future outlook, using 3D-printing and
PEC technology, a small PEC detector was deliberate with the
potential to identify tumor markers. For given better vision and
performance comparison, Table 1 summarizes all the mentioned
MOF-Ab-based immunosensors.

4. Conclusion and perspective

Paying continuous attention to various biomarkers in the
human body facilitates the development of relevant diagnostic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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strategies for their efficient identification. As one of the
common tumor markers, CEAs possess an imperative clinical
value in early screening, the therapeutic assessment of malig-
nant tumors, disease monitoring, and differential diagnosis. In
the past few decades, the immunosensing strategies using
MOF-derived nanocomposites have the properties of rapid
detection, high sensitivity, and high selectivity and are exten-
sively employed for CEA monitoring. Thereinto, current tech-
niques for the synthesis of MOFs and MOF-derived
nanocomposites and their employment as detecting platforms
in the immunosensor's structure for the determination of CEAs
were comprehensively outlined.

Even though MOF-based nanomaterials have shown enor-
mous potential for biomarker diagnosis, the performance of
MOF-based immunosensors needs to be enhanced with regard
to stability and sensitivity. Since the building of MOFs is of great
importance for sensor function, accurately controlling the size
and shape of MOFs remains a challenge. To design an immu-
nosensor probe with good sensitivity and accuracy, emerging
nanoscale MOFs with uniform structures to enhance detecting
active areas and trigger electron/mass transmission will be an
effective approach. The accurate and efficient immobilization of
antibodies/antigens on the precise location of MOFs is of great
significance in the reproducibility of immunosensors. There-
fore, the antibody/antigen ratio per MOF, functionalized
approaches, and decorated elements have to be carefully
selected. In addition, MOF-derived platforms are challenging to
work, normally not portable, and not suitable for in situ and
real-world application. The rational use of self-assembly tech-
niques is essential for the specific immobilization of antibodies.
Conventional methods such as covalent linkage and surface
adsorption for antibody immobilization may not guarantee
antibody functionality, adequate loading, and precise targeting
of immobilization. In order to address this issue, enhancing the
targeting efficacy of MOF immunoprobes can be achieved
through the deliberate modification and assembly of the Fc
region of antibodies with MOFs. This process facilitates the
exposure of Fab fragments, thereby promoting interactions
between antibodies and antigens. The synthesis of MOFs with
a single material can be difficult when aiming for high-
performance immunoassays. Therefore, combining multiple
materials with distinct nanoscale characteristics to create
multifunctional composite probes is crucial for improving
sensing capabilities. In favor of portability, in recent years, there
has been a growing trend towards incorporating analytical
techniques into smartphones and 3D printed microfluidic
technology, which holds promise for the advancement of bio-
sensing technologies. Although there are currently only a few
microfluidic systems and smartphone-based immunosensors
utilizing MOFs in the probe structure, it is anticipated that the
prevalence of these sensing platforms will grow in the future.
Additionally, some affordable detecting platforms, such as
paper-based immunosensors, can facilitate more available
diagnostic techniques. Nowadays, multiplex bioassays are
mostly used to investigate multiple biomarkers thanks to their
efficiency and cost-effectiveness. Easily functionalized MOFs
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could simultaneously interact with different recognition
groups, enabling multitarget immunoassay strategies.

Considered all these, it is important to point out that the
immunosensors using MOF-derived composites are relatively
immature and their progress is frequently confirmed in a labo-
ratory context. Specifically, ECL, electrochemical, and optical
immunoassays that take advantage of MOFs should be estab-
lished for real samples with minimal user involvement. There-
fore, upcoming studies should focus on the construction of
immunosensors and data transmission while maintaining
efficiency and portability.
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