Progress in Materials Science 129 (2022) 100967

Contents lists available at ScienceDirect ;;IOCVIESS\V
MATERIALS
SCIENCE

Progress in Materials Science

ELSEVIER journal homepage: www.elsevier.com/locate/pmatsci

Check for

MXene-based aptasensors: Advances, challenges, and prospects e

Qurat ul Ain Zahra®"™', Salim Ullah ©d1 Faisal Shahzad *, Bensheng Qiu”,
Xiaona Fang ™ “Y, Ayesha Ammar’, Zhaofeng Luo ™", Shabi Abbas Zaidi®"

@ Biomedical Imaging Center, University of Science and Technology of China, Hefei, Anhui 230026, China

Y The Key Laboratory of Zhejiang Province for Aptamers and Theranostics, Institute of Basic Medicine and Cancer (IBMC), Chinese Academy of

Sciences, Hangzhou 310022, China

€ CAS Key Laboratory of Nano-Bio Interface, Suzhou Institute of Nano-Tech and Nano-Bionics, Chinese Academy of Sciences, Suzhou 215123, China
4 School of Nano-Tech and Nano-Bionics, University of Science and Technology of China, Hefei 230026, China

¢ National Center for Nanotechnology, Department of Metallurgy and Materials Engineering, Pakistan Institute of Engineering and Applied Sciences
(PIEAS), Islamabad, Pakistan

f Nuclear Medicine, Oncology & Radiotherapy Institute (NORI), Islamabad, Pakistan

8 Analytical Chemistry Program, Department of Chemistry and Earth Sciences, College of Arts and Sciences, Qatar University, Doha 2713, Qatar

ARTICLE INFO ABSTRACT

Keywords: The combination of 2D MXenes with high affinity aptamers has resulted in the development of
MXenes innovative aptasensing approaches for food/water safety and clinical diagnosis. Aptamers have
Aptamer

quite a number of benefits over conventional methods as unique molecular recognition compo-
nents for versatile bio-sensing devices. Recent breakthroughs in the concept, development, and
Mycotoxins detection bio-sensing applications of various MXene-based aptasensors have been discussed in this study.
MXenes surface functionalization The authors address sensing platforms for the identification of several types of cancers, myco-
Optical aptasensors toxins, and other analytes. More emphasis has been placed on aptamer conjugation with various
MZXenes, sensor fabrication methodologies, and biosensing mechanisms. We observed that optical
aptasensing applications are in their infancy when compared to electrochemical MXene based
aptasensors. As a result, we attempted to forecast revolutionary developments in MXenes that
may contribute to their integration into emerging optical aptasensors such as fluorescence,
photoluminescence, surface-enhanced Raman Scattering, colorimetric, and Surface Plasmon
Resonance. Finally, potential constraints and future prospects have been highlighted. This study is
expected to help readers understand the fabrication of MXene-based aptasensors and their
concomitant sensing mechanisms, hence encouraging the development of flexible MXene-based
aptasensors.

Aptasensors
Cancer diagnosis

1. Introduction

Early disease detection lowers fatality rates and speeds up recovery for patients when combined with a personalized treatment
program [1]. In the past, conventional diagnostic systems, including protein chip related protocols [2], electrochemiluminescence
immunoassays (ECLIs) [2], electrochemical immunoassays [3], chemiluminescence immunoassays [4], and enzyme-linked immu-
nosorbent assays [5] exhibited high specificity and sensitivity. But such diagnostic procedures involve the use of highly skilled
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personnel in addition to the expensive and bulky analytical equipment. As a result, there is a necessity for low-cost, accurate, and
portable diagnostic equipment. [5]. Biosensors have a number of advantages including portability, easy detection, cost effectiveness,
accuracy, user friendliness, and rapid detection [6,7]. A biosensor, in general, is composed of two critical functional parts: target
recognition and signal transduction. In principle, the target recognition feature is fundamental to the sensor’s efficiency. Aptasensors
are biosensors relying on aptamers to exhibit exceptional sensing capabilities for a broad range of biomolecules [8]. Aptamers
comprise single-stranded RNAs or DNAs with a high affinity for their targets (ligand), for example small molecules, drugs, peptides,
proteins, organic or inorganic compounds, and even whole cells, etc. [9-11]. Aptamers are widely employed in a number of appli-
cations as molecular recognition components, such as specific-target capture assays [12] and biosensors [13].

Aptasensor performance has been enhanced by integrating them with different nanomaterials (NMs) that are helpful for immo-
bilizing aptamers. The NMs improve the electrochemical behavior and conductivity of the transducers and can alter the interface’s
attributes, resulting in improved aptamer-ligand interactions [14]. The coupling of NMs with aptamers is a rapidly developing field
wherein a variety of aptamer-nanomaterial conjugates with exceptional biosensing efficiencies have been established [15-17]. NMs
have been utilized to build sensing devices because of their unique structural, mechanical, optical, and electrical properties [18,19]. In
addition to the aforementioned features, NMs might be employed as aptamer carriers in biosensing devices [20]. A reliable nano-
platform exhibiting a sheet-like architecture with a huge surface area, a thickness normally below 5 nm, excellent physicochemical
properties, and transverse dimensions greater than 100 nm might be more demanding among the numerous nanomaterials for this
purpose [21-24]. Due to their unique electrical, chemical, and physical properties, 2D-NMs-based electrochemical signal amplification
has the potential to significantly improve the selectivity and sensitivity of biosensors [19,25-27]. In particular, the large specific
surface area with a sheet like structure increases surface immobilization and biomolecule loading efficiency [28,29]. More precisely,
the rich surface properties of certain 2D-NMs provide abundant active functional groups suitable for conjugation with antibodies or
aptamers in order to bind their target molecules [30]. Thus, integrating aptamers with 2D-NMs may open up a plethora of exciting
possibilities for the production of new aptasensors with improved performance [31].

MXenes are considered relatively new additions to the 2D-NMs family [32,33]. Their unique surface chemistry and intriguing
electrochemical behavior, combined with their high biocompatibility, make them ideal as a support matrix for the development of
cutting-edge electrochemical sensing and biosensing devices [34-36]. Despite the fact that several reviews [36-40] have recently been
published on the role of MXene in biosensors, none of the existing reviews summarize the potential of MXene-based aptasensors.
Interestingly, several reviews have been published on graphene and other nanomaterial-based aptasensors for analytical applications
[31,41,41-43]. In our opinion, there is a need for a comprehensive review, therefore, we reviewed the current research advances,
challenges, and the future prospects of MXene-based aptasensors. This study is aimed at equipping and updating the readers with
preliminary but valuable instructions on how to fabricate new MXene-based aptasensors and the accompanying sensing mechanisms,
the advances in this field, and challenges that will contribute towards the development of novel and high-performance MXene-based
aptasensors. To enhance the reader’s awareness, Fig. 1 sketches a historical perspective of MXene-based aptasensor development. It is
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Fig. 1. Story of the MXene based aptasensors. A short journey from October 2018 to March 2022. (COL = Colorimetric, FLR = Fluorescence, PEC =
Photo-electrochemical, ECL = Electrogenerated chemiluminescence, SERS = Surface-enhanced Raman spectroscopy, EC = Electrochemical, PT =
Photo thermal, FRET = Fluorescence resonance energy transfer, SPR = Surface plasmon resonance, LRET = Luminescence resonance energy
transfer, M-EC = Microfluidic electrochemical).
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obvious that majority of the research works appeared recently. This is also worth noticing that most of the published aptasensing
research works are related to the electrochemical aptasensors, whereas few are related to different types of optical aptasensors.

2. General aspects of MXenes

2.1. Structure

MXenes have a similar hexagonal crystal structure like their parent MAX phase [44]. MAX phases have a general formula of
M, 1AX;, where n typically varies from 1 to 4, such that, resulting MAX phases are MpAX (211), M3AX; (312) & My4AX3 (413), as
shown in Fig. 2A. The MXene possesses a layered structure of stacked nanosheets (NSs) with abundant surface functional groups and a
certain amount of point defects. These MXenes are mono transition metal MXenes, however with the discovery of in-plane ordered
MAX phases in 2014 [45], and out of plane ordered MAX phases in 2017 [46], the ordered double transition metal MXenes and ordered
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Fig. 2. (A) MAX phase and layered MXene crystal structure. Reproduced with permission from [48]; (B) Numerous forms of MXenes and their
representative structures. Reproduced with permission from [47] @ springer 2019.



Q.A. Zahra et al. Progress in Materials Science 129 (2022) 100967

divacancy MXenes have also emerged as shown in Fig. 2B [47].

The in-plane order MXenes (i-MXenes) refer to the group of MXenes where “M” transition metals are arranged in order in the in-
plane direction, whereas in the out of plane order MXenes (0-MXenes), the “M” transition metals are arranged in regular symmetry in
the out of plane direction [49]. There exists unlimited possibilities of solid solution MXenes and with the discovery of high entropy
MXenes, the number of possible MXene compositions have become limitless [50]. Interestingly, in the MXene aptasensors domain,
only few research papers exist based on conventional titanium based MXenes, and there exists a considerable potential in exploring
different MXenes structure and composition for aptasensing applications.

2.2. Synthesis

Till date, more than 30 different MXenes have been produced [51] by using different approaches, the details of which can be found
inrecent review articles [52-54]. The ability to organize metal atoms in-plane and out-of-plane extends the number of potential MXene
structures to well over 100 [55]. Surface terminations increase the range of possible MXene compositions by another order of
magnitude, while the possibility of forming solid solutions on M and X sites, as well as mixed terminations, leads to a potentially
unlimited number of 2D MXenes with distinct properties.

MXenes are typically produced from the selective etching of “A” group metal layer from the parent MAX phase structure where, M
represent a metal from early transition metals, A represent the group IIIA or IVA elements and X is either carbon, nitrogen or both. The
M—A bonds in MAX are metallic in nature [56], whereas the M—X bonds have a mixed covalent/ionic/metallic character. MXenes are
synthesized via top-down synthesis approach by using different methods such as Hydrofluoric (HF) etching, fluoride salt-derived in-
situ HF etching, fluoride-free etching, molten salt etching, and electrochemical derived etching of MAX phase. For example, Ti3CoTy is
a commonly used MXene, where Ty denotes the functional groups e.g., fluorine (—F), oxygen (—O), and hydroxyl (—OH) groups
[57,58]. This section briefly discusses all the synthesis method of MXenes.

i) Hydrofluoric acid etching

MXene were first produced as a result of “A” metal layer etching by using concentrated hydrofluoric (HF) acid (50 wt%) at room
temperature [56]. The resultant product was an accordion like structure consisting of bunch of 2D sheets weakly stacked together. The
2D sheets were delaminated by using dimethyl sulfoxide (DMSO) that separated the MXene nanocrystals into single-to-few layer sheet
structures. The exposed outer surface of 2D MXene sheets quickly reacts with the species present in the solution (F, OH, O) and make
stable bonds resulting in different surface terminations which were denoted with Ty. Soon after, different intercalants, including
isopropyl amine, tetra propyl ammonium hydroxide, or tetra-butyl-ammonium hydroxide (TPAOH) followed by sonication, were used
to not only assist in the delamination process, but also to increase the d-spacing which would eventually favor the metal ion inter-
calation for charge storage applications [59]. The HF based etching method has remained a popular method due to its simple one-step
process, however, the toxic effects of using concentrated HF could not be overlooked and a continuous effort to develop milder and
cheap methods has remained the researchers focus.

ii) Fluoride salt etching

Instead of using the concentrated HF acid, a mild etching condition could be developed by treating the fluoride-based salts (LiF,
CaF, NaF, KF, etc.) with dilute hydrochloric (HCI) acid. The concentration of HF as a result is generally between 5 and 10 %, unlike
commercially available 50 wt% HF [60]. This method has an obvious advantage that, not only mild conditions are used but delam-
ination step also occurs simultaneously due to the presence of metal ions such as Li* [61,62]. Due to small ionic radii, these ions could
intercalate the MXene sheets and assist in delamination. Interestingly, such reactions do not require the sonication step, which led to
the development of minimally intensive delamination (MILD) procedure [63]. The omission of sonication step resulted in high quality
large size MXene sheets which has the ability to be processed into thin films with superior properties such as electrical conductivity.
However, the control of different physicochemical properties greatly lies in the optimized experimental conditions which include
etching time, etchant strength, reaction temperature, MAX phase stoichiometry, and post etching protocols [64,65,60].

iii) Fluoride-free etching

To avoid the fluoride based etching methods due to toxicity issues and the negative influence that fluorine atoms can bring in
decreasing the electrical properties of MXene, recently, efforts are diverted to search for etchants other than fluorine. In this direction,
Li et al. [66] reported a hydrothermal alkali-assisted etching process to fabricate fluorine-free Ti3CoTx. The entire process was free of
fluorine and the resultant product was 92 % pure. Although the reaction conditions of the alkali-assisted method were harsh, the
research was instrumental in broadening the scope of using different etching strategies to fabricate MXenes. Interestingly, the fluoride
free MXenes were shown to possess better charge storage properties as compared to HF-derived fluorine terminated MXenes [66].

iv) Molten salt etching

In addition to fluoride-/fluoride-free etching, MXene can also be synthesized by treating MAX phases in a mixture of molten salts
such as CuCly, ZnCly, etc. at high temperatures under argon protection [67,68]. In this direction, Li et al. [69] presented redox-
controlled A-site etching of MAX phases in Lewis acidic melts and established the synthesis of different MXenes produced from a
large variety of MAX phases containing “A” elements such as Si, Zn and Ga. This approach could etch the otherwise difficult to manage
MAX phases, for example, TizSiCo. This discovery has led to unlimited possibilities and opens up a huge avenue where not only the
etching of different MAX phases could be realized, but also the surface chemistry can be tuned with different surface terminations [70].

v) Electrochemical etching method

In continuation to the efforts for finding fluoride free etching methods, electrochemical synthesis of MXene from MAX phase
present an interesting alternative. Sun et al. reported the electrochemical etching of Al from porous Ti>AlC electrodes in dilute hy-
drochloric acid to form Ti;CTx MXene layer [71]. The etching mechanism is similar to the one proposed for fluoride salt based etching
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methods with chlorine terminations on the surface of MXene. Li et al. also synthesized electrochemical generated MXene, but by using
F-rich electrolyte in a direct application of battery electrode [72]. The as-prepared battery delivers outstanding cyclic stability and rate
performance. In contrast to the aqueous based solution processing methods, the electrochemical methods are safer, environmently
friendly, and conditions are not harsh. However, the reaction kinetics are generally slow and further efforts are needed to understand
this emerging synthesis technique.

vi) Chemical vapor deposition (CVD)

MXenes can also be produced by using bottom-up synthesis methods, such as CVD [73,74]. CVD has been widely employed for
producing high-quality and large-area 2D materials which is an effective tool in applications such as integrated electronic devices and
flexible optoelectronics [75]. In a typical procedure, the substrate and raw materials are placed in a reaction chamber, and large-scale
ultrathin 2D materials are obtained under appropriate conditions. Importantly, the CVD derived MXene crystals have a large lateral
size with few defects and they are very stable under ambient conditions, which facilitates the study of their fundamental intrinsic
properties [49]. In 2015, Xu et al. synthesized few nanometers thick and over 100 pm in size ultrathin Mo,C crystals by CVD [74]. The
authors used methane as the carbon source and a Cu foil placed on a Mo foil at a temperature of ~1100 °C. The most important
advantage of this method is that it circumvents the need for transfer processes, which are usually required for vertically stacked 2D
heterostructures [76]. Although this is a truly exciting method, the synthesis process is slow with low yields and required high
temperatures [76].

2.3. Properties

Ultrathin 2D MXene materials exhibit versatile chemical, physical, mechanical, and optical features. They have a wide spectrum of
electronic characteristics including metallic, semimetal, semiconducting, and insulating properties [57]. The atomic thickness offers
superb mechanical flexibility and optical transparency. MXene exhibit exceptional electrical conductivity of ~20,000 S/cm, which is
the highest reported so far for any synthesized nanomaterials [77]. Due to their unique layered structure, MXene offers an invaluable
opportunity to intercalate metal ions such as Li, Na, and K, which could help fabricate high energy storage devices [52]. The M—X
bonds are very strong, and as a result the produced MXenes could exhibit outstanding mechanical properties as evident with a very
high value of Young’s Modulus > 330 GPa [78]. The UV and visible light absorption are important properties for photocatalytic,
optoelectronic, photovoltaic, and transparent conductive electrode applications. The MXene films could absorb the light in UV-Visible
range from 300 to 800 nm, at nanometer thickness with over 91 % transmission. MXene exhibit a strong absorption band in ~700-800
nm range, which is important for photo-thermal therapy (PTT) applications. The rich surface chemistry of MXenes provides numerous
catalytically active sites which are crucial in chemical reaction such as water splitting, CO5 reduction, nitrogen reduction, and others.
The ability of variation in the surface terminal groups over MXene sheets expands the chemical properties to accommodate a wide
range of applications [79,80].

MXene also possesses a reasonable thermal conductivity and could deliver the thermal heating potential arising from the Joules
heating phenomenon [77]. MXene’s inherent ability to tune properties through the use of different transition metal(s), carbon/ni-
trogen, and surface functionalities is unique to the field of 2D-NMs [81]. Based on the type of application, different properties of
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MXenes can be achieved by tweaking the chemical composition and manipulating the surface functionalities [82].
3. The aptamers, their selection, and the role of MXenes in biosensors and aptamer based biosensors

Biosensors have emerged as an essential component of laboratory medicine’s state-of-the-art device, notably in point of care testing
[83]. Biosensing platforms are frequently used for the quantification, detection, and analysis of biomolecules with substantial health
implications [84,85]. Analytical devices like biosensors have two key components: a bio-recognition component like enzymes, anti-
bodies or nucleic acids, and a transduction part for transmitting signals via electrochemical or optical means to display quantitative
analytical data and measurable signals [86,87]. Signal transduction and bio-recognition element loading are critical in biosensor
configuration. Integrating bio-recognition features into biosensors increases their specificity and sensitivity. Interfaces with maximum
loading capacities of recognition components and strong biocompatibility are therefore essential [88]. When transforming from bio-
signals to optical or electrical signals, a transducing element with superior electrical conductivity and surface area is recommended
since it yields higher output signals while producing less noise. 2D materials are frequently used as photon-electron or electrode
interface materials in optical and electrochemical (EC) biosensors.

Aptasensors recognize biomolecules using single-stranded DNA (ssDNA) or RNA aptamers [86,89,90]. These oligonucleotide se-
quences exhibit high specificity and affinity against various biomolecules and are selected in-vitro using Systematic Evolution of Li-
gands by Exponential Enrichment (SELEX) from randomized nucleic acid libraries [9,10,91]. Tuerk et al. were the first to select an RNA
based oligonucleotide against bacteriophage T4 DNA polymerase [10], followed by Ellington et al. who selected an RNA oligonu-
cleotide the same year against an organic dye [9]. They were subsequently termed as “aptamers”, the name derived from the Latin
word “aptus”, which means “to fit” [92]. Conventional SELEX, based on the preferred aptamer requirements, involves several steps. To
screen DNA aptamers, target molecules are incubated with a specially designed DNA library. After incubation, the DNA-target com-
plexes or the bound sequences are retained while removing the unbound sequences. A Polymerase Chain Reaction (PCR) is used to
amplify the bound sequences (Fig. 3). This process is repeated for several selection cycles to get enriched sequences, which are then
sequenced and characterized to analyze their binding kinetics in various ways [93], for example, surface plasmon resonance (SPR),
circular dichroism (CD), and isothermal titration calorimetry (ITC) [94], etc. Several other techniques can also be used to precisely
investigate the binding kinetics between a target and their aptamer [95]. Even though the traditional SELEX method was not meant to
be used for aptamer selection, it was changed repeatedly to meet the needs of the desired aptamers and eventually became the main
way to screen aptamers. The SELEX technique has been continuously modified and improved over the last three decades to fulfill a
variety of requirements [96]. Recently, aptamers can be selected using various techniques in just a few hours, rather than the weeks or
months as compared to traditional SELEX. Modern strategies assisted by computer software systems enable the prediction of binding
affinity of an aptamer and structure prior to its selection, significantly reducing the cost of the selection process [93]. Structure-
switching particle display, molecular dynamics simulation, and a few other methods have also been used for aptamer selection [95].

To date, the literature has documented over 1000 well-characterized high affinity oligonucleotide aptamers to detect or quantify a
variety of analytes (from small molecules to whole cells or tissues). In the last few years, the number of papers on aptamer technologies
has undergone exponential growth. Biosensors are the primary focus of most aptamer technology investigations [96]. Drolet et al. and
Davis et al. published the first biosensor based on aptamer in 1996 [97,98]. Following that, aptamers were coupled to a variety of
sensing platforms (electrochemical, surface-enhanced Raman scattering, fluorescent, and colorimetric) for the purpose of analyzing
the target molecules in the sample [99]. In a recent review on aptasensors, Zahra et al. have discussed the fundamentals and the design
strategies used to develop the most common types of aptamer-based biosensors [100]. These include pre-programmed techniques to
convert aptamer identification actions into readable signals [101].

Aptamers act as molecular bio-recognition element when they fold into distinct tertiary or secondary structures, allowing them to
detect and bind target with greater affinity (the dissociation constant Kq values range from micro-molar to pico-molar concentrations)
[102]. Proteins, metal ions, small organic molecules, cells, tissues, bacteria and viruses, etc. are among some of the possible targets
[31]. To put it another way, because of the peculiar features of aptamers e.g., high chemical stability, cost-effectiveness, and in vitro
synthesis [103], they can be used as beneficial molecular recognition markers in the development of high-efficiency biosensors
[104,105], and have garnered a huge interest in the last 30 years from a range of research disciplines, including disease diagnostics
[106-109] and food safety [110], etc. The fundamental step in developing an aptasensor is immobilizing the aptamer on a substrate. A
variety of aptamer immobilization techniques have been documented in the literature. Controlling the immobilization process is
critical for ensuring the high stability, accessibility, orientation, enhanced target binding, and reactivity of the aptamer as well as
avoiding non-specific adsorption processes. To prevent non-specific binding of interfering molecules, an affinity reaction must be
conducted with the target. The immobilization method chosen is determined by the detection principle and assay format, and it is
believed to have a direct effect on the capability of aptamer to bind the target. The size of the target molecules determines the format of
the assay and the mechanism for aptasensing. Once the target is captured on the sensor surface, multiple approaches for transducing
the bio- recognition event can be employed [111]. Since the aptamer immobilization and binding occur at the surface of transducer,
effective transducer utilization is vital for developing promising aptasensors [112]. As previously stated, MXene has shown to be an
excellent substrate for transducer surface applications.

Aptamers are compatible with a wide range of diagnostic and biosensor platforms, allowing them to contribute significantly to the
global diagnostic sector [113]. Even though aptamer-based sensors are still in their early phase of development in comparison to
enzyme-based biosensors and immunoassays, nevertheless when combined with NMs, they have the potential to become powerful
biosensing tools in the future [114]. To facilitate bio-functionalization, 2D-NMs that combine the advantages of an abundance of active
sites, stable dispersity, and superior biocompatibility are extremely competitive. While aptamers, enzymes, and antibodies are
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frequently exploited as recognition components in the construction of biosensors, MXenes typically provide an excellent transducing
platform and circumvent some of the constraints associated with graphene or other related materials [88,115]. MXenes’ fundamental
features make them an excellent candidate for use as a biosensor material. Biosensing technology based on MXene has advanced at a
breakneck pace over the last several years. Because of their exceptional combination of properties, MXene materials together with an
effective bio-recognition platform have been demonstrated to be a highly selective and sensitive detection system for biosensor ap-
plications despite their extremely short journey [38]. Nanotechnology has enabled the coupling of various nanomaterials with
aptamers, resulting in extremely selective and sensitive aptasensors that have added great value to the diagnostics and analytical fields.
The unique features of NMs, including shape-and size-dependent optical properties, catalytic activity, and flexible tuning of surface
chemistry, make them extremely valuable for signal induction and amplification [116-119]. The combination of NMs and aptamers
has been extensively investigated in order to build sensitive and unique sensing devices [17]. It is essential to synthesize reliable,
stable, and reproducible nanostructures that could offer an appropriate environment for the immobilization of recognition components
(i.e. aptamer or other probes), before moving on to building biosensor techniques for use in complicated bio-environments [120].
Composite NMs have now been widely used in EC biosensors for labelling and signal amplification [121-124]. Even though MXene was
originated in late 2011 and possessed excellent intrinsic physicochemical features, the very first MXene based biosensing device was
introduced in 2015. MXenes were introduced by Xu and colleagues for probing neural function [125]. They developed a very sensitive
field-effect transistor (FET) biosensor based on extremely thin MXene micro-patterns for label-free probing of small molecules under
ordinary biological settings and rapid identification of action potential in primary neurons. This discovery provided a new pathway for
biosensing applications based on MXene, allowing more scientists to discover the significance of this broad family of 2D NMs known
for their superior electrical behavior [126].

MXenes have the ability to interact with various biomolecules via coordination bonds, electrostatic interactions, van der Waals
forces, and hydrogen bonds [127], making them an ideal interface for biosensor development [128]. The long-term durability of the
constructed MXene biosensors ensures great reproducibility of data over time, which might be immensely beneficial when using these
biosensors for a variety of diagnostic applications. MXenes’ high biocompatibility and increased surface area provide an impetus for
incorporating innovative nano(bio)hybrid frameworks with bio-receptors such as antigen-antibody (Ag-Ab), enzymes, protein, whole
cells, and aptamers (DNA/miRNA) that enable suitable integration of biomolecules onto their surface to behave as a sensitive
recognition interface. It is anticipated that these advances in the construction of MXene based biosensors will further contribute to the
emergence of modern detection methodologies utilizing techniques such as EC, colorimetric, and fluorescent luminescence for the
highly selective identification of multiple biomarkers for use in point-of care diagnostics and early detection of diseases [38]. Recently,
the development of 2D NMs-based biosensors for ultrasensitive disease diagnostic testing applications, such as the identification of
tumor biomarkers existing in ultra-low amounts in various clinical samples (e.g., urine, serum, blood, and tissues), has been driven by
emerging concepts in bio-sensing systems and their translation into clinical trial [129,130]. Thus, in the sensing arena, combining
various functionalized nanomaterials (including MXenes) with aptamers is expected to open new opportunities in next-generation
biosensors. Numerous advanced aptasensors have been employed exclusively to fabricate field-deployable and clinical analytical
devices in view of their excellent optical, thermal, mechanical, and electronic features [20].

4. Advances in MXene-based aptasensors

To construct MXene aptasensors, it is crucial to immobilize aptamer on the surface of MXene that acts as a transducer [31].
Therefore, covalent, and non-covalent functionalization techniques for the aptamer immobilization over MXene are being studied
actively. The functionalization of MXene is promoted by the abundant hydroxyl groups on the surface of MXene. For example, a facile
reaction with triethoxysilane derivatives was designed to functionalize MXene via silanization [131-133]. This modification resulted
in the formation of TizCo-MXene NSs evenly patterned with amino silane groups, enabling covalent immobilization of bioreceptors
including aptamers [134] antibodies, and anti-carcinoembryonic antigen via EDC/NHS -based amine coupling [39]. Another possible
method of MXene surface modification involves coupling with zwitterions. It was demonstrated that sulfobetaine (SB) and carbox-
ybetaine (CB) variants can be grafted spontaneously onto Ti3CoTy MXenes [135]. The method is comparable to the spontaneous
grafting of diazonium salt modified zwitterions to gold nano-shell modified molecules via the consumption of surface plasmons (free
electron cloud) inside the Au nano-shells [136], followed by the immobilization with a thiol labelled aptamer [137]. Han et al.
established an interesting strategy by covalently coupling Polyethylene glycol (PEG) to the MXene surface for biosensing [138]. They
employed (3-aminopropyl) triethoxysilane (APTES) as a linker between PEG and MXene. It was assumed that on one end, the APTES is
able to form bonds with —OH groups, while on the other end, MXene can effectively create bonds with amino groups [139].

In another method by Wang and co-workers [140], polyacrylic acid was used to wrap Ti3Cy MXene to increase its dispersion and
stability by providing functional groups, which in turn employed to covalently link the bioreceptor (a dual signal-tagged chimeric DNA
probe (dcDNA)). The authors studied the fluorescence quenching efficiency of TizCy MXene NSs for ultrasensitive detection of MCF-7
cells. At nanomolar concentration ranges, a dcDNA-functionalized Ti3Cy probe (dcDNA-Ti3Cs) was used for in-vitro, real-time and
multilayer simultaneous fluorescence imaging of cytoplasmic microRNA-21 and plasma membrane glycoprotein MUC1 [140]. To
further enhance the MXene functionality, the 2D surface can be functionalized through physical adsorption and non-covalent in-
teractions [141,142]. For example, Zheng et al. [143] demonstrated in-situ DNA adsorption on the surface of MXene via aromatic
hydrophobic bases, which was then tailored by PtNPs and PANPs to synthesize a Pd/Pt/Ti3Ca/DNA hybrid to recognize dopamine.
Initially, dsDNA was denatured to produce ssDNA, which was then immobilized on the MXene surface via n—r stacking between MXene
structure and the aromatic nucleobases of DNA. After PdCl; was combined with ssDNA/MXene composites, Pd cations (Pd*") were
electrostatically deposited on the phosphate backbone of negatively charged ssDNA oligonucleotide and acted as nucleation sites for
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Fig. 4. (A). Fluorescent aptamer-Cy3-CD63 solution added into MXene solution. Exosomes were then added into it as target. The aptamer fluo-
rescence was significantly quenched upon mixing it to MXenes in the first step. The fluorescence quickly recovered upon the addition of target
exosomes. (B)-(i) AFL fluorescence intensities of reporter signal probe in varying environments such as H3POy, urea, NaCl, NaOH, and DMF. (ii) Zeta
potential measurements of (a) MXene NSs (b) aptamer and (c) aptamer + MXene. (iii) Fluorescence intensity of (a) aptamer Cy3-CD63 and the (b)
UV-vis of MXene. (iv) the lifetime of fluorescence of (a) aptamer Cy3-CD63 and (b) MXene + aptamer Cy3-CD63. Reproduced with permission from
[128] @ ACS 2018.
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the formation of PANPs. To improve the catalytic behavior, PtNPs were also grown [143]. Apart from physical adsorption, another
technique for coupling aptamers to transducer surfaces is via electrostatic adsorption. In neutral buffers with a low osmolality (less
than 100 mM), the negatively charged aptamers are adsorbed electrostatically on the surface of positively charged transducers [31].
Mn?* has been shown to facilitate DNA adsorption onto unaltered TioC MXene NSs, and its non-quenching feature makes it an
exceptional candidate for biosensor applications. This demonstrates that Mn?" facilitates DNA adsorption through the phosphate
backbone, producing an electrostatic contact between Mn?" and DNA, resulting in DNA adsorption on the MXene NSs [144]. Elec-
trostatic interactions allow the immobilization of an HB5 aptamer on MXene layers with a remarkable selectivity against HER-2
positive cells in bio-sensing [145]. Moreover, an electrostatic interaction-based nanopore DNA sequencing method has been devel-
oped using MXene membranes [146]. Metal chelation and hydrogen bonding interactions enabled ssDNA to be adsorbed easily on an
ultrathin Ti3Cy NSs surface [147]. Thus, MXene-based aptasensors have shown the ability to rapidly detect a wide range of targets.
Herein, we give a comprehensive overview of the recent advances in the design, fabrication, and biomedical sensing applications of
MXene-based aptasensors within the last three and a half year (since the introduction of the first MXene aptasensor in October 2018 to
March 2022) for the detection of various cancer biomarkers/cells, mycotoxins, and other targets of biological importance.

4.1. Aptasensors for cancer diagnostics

Exosomes are nanosized (diameter 30-100 nm) extracellular vesicles released by mammalian cells that can be used for disease
diagnostics and molecular monitoring and have recently become a research focus [148-150]. Exosomes were shown to be involved in
the anticancer immune response and could be useful in the diagnosis of cancer-related public health problems. Notably, exosomes
provide a multitude of molecular information received from microRNA, originating cells, proteins, and information relating to
intercellular communication [151-153]. As a result, employing exosomes as markers has the potential to address present technological
challenges in cancer diagnostics, including the cost of invasive screening, limited selectivity, and difficulty in early cancer diagnosis
[154,155]. As per the literature, exosomes contain a unique protein called CD63 that is involved in membrane fusion, invasion, and
membrane transport, which makes exosome detection convenient and simple [156]. The structure, functions, and sequence of CD63
aptamer have all been extensively investigated in the last decade, thanks to its ability to identify exosomes with high specificity. For
this reason, the development of appropriate CD63 sensors is advantageous to address the inherent problems in simple and fast mo-
lecular analysis [128]. Zhang et al. tested the effectiveness of aptamer immobilization on MXene to develop a fluorescence ratiometric
sensing system for exosome detection [128]. Cy3-CD63 aptamer probe was adsorbed onto MXene NSs, quenching Cy3's intrinsic
fluorescence. When exosomes containing the CD63 surface protein are present, the aptamer Cy3-CD63 preferably binds to the exo-
somes, allowing the fluorescence of Cy3 to be retrieved (Fig. 4A). The large surface area of MXenes is considered to facilitate aptamer
adsorption via noncovalent interactions, while remarkable electronic features and a broad absorption spectrum play a role in
quenching the fluorescence. Further experiments were conducted to explore the binding mode of MXene NSs with the Cy3-CD63
aptamer. Multiple desorption substances were introduced to examine the interaction mechanism between them, including a high
dose of urea, which is considered to disrupt the hydrogen bond (confirming the existence of a hydrogen bond). The fluorescence
restoration was marginally enhanced upon adding urea (Fig. 4B-i), implying the presence of hydrogen bonding between them. The
NaOH addition resulted in the desorption of aptamer from the MXene surface due to the increase in pH of the system. The NaCl
addition resulted in high electrostatic adsorption, indicated by a slight decrease in the fluorescence. Interestingly, there was no
substantial desorption of aptamers on the addition of an organic solvent, dimethyl formamide (DMF), showing the existence of some
hydrophobic behavior. The nucleobases, phosphate, and functional groups of DNA are necessary for adsorption by hydrogen bonds
(Fig. 4B-i).

Zeta potential results were used to investigate the fluorescence quenching mechanism (Fig. 4B-ii), and that the quenching process
was not induced by electrostatic interactions. Overlapping the aptamer Cy3-CD63 fluorescence with the UV-vis of MXene, quenching
was possibly caused by FRET (Fig. 4B-iii). When MXene NSs were added to the Cy3-CD63 aptamer to make the fluorescence probe, the
fluorescence lifespan went down (Fig. 4B-iv) [128].

Using the in-situ produced aptamer-MXene-AuNPs nanocomposite for ultrasensitive recognition of exosomes, Zhang et al. [157]
constructed an ECL aptasensor based on the CD63 aptamer-modified SA-PAM (sodium alginate (SA), and poly(acrylamide) (PAM))
electrode interface. The AuNPs were prepared in-situ on single layer Ti3C,; MXenes with the aptamer modification (AuNPs-MXene-Apt)
where MXenes performed as both the stabilizer and the reductant (without necessitating extra stabilizer or reductant). MXene also
provided conductive support to load more AuNPs and an abundance of active sites for recognition function. The AuNPs-MXenes-Apt
nanohybrid made it possible to detect exosomes very well because it gave the catalytic surface the remarkable electro-catalytic
properties of AuNPs, which made the luminol signal much better. The aptasensor was highly selective for exosomes, and proteins
on their surface generated from several different cancerous cell lines (such as HepG2, OVCAR and Hela, etc.). For exosome physio-
logical function investigations and clinic diagnostics, it proved to be an extremely useful tool [157]. A high efficiency MXene-BPQDs
(Black phosphorus quantum dots) nanoprobe was designed by Fang et al. [158] to determine the presence of exosomes using a photo-
thermal and ECL dual-mode aptasensor. The peculiar structure of the SiO Nano-urchin (SiO2 NUs) was used as a sensing platform, thus
offering aptamer with several immobilization sites. Exosomes could be captured using the aptamer’s ability to recognize the EpCAM
protein. As a result of the exosomes being altered on the electrode, they could recognize a signal probe labelled with Abcpes, allowing
for the detection of exosomes using photo-thermal and ECL signal readouts simultaneously. This experiment effectively combined
photo-thermal and ECL platforms together for the detection of exosomes, resulting in more promising outcomes [158].

Zhang et al. [159] designed an ECL sandwich aptasensor for exosome detection employing aptamer immobilized MXene NSs as an
ECL nanoprobe. The ECL performance of luminol (100 pM luminol) were investigated using a (i) bare GCE electrode in comparison to
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(ii) GCE electrode modified with MXene (GCE/MXene electrode). A comparison of the ECL performance on the GCE/MXenes electrode
(curve b) and the bare GCE electrode (curve a) shows that MXenes significantly augment the ECL of luminol (Fig. 5A). Nitrogen
saturation suddenly reduced the ECL signal of the GCE/MXene electrode (curve c). Superoxide dismutase (SOD) introduction
significantly lowered the ECL signal (curve d). According to these findings, the ECL performance of luminol was considered to be
dependent on oxygen. The electro catalytic features of MXenes were thought to be responsible for the ECL behavior of luminol because
they can accelerate O, reduction in a solution that contains trace oxygen. Light was subsequently emitted after the reactive oxygen
species, including Ose, oxidized luminol to create 3-aminophthalate. These findings show that luminol on a GCE/MXenes electrode can
behave in a way that makes it possible to make high-sensitivity ECL biosensors. To further ensure that an ECL aptasensor was more
sensitive in the presence of MXene, a set of control experiments were carried out for ECL performance measurements. As depicted in
the Fig. 5B, [159] the ECL emission spectra of the bare GCE electrode (curve a), GCE/AuNPs (curve b), and GCE/AuNPs-PNIPAM (Poly
N-isopropylacrylamide) (curve c) without the incubation of Aptl and exosomes exhibited slight emission. Additionally, the GCE/
AuNPs-PNIPAM/Aptl (curve d) and GCE/AuNPs-PNIPAM/Apt/exosomes (curve e) without Apt2-MXene nanoprobe adsorption
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Fig. 5. (A) The ECL performance of a bare GCE electrode (curve a), GCE electrode modified with MXene (curve b) in 100 pM luminol. Curve ¢
depicts the ECL intensity upon saturation with nitrogen, and finally the addition of SOD without de-aeration (curve d) (experiment was conducted in
100 pM luminol). (B) ECL performance of electrodes in 100 pM luminol (a) a bare GCE electrode, (b) GCE/AuNPs, (c) GCE/AuNPs-PNIPAM, (d)
GCE/AuNPs-PNIPAM/Apt1, (e) GCE/AuNPs-PNIPAM/Apt/exosomes, (f) and GCE/AuNPs-PNIPAM/Apt1/exosomes/Apt2-MXene. The scan rate and
photomultiplier tube (PMT) voltage was 100 mV s~! and 600 V, respectively. The potential was 0-0.6 V (vs Ag/AgCl). The exosomes concentration
was 1 x 10° particles uL’1 [159] @ Elsevier 2019. (C) Schematic view of the microfluidic electrochemical aptasensor and its use for the detection,
capture and enrichment of carcinoembryonic antigen (CEA). Reproduced with permission from [164] @ ACS 2021.
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demonstrated decreased ECL signals, attributable to the exosomes and Aptl inhibiting electron transfer at the electrode interface. In
comparison, a biosensor that was assembled with all the above-mentioned components demonstrated a remarkably high ECL signal
(curve f). These findings suggest that Apt2 exhibits a great affinity for exosomes, and the increase in the ECL performance might be
attributed to the Apt2-MXene nanoprobe’s outstanding electron transport and electro catalytic abilities. Due to the large surface area of
the Ti3Cy NSs, these were used as a nanocarrier to load a greater proportion of aptamers, enabling exosome identification with high
sensitivity. The electrode surface was modified with an EpCAM protein binding aptamer (Aptl) to efficiently collect exosomes
expressing EpCAM protein on their surface. To create a PEI/MXene hybrid, polyethylenimine (PEI) was electrostatically interacted
with MXene. Using an amine-coupling approach, the positively charged hybrid was covalently linked to an aptamer (Apt2) specific for
CD63 protein found on the exosomes surface. The catalytic features and high conductivity of TigCy NSs can enhance electron flow
across the electrode interface (MXenes-Apt2/exosomes/Aptl/PNIPAM-AuNPs/GCE), hence amplifying the ECL signals of the luminol.
Subsequently, even in the absence of co-reactors, for example, H2O5, the ECL signal of luminol can be greatly enhanced. For the
detection of exosomes in the serum samples, the ECL aptasensor worked effectively. This method provides a reliable, sensitive, and
practicable means of detecting exosomes in clinical diagnostics [159].

The glycoprotein carcinoembryonic antigen (CEA) is a diverse tumor marker linked to colon, breast, and lung cancers [160,161].
CEA levels in the bloodstream of cancer patients are substantially greater than in healthy people [162]. As a result, reliable CEA
detection in the blood is critical for clinical cancer detection and early diagnosis [163]. An integrated microfluidic-electrochemical
aptasensor for the quantification of CEA was proposed by Zhao et al. [164]. The biosensing interface was constructed using a
screen-printed carbon electrode (SPCE) customized with a unique nanocomposite called hemin-coated carboxylic carbon nanotube-
decorated Ti3Cy NSs (He@CCNT/Ti3Cy). Next, a microfluidic chip equipped with a herringbone construction was attached to the
biosensing interface to create vertical fluid flow, which might increase the unique association between aptamer and CEA ligand.
Following CEA capture, the development of an insulating protein layer reduces the efficiency of electron transport and thus the current
signal. An electrochemical sensor chip for CEA determination was designed in accordance with the signal variations observed in the
presence or absence of CEA, showing a promising future in the field of disease diagnostics (Fig. 5C). The advantages of this approach
are as follows: (i) by combining the microfluidic system with electrochemical sensing, the mobility of the sensing device has been
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by Exo III for catalytic detection of carcinoembryonic antigen (CEA). Reproduced with permission from [165] @ Elsevier 2022.
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significantly increased; (ii) the process of sample injection, enrichment, capture, and sensing has been done on a single integrated chip,
which makes it easier to use; and (iii) the effect of drag force on target-aptamer interplay has been thoroughly discussed [164].
Song et al. [165] established a label-free sensor for the detection of CEA that combines a trimetallic nanocomposite Au-Pd-Pt/
Ti3CyTx with a dual amplification system aided by Exo III and a catalytic interface in the form of a modified electrode (Fig. 6).
Conformational transformation of the HP1 aptamer sequence (shown as the red region) occurs when it binds to CEA to make a CEA-
HP1 complex, with the subsequent conformational shift and exposure of HP1 toehold at the 5’ end (shown as the blue region). The
complex then hybridizes HP2 to make CEA/HP1/HP2 via a 3’ blunt end (active platform for Exo III). Exo III initiates recycling I by
breaking the mononucleotides free from the CEA/HP1/HP2 complex’s blunt 3’ end. This releases the HP1/CEA complex and the single-
stranded DNA sequence (S1) to make a lot of S1. Additionally, the AS sequence in the triple-helix complex probes (THC) framework
combines with S1 to construct the S1/AS duplex structure with a blunt 3’ part on one end that can be metabolized by Exo III to generate
S1 and initiate cyclic separation of AS, resulting in the production of numerous free G-quadruplex-carrying thiolated probes (TP)
(Recycling II) (Fig. 6). After the G-rich region of TP is stabilized with K, it can be folded into a G-quadruplex, which can subsequently
bound to hemin to form hemin-G-quadruplex assemblies. These assemblies can activate enzymes that reduce H,O2 over Au-Pd-Pt/
Ti3C2Tyx/GCE to produce significantly better current responses for monitoring CEA at early stages with high sensitivity [165].
Mucinl (MUC1), a transmembrane glycoprotein with a large molecular weight, has been identified as a biomarker towards early
diagnosis of breast cancer attributed to its aberrant expression in cancer tissues [152,153,166]. For that reason, developing a highly
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Fig. 7. (A) Schematic drawing of the construction method for a highly competitive EC aptasensor. cDNA-Fc probe binding on MXene nanosheet
surface, the immobilization of aptamer on the sensing electrode decorated with AuNPs, and the coupling of aptamer containing electrode with
MXene probe in the absence of MUCL1. (B)-(i) EIS spectra (in 5 mM K3[Fe(CN)g]/K4[Fe(CN)¢] solution containing 0.1 M KCl) representing electrode
surface modification: (a) GCE, (b) GCE/Au, (c) GCE/Au/Apt, (d) cDNA-Fc/MXene/ GCE/Au/Apt and (e) GCE/Au/Apt-MUC1. (B)-(ii) Comparison to
show the SWV signal of electrodes in the presence or absence of MXene (in 0.1 M, pH PBS buffer at pH = 7.5): (I) GCE/Au/Apt/cDNA-Fc (IT) GCE/
Au/Apt/MXene/cDNA-Fc. Reproduced with permission from [167] @ Elsevier 2020.
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Table 1
Sensing performance summary of various MXene based aptasensors.
MZXene-Aptamer probe Analytes Detection Detection limits Linear range Applications in Ref
methods
Cy3-CD63-Apt/TisCy Exosomes FRET 1.4 x 10° 10* to 10° particles mL ! Cancer [128]
particles mL ™!
Ti3CoTyx/Au/SiOo/Apt STX EC 0.03 nM 1.0 nM to 200 nM Food safety [134]
Fe,04@Ag-HB5 Apt/BSA/ HER2-positive EC 47 cells mL ! 102 to 10° cells mL ! Cancer [145]
Ti3Co/GE CTCs
AuNPs-TizC,-CD63Apt/GCE/ Exosomes ECL 30 particles yL.=! 102 particles pL~! to 10° particles ~ Cancer [157]
SA-PAM pLt
MCH/Apt/ILs/SiO;NUs/GCE. Exosomes ECL and 1.1 x 102 Cancer [158]
Photo- particlepl. ™!
thermal exosomes
Apt2/Aptl/PNIPAM-AuNPs/ Exosomes (on ECL 125 Cancer [159]
GCE/ TisCy MCE-7 cells) particles pL. ™!
Apt/He@CCNT/Ti3C,/SPCE CEA M-EC 2.88 pg mL~! 10 to Cancer [164]
1 x 10° pg mL !
Au-Pd-Pt/Ti3C, Ty HP1/ HP2 CEA EC 0.32 fg mL - Cancer [165]
cDNA-Fc/MXene/Apt/Au/GCE MUC1 EC 0.33 pM 1.0 pM to 10 uyM Cancer [167]
PPy@Ti3C,T,/PMo;2/Apt OPN EC 0.98 fg mL™? 0.05 pg mL ™! to 10.0 ng mL~! Cancer [170]
TizCo/PAMAM-Au NPs/CD63- Exosomes EC 229 particles 5 x 102 particles pL. ! to 5 x 10° Cancer [171]
Apt/GCE pLt particles pL~!
TizCoTx@FePcQDs hybrid/Apt miRNA-155 EC 0.0043fM 0.01 to 1.0 x 10*M Cancer [175]
Ti3CoTxMXene carbon dots or B16-F10 cells EC 33 cells mL ™! 1 x10%to 1 x 10° cells mL ! Cancer [176]
CoCu-ZIF@CDs/Apt
AuNP dimers/ TizCyTx NSs/Apt AFB1 SERS 0.6 pg mL™! 0.001 to 100 ng. mL™* Food safety [185]
GCE/P4VP/Apt/ TizCyTx/GO- AFB1 EC 3 pgmL~! 0.01 to 50 ng mL~! Food safety [186]
COOH/BSA
Au — Ag Janus NPs/MXene NSs/ OTA SERS 1.28 pM Food safety [187]
Apt
TisCo/Apt/Al DON EC 1fgmL™! 1fgmL ™' to 1 ng mL~! Food safety [189]
Ti3CoNSs-TDNs/GCE/Apt Gliotoxin EC 5pM 5 pM to 10 nM Food safety [192]
TizCo/HD22Apt/HD1Apt/ TB FRET 5.27 pM Cardiovascular [193]
NU172Apt@FAM disease
MoS,@TisCoTyMXene NH/ T4 EC 0.39 pg mL~! 7.8 x 107! t0 7.8 x 10° pg mL ! Thyroid disorders ~ [194]
SPCE/GNs/Apt
TisCy NSs@Apt/OPD/H,0, TB COL 1.0 x 10 M 1.0 x 101 t01.0 x 108 M Blood thrombin [200]
levels
POSS/PQDs/Ti3Cy/Apt V.P FRET 30 cfu mL™! 102 to 10° cfu mL ™! Water borne [208]
pathogens
PBA-Fc@Pt@TizCy/Apt v.p ECL-COL 5 CFU mL ™! and Food-borne [209]
30 CFU mL ! pathogens
Ti3CyTy/ZIF-8/GCE/Apt HIV Protein ECL 0.3 fM 1fM to 1 nM HIV/ AIDS [212]
TDNA@Au/Ti3Cp-MXene/Apt- cTnl ECL 0.04 fM or 0.1 0.1 fMpM or 0.1 fM to 500 fM MI/Heart Attack [216]
H1/Apt-H2 ™M
Apt/MXene TNF-a EC 0.25 pg mL™? 1 pg mL~! to 10 ng mL™? Cytokine storm [220]
IFN-y 0.26 pg mL ™
CRISPR-Cas12a/gRNA-treated Siglec-5 ECL 20.22 fM AML [225]
Ru(dcbpy)3 2+/
AuNPs@Ti3Cy/GCE/Apt
CRISPR-Cas12a/crRNA/MXene/  LPS in Gram- FLR 11 pgmL~? Food safety [229]
FAM-Apt negative Bacteria (LPS) &
23 CFU mL ™
ZnO/N-TizCo/GCE/Apt CAP ECL 0.019 ng mL ™! 0.1 to 100 ng mL ! Food safety [230]
Ti3Co-AgBrNCs/GCE/Apt ENR ECL 5.97 x 10713 1.0 x 1072t0 1.0 x 10°®mol L*  Food safety [231]
mol L
PMXF-5/HP2/ssDNA/ AuNR/ TB EC 0.67 pM 2 pM to 10 nM Blood thrombin [243]
HP1 levels
PMXF5/HP2/ssDNA/ 16.67 pM 50 pM to 50 nM
HCuPtA/HP1
GOPS- TizCp-GCE/Apt PD-L1 Protein EC 0.01-100 ng 7.8 pg mL! Cancer [244]
mL™!
MXene-Au/PEI-UPNPs/Cas12a- DON LRET 0.64 ng/mL 1 to 500 ng/mL Food safety [245]
crRNA/Apt
Au@Nb4C3Tx/GCE/Thiol-Apt Pb%* EC 4 nM 10 nM to 5 yM Environmental [246]
monitoring
Apt/MXene-AuNPs/GCE CAP EC 0.03 pM 0.0001 to 10 nM Food safety [247]
Nb,C-SH QDs/N-58Apt Nucleocapsid of SPR 4.9 pgmL~! 0.05 to 100 ng mL™? COVID-19 [242]
SARS-CoV-2 diagnosis

EC = Electrochemical, PEC = Photoelectrochemical, FRET = Forster or fluorescence resonance energy transfer, FLR = Fluorescence, ECL = Elec-
trogenerated chemiluminescence, COL = Colorimetric, Acute myelogenous leukemia = AML, OTA = Ochratoxin A, Vibrio Parahaemolyticus = (V.P),
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Thrombin = TB, Thyroxine = T4, Streptomycin = STR, Cardiac-specific Troponin I = cTnl, Lipopolysaccharide = LPS, Saxitoxin = STX, Deoxy-
nivalenol = DON, Severe acute respiratory syndrome coronavirus 2 = SARS-CoV-2, Osteopontin = OPN, Mucinl = MUC1, Chloramphenicol = CAP,
LRET = Luminescence resonance energy transfer, ENR = Enrofloxacin, Programmed death-ligand 1 = PD-L1, M-EC = Microfluidic Electrochemical,
CEA = Carcinoembryonic antigen, TNF-o = Tumor necrosis factor a, IFN-y = interferon gamma.

selective and sensitive approach for the recognition of MUCI seems to be crucial for breast cancer early diagnosis. Wang et al. [167]
used MXene to modify the electrode surface for the construction of a MUC1 detection aptasensor where MXene was firstly modified
with ferrocene-labeled complementary DNA (cDNA-Fc) sensor to augment the sensing signals (as cDNA-Fc/MXene) against MUC1
detection. cDNA-Fc/MXene probe was immobilized with MUC1 aptamer via Au-S bond over glassy carbon electrode to fabricate cDNA-
Fc/MXene/Apt/Au/GCE aptasensor. A competitive procedure causes cDNA-Fc/MXene to unhitch from the electrode surface. This
causes a drop in electrical current signals, which can be compared to the peak of the current signals before the competition to correlate
the amount of MUC1 that can bound to the electrode. The competitive recognition approach to bind MUC1 aptamer with either the
cDNA-Fc probe or MUC1 biomarker enhanced the selectivity as shown in Fig. 7A. The detection of MUC1 in human blood serum
demonstrated that the constructed aptasensor possesses the feasibility and potential for identifying the MUC1 biomarker in real clinical
samples [167]. The suggested electrochemical aptasensor is competitive in nature as it displays a low limit of detection (LOD) and
broad linear range (Table 1). Since the Electrochemical impedance spectroscopy (EIS) is a valuable tool for determining the electron
transfer characteristics of the electrodes. EIS curves demonstrated the properties of the electrode surface in the absence and then
presence of MXene as a signal transducer. The curve d in the Fig. 7B-i shows the largest diameter of the EIS semicircle when the
electrode surface was modified with MXene. When the electrode was incubated with the target (MUC1), the diameter of the semicircle
was significantly reduced (curve e). This could be because the aptamer bound to MUC1 and released the MXene/cDNA-Fc probe. The
ability of MXenes to behave like a signal amplifier was further validated via a Square Wave Voltammetry (SWV) experiment that was
conducted in PBS buffer (0.1 M, pH 7.5). The MXene was utilized as the substrate for anchoring the probe (cDNA-Fc/MXene/Apt/Au/
GCE), which produced a markedly elevated electrical signal (Fig. 7B-ii-I) as compared to the probe without MXene (Fig. 7B-ii-II). This
clearly depicts that the huge surface area of MXene allows it to hold a great proportion of Fc-cDNA signaling molecules, which in-
creases the percentage of bound probe [167].

Osteopontin (OPN), a non-collagenous, chemokine-like protein, is essential for identifying the carcinogenic potential of different
malignancies. By upregulating multiple signaling pathways, osteopontin plays a vital role in tumor metastasis, growth, invasion, and
angiogenesis [168]. Consequently, cost-effective, simple, and early detection of OPN is a prerequisite [169]. A phosphomolybdic acid
(PMo;3) and Ti3CeTx MXene nanohybrid incorporated into polypyrrole were synthesized and exploited by Zhou et al. [170] as a
powerful system for strongly immobilizing the OPN to an RNA based-aptamer (via hydrogen bond, electrostatic interactions, and n-x
stacking) in order to develop an ultrasensitive EC aptasensor for OPN detection (steps can be seen in Fig. 8A). Not only did the
PPy@Ti3CyTx/PMo;3 composite exhibit a uniform surface morphology, a considerably high degree of crystallinity, and a multitude of
chemical functionality, but it also exhibited excellent electrochemical properties. These characteristics provided the MXene composite
with a high degree of stability and increased binding capability to the OPN aptamer. The sensor demonstrated high regeneration,
adequate reproducibility, and selectivity in serum samples [170].

Vajhadin et al. constructed an EC sensor for extremely sensitive detection of cancer cells by employing an Au electrode modified
with TizCa NSs (1.5 m lateral size and 2 nm thickness) [145]. Electrostatic interactions were being used to immobilize an HB5 aptamer
onto MXene layers to act as a sensing surface for the high selectivity recognition of HER-2 positive cells. To avoid electrode
contamination by blood matrix, HER-2 positive circulating tumor cells (CTCs) were magnetically separated by CoFe,O4@Ag magnetic
nanohybrids attached to HB5. A sandwich-like structure formed between functionalized MXene electrodes and magnetically trapped
cells that efficiently protected the electron transport of a redox probe, allowing quantifiable cell detection via current signal changes
(Fig. 8B) [145]. The proposed apta-cytosensor revealed the tremendous potential to detect tumor growth at a low cost by monitoring
circulating tumor cells in blood samples. The total time required for analysis of the blood samples was estimated to be 75 min. While
the efficiency of cytosensor was evaluated using the blood samples of cancer patients within 75 min, considerable efforts are required
to verify the recent system using clinical samples from patients with multiple stages of cancer. Not only can this technology be utilized
to detect different tumor cells by substituting another specific aptamer, but it may also be useful in targeted drug delivery.

Zhang et al. [171] developed an electrochemical aptasensor for sensitive measurement of exosomes and their surface proteins by
using in situ synthesis of Fe4 [Fe(CN)gls (Prussian Blue) on the surface of TizCo, MXene as a nanohybrid probe (PB-MXene). A CD63
functionalized poly(amidoamine) (PAMAM)-AuNPs electrode interface that can selectively interact with CD63 protein on exosomes
originating from OVCAR cells was constructed. Moreover, the CD63-modified TizC, MXene was employed as a nanocarrier for loading
a larger amount of aptamer and was adsorbed on exosomes (Fig. 9A). The TizCy; MXene may be used to generate PB in situ and
efficiently load it, as well as magnify the electrochemical response at low concentration, minimizing interference from various elec-
trochemically active species. Due to this double amplification process, exosomes can be detected electrochemically in a highly sen-
sitive and selective manner [171].

An important function in the post-transcriptional control of gene expression is played by the large family of microRNAs (miRNAs)
[172]. Cardiovascular disease, immunological dysfunction, kidney disease, neurological illness, diabetes, liver disease, arthritis, and
cancer all seem to have miRNA overexpression as a biomarker [173]. MiRNAs are also useful for early cancer detection and prognosis.
Importantly, human breast tumors have elevated levels of miRNA-155 [174]. As a result, accurate miRNA-155 diagnosis is essential for
cancer detection at earlier stages. Duan et al. [175] presented a unique 0D/2D Ti3CyTx@FePcQDs nanostructure that was synthesized
by embedding phthalocyanine quantum dots (FePcQDs) into a TizCoTx NSs as matrix. The constructed nanopalatform was modified by
anchoring aptamer and its complimentary DNA strands on the nanocomposite surface, thus using them to recognize the required
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Fig. 8. (A) Schematic illustration of the steps involved aptasensor construction for osteopontin recognition, including (I) PPy@Ti3C2Tyx/PMo12
MXene nanocomposite synthesis, (II) the aptamer attachment to the MXene nanocomposite, (III) the osteopontin recognition, and (IV) the elec-
trochemical signal detection. Reproduced with permission from [170] @ Elsevier 2019; (B) Schematic diagram of the aptasensor based on MXene
for the identification of HER2-posetive cancer cells in blood samples: Magnetic isolation of the target cells from the blood using CoFe,04@Ag-HBS5,
and electrochemical detection of cancer cells on an activated MXene surface. Reproduced with permission from [145] @ Elsevier 2022.
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miRNA-155 expression via miRNA-155/cDNA hybridization [175]. When it comes to stability, conjugated structure, biocompatibility,
and electrochemical activity, the Ti3CoTx@FePcQDs-based aptasensor surpassed the individual components used in aptasensor
manufacturing. Certain advantages were shown by aptasensor, including efficient hybridization of the miRNA-155/ cDNA, easy
fabrication of the sensing device without using any electrochemical indicators and labelled probe, efficient cDNA coupling and
promising potential for extending aptasensor applications for various targets by substituting aptamer probe. Thus, early stage cancer
biomarker detection could benefit greatly using the current approach.

MXene-derived carbon dots (CDs) integrated with bimetallic CoCu-zeolite imidazole framework (ZIF) NSs (designated as CoCu-
ZIF@CDs) were prepared by Liu et al. [176] as unique OD and 2D heterogeneous nano-constructs, respectively. The nano-
composites were used to immobilize B16-F10 cell targeting aptamer (via Vander Waal forces, electrostatic attractions, and -1t
stacking) for B16-F10 living cells detection. The resulting CoCu-ZIF@CDs nanocomposite displayed advantages including outstanding
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ochratoxin A (OTA). (B)-(i) Raman spectra of a SERS-based aptasensor for the detection of ochratoxin A at varying concentrations, (ii) corre-
sponding plot of ratiometric signals (I1278/I730) vs OTA logarithmic concentrations, (iii) Plots of Ag-Au Janus NPs showing SERS intensities (red
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in the presence of 5 nM MC-LR, OTA, AFB1, BSA, and FB1. The blank specified the sample without any chemical. Reproduced with permission from
[187] @ ACS 2019. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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biocompatibility, mixed metal valence states of coordinated centers, superior electrochemical features, and high fluorescence effi-
ciency. With the substantial quantity of CDs embedded in the porous NSs composite, the built cytosensor exhibited strong fluorescence
efficiency and exceptional electrochemical properties. Furthermore, the porous nanostructure revealed active sites that can cause
strong aptamer strand attachment via stacking interaction, electrostatic attraction between nitrogen-related molecules and aptamer
strands, and Vander Waal forces. The combination of these characteristics results in enhanced sensing properties for the identification
of living tumor cells via cell imaging and electrochemical methods. Not only does this work demonstrate the promising implications of
MOF-related compounds in sensing areas, but it also demonstrates a viable method for the early detection of cancer biomarkers [176].

Aptasensors may offer various advantages over conventional cancer detection approaches, including versatility and enhanced test
speed. Real-time fast detection can offer healthcare professionals with instantaneous interactive information that can be used to plan
patient treatment. Additionally, aptasensors may enable lower testing costs, automated testing, and multi-target assessment. Biosensor
related diagnostic tests may increase cancer diagnostic accuracy, resulting in improved prognosis. This technology has the potential to
significantly improve the healthcare system in underserved populations and community settings [177].

4.2. MXene based aptasensors for the detection of mycotoxins

Mycotoxin, derived from the Greek term mukos, which means “fungus,” and the Latin term toxicum, which means “poison,” is
considered a secondary metabolite released by fungi which invade crops during either storage or harvest [178]. This may result in
animal and human diseases such as “mycotoxicosis” [179]. There are various forms of mycotoxins, including those that are mutagenic,
teratogenic, nephrotoxic, carcinogenic, and immunosuppressive. They are extremely resistant to degradation, and thus persist in the
food supply chain [180]. Mycotoxins damage a wide variety of agricultural stuffs, comprising cocoa, dried fruits, cereal-based foods,
cereals, milk, wine, coffee beans, meat products and bakery, etc. which have been the backbone of several developing nations’
economies [181]. Because of their extremely toxic effects, mycotoxins infestation in foodstuffs has caused significant health concerns
in both animals and humans [180]. To protect public health from such hazardous effects of the foodstuffs, global maximum permissible
levels for the most toxic and abundant mycotoxins in certain foods have been determined [182,183]. As a result, reliable and sensitive
analytical techniques are essential for monitoring mycotoxins content such as aflatoxin B1, ochratoxin A, Fusarium, gliotoxins, and
marine toxins, etc, and establishing compliance with food safety requirements [184].

Mycotoxins are not only detrimental to animals and crops, but they also pose a major health danger to humans. Some mycotoxins
such as aflatoxin B1 (AFB1) and ochratoxin A (OTA) are considered as highly poisonous carcinogens for humans [184]. Wu et al. [185]
developed a ratiometric Surface-enhanced Raman Spectroscopy (SERS) aptasensor using MXene NSs doped with AuNP dimers con-
taining nanogaps for AFB1. Chelation and hydrogen bonding interactions between MXene NSs and AuNP dimers modified with
thiolated-aptamer created the MXene@AuNP dimer assemblies with the strongest Raman signals. Due to the aptamer’s preference to
bind AFBI, this could stimulate the release of AuNP dimers from MXene NSs, allowing for the recognition and quantification of AFB1
target at even lower concentrations. The great specificity and sensitivity of the devised aptsensor in peanut samples were made possible
by the enhanced affinity of aptamer for AFB1 and AuNP dimers’ dense SERS “hot spots” (Fig. 9B) [185]. Current findings show that this
method can reliably and sensitively detect other small molecules and AFB1 in various foodstuffs, and it might be extended for other
SERS tests as well. AFB1 was also detected using an electrochemical biosensor based on a TizCoTx@GO-COOH-P4VP composite
fabricated by Guo et al. [186]. The protonation and deprotonation dependent electrochemical aptasensor’s current signal switch (ON-
OFF) was adjusted using pH-sensitive poly 4-vinyl pyridine (P4VP) as a smart material. The authors employed a modified TigCyTx
MXene as a material to enhance the current signals while the additional carboxyl groups to GO-COOH made the fixation framework for
the aptamers more stable. The synergistic effect of MXene together with aptamer offered a practical and effective way to detect AFB1 in
acidic conditions with low LOD and wide linear working range.

For the quantitative and sensitive recognition of OTA, Zheng et al. [187] established a SERS aptasensor. The sequential devel-
opment of silver islands on gold cores was employed to construct Ag-Au Janus nanoparticles (NPs). Using 2-mercaptobenzoimidazole-
5-carboxylic acid (MBIA) as a Raman reporter and Ag-AuNPs to dramatically magnify the SERS signal, researchers were able to get
impressive results. Ag-Au Janus NPs were synthesized with MXene NSs via chelation interactions and hydrogen bonding between OTA
aptamer and MXene NSs. Due to the development of the OTA/aptamer complex in the presence of an OTA target, Ag-Au Janus NPs get
desorbed from MXene NSs (Fig. 10A), resulting in the decrease of the Raman signals of Ag-Au Janus NPs, whereas the signal of MXene
NSs remains unchanged. To demonstrate the ratiometric design benefits, an internal standard-aptasensor was employed to detect OTA
in the aqueous phase. The Raman spectra of Au-Ag Janus NPs (Fig. 10B-i) at 1278 cm ™! dropped as the OTA concentration (0.01-50
nM) was increased, exhibiting a concentration-dependent response, whereas the Raman spectra at 730 cm ™! attributable to MXene
NSs, remained constant. Thus, the ratiometric peak intensity of I;57g/I730 dropped, enabling the detection of OTA through ratiometric
SERS. Trends in the Raman spectra as a function of OTA concentration were quantified as presented in Fig. 10B-ii. Conversely, a high
degree of linearity (RZ = 0.998) was seen in the logarithmic concentration of the ratiometric Raman signals and OTA, suggesting that
the use of an internal standard might increase quantification accuracy (Fig. 10B-iii). Additionally, the created sensor showed a high
degree of selectivity. A range of Raman signal outputs were recorded following incubation with nonspecific compounds at a con-
centration of 5 nM, including MC-LR, OTA, BSA, FB1, AFB1 and the blank (without any target). As can be seen from the data, none of
those other interfering proteins or mycotoxins significantly altered the ratiometric peak signals unlike OTA (Fig. 10B-iv). The Raman
signals produced by MXene NSs were steady and distinctive, making it a perfect internal standard method for quantitative study. This
sensor can detect OTA with good repeatability and high sensitivity by combining the inherent benefits of SERS with a ratiometric
approach. This sensor has a number of useful applications for various biomolecule detections [187].

Certain Fusarium species produce a mycotoxin known as deoxynivalenol (DON), which is a widespread food and feed related
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hazard. A highly sensitive and rapid approach to easily recognize and quantify DON is necessary because of the risks that could result
from the inadvertent or intentional contamination of foodstuffs with DON [188]. Sangu et al. [189] designed an electrochemical
aptasensor for the ultrasensitive detection of DON mycotoxin by immobilizing DON Aptamer as bio-receptor on Ti3AlCy as sensing
surface. This approach showed potential to detect mycotoxin in food and feed due to its cost effective, highly selective, stable and
sensitive nature [189].

Gliotoxins are among the most poisonous metabolites released by Aspergillus fumigatus during its growth that can promote invasive
aspergillosis by lowering immune response, Aspergillus propagation, direct body damage, and infections [190,191]. Based on tetra-
hedral DNA nanostructures (TDNs) and MXene NSs, a simple electrochemical aptasensor for gliotoxin aptasensing was developed by
Wang et al. [192]. MXene was used as a high-conductivity and flexibility superstructure for immobilizing a high proportion of DNA
nanostructures (DNs) onto the surface of the electrode. Since there are no complicated modifications required by this method, it lowers
the complexity and cost of the assay dramatically. DNs were used as a hard scaffold to allow bio-receptors to bind to their targets. The
large surface area of MXene NSs allows the excellent conductivity and immobilization of a substantial percentage of DNA probes,
which enables the transport of electrons between the supporting electrode surface and electrochemical species. A competitive binding
of the gliotoxin with its aptamer occurs by breaking the aptamer-complimentary strand hybrid (i.e., signal probe) where TDNs probes
easily capture them. Using a streptavidin-specific aptamer, streptavidin-labeled horseradish peroxidase (HRP) is attracted to the
surface of the electrode, which generates a strong catalytic signal. Fig. 11A-i depicts EIS plots of various modified electrodes. In
comparison to the unmodified GCE (black curve), the MXene NSs modified electrode resulted in a decreased resistance (R, red curve).
This is due to the strong metallic conductivity and huge surface area of MXene. To understand how important MXene is, the authors
constructed control EC biosensors with graphene oxide (GO) and reduced graphene oxide (rGO) rather than just MXene. When
confronted with a 10 nM target, the GO-based biosensor produced a small current signal (at 485 nA), as shown in the Fig. 11A-ii, which
could be attributed to the lower electron conduction ability of GO as compared to MXene.

Though rGO has strong conductivity, it was challenging to create a homogenous rGO solution, so TDN loading remains low
(approximately 28.4%), resulting in poor signal production (~253 nA). Additionally, they developed an MXene-ssDNA complex
customized electrode to determine the effectiveness of the TDN probe. The detection performance of the ssDNA probe was quite low on
MXene NSs (without a 3D nanostructure). The electrochemical output (~186 nA) was considerably lower than its TDN/MXene-based
analogue. These findings indicated that TDN/MXene-based biosensors performed better in terms of molecular recognition. The sug-
gested sensor could detect gliotoxins with 5 pM LOD in real samples and outperformed conventional biosensors [192]. Overall, this
technique established a new channel for mycotoxin detection in clinical settings via DNs and MXenes.

Marine toxins, which are mostly released by microalgae, cause severe damage to global environmental safety and human health. A
wide range of marine toxins, including saxitoxin (STX), are thought to play a role in certain ion channel ailments, including neuro-
degenerative and cardiovascular diseases. STX is particularly hazardous to the entire ecological system, although it is produced by
marine dinoflagellates. Through water and food intake, humans passively absorb these chemicals, resulting in serious health conse-
quences [195]. STX is a water-soluble, extremely poisonous, thermostable, and acid-resistant compound. As a result, STX in saltwater
can be bio-accumulated via marine organisms. It is critical to correctly quantify trace STX levels in seafood and seawater to assure their
safety for ingestion [196]. Ullah et al. devised an electrolyte insulator-semiconductor biosensor using aptamer-modified TizCyTx
MXene for the measurement of STX [134]. The abundant functional groups on MXene coupled with and high surface area enabled the
aptamer modification that interacts specifically with STX and cause changes in the electrical signals. Constant capacitance and
capacitance-voltage analysis confirmed that the sensor has a high selectivity, specificity, sensitivity, two-week stability and could be
used to detect STX in real extracted muscle tissue samples. The approach (with LOD 0.03 nM) enabled cheap, fast and label-free
identification of marine toxins, implying potential applications in the food industry and water quality monitoring [134].

4.3. MXene-based aptasensors for other analytes

This section deals with the determination of some valuable molecules via aptamer modified MXenes. For example, Thrombin (TB) is
a naturally occurring protease that plays a role in the coagulation cascade. It turns fibrinogen into insoluble fibrin, which produces the
fibrin gel in both pathological thrombosis and physiological conditions [197]. Thrombin also exhibits hormone-like features and is
essential in the activation of platelets and thrombosis. Hence, thrombin is implicated in a variety of cardiovascular disorders [198],
and it is believed to regulate a variety of processes involved in tissue repair and inflammation at the blood vessel wall. Since high
thrombin concentrations in the blood are intricately linked with diseases, it is essential to be able to detect this protein at a trace level
with great sensitivity [199]. Li et al., fabricated a label-free colorimetric aptasensor for TB detection by the peroxidase-mimicking
enzymatic features of TizCo NSs in combination with an ssDNA aptamer (Ti3Cy@ssDNA nanocomplex) [200]. Negatively charged
aptamer immobilization not only enhances the enzymatic function of MXene NSs but also recognizes the target in the presence of
positively charged substrate o-phenylenediamine (OPD) oxidation by HyO». The aptamer detaches from the surface of TizCy NSs in the
presence of TB to make a TB-aptamer complex that results in lowering the catalytic activity of the sensor. Enzymatic activity decreases
further as the concentration of TB increases. By immobilizing the alternate aptamer sequences, this catalysis-based approach can be
extended to quantify numerous other biological targets [200].

Cui et al. [193] employed aptamers labelled with fluorescein amidite (FAM) to construct a MXene-based aptasensor. TizCy MXene
was coupled to aptamers via chelation interactions and hydrogen bonds between Ti ions and phosphate groups, which resulted in a
Forster or fluorescence resonance energy transfer (FRET) response between MXene and aptamers. Thrombin-binding aptamer (TBA)
was labelled using FAM. Ti3Cy; MXene effectively quenches the fluorescence signal via FRET between Ti3Cz and FAM. Due to the
increased affinity of thrombin molecules for the TBA aptamer on the Ti3C, surface, it interacts with TBA to create a quadruplex. The
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Fig. 12. (A) Schematic design showing the steps involved in the fabrication of (i) MXene based signal probe, and (ii) aptamer based bacterial
capture sensor, (iii) the dual-mode EC and colorimetric aptasensors’ working principle by the combination of signal probe and sensor capture to
detect V.P. Reproduced with permission from [209] @ Elsevier 2021; (B) The depiction of (i) bifunctional probe release, and the high selectivity
target identification approach and (ii) ratiometric aptasensor’s working mechanism for cardiac troponin-I detection. Reproduced with permission
fArom [216] @ Elsevier 2021.

quadruplex containing FAM was desorbed from the Ti3Cy surface, reducing FRET efficiency and regenerating fluorescence. Thus, the
observed variations in the fluorescence spectrum of FAM were proportional to the thrombin concentration in a sample (Fig. 11B).
Notably, this work establishes that 2D MXenes are an ideal substrate for selective, sensitive, and rapid biomolecule detection.

Thyroid dysfunction is the second most prevalent endocrine disorder [201]. Thyroxine (3,5,3',5'-tetraiodothyronine) also known as
T4, is the most commonly tested thyroid hormone used to check thyroid function [202]. In other words, serum T4 levels might be a
more accurate indicator of thyroid normal function [203]. An electrochemical aptasensor based on MoS,;@Ti3CoTxy MXene hybrid
(MoSy; molybdenum sulfide) was constructed by Kashefi-Kheyrabadi for rapid and sensitive detection of Thyroxine in human blood
serum [194]. The nanohybrid was coated on the surface of a carbon electrode, which was then modified with gold nanostructures
based on electroplating (Fig. 11C-i). The combination of MoS2NSs with MXene improves the physicochemical features of the electrode
to accommodate a 3D gold nanostructure based building block. It helps immobilize a greater proportion of T4 specific aptamers to bind
to T4 and subsequently amplify the electrochemical signals (Fig. 11C-ii). MXene hybrid based electrochemical aptasensor (MEA)
exploits electrochemical detection, the aptamer’s specificity as a bio receptor, and nano-engineered sensor surface simultaneously to
display fast (10 min), accurate, and superior analytical performance. The aptasensor results were comparable to those obtained using
the standard ELISA method. With the possibilities of miniaturization, the MEA is considered as a feasible alternative to time consuming
methods for the diagnosis of T4 in clinical specimens.

Vibrio parahaemolyticus (V.P), a Gram-negative halophilic bacteria that is frequently found in marine and estuarine environments, is
a major foodborne pathogen which has the potential to cause disastrous outbreaks worldwide [204,205]. Consumption of contami-
nated food leads to severe gastroenteritis in humans [206]. As a result, it is critical to limit V.P-related food contamination in order to
prevent food poisoning and guarantee the safety of seafood intake [207 208]. Hong et al. [208] developed a turn-on-type FRET nano-
biosensor based on polyhedral oligomeric silsesquioxane-perovskite quantum dots (POS-PQDs-Apt/MXenes) nanocomposite for se-
lective and sensitive V.P monitoring in water. Owing to the remarkable water-resistance and optical features of the POSS-PQDs-Apt
and the excellent quenching behavior of MXenes, this platform is suitable for on-site monitoring of V.P. Additionally, the platform
can be utilized to identify additional vibrio types by substituting a different aptamer in POSS-PQDs-Apt. Nevertheless, the assay had
certain limitations. For example, the target was incubated with MXenes for up to 50 min, which might be avoided by grafting certain
quenching groups onto the MXene surface [208]. To detect V.P., Wang et al. invented a dual-mode aptasensor based on colorimetric
and electrochemical approaches (owing to the peroxidase-like and electrochemical features of the system) [209]. On the MXene
surface, the platinum NPs, ferrocene, and mercapto-phenylboronic acid (PBA) were loaded to synthesize a PBA-Fc@Pt@MXenes
nanocomposite. To adequately capture V.P, a screen-printed electrode with an aptamer-functionalized interface was developed.
The interface with captured pathogenic bacteria was then coupled to PBA-Fc@Pt@MXenes nanocomposite to produce a sandwich like
configuration which enabled the induction of TMB-H20, chromogenic activity, allowing the emission of visible signals. On the other
hand, electrochemical behavior of the Fc on nanocomposite was further used to quantify the pathogen (Fig. 12A). Additionally, the
screen-printed electrode was also customized with salmonella’s aptamer in conjunction with the nanocomposite probe for in situ
detection of salmonella [209].

Two lentiviruses, human immunodeficiency virus type 1 and 2 (HIV-1 and HIV-2), are considered responsible for acquired im-
munodeficiency syndrome (AIDS) in humans [210]. The HIV-1 epidemic is a severe public health problem that necessitates specialized
diagnosis. To create point-of-care (POC) diagnostics with high sensitivity for monitoring HIV-1 viral load, extensive research studies
have focused on using nano- and micro-scale technologies [211]. Wang et al. fabricated an electrochemical luminescence aptasensor
by employing Ti3CyTx functionalized ZIF-8 as a luminescence emitter to identify HIV-1 protein [212]. Although the aptamer/Ti3CoTx/
ZIF-8/GCE composite material had a large specific surface area due to the combination of PAA with ZIF-8, allowing ZIF-8 to be inserted
in a layered construction and resulting in quick electron transfer. The linear range of the sensor was large, with a limit of detection as
low as 0.3 fM. After analyzing the data, researchers concluded that the sensor had potential for future use in the diagnosis and
treatment of AIDS [212].

Heart attacks, or myocardial infarction (MI), are a leading cause of mortality and morbidity around the world. According to the
World Health Organization (WHO), MI accounts for 30% of global deaths each year and is anticipated to reach more than 23 million by
2030 [213]. Cardiac troponin I (cTnl) is typically synthesized exclusively in the myocardium [214], and it is regarded as the ’gold
standard’ biomarker to identify heart failure, cardiac damage or MI owing to its excellent sensitivity and specificity [213,215]. Mi et al.
[216] devised a ratiometric sensing strategy based on bifunctional probe (BFP) EC/EC (signal of methylene blue or MB) and ECL/EC
(ECL probe with signal of doxorubicin or Dox-luminol) dual signal transduction and amplification for the detection of cTnl. The high
affinity/specificity aptamer-Tro4 captures cTnl, liberating equivalent proportions of BFP (Fig. 12B-i). Part of the BFP stuck to
tetrahedral DNA on the Ti3Cy MXene-Au sensing matrix, and another part started a hybrid chain reaction (HCR) with two hairpin
structures, like H1 and H2. This caused EC and ECL signal currents with MB and Dox-Luminol, respectively (Fig. 12B-ii). The dual-
signal ratio of ECL Dox-Luminol/Current Dox or Current MB/Current Dox was considered highly reproducible and accurate for the
quantification of the cTnl. When combined with a transportable EC/ECL workstation, sensors are extremely likely to be used to screen
for signs of cardiac injury in COVID-19 patients to reduce the mortality, particularly in mobile cabin hospitals [216].
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Cytokines, as inflammatory modulators, are the essential components of our defensive system, protecting us from foreign patho-
gens. However, too much cytokine production destroys normal cells, triggering an unchecked inflammatory response through the
immune system [217]. This is referred to as a “cytokine storm,” which can kill even healthy people through an unknown patho-
physiology. It has been linked in particular to the production of IFN-y and TNF-a [218], both of which have been recently reported to
induce mortality and cell death in SARS-CoV-2 [219]. Noh et al. describe the synthesis of an efficient, dual-target electrochemical
aptasensor made of MXene (Ti3Cy)/aptamer hybrid on an Au-based microgap electrode chip to detect IFN-y and TNF-a cytokine storm
indicators for the first time [220]. IFN-y and TNF-a aptamers were used as bio-probes to capture cytokines and the concentration of
cytokines were measured via the change in the electron transfer resistance (R¢) by means of the EIS. This aptasensing technique seems
to have several benefits, e.g., i) it is possible to detect both cytokine biomarkers in less than 10 min using alternating current electro-
thermal flow (ACEF); ii) by employing twelve Au microgap electrodes and two detection spots, the dual-target sensing system gives
extremely reliable results using only 2 pL sample and is capable of differentiating between the two cytokines. However, a number of
challenges need to be addressed, including: a) an interference analysis with other cytokines, for example, growth factor, colony
stimulating factor, and interleukins at variable concentrations should be performed. b) Valid clinical sample evaluations with a variety
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Fig. 13. Fabrication method and working principle of the suggested CRISPR-CHA based ECL aptasensor for the recognition of Siglec-5. Reproduced
with permission from [225] @ Elsevier 2021.
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Fig. 14. (A)-(i) Schematic design involved in the synthesis of ZnO/N-Ti3C, composite. (ii) The fabrication process of ZnO/N-Ti3C, composite based
ECL sensor and its application in CAP detection or quantification. Reproduced with permission from [230] @ Elsevier 2021; (B)-(i) ECL stability
comparison in the presence and absence of MXene (a) intensity of pristine AgBr and (b) and 5% Ti3Co—AgBrNCs nanocomposites. (ii) ECL spectra of
Ti3Co—AgBrNCs nanocomposite comprising different concentration of TizCy; MXene e.g., (a) 0%, (b) 3%, (c) 5%, (d) 10%, (e) 15%, (f) 25% and (g)
100% in PBS buffer. Reproduced with permission from [231] @ Elsevier 2022; (C)-(i) Selectivity and (ii) stability of the proposed photo elec-
trochemical aptasensor founded on BisVOgBr/TizC, composite for streptomycin detection. Reproduced with permission from [238] @ Elsev-
ier 2021.
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of patient groups are required. However, the proposed ultrafast electrochemical biosensor could be used in the future to detect
different cytokines as immunological responses and cancer biomarkers at low concentrations and with small amount of samples [220].

The CRISPR-associated (Cas) proteins form an innate immune system that protects against invading genetic elements and several
other phages [221]. CRISPR-Cas is a nuclease protein, while CRISPR RNA (crRNA, sometimes referred to as guide RNA or gRNA) is a
small RNA fragment that can bind to the targeted nucleic acids [216]. Sialic acid-binding immunoglobulin (Ig)-like lectins (Siglecs) are
type I transmembrane receptors found on the cell surface, comprising a transmembrane region, an intracellular and extracellular
segment [222]. By identifying the glycan structure, it is able to regulate the malignancies, autoimmune disorders, and immunological
balance in sepsis [223]. Siglec-9 and Siglec-5 are the most abundant lectins on the human cell surface. Siglec-5 may have a critical
function in the body as an inhibitory receptor for leukocytes and is considered a promising marker for both acute myelogenous
leukaemia (AML) and normal myelopoiesis [224]. As a result, developing novel siglec-5 tests can facilitate understanding of the
pathogenesis of associated diseases and the development of new therapeutic agents. Zhang et al. developed a 2D ultra-thin TizCyTx-
based ECL aptasensor for the detection of Siglec-5 by combining a catalytic hairpin assembly (CHA) amplification strategy with the
side-cutting feature of CRISPR-Cas12a [225]. The system can be used to detect new coronavirus-related proteins comprises four main
parts; 1) a reporter system (a pre-assembled CRISPR-Casl2a effector with modified nucleic acid and gRNA ECL sensor); 2) an
amplification system (isothermal amplification systems based on CHA); 3) a probe system (DNA activator for CRISPR-Cas12a and
gRNA); and 4) a trigger system (termed K19) with a piece of intermediate DNA. CRISPR-Casl2a’s binding to dsDNA is largely
dependent on gRNA to recognize dsDNA. The authors created a CHA amplification scheme made of two DNA hairpins (H1 and H2). The
dsDNA that results from the amplification is used to bind CRISPR-Cas12a. B H1 and H2 are composed of a single stem-loop DNA with a
protruding 5’ terminus. The 5’ end of H1 comprises the intermediate DNA hybridization sequence, whereas the loop region carries the
non-target strand (NTS) and the CRISPR-Cas12a’s 5'-TTTA-3' PAM. Moreover, the 5’ overhang of H2 has a sequence compatible with
the intermediate DNA/H1 duplex. Following the production of the H1/H2 duplex, intermediate DNA is substituted by H2 and joins the
next cycle that can result in the formation of further H1/H2 duplexes (Fig. 13). There are two innovative aspects to this approach: (i)
the hybrid sequence of CRISPR-Casl2a supports the targeting approach to strengthen the indirect Siglec-5 amplification test by
providing a pair of sites that are not in the dsDNA, (ii) dsDNA was also designed using CRISPR/Cas9 amplification to detect the output
of intermediate DNA duplexes, which provided a common technique to detect biomarkers by converting analytes from proteins to
intermediate DNA [225].

Lipopolysaccharide (LPS), a form of endotoxin, is the main component of Gram-negative bacteria’s outer membrane [226]. It has
the ability to modify a variety of humoral and cellular-mediated processes [227] including septic shock, a serious hazard to global
health. Gram-negative pathogenic bacteria cause a wide variety of infectious diseases and the mortality of millions of people each year,
accounting for a considerable proportion of the deaths worldwide [228]. Sheng et al. established a detection approach for Gram
negative bacteria built on coupling CRISPR-Cas12a with MXene [229]. The aptamer’s sequences were flexibly synthesized to activate
CRISPR-Cas12a, while the target addition hindered CRISPR-Cas12a activation via its strong binding to the aptamer. At the same time,
MXene enhances the binding of the target to the aptamer via its robust binding to the aptamer’s complementary ssDNA, hence
inhibiting CRISPR Cas12a activation. MXene NSs can bind FAM-labeled ssDNA and effectively quench the fluorescence attributable to
its superiority in visible light absorption, which makes a significant contribution to the sensor’s high sensitivity for Gram negative
bacteria [229].

By employing a thermal annealing process to synthesize ZnO QDs coated on Ti3Cz MXene composite, Jiang et al. [230] employed a
simple nitrogen source to regulate the nitrogen concentration of the composite (Fig. 14A-i) to construct an ECL aptasensor for
chloramphenicol (CAP) detection. The TigCy; MXene matrix played a key role in the confinement of ZnO QDs growth and nucleation.
Not only did the developed nanocomposites enhance electron transmission, but they also minimized the barrier to ZnO QDs reduction,
leading to improved ECL efficiency. The ECL signals were drastically reduced after anchoring the CAP aptamer at the ZnO/N-Ti3Cy
surface via n—x stacking interactions. This behavior may be explained by the steric hindrance effect and low conductivity of aptamer,
which hampered the efficient electron transfer at the sensing surface. Afterwards, when an aptamer was used to bind CAP on the
electrode surface, a considerable enhancement in the ECL signal was detected because of the creation of the aptamer-CAP complex,
which was subsequently released from the sensing electrode and the ECL intensity was recovered (Fig. 14A-ii). As a result, CAP in the
sample was quantified by measuring the change in ECL intensity. Aptasensor showed good stability and recovery rates, which suggests
that it could be used in food analysis and environmental monitoring [230]. Another ECL, near-infrared (NIR) aptasensor built on a
Ti3Cy-AgBrNCs/K5S20g composite was proposed by Jiang et al. [231] to monitor enrofloxacin (ENR) antibiotic for food safety ap-
plications. As the Ti3Cy proportion in the TizCy-AgBrNCs composite increased, the ECL emission wavelength spectra redshifted from
550 to 665 nm, which can be attributed to the surface-defect effect induced by the oxygen-containing functional groups in TizCz NSs. In
particular, the ECL emission spectra of TigCo—AgBrNCs at 665 nm not only exhibited a 3.5-fold enhanced ECL intensity but also highly
stable ECL current signals in comparison to AgBrNCs only. A glassy carbon electrode was first modified with TizCo—AgBrNCs/K2S20g
composite followed by the immobilization of ENR specific aptamer to efficiently recognize, capture, and quantify ENR based on ECL
signal changes. This study found that inorganic nanocomposites stabilized by MXene could be efficiently used as NIR ECL based
luminophores [231]. ECL signal intensity significantly increases (nearly 3.5 folds) in the presence of MXene in the MXene-AgBr
composite as compared to the pure AgBr, which is possible for two reasons. (i) TigCa MXenes help to stabilize AgBr nanoclusters by
preventing aggregation and increasing AgBr luminophore loading capacity, and (ii) by reducing AgBr passivation and increasing
electron transfer on the electrode surface. It can be seen in Fig. 14B-i that the AgBr/GCE electrode showed a highly unstable ECL signal,
whereas the addition of MXene (AgBrNCs-Ti3Cy) significantly improved the stability issues. The authors make a comparison of their
previous work for ECL emission at 400-500 nm of pure AgBr. They discovered that Ti3Co—AgBrNCs exhibited a clear red shift toward
~665 (in K2S20g solution) (Fig. 14B-ii), demonstrating that TizCy can generate red-shifted NIR ECL [231].
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Streptomycin (STR), a broad-spectrum antibiotic, is used to treat gram-negative pathogens in both animals and humans [232,233].
It can help relieve the symptoms of animal infections, including bee rot disease and many others [234]. Beekeepers employ STR in an
inappropriate manner in order to maintain bee larvae health, and as a result, STR is found in several bee products [235]. Using STR
uncontrollably or improperly can lead to the antibiotic’s inclusion in the food chain and may have serious adverse implications for
human health, including ototoxicity and nephrotoxicity. Streptomycin plasma level greater than 35 g/mL STR is potentially harmful
[236]. Furthermore, STR metabolites in the aquatic system are challenging to entirely eliminate because of their great water solubility.
Streptomycin sensing in a wide range of food and water samples is essential for human health safety and environmental monitoring
[237]. You et al. [238] synthesized the Ti3Cy/BisVOgBr composite via a one-pot solvothermal process and employed it as a photoactive
material. It was customized on an ITO electrode and coupled to STR binding aptamer (as bio-receptor). Based on the aptamer’s unique
recognition of the target, an “on-off-on” photo-electrochemical (PEC) sensor was implemented to determine STR in honey samples,
with good sensitivity and high repeatability.

The photocurrent behavior of commonly used interfering antibiotics (TC, CAP, AMP, CIP, OTC, and KAN) against STR was
determined to ascertain the selectivity of the proposed setup. Increasing the concentration of interfering antibiotics by ten-fold than
that of STR (500 nM versus 50 nM STR). No significant change in current signals was observed (Fig. 14C-i) which confirmed the high
selectivity of the aptasensor. Additionally, the reproducibility and stability of the aptasensor were also investigated (Fig. 14C-ii)
implying that the sensor’s photocurrent intensity largely remained steady, and the performance was not significantly affected after
storing the electrodes for two weeks at 4 °C. The constructed PEC sensor exhibited considerably high LOD and an optimal linear range
with real samples, providing a more specific and reliable bio-sensing strategy for antibiotic identification in food quality monitoring
[238].

The coronavirus (SARS-CoV-2 or 2019-nCoV) is rapidly spreading throughout the world, infecting humans, causing respiratory
infections, and killing thousands of people every day. In comparison to SARS-CoV, SARS-CoV-2 is believed to transmit more readily
through person-to-person touch, therefore contributed to the WHO’s (World Health Organization) warning of a global pandemic on
March 11, 2020 [239]. Widespread and rapid testing is critical in controlling the spread of COVID-19 throughout the world. Currently,
immunoglobulin G/M (IgG and IgM) assays, computed tomography (CT) scans, real-time polymerase chain reaction (RT-PCR), and a
variety of other tests have been utilized to diagnose COVID-19 [240]. They are, however, ineffective for early diagnosis and treatment.
As aresult, it is critical to develop novel methodologies for the detection of COVID-19 that are sensitive, specific, and rapid [241]. Chen
et al., recently introduced the first and only SPR aptasensor by employing a sensitive layer of niobium carbide MXene QDs (Nbo,C-SH
QDs) as a substrate to anchor N-gene-targeting aptamer probes to detect and quantify SARS-CoV-2 N-gene at early stages with high
specificity [242]. The gold chip was decorated with Nb,C-SH QDs, which were then coupled to the N58 aptamer via Au-S, hydrogen
bond, n-n stacking, and electrostatic adsorption. The aptamer undergoes conformational switching on binding to the N-gene, thereby
increasing the distance or contact area between the SPR chip and the aptamer with the subsequent changes in SPR signal flashed by the
He-Ne laser (633 nm wavelength) to quantify the N-gene of SARS-CoV-2. The Nb,C-SH QDs-based SPR sensor shows fast response, high
sensitivity, and repeatability as compared to previously reported SPR sensors. Due to the highly conjugated framework, MXene phase,
and thiol-functionalization, the synthesized Nb,C-SH QDs demonstrated a strong binding connection with the gold chip by self-
assembling forces produced by the Au-S bond, as well as robust bio-affinity for an amplified SPR effect and the aptamer strands.
Besides exhibiting a low LOD throughout a broad linear range of N-gene concentrations, excellent repeatability, and great selectivity,
this also favors the applicability of the proposed sensor system, which is capable of in situ analysis and is easy to manufacture. Un-
fortunately, the SPR sensor still has some flaws, including poor regenerability and repeatability when identifying N-genes [242].

5. Innovative trends of MXenes in optical aptasensors

Aptasensors may be a feasible choice for the fabrication of efficient biosensors because they are regarded to be selective for a
particular analyte, committed to continuous detection, easy to use, rapid results, as well as possibly portable and inexpensive. Current
MXene-based aptasensors have been classified electrochemically and optically based on the associated transducer type. While MXene-
based EC aptasensors are gaining popularity, their optical aptasensors are also gaining traction. In this section, we will discuss about
some of the new ideas in optical aptasensors that use MXene.

Due to their good reproducibility, quick analysis, outstanding selectivity, and high sensitivity, optical bio-sensing has gained
considerable attention [250,251] in environmental, biomedical, and biochemical research in recent decades [249]. Optical analysis,
which is dependent on the interaction between material and light, helps analyze samples by measuring changes in spectrum or in-
tensity shift using a non-destructive method. With the advancement of nanotechnology and the emergence of novel nanomaterials,
optical assessment has made tremendous advances. Among nanomaterials, MXene has gained increased attention in imaging and
optical sensing for bio-analytes found in living cells or body fluids owing to its superior physicochemical features.

Regarding optical aptasensing platforms, two types of TisCa MXenes are frequently used as developing nanomaterials: MXene NSs
are commonly employed as cargo carriers, SERS components, and fluorescence quenchers, while MXene quantum dots (MQDs) are
being utilized as signal tracers and luminescence species [252]. Additionally, MXenes NSs exhibit unique features that enable the
construction of high-performance optical biosensors. To begin with, MXene NSs have several desirable features such as biocompati-
bility and strong hydrophilic nature, making them appropriate for a wide variety of sensing applications. The unique qualities of the
MXene NSs, such as their mechanical properties, exceptional conductivity, and huge surface area, may promote their uses in sensor
development as cargo carriers, SERS substrates, and fluorescence quenchers in imaging and biomedicine. Moreover, the evident
benefits of MXene NSs, including favorable energy levels and a broader absorption spectrum, may end up making them have an
intriguing potential for photo electrochemical, photo-thermal, and optical bio-sensing. MXenes have seen exceptional growth in the
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optical sensing field as a result of the features outlined above [252]. On the other hand, MQDs might be more efficient fluorescent
probes to provide luminescent responsiveness to target analytes than MXene NSs, due to their photo-luminescent nature, high photo-
stability, solubility, and tunable size. MQDs have excellent emission characteristics due to their surface defects and quantum
confinement [253]. Therefore, MQDs are being employed as fluorescence signals or tracers and extensively exploited in biological
systems for optical sensing [253]. The classification of optical aptasensors is based on various identification strategies used, which
include fluorescence, CL/ECL, colorimetric, SERS and SPR [254,255].

Fluorescence sensing is extremely effective in detecting biomolecules with high sensitivity [256,257]. MXenes offer significant
advantages in terms of absorption of light between visible to near-infrared wavelengths [56]. MXenes have the ability to bind ssDNA
aptamers and substantially extinguish the fluorescence from a fluorophore. As a result of its high affinity for ssDNA and its superiority
in visible light absorption, MXene effectively quenches the fluorescence of fluorophore-labeled ssDNA, drastically reducing the
background signal. Simultaneously, the high affinity of MXene for ssDNA could be used to improve the robustness of target-induced
single-strand release, hence improving the specificity of the proposed technique [258]. Two main processes have been proposed for the
fabrication of MXene-based fluorometric aptasensors. The first category involves the use of MXene NSs as powerful quenchers (ac-
ceptors) in FRET to induce “on/off” events in fluorophores or other luminous nanomaterials (donors), such as quantum dots, metal
nanoclusters and organic dyes, etc. For example, the aptasensor proposed by Cui et al., [193] for thrombin detection and Hong et al.,
[208] for Vibrio detection (refer to Section 3 for details). The quenching system is influenced by the proximity separating donors from
acceptors, which is altered when certain recognition processes occur. The other type of category incorporates luminescence MQDs in
signal output constituents that may be quenched effectively and directly by adding analytes. As a result, multiple design schemes for
fluorescence MXene based sensors with diverse properties can be devised [128].

Due to its low-cost, sensitive and simple properties, chemiluminescence (CL) based sensing is widely employed in a variety of fields
[259]. It does not need an external source of light, unlike fluorescence, and it has a significantly longer life span than fluorescent
species [260]. By combining the electrochemical characteristics with CL sensitivity, electro-generated chemiluminescence (ECL) is yet
another excellent detection approach in aptasensing [261,262]. ECL has been broadly employed in analytical chemistry due to its good
stability, sensitivity, easy controllability, low cost, and improved efficiency [263,264]. Thanks to the strong conductivity and huge
surface area of MXene NSs, they can be exploited as ECL probes. For example, the MXene-based ECL aptasensor was designed to
identify human breast cancer cells (MCF-7) exosomes [159]. Owing to a huge surface area, MXene NSs may accommodate a large
number of aptamers, effectively increasing the sensitivity and lowering the detection limit of the various aptasensing devices. Aptamer
transduction with various MXenes for ECL aptasensors has already been discussed in Section 4 ([159,157,158,212,216,225] (refer to
the Table 1 for the literature cited). Thus, the use of MXenes in ECL aptasensors not only results in higher amplification and sensitivity
of the ECL signal, but also leads to higher electrical transmission rate and improved stability, all of which have a number of advantages.
More ECL aptasensors containing MXenes for various clinical indicators can be built using similar ideas. Similar approaches can be
employed to fabricate more ECL aptasensors with MXenes for various other clinical biomarkers.

Colorimetric sensing is typically performed using specific types of visualizing reagents that undergoes color transformation in the
presence of target biomolecules. The UV-vis spectrum can be used to accurately and easily measure the color change [265]. Intrinsic
peroxidase activity has been found in TizCy NSs. The negative charge of single-stranded DNA may easily be adsorbed onto TizCa NSs,
increasing their enzymatic catalytic activity. The surface of Ti3Co NSs can be altered with ssDNA aptamers to generate a Ti3Co@ssDNA
nanocomplex. The catalytic activity of this nanocomplex has been greatly increased. Once the analyte is added, the aptamers are
desorbed from Ti3Cy NSs in order to bind to the target, causing a reduction in enzymatic activity [252]. The increased target con-
centration brings down the catalytic activity of Ti3Co NSs towards substrate oxidation, allowing for direct determination of the target.
ssDNA has a dual function of identifying biomolecules and enhancing enzymatic activity. This simple sensing concept can also be used
to identify different analytes (small molecules, metal ions, and pathogens, etc.) [200]. The results indicate that in future, various
MXene-based colorimetric aptasensors might be developed based on the enzyme-like catalytic activity of TigCy NSs in combination
with a particular target identification ability of aptamers.

MXene NSs provide an appropriate microenvironment for Raman tags, making them an attractive substrate for SERS. The potential
SERS substrates can act as useful materials for supersensitive target identification [252]. Two SERS based aptasensors for OTA and
AFB1 detection based on MXene-based nanocomposites have recently been reported by Zheng et al., [187] and Wu et al., [185]
respectively (Table 1). According to the findings, MXene-based materials have a wide range of applications in optical biosensing and
aptasensing, and the principle can be applied to develop more relevant SERS aptasensors based on MXenes. Furthermore, because
MXene has characteristics similar to graphene, various graphene-based SERS aptasensors, can be transformed to develop MXene based
SERS aptasensors [262].

The Surface Plasmon Resonance (SPR) signal is considered a highly sensitive assay for detecting variations in the environment that
has been widely used in sensing technology [266-268]. When collective electron oscillations are linked to electromagnetic waves, the
surface plasmon wave propagates and exponentially decays along the metal-dielectric interface, resulting in SPR based on Kretsch-
mann configuration phenomena. The SPR response is employed in biosensors to indicate the presence of a chemical reaction or
biological event [25,269]. The SPR biosensor could be made as a chip involving layer-by-layer stacking of nanostructures on a sub-
strate, with each monolayer of 2D material created via chemical vapor deposition [270]. MXenes have a strong attraction for bio-
molecules due to the characteristic abundance of hydroxyl and/or oxygen functional groups and full metal atomic layers, forming the
SPR bio-interface [252]. Chen et al. recently devised the only SPR aptasensor with a few-layer TigC, MXene coatings on the surface of
metal thin films to improve sensitivity [242] (refer to Section 4.3 for details). Ti3C2Tx MXene’s band gap-adjustable performance was
relative to the increased number of functional groups on its surface [271,272]. Despite these benefits, just one article was recently
published on MXene-based SPR aptasensors [242], which might open new prospects for the advancement of other MXene-based SPR
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aptasensors in the future.

6. Challenges and future perspectives

MXene-based aptasensors appear to be very useful since their detection sensitivity ranges from picomolar to femtomolar, which is
much higher than that of traditional approaches like spectroscopy and chromatography. Despite these advancements, MXene-based
aptasensors are still in their infancy in comparison to most of the other biosensing techniques. Nevertheless, aptasensors based on
MXenes could be useful in the future for a wide range of applications once certain challenges are addressed.

II.

IIL.

Iv.

VL

VIL

. Aptamer’s shorter half-lives are a serious obstacle for the aptasensor industry. Further, the literature shows a lack of familiarity

with aptamer surface immobilization approaches and a scarcity of aptamer varieties.

The MXene aptasensors exhibit high sensitivity in the range of nanomolar to femtomolar concentration with low LOD, however
the signal transmission may vary due to quality of MXene and synthesis condition.

Practically, all MXene related aptasensors comprise molecular recognition components based on DNA aptamers. There seems to
be only one report using RNA aptamers in combination with MXenes [170], perhaps owing to their intrinsic instability and
expensive manufacture. RNA aptamers, on the other hand, have a stronger affinity for their targets in comparison to DNA
aptamers. Additionally, they exhibit a greater structural switching ability upon binding to their appropriate targets, allowing for
simpler and sensitive aptasensing techniques. More RNA aptamers might be used in the fabrication of MXene based aptasensors.
The real-world applications of MXene-based aptasensors, i.e., the identification or quantification of the target molecules in
complex environments and real samples, is significantly challenging such as drinking water, wastewater, serum, blood and food
samples inevitably comprise a mixture of ions, particles and macromolecules that might generate nonspecific signals during the
detection phase. As a result, research on aptasensors should investigate their detection limits in complex environments and
undiluted real samples. Generally, the majority of published results were obtained under favorable laboratory settings.

. Additional concerns involve the scalability of fabrication processes. The majority of aptasensor fabrication methods are opti-

mized for fast laboratory scale production and cannot be scaled up for mass production. For aptasensors to be marketed on a
large scale, fabrication techniques must be developed to construct massive supplies of aptasensors manufactured using inex-
pensive precursors and reliable specifications. This strategy is proposed for the commercialization of this kind of aptasensing
approaches to be successful.

The majority of MXene aptasensors are validated in the laboratory using buffers, whereas clinical detections imply complicated
samples with variable environmental factors, including pH value, which might result in massive drift in result recording. For
instance, the effect of pH on the breast cancer maker Mucinl detection using a ferrocene-labeled complementary DNA/MXene
aptasensor was calibrated prior to conducting real serum analysis [167]. Other variables, such as surface potential, environ-
mental temperature and so on, have been reported infrequently. As with other electrochemical devices, the deviation of MXene
aptasensors could be calibrated prior to practical target detection. Therefore, we predict that such MXene-based aptasensing
devices would evolve into an effective regular analysis system capable of addressing a range of challenges.

The use of MXenes in aptasensors is associated with various other challenges, e.g., MXene oxidation may affect the stability of
biosensors in humid and hot environments; non-uniform surface terminations could affect its proper functioning, and the
expensive MAX precursor may hinder the development of MXene aptasensors, etc. The described MXene-based aptasensors for
genuine foodborne pathogens and mycotoxins detection in food safety still have significant limitations which need to be
considered seriously.

Considering the challenges, we would like to provide several additional perspectives related to the future of MXene-based apta-
sensors in this section.

VIIL

IX.

At the atomic or molecular level, the interactions between various MXenes and ssDNA aptamers must be thoroughly explored.
Numerous investigations have demonstrated that the particular recognition of targets by aptamers coupled to MXenes released
only a fraction of the aptamers, and as such, the predominant sensing mechanism was based on the conformational shift of
aptamer molecules following target identification. Through molecular dynamics simulations, it is important to investigate the
molecular level interactions and conformational transitions of ssDNA upon binding to MXenes.

Portable MXene-based aptasensor devices with high sensitivity, low cost and rapid detection must be developed. Numerous
MXene-based aptasensors described in this review could serve as inspiration for achieving this goal. Simultaneously, the
portable electrochemical work station may also facilitate promising in situ analysis.

. It is imperative to analyze the nanotoxicity and biocompatibility of MXene-based aptasensor devices, particularly for in vivo

detection of target molecules in/on cells and biomedical sensing. Indeed, the choice of flexible MXene composites and engineer-
able surface terminations enables researchers to construct customizable MXenes with desired functionality. For example,
considering fluorine’s cytotoxicity, fluorine-free MXene Ti3Co Ty (generally terminated by —O or —~OH) is preferable to HF-etched
MXene when it comes to MXene-based in vivo detection or cell biosensors development. Despite that metallic MXene TigCyTy is
well-suited for use in traditional electrochemical bioassays, modifications to the precursors or etching method enable the
production of MXenes with the appropriate band structures to meet the excitation condition requirements. Additionally,
innovative MXene related nanocomposite aptasensors with intrinsic fluorescence emitting or quenching ability could also be
established in this framework, resulting in the feasibility of label-free sensing probes.
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XI. Developing novel, high affinity aptamers for diseases such as Alzheimer’s, Parkinson’s, diabetes, and many more may hold great
potential in early diagnostic applications for clinical samples. In this context, versatile MXene based aptasensors may find
commercial applications for the development of most desired point of care testing devices.

XII. The investigation of hetero-structures containing additional functional 2D NMs such as black phosphorus, transition metal
sulphides, oxides, and graphene may provide additional prospects for improved selectivity and sensitivity. MXene-based
nanohybrid composites with multifunctional properties are in high demand for optical bio-sensing recently.

XIII. Considerable attention is required to explore various emerging optical bio-sensing platforms such as ECL, SERS, colorimetric,
SPR and certain coupling approaches based on MXene QDs and NSs. Because Ti3CyTx has garnered considerable attention, its
stability needs to be improved, and it is suggested that various other MXenes must be investigated for the development of novel
aptasensors. Due to the electromagnetic interference shielding characteristics of MXenes, magnetic-field stimulus/activated
optical sensing platforms might also find significant applications in biological systems and biomedicine. Further research should
be conducted to understand the correlation between the optical properties of MXene and their composition or structure, along
with their edges. Computer-aided engineering of MXenes in relation to adjustable surface terminations, morphology, and
appropriate size, could be another approach to enhance our understanding of how to promote MXene development for their
sensing applications and optical features.

XIV. A more comprehensive understanding of aptamer immobilization strategies on various MXenes is required for multiplex sensing
of biomolecules in a cost-effective and facile setting, particularly for point-of-care diagnostics.

XV. The exceptional electrical and mechanical features of TizC2Tx MXene make it an excellent platform for wearable technology.
Wearable MXene-based biosensors are playing substantial roles in the continuous and non-invasive tracking of a wearer’s health
and physiology in the human body, including disease diagnostics and therapy. Aptasensors based on wearable technology have
also been commonly reported, e.g., wearable cortisol aptasensors [273]. Yet there is not even a single report describing the use
of MXene-based aptasensors in wearable technology for an unknown reason. MXene based wearable biosensors may be effi-
ciently converted into MXene-based aptasensors to broaden their potential application range.

XVI. Aptasensing with MXene is an emerging topic for which the majority of the research articles appeared in 2021 (22 reports).
Some new combinations, e.g., MXene-based microfluidic or M-EC [164] and LRET [245] aptasensors, clearly indicate that this
type of aptasensors are likely to become the most popular in the future.

XVII. Some MXenes other than TizCoTx or Ti3Cy, e.g., NboC [242] and NbsC3Tyx [246], have been recently used to construct MXene-
based aptasensors. It shows the growing interest of the scientific community towards exploring the benefits of a variety of
MXenes in aptasensing in the upcoming years. Although the aptasensors reported for food/water safety might be extended for
environmental monitoring, aptasensor with NbsC3Tx as a transducer [246] has recently started finding applications in envi-
ronmental monitoring to detect the traces of heavy metals in the environmental samples as well (first MXene based aptasensors
to detect Pb2™). It may necessitate large-scale commercialization in the future owing to its broad-ranging application potential.

Commercialization necessitates innovations to ensure that these approaches can be used on a regular basis. Continued advance-
ments in all these aptasensing strategies are conceivable by combining multiple approaches, hence overcoming the challenges of each
method mutually. Moreover, future efforts should be directed towards the construction of less sophisticated technologies that can be
easily utilized by non-professional individuals. The evaluation of representative MXene related aptasensors and future trends in this
area are anticipated to further explore MXene’s prospects for biomedical sensing advancements.

7. Conclusion

The current review summarized recent advances in the design and implementation of aptasensors based on MXene as a transducer.
MXene, a newly emerged 2D material, has advanced at a rapid pace in recent years, serving as an important transducer for the
fabrication of aptasensors. Since its discovery in 2011, MXene has captivated the interest of scientific community due to its unique
features, which include catalytic features, ease of functionalization, superior metallic conductivity, and layered morphology. MXenes
exhibit superior electrochemical properties than other 2-D NMs such as Mo,S and graphene, etc. Some of its features, such as the
existence of ample functional groups and good surface area are critical for developing improved biosensors integrating bio-receptors
such as aptamers. Therefore, the fabrication of an aptasensor made by conjugation of aptamers with MXenes results in an increased
sensitivity and selectivity. MXenes’ non-covalent interactions with single stranded DNA aptamers are considered to play a key role in
the development of high-performance MXene based aptasensors. It is obvious that single-stranded DNA aptamers have a higher affinity
for MXenes than either the aptamer-target complex or double-stranded DNA, providing an insight into the sensing mechanisms of the
majority of MXene-based aptasensors.

It was also found that Ti3C,Tx is the dominant MXene involved in the field of aptasensing. Titanium carbide QDs and NSs exhibit
remarkable optical and electrical characteristics that have been used in a variety of optical sensing devices. Additionally, by employing
desired surface functionalization and engineering strategies, it is possible to synthesize MXenes with desired features, that might
expand their optical uses beyond colorimetric, ECL, photo-thermal, fluorescence, PEC, SERS and SPR based aptasensing. The strategies
described in this review encompass almost all the diverse approaches for fabricating MXene-based aptasensors, which may help
readers comprehend new sensing methodologies and develop improved MXene-based aptasensors in healthcare testing applications.
This review also summarizes the applications of various electrochemical aptasensors based on MXenes for the detection of numerous
target anlytes. Although considerable efforts have focused on constructing and implementing optical aptasensing strategies based on
MXenes, the investigations are comparatively scarce compared to electrochemical aptasensors. While a small number of reports
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focused on MQDs and NSs as fluorescence technologies, alternative optical sensing methods such as SERS, colorimetric, PEC and SPR
appear to be uncommon (each type has only one or two reports). The fundamental performance related parameters of the aptasensor,
such as the LOD, linear working range, and reproducibility of results, are described adequately.

Current research demonstrating the use of innovative MXene nanomaterials in combination with aptamers tailored to identify a
variety of targets of biological significance has opened up new opportunities in the food industry and healthcare. The situation has
improved significantly over the current year, and recent breakthroughs in the field of MXene aptasensing well surpass the limitations
outlined previously. While the majority of these aptasensors are still in the initial phase of development, attempts are being made to
commercialize these devices in the future. Due to the increased interest and unwavering efforts from both the scientific and industrial
communities, the existing constraints of MXene-based aptasensors are projected to be overcome shortly.
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