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ARTICLE INFO ABSTRACT

Keywords: Carcinoembryonic antigen (CEA), as one of the common tumor markers, is a human glycoprotein involved in cell
Aptamer adhesion and is expressed during human fetal development. Since the birth of human, CEA expression is largely
Biosensor

inhibited, with only low levels in the plasma of healthy adults. Generally, CEA will overexpressed in many
cancers, including gastric, breast, ovarian, lung, and pancreatic cancers, especially colorectal cancer. As one of
the important tumor markers, the detection of CEA has great significance in differential diagnosis, condition
monitoring and therapeutic evaluation of diseases. Conventional CEA testing typically uses immunoassay
methods. However, immunoassay methods require complex and expensive instruments and professional per-
sonnel to operate. Moreover, radioactive element may cause certain damage to the human body, which limits
their wide application. In the past few years, biosensors, especially aptamer-based biosensors, have attracted
extensive attention due to their high sensitivity, good selectivity, high accuracy, fast response and low cost. This
review briefly classifies and describes the advance in optical and electrochemical aptamer biosensors for CEA

Carcinoembryonic antigen
Tumor marker
Nanoparticle

detection, also explains and compares their advantages and disadvantages.

1. Introduction

Tumor markers have great practical value in tumor screening, di-
agnosis and efficacy evaluation [1-4]. Tumor markers are considered to
be substances that can be attributed to the development of normal cells
or carcinogenesis at different stages of cell development [5]. It is most
commonly proteins and sugar lipids, but also includes DNA, RNA and
microRNA (miRNA) [6-9]. Since its first description in 1965, carci-
noembryonic antigen (CEA) is the most thoroughly studied tumor
marker [10].

CEA is a human glycoprotein that is involved in cell adhesion and
expressed during human fetal development. It is produced by normal
fetal intestinal tissue and epithelial tumors, and its serum level can also
be increased in non-malignant diseases such as inflammatory bowel
disease [11,12]. Following birth, CEA expression has been largely in-
hibited, with very low plasma CEA levels in healthy adults [13].
However, CEA is abnormally expressed in many human cancers, such as
gastric cancer, breast cancer, ovarian cancer, lung cancer, and pan-
creatic cancer, especially colorectal cancer (CRC) [10,14,15]. It is
abundantly expressed in approximately 95% of CRC, and some studies
have extensively demonstrated the association between serum CEA (s-
CEA) levels and CRC [16]. So, detecting CEA has great significance in
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differential diagnosis, condition monitoring and therapeutic evaluation
of diseases [17-20]. In recent years, sensor analysis and detection of
CEA has attracted widespread attention.

Most of reported medical practices for CEA detection was based on
immunoassay techniques, including enzyme-linked immunosorbent
assays (ELISAs) [21,22], electrochemical immunoassays [23], radio-
immunoassay (RIA) and immunoradiometric assay (IRMA) [24],
fluorescence immunoassay [25] etc.. Although immunoassay has good
selectivity, most developed immunoassays rely on specific markers,
such as fluorescent molecules, radioactive elements or enzymes, in
order to translate the binding information of antigen-antibody pairs
into readable signals [26]. In addition, immunoassay methods require
complex and expensive instruments that require professional operating,
and radioactive elements can cause damage to body, thus limiting its
wide application [27-29]. Therefore, developing rapid, high-sensi-
tivity, high-selectivity, cost-effective methods for detecting CEA is cri-
tical for the detection of human diseases.

With the development of biosensor technology, biosensor has at-
tracted great attention as a tool for analysis and diagnosis. It is an
evolving field that meets the needs of people for fast, simple, selective
and low-cost analysis. Biosensor is a three-part analysis device: a bio-
sensing (or biorecognition) component, a transducer, and a signal
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processing unit [30,31]. A key part of the biosensor is the transducer,
which takes advantage of the physicochemical changes that accompany
the reaction [31]. Biosensors can be divided into electrochemical, op-
tical, piezoelectric, magnetoelectric, etc. By their signal transduction
methods [32,33]. Optical and electrochemical biosensors are two
widely used biosensing platforms [34,35].

In the last few decades of research, aptamer-based biosensors have
been applied to CEA detection due to their good sensitivity and se-
lectivity, high accuracy, fast response, and low cost [36-38]. An ap-
tamer is a single-stranded RNA or DNA molecule selected in vitro from
the nucleic acid molecular library by systematic evolution of ligands by
exponential enrichment (SELEX) to specifically combine targets with
high affinity (nucleic acids, small molecules, proteins, etc.) [39-41]. It
can be considered functional analogs of antibodies and has a wide range
of charge and structure combinations for a wide variety of biomedical,
diagnostic, in vitro or in vivo biological imagings and therapeutic ap-
plications [42]. Due to the limitations of immunosensors, they are not
suitable for a wide range of applications in detection. For example,
some very small molecules cannot react and antibodies are unstable in
extreme environments. The aptamer is flexible, repeatable, easy to fix
and regenerate, no difference between batches, which has been widely
used in the sensor field [43-48]. Since aptamers exhibited many ben-
eficial aspects, aptamer-based biosensor systems have been developed
to date for analysis of various classes of detectors.

This review summarizes the application of aptamers in CEA bio-
sensors, and provides a detailed introduction in two aspects: aptamer-
based optical biosensors and aptamer-based electrochemical biosensors.

2. Aptamer-based optical CEA biosensor

To date, optical biosensors are used in food safety, life sciences,
environmental monitoring and medical testing, and have made great
progress [49-51]. Optical biosensor includes transducers that can
capture signals generated by the interactions of biometric element with
target analyte and convert them into optical signals [52,53]. It is widely
used in CEA biosensors due to its high specificity and sensitivity, direct
and rapid quantification, easy miniaturization, and label-free detection
[52,54]. This section highlights optical biosensor platforms that have
been widely used to date, such as colorimetric, surface plasmon re-
sonance, fluorescence, chemiluminescence and electro-
chemiluminescence biosensors. Table 1 summarizes the studies of op-
tical biosensors used to determine CEA.

2.1. Colorimetric-based CEA aptamer biosensor

In aptamer-based optical technology, colorimetry has attracted
great attention due to its low readout cost and visual inspection cap-
abilities. The colorimetric biosensor is label-free which can be quickly
observed color changes through the naked eye [77,78]. Colorimetric
aptamer sensors mainly contain gold nanoparticles (AuNPs) sensors and
HRP-mimicking DNAzyme sensors [79]. Due to their simple operation
and portability without other measuring devices, it has the potential of
commercial detection.

Gold nanoparticles (AuNPs) have many attractive properties, in-
cluding unique optical properties and high molar extinction coeffi-
cients, which makes them sensitive probes for detecting biological
analytes [80,81]. AuNPs are commonly used as colorimetric indicators
owing to their strong distance-dependent optical properties [82].
However, colorimetric biosensor based on AuNPs still has some lim-
itations. AuNPs have a tendency to non-specific aggregation in complex
biological fluids. And the colorimetric biosensor requires AuNPs to have
a uniform size and shape [78]. These problems require scholars to
consider and explore in sensor design. Luo et al. developed a colori-
metric biosensor for CEA detection based on a salt-induced aggregation
of AuNPs and conformational changes in CEA single-stranded DNA
aptamers. AuNPs were not stable in high concentrations of sodium
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chloride and aggregates, causing a color change from red to blue. A
sensitive linear range and detection limit for CEA was received via
adjusting the addition of the aptamer and NaCl, which were helpful and
convenient to meet different detection needs. This method had a linear
range between the CEA concentrations of 0-120 ng mL~* with the limit
of detection (LOD) 3 ng mL~?! [55].

Shahbazi et al. designed a simple colorimetric aptamer biosensor
based on two unlabeled oligonucleotides, including CEA aptamer and
split peroxidase-mimicking DNAzyme. In the absence of CEA, DNAzyme
interacted with the aptamer, and there was no restriction on the for-
mation of G-quadruplex, which could efficiently catalyzed H,O»-
mediated oxidation of 2, 2-azino-bis (3-ethylbenzothiazoline-6-sulfo-
nicacid) diammonium salt (ABTS) with an output signal of colorimetric.
Control experiments had shown that other existing proteins did not
interfere with CEA signals. In addition, the aptamer biosensor in this
strategy could detect CEA in saliva [57]. It is worth noting that the
oxidation product of ABTS is unstable and rapidly decomposes into
colorless in an aqueous medium. This problem needs to be solved [79].

2.2. Surface plasmon resonance-based CEA aptamer biosensor

Surface plasmon resonance (SPR) biosensor is attractive for bio-
sensing applications because of the high sensitivity of the resulting
evanescent field to local refractive index (RI) changes. SPR was first
successfully used to build SPR-based biosensors to detect interactions of
biomolecular in 1983 [83]. SPR is a strong electron-electron oscillation
that can occur at the metal/dielectric interface [84]. This technology
has attracted widespread attention due to its label-free, high selectivity,
direct and real-time detection [85,86]. Because it is extremely sensitive
to the refractive index of materials near the thin metal film, it is pos-
sible to detect the combination of biochemical molecules with high
sensitivity on the surface in real time [87-89]. Direct detection of SPR is
only applicable to analyte detection with molecular weights greater
than 5000 Da, which is difficult to detect for low molecular weight
analytes, but it can be improved by competitive and sandwich analysis
[90]. At present, SPR has been widely used in the field of cancer de-
tection [91,92]. Guo et al. reported a novel bifunctional electro-
chemical and SPR biosensor based on metal-organic framework (MOF)
nanocomposites (Fig. 1). The composite material was embedded in a
zirconium metal-organic framework (Zr-MOF, UiO-66) of silver na-
noclusters (AgNCs) (AgNCs @ Apt @ UIO-66) using aptamers as tem-
plates. The synthesized AgNCs @ Apt @ UiO-66 had well biocompat-
ibility and bioaffinity, and it was used as scaffold of SPR and
electrochemical, which shown good selectivity, excellent stability and
wide applicability in real human serum samples. This sensor showed a
little higher LOD of 0.3 ng mL ™! at a concentration of 1.0-250 ng mL ™!
[58].

2.3. Fluorescence-based CEA aptamer biosensor

Fluorescence is one of the most commonly used methods for optical
sensors with versatility, simplicity, sensitivity, multi-analyte detection,
non-destructive and reproducible [93,94]. By combining fluorescence
technology into the sensing probe, the biometric process is converted to
an optical signal because many targets and biosensing elements have no
inherent spectral features [95]. Using fluorescence technology and
aptamers, various aptamer-based fluorescence methods have been de-
veloped for CEA detection. According to the type of signal output, the
design of fluorescent biosensor is mainly divided into two categories:
turn-on and turn-off [96,97]. Turn-on and turn-off represent the en-
hancement and attenuation of the fluorescent signal, respectively.
Signal changes can reflect the degree of the combining process, per-
mitting quantitative measurement of analyte concentration.

2.3.1. Turn-off type of CEA biosensor
In the turn-off type, the binding of analyte to the aptamer results in



Talanta 214 (2020) 120716

SNV
[9z1 {_Tw3dgoo _TwBugrol Tw3dro VNAss sdd - puesdN " O £ad-dd aponda[a rejodiq paseq-raded
[s2] 1 Tw 8d g'¢ 1 Tw 3u 0°01-10°0 VNQss sdd - dNNV pue ¥9-SpD uonesyndure feuds
[y£]  _Tw 8u 100 1Tt 3u 0Z-50°0 VNass sdd - € SON/SPJ-SuZ T0d 933-[9qeT
[e£] TwdyzeT - Tw 3d 05-500°0 VNAss sdd - sdNmV- % OIS @ Ny TOH PIJURYUS-9IBJMNG  (TDH) SOUSDSIUIWN[ILIYI0NISH
owre)de urway
[8€] - Tur 3u 850 +_Tw 8u 00Z-0 -1yur-1owelde VaD sdd - - J1osussejde-[enp auo-ur-[[y
wR)SAS UOTII)P
[2/] 1_Tw 3d g 1 Tw 38U $G°9-4590°0 VNAss-d¥H sdd - 09 (TD-AD) dduddsauUIN[TWAY-sIsar0ydon1dard Arefjiden (TD) 9OUIDSIUIWNTWAYD
VNd Iagnq 019/66€
[12] poTwddgT | _Tuwduger oy, Tuwidor armonas doo[-wa)s M/SIN/s1a], INIAN - IaNem YN( MeWS
019/66€
0] 1-Tw 8d €0 - Tw 3u g-100°0 VNAsp [DH-SHL ININN - £8s1ens uonEdYIdWe PIOE JE[INU SPEISEd Y
061 (vOI10S) uoneoyrdure dneipenb [eurrayjost pajerpaur
[69] (~Twdyggz | _Tw8u (g 0} ,_TwW 3j 05 VNass urdirey [DH-SUL  /08F WVH 09 -opnoapnuogo J3ulg
€£GS/EPS Surdewr pue
[891] AU 290 AU 002-0'T VNAss [DH-SHL %) 0D  uondaIap paxardnnur 10 9qoidouru JUIISIION]J JO[0I-INOJ Y
1€L pue
06S/59¢ SSN
[£9] 1T 8y £°0 - Tw 8d 01-100°0 VNQass Sdd  NSI-LPD SO Pue NSIN-2LPD  (FI) 19959 191y [PUI9UI pue LHY JO S109H9 PauIquiod oYL,
€9/~
[99] (~Tuddg 1Tt 8u 6°2T-LST0 - VNAss a0 sdd SUZ/3SpD 0D pue Suz/3spD 2D 4q sq0 pafpqe| Bweide pue OH Jo UONRUIGUIOD AL
081/086
[s9] (-Tw 8d g0 1-Tw 3d 0012 VNQSs sddn IDH-SHL sdon SdNPd PUe SdDN  (SANPd) senredoueu wmipered pue sgon UsdMISq LTdd
00S/086 (0D) ap1xo suayderd
[¥9] - Ta 38d 6L - Tax 3u 9-€0°0 VNAss SANDN SdddH dNON 0D pue dNDN pue (sdNDN) sa[ontedoueu uoisiaAuoddn usomiaq 1A
0vy/08¢
[9] - (- Tw 3u O1-1°0 VNAsP SHdEH 0dd  SANWY pue s10p Odd LHdd paseq jutod rowikjod
— \ —_
[29] | Tw Bu9rEQ 1 Tw 3u 00T-4"0 VNQss sdd Nid - ampadoid ,19919p-pue-XIAL,
Obv/L9€ som(
[19] oTwdugo _udwgoy  Tuw3du | VNass sad [ei) a 0JRWO0)} YIIM S}OP UOQIED JUIISIION[J-dN[q Y} IZISAYIUAS
0vS/ELY
[09] LT 8dg¢ - 3u 1-10°0 VNAss 197em pagund SONSVY ANNY pue sHN3y (4HAS) 99UI2S2I0N[J PIDURYUS-IIBJING
0S5/59¢
[6s] 1w 8d 29 1_Tw 3u 0Z-50°0 VNAsp sdd  9SpD/21pPD 9SPD/31pPD UOTIIRIIP DIUIISIION[J [BNSIA 90uddsION]]
99-0INn
[8<] - Tur 8u €0 1T 8u 05Z-0'1 VNass sdd - ® 14V ® SON3V ¥dS - 99-0IN @ 14V ® SONSV uds
[£5] Lo Tw 3u T - Tu 8u 0G-T VNAss I, - - A8ayens reando a91j-[9qeT
[9¢] nwdg Wd 00S-S VNAss IDH-SIL, - SANNY (VD¥H) uoneoyrdure s 3urfjor paydueiqradAy
[ss] (- Tur 8u g - Tw 3u 0Z1-0 VNass sdad - SANDY uonesdaidde sgNNY padnpur-jes JL1_AWILIO[0D)
()
I9JJNq UOT}dlp wy/oxq
pEY| ao1 a8uex reaury Jnow uontudoday BONIEN ‘rouoq [eLIR]eWOURN £3a1ens Aessy POwIBIN

W. Xiang, et al.

.EO««ME_EHMuQU YdD .HO..w mMOmEUmo_Q MQENHQN .—NUEQO
1 9IqeL



W. Xiang, et al.

(i) Preparation
of Ui0-66

—————3
120°C,24 h

7rCl, dp

F .
i "'3" Ui0-66

Talanta 214 (2020) 120716

(ii) Preparation of
AgNCs@Apt@UiO-66

)

Aptamer/Ag" NaBH,

AgNCs@Apt@Ui0-66

(@)

=

>
——

Fig. 1. Schematic diagram of CEA aptamer sensor using SPR technique based on the AgNCs@Apt@UiO-66 nanocomposite. Reprinted with permission from Ref. [58].

Copyright 2017 American Chemical Society.

a change in the structural conformation, causing the quencher to be in
intimate contact with the fluorophore, thereby reducing fluorescence.
The most important consideration in such scheme is the degree to
which conformational changes of aptamers affect the distance between
the quencher and fluorophore in the presence of targets [98]. Although
biosensors based on turn-off type are generally not as sensitive as
sensors based on the turn-on type, they can sometimes result in better
targets detection by low-affinity aptamers. Importantly, simpler designs
with fewer steps are required to “turn-off” biosensor that is both con-
venient and low-cost [99]. For example, Qiu et al. proposed an in-
tegrated paper-based analytical device (PAD) for visible fluorescence of

CdTe/CdSe QD

CEA detection with CdTe/CdSe quantum dot (QD)-enzyme-im-
pregnated paper (Fig. 2). Upon introduction of the CEA target in the
detection cells, the target reacted specifically with an aptamer im-
mobilized on a mesoporous silica nanocontainers (MSN), which opened
the pore and resulted in glucose release. The immobilized glucose
oxidase (GOD) oxidized the released glucose on paper to generate
gluconic acid and hydrogen peroxide, which quenched the fluorescence
of CdTe/CdSe QD [59]. However, the sensitivity of this method was
relatively low due to the lack of enzyme amplification. Interestingly,
based on complementary DNA hybridization, Yang et al. used AuNP to
strengthen the fluorescence intensity of silver nanoclusters (AgNCs),

Fig. 2. A schematic diagram of a visually fluorescent integrated paper based analysis device (PAD) for CEA detection by coupling with a bioresponsive controlled-
release system from DNA-gated mesoporous silica nanocontainers (MSNs). Reprinted with permission from Ref. [59]. Copyright 2017 American Chemical Society.
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’ ‘ AgNCs modified DNA

S.CCCCCOCCCCCCAATTGAAT-Y
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Fig. 3. A schematic diagram of CEA detection based on Surface-enhanced fluorescence (SEF): (A) schematic illustration of SEF occurring. (B) schematic illustration of

the creative strategy for assaying CEA. Reprinted with permission from Ref. [60].

and successfully established a surface enhanced fluorescence (SEF)
system to detect CEA (Fig. 3). AgNCs provided the original fluorescent
signal, and DNA-modified AuNP was also used as a fluorescence en-
hancer. This method, which combined of nanoparticles and na-
noclusters by virtue of aptamer, supplied a worthy model for sensitive
detection of other trace targets in bioanalytical fields. The linear range
was from 0.01 ng mL ™! to 1 ng mL ™! and LOD was down to 3 pg mL ™!
[60].

2.3.2. Turn-on type of CEA biosensor

In general, fluorescence quenching, compared with the fluorescence
opening method, caused an erroneous signal by accidental quenching of
interfering substances. Therefore, turn-on type biosensors had the ad-
vantage of being easy to detect low concentration analytes and reducing
false positive signals. Recently, Bao et al. designed a label-free bio-
sensor using polyfluorene-based cationic conjugated polyelectrolytes
(PFN*) for the detection of two tumor markers (CEA and AFP). The
aptamer effectively quenched the fluorescence of PFN* by forming a
PFN*-DNA complex. Aptamers formed a tighter and folded formation
through specific protein-aptamer interactions, causing increased fluor-
escence intensity of PEN* when CEA presented. In addition, the sensor
could quickly detect the target protein within 5 min without the need
for complicated processing procedures and expensive instruments [62].

There are many methods for detecting CEA for turn-on type, which
is mainly divided into two aspects: one is based on fluorescence re-
sonance energy transfer (FRET), and the other is signal amplification
technology.

2.3.2.1. FRET-based CEA biosensor. When fluorescence spectra of the
donor molecules overlapped with the excitation spectra of receptor
molecules, excitation of the donor fluorescent molecule induced
fluorescence of the receptor molecule while the fluorescence intensity
was decreased for the donor fluorescent molecule. This phenomenon is
FRET. The extent of FRET is related to the distance between the donor
and receptor molecules, which was typically 7-10 nm [100,101]. Xu
et al. designed a four-color fluorescent nanoprobe for multiplex
determination and imaging of tumor-related proteins in living cells.
This was the first example of the coinstantaneous imaging of four
intracellular protein biomarkers via nanoprobes. The fluorescence
intensity was linear with CEA concentration from 1.0 nM to 200 nM,
and the CEA detection limit was 0.62 nM [63]. However, traditional
organic dyes have limitations such as narrow absorption, wide emission
and photobleaching and the appearance of nanomaterials with
fluorescent emission function solves these problems well [102-104].
The distinguishing feature of upconversion nanoparticles (UCNP) is
the emission of shorter wave luminescence in near-infrared (NIR) ra-
diation (anti-Stokes emission), where the inherent bioluminescent
fluorophore cannot be excited and has no light scattering background
[105-107]. Due to its near-infrared excitation and visible emission
properties, the appearance of lanthanide-doped UCNP successfully de-
creased the background interference and significantly improved the
signal-to-noise ratio [108,109]. Wang et al. reported a FRET aptamer
biosensor using UCNP and graphene oxide (GO) for determination of
CEA [64]. Similarly, the aptamer was modified with upconverting na-
noparticles, but li et al. used palladium nanoparticles (PdANPs) as the
quenching agent to construct the FRET system (Fig. 4). The interaction
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Fig. 4. Schematic diagram of FRET between UCP and palladium nanoparticles (PdNPs). Reprinted with permission from Ref. [65].

between suitable CEA and nitrogen functional groups of PANPs brought
the UCNP and PdNPs close together, resulting in a fluorescence
quenching of 85% [65]. However, related studies have shown that
water has a strong light absorption at 980 nm, resulting in a heating
effect. This will cause 99% of the UC luminescence signal to be quen-
ched due to non-radiative relaxation of the sensitizer and activator ions.
This should be considered in the preparation of biosensors [105,110].

Quantum dots (QDs) are common fluorescence molecules that are
generally used as fluorescent labeling for aptamers due to their
broadband light absorption, low toxicity, resistance against photo-
bleaching and strong photoluminescence emission [111,112]. Zhou
et al. proposed a CEA content analysis strategy based on the combi-
nation of capillary electrophoresis (CE) and aptamer-labeled QD
(Fig. 5). Combined with CE, the aptamer biosensor had advantages in
dosage of samples and efficiency of separation was high. In this de-
tection method, the fluorescence intensity had a linear relationship
with CEA concentration from 0.257 to 12.9 ng mL™'. Based on S/
N = 3, the detection limit was approximately 5 pg mL~' [66]. It is
worth noting that the main problem of QDs is that the presence of
cadmium in the core which has a certain toxicity, but this can be solved
with an additional silicon shell coating [113].

Recently, another new type of fluorescent nanomaterial, polymer
dots, has attracted wide attention due to the strong fluorescence
emission caused by abundant p-electrons. Lin et al. introduced polymer
dots into FRET-based biosensors to analyze specific proteins, while
AuNPs were used as effective quenchers. CEA was quantitatively de-
tected by changes in fluorescence intensity. There was a good linear
range of CEA between 0.1 and 10 ng mL~! [68].

2.3.2.2. Nucleic acid amplification technologies-based CEA biosensor. In
order to improve sensitivity and enhance signal readout, signal
amplification strategy that is based on nucleic acid amplification has
been investigated and applied to CEA detection. Its purpose is to
improve the performance of biosensors, resulting in higher sensitivity

and a wider detection range. As a conventional amplification technique,
although PCR has been widely used in various fields, the requirements
of thermal cyclers have largely limited the use of PCR in resource-
constrained environments and real-time measurements [114-116]. The
development of isothermal amplification technology effectively avoids
the shortcomings of PCR and enables amplification of targets at a
constant temperature in a fast, simple and efficient manner, which is a
promising alternative to PCR [117,118]. Xu et al. constructed a single
oligonucleotide-mediated isothermal quadratic amplification (SOIQA)
technology for FRET-based fluorescent aptamer biosensors. (Fig. 6).
CEA bound to the aptamer and unfolded the aptamer hairpin probe
labeled fluorophore to build a new DNA hairpin, resulting in catalytic
recycling of the CEA and DNA sequence to carry out SOIQA. The large
number of fluorophore-labeled single nucleotides produced by SOIQA
were not adsorbed on GO, leading to a marked increase in the
fluorescence intensity of target molecule amplification. This assay
provided a low detection limit of 28.5 fg mL™' for CEA
concentration, ranging from 50 fg mL~! to 50 ng mL™ ', with good
specificity and a wide detection range of 6 orders of magnitude [69].

2.4. Chemiluminescence-based CEA aptamer biosensor

Chemiluminescence (CL) is an optical strategy that refers to the
luminescence energy produced by a chemical reaction without using
external light sources or optics. Compared to the fluorescence and other
optical techniques, CL does not require an external light source and
optical filters, avoiding the influence of stray light and the instability of
light source [119-121]. In addition, the lifetime of the CL luminescent
material is much longer than the fluorescent material [122]. However,
due to the small CL reaction system and poor selectivity, the application
of CL is limited. So it is often associated with separation technology to
make up for its shortcomings. Zhou et al. designed a novel CEA de-
termination method based on aptamer/graphene oxide (Apt/GO)
combined with capillary electrophoresis-chemiluminescent (CE-CL).
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Fig. 5. Schematic diagram of CE combined with GO and aptamer-labeled QD for CEA detection. Reprinted with permission from Ref. [66].

When CEA existed, HRP-Apt-CEA complex was formed by HRP-Apt and
CEA, leaving from GO, and then the CL signal catalyzed by this complex
could be detected without any chemiluminescence resonance energy
transfer (CRET). CL intensity was linear with the CEA concentration,
ranging from 0.0654 to 6.54 ng mL~' with a detection limit of ap-
proximately 4.8 pg mL~! [72]. In another study, Khang et al. used a
dual DNA aptamer (CEA aptamer combined with hemin aptamer) to
develop a dual aptamer biosensor based on 1,1%-oxalyldiimidazole
(ODI) CL detection. The detection of all-in-one aptamer biosensor can
be completed in a short single incubation time without the need for
time-consuming washing operations, thereby eliminating the waste and
interference required by conventional ELISA [38].

2.5. Electrochemiluminescence-based CEA aptamer biosensor

Electrogenerated chemiluminescence (ECL) is the light produced by
an electron transfer reaction between electrochemically generated re-
agents [123]. ECL combines the characteristics of electrochemical
controllability and low chemiluminescence background and has ad-
vantage of cost-effective, simple optical setup and fast measurement,
considering as a powerful analytical technique produced by electro-
chemical reactions [124,125]. Wang et al. designed a surface enhanced
ECL (SEECL) biosensor for ultra-sensitive detection of target in human
serum (Fig. 7). Researchers used Ru (bpy)s>* doped SiO, nanoparticles
(Ru@SiO,) as ECL luminophores, and AuNPs acted as surface en-
hancement sources for ECL signal amplification. In the presence of CEA,
Ru@SiO, and AuNP formed a network of nanostructures, which

increased the ECL intensity by 30 times [73]. In another study, Wang
et al. used ZnS-CdS nanoparticle (NP) modified molybdenum disulfide
(MoS,) nanocomposite electrodes as a sensing system and aptamers as
identification molecules to prepare a sensitive ECL biosensor for CEA
determination. The layered MoS, modified on the electrode greatly
increased the surface area of the sensing interface, which largely in-
creased the loading number of ZnS-CdS, generating more ECL signals.
This strategy had a good application prospect and was successfully
applied to the detection of CEA in human serum with a recovery rate of
80-111% [74].

3. Aptamer-based electrochemical CEA biosensor

Electrochemical biosensors are based on selective interactions be-
tween a target compound and a recognition element (enzyme, antibody,
DNA/RNA, tissue or other biomolecules) to generate an electrical signal
proportional to the concentration of the analyte compound. A typical
electrochemical biosensor consists of three parts: working, reference and
auxiliary electrodes [126,127]. A series of electrochemical techniques
have been applied to biosensing applications, including impedimetric,
amperometric, voltammetric, potentiometric, etc. [127-129].

One of the key advantages of electrochemical transduction com-
pared to fluorescence analysis is that it does not contain labels and the
conversion phenomenon is simple. Cheap electrodes can be integrated
with simple electronic devices for fast detections in a compact, easy-to-
use portable system. In general, electrochemical biosensors offer ad-
vantages such as high specificity of their biometric processes, low
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background noise, and better signal to noise ratio [127,130]. However,
the main problem limiting the development of electrochemical sensor is
the detection limit which is much higher than the polymerase chain
reaction (PCR) or fluorescence measurement [131]. In addition, there
are some issues for electrochemical methods that deserve researchers'
attention, such as reproducibility of preparations, difficulty in re-
generating sensing surfaces, and often indirect sensing systems [132].

This chapter introduces electrochemical aptamer biosensors for
CEA, such as electrochemical impedance spectroscopy (EIS), ampero-
metric, voltammetric, potentiometric, and photoelectrochemical (PEC)
biosensor. Table 2 summarizes the published researchs on the devel-
opment of electrochemical biosensors for CEA detection.

3.1. EIS-based CEA aptamer biosensor

EIS biosensor measures the change in the electrical impedance
spectrum produced by the interaction between the analyte and the re-
ceptor. The region for receptor fixation is mainly on the surface of the
electrode or in the gap between the electrodes. And it can measure
changes in electrical properties caused by interactions between apta-
mers and analytes [151,152]. EIS is not only an effective method for
characterizing functionalized substrates of biomolecules, but also a
sensitive technique for monitoring aptamer-ligand binding that occurs
on the surface of electrodes. An important advantage of EIS biosensors
is that the stimulus sinusoidal voltage is small and does not damage or
interfere with most biorecognition layers [153]. Owing to its large
amount of information, nondestructive, simple, and unmarked, EIS
biosensor platform has received considerable attention and wide ap-
plication [49,154,155]. Zhou et al. proposed a sensitive electrochemical
impedimetric aptamer biosensor for CEA detection based on glucose
oxidase (GOx)-driven cascade catalyzed amplification, using Pt nano-
particles, aptamers, hemin, and GOx constitutes a functionalized Cu-
based metal-organic (Pt @ CuMOFs-hGq-GOx) (Fig. 8). Pt @ CuMOFs
and hemin/G-quadruplex (hGq) synergistically catalyzed the decom-
position of H,O, produced by the cascade reaction. It was accompanied
by oxidizing the 3,3-diaminobenzidine (DAB) and forming a non-con-
ductive insoluble precipitate (IP). It resulted in a remarkable in-
creasement in the electrochemical impedance signal. The LOD of this
biosensor was 0.023 pg mL~' with the range of 0.05 pg mL ~! to
20 ng mL~! [133]. Unfortunately, this technology is still not fully un-
derstood. By using EIS as a means of supporting voltamperance evi-
dence for electrochemical work, rather than the primary technique
[156].

3.2. Amperometric -based CEA aptamer biosensor

The amperometric biosensor gauges the magnitude of current gen-
erated by a constant reduction or oxidation potential applied to the
working electrode [157]. Therefore, amperometric biosensor is well
suited for detecting electroactive substances involved in chemical or
biometric processes [158]. Due to the inherent simplicity of the trans-
ducer, it is suitable for low-cost portable devices that often used for
disease diagnosis and environmental monitoring [128].

AuNPs have excellent electrical conductivity, high surface area, and
good catalytic properties, so they are ideal materials for preparing
electrochemical biosensors [159,160]. Shu et al. proposed a new elec-
trochemical aptamer biosensor based on signal amplification of AuNPs.
They used two different aptamers for CEA identification. Compared
with single aptamer, two different CEA aptamers produced better re-
cognition accuracy, resulting in a lower background signal and good
selectivity [135]. In another study, Wang et al. constructed an elec-
trochemical detection system based on aptamer-initiated on-particle
template-independent enzymatic polymerization (aptamer-OTEP)
(Fig. 9). The aptamer 1 connected to a gold electrode was used as a
capture probe, and aptamer 2 modified on the surface of gold nano-
particles was used as a nanoprobe. The capture probe and the
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nanoprobe formed a sandwich structure with CEA, causing the nanop-
robe being attached to the electrode surface. Thereafter, high-efficiency
amplification by terminal deoxynucleotidyl transferase (TdT) and
avidin modified horseradish peroxidase (Av-HRP) dramatically in-
creased the electrochemical signal [136].

3.3. Voltammetric-based CEA aptamer biosensor

The use of voltammetric sensors is of particular interest in electro-
chemical sensors. They use several different techniques including cyclic
voltammetry (CV), square wave voltammetry (SWV), differential pulse
voltammetry (DPV), etc. to detect low concentrations of tumor markers
with high sensitivity, high specificity, and good suitability [161,162].
The voltammetric biosensor can sense low correlation noise, which can
provide credible and repeatable data for quantification of analytes. This
data in higher sensitivity and specificity of the voltammetric biosensor.
In addition, voltammetric sensor can detect multiple analytes with
different peak potentials in a single electrochemical experiment (or
scan), thus providing the possibility to detect multiple substances si-
multaneously [36,137,140].

Mazloum-Ardakani et al. developed an aptamer biosensor based on
multi-walled carbon nanotubes, hemin and graphene nanosheets
(HGNs-MWCNTSs) for sensitive detection of CEA. The nanocomposite
could provide a comprehensive set of the main excellent properties of
three nanomaterials. Due to its well-defined redox properties, Hemin
was used as an in situ probe, providing a good interface between the
aptamers and the surface electrode. And multi-walled carbon nanotubes
in nanocomposites improved electrical conductivity and accelerated
electron transfer between hemin and glassy carbon electrodes. When
CEA was captured at the interface by CEA binding aptamers (CBA), the
signal of hemin was further reduced because of the thickening of
electron transfer. The concentration of CEA detected by the electro-
chemical aptamer biosensor with a wide linear range of
1.0 x 107 gmL™ ' to 1.0 x 1078 g mL™ %, and the detection limit
was 0.82 fg mL ™. This low-cost, high sensitivity and selectivity bio-
sensor could be a hopeful means for CEA detection in clinical applica-
tions [138].

In another study, Huang et al. proposed an electrochemical aptamer
biosensor using lead ion (Pb?*)-dependent DNAzyme-assisted signal
amplification and graphene quantum dot-ionic liquid-nafion (GQDs-IL-
NF) composite film for CEA electrochemical measurement (Fig. 10).
This was the first time that GQDs-IL-NF composite film had been pre-
pared on an electrode. When CEA presented, hairpin DNA recognized
CEA and triggered DNAzyme-assisted signal amplification reaction to
produce a large amount of single-stranded DNA which could adsorbed
on the GQDs-IL-NF modified GCE by a m-n stacking interaction. Thus,
The methylene blue-abeled substrate DNA (MB-substrate) is im-
mobilized on the electrode and generated a large initial electrochemical
signal [139].

Zhao et al. prepared shell-encoded AuNPs containing Au@Cu,O and
Au@Ag core-shell NP by depositing different amounts of Cu and Ag
precursors. The AuNPs encoded by the Cu,O shell and the Ag shell
exhibited two independent DPV peaks at —0.08 V and 0.26 V, re-
spectively. The shell-encoded AuNP exhibited an amplified peak cur-
rent with an adjustable shell thickness. Electrochemical aptamer sen-
sors using shell-encoded AuNPs could double screen CEA and alpha-
fetoprotein (AFP) [140].

3.4. Potentiometric based CEA aptamer biosensor

The potentiometric biosensor measures the potential difference
between the working electrode and the reference electrode caused by a
change in the concentration of charged species. In this measurement,
the potential difference is determined by the voltammeter when no
significant current flows [163,164]. Field effect transistors (FET) are a
special type of potentiometric biosensor [128]. When zero or negligible
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Fig. 8. Schematic diagram of EIS detection based on Glucose oxidase (GOx)-initiated cascade catalysis amplification: (A) Preparation process of Pt@CuMOFs-hGg-
GOX, (B) Schematic illustration of fabrication of the impedimetric aptasensor, and (C) Cascade catalysis amplification to form nonconductive insoluble precipitates
(IPs). Reprinted with permission from Ref. [133].

current flows through the electrode, the potential difference accumu- selectivity, and repetitive properties [166-168]. Park et al. used ap-
lates during the identification process in the electrochemical cell [165]. tamer-functionalized polydimensional conductive-polymer (3-carbox-
The combination of charged targets induces changes in the intrinsic ylate polypyrrole) nanotubes (Apt-C-PPy MNT) to fabricate a FET bio-
carrier concentration of the FET channel, which allows the FET to be sensor to detect CEA (Fig. 11). A C-PPy MNT multidimensional system
biometrically identified, with no labeling, high sensitivity, high was synthesized by a solution-based temperature control technique and

LAVAY

Y aptamer 1 Yaptamer2 : Target protein “Cnn  Nanoprobe
o TdT € = Bio-dATP {7 Avidin-HRP

v

Fig. 9. Schematic diagram of an aptamer-initiated on-particle template-independent enzymatic polymerization (aptamer-OTEP) amperometric biosensor. Reprinted
with permission from Ref. [136].
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pyrrole) nanotubes (Apt-C-PPy MNTs). Reprinted with permission from Ref. [144].

fixed to the surface of the electrode. It was then bound to the amine
modified CEA aptamer via an amide covalent bond. The FET biosensor
based on C-PPy MNT exhibited a fast response (< -1s) for CEA detec-
tion, which had a good electrical conductivity. This was the first de-
monstration of CEA detection using a multi-dimensional CPNT-based
FET biosensor with a detection limit of approximately 1 fg mL™~ 1 [144].

3.5. Photoelectrochemical based CEA aptamer biosensor

Photoelectrochemical (PEC) biosensors are highly efficient sensing
technologies coupled with electrochemistry and photochemistry which
have attracted more and more attention. The detection process of PEC
biosensor is the opposite of ECL biosensor: light serves as the excitation
source and photocurrent serves as the detection signal. It typically rely
on the introduction of photoinduced electrons/holes into the
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photoactive material by photoexcitation to transfer it to the electrode
interface, resulting in a change in the output photocurrent signal
[169,170]. PEC biosensors, combining the advantages of optical and
electrochemical methods, have a low background signal, which is more
sensitive than traditional electrochemical methods and does not require
the complicated and expensive instrument cost of optical biosensors
[171-173].

Ge et al. developed a PEC biosensor with an enzyme-free cascaded
quadratic signal amplification method using catalytic hairpin assembly
(CHA) and hybridization chain reaction (HCR) for CEA detection. CEA
recognized the CEA-aptamer @ sstDNA (single-stranded trigger) com-
plex, which caused sstDNA released from the complex, thereby trig-
gering the upstream CHA recycling loop. The dsDNA complex produced
by CHA further induced downstream HCR amplification, resulting in
forming many hemin/G-quadruplex DNases. This would stimulate the
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insoluble/insulating products formed by the biocatalytic precipitation
of 4-chloro-1-naphthol (4-CN), leading to a significant reduction in
photocurrent signals [145].

In another study, Deng et al. proposed a PEC biosensor based on
resonance energy transfer (RET) between pinnate titanium dioxide
nanorods array (P-TiO, NA) and carbon nanotubes-gold nanoparticles
(CNTs-Au) nanocomposites for highly sensitive detection of CEA. As
the quenching efficiency of excitons generated in P-TiO, NA de-
creases, the energy transfer efficiency decreased resulting in an in-
crease in PEC response. The PEC aptamer sensor had a linear range of
0.001-2.5 ng mL~! with a detection limit of 0.39 pg mL™~! and was
satisfactory for clinical sample testing [146].

Qiu et al. constructed three sensitive filters based on near-infrared
(NIR) light-driven PEC aptamer biosensors for CEA. One of the bio-
sensors amplified the signal by coupling with the HCR under the illu-
mination of near-infrared light and the formation of Ag,S nanoparticles.
The PEC aptamer platform had high sensitivity to the determination of
CEA in the dynamic linear range of 0.005-5.0 ng mL ™' with a detection
limit of 1.9 pg mL ™! [148]. Another biosensor was based on core-shell
NaYF,: Yb, Tm@TiO, upconversion micro rods by coupling with target-
triggered rolling circle amplification (RCA). The working range was
10 pg mL~ ! to 40 ng mL ™ allowed for the detection of CEA as low as
3.6 pg mL ™! [149].

4. Other CEA testing methods

In addition to aptamer-based detection methods, other detection
methods are also used in the detection of CEA, for instance immuno-
based optical and electrochemical biosensor [174,175], biochip
[176,177], radioimmunoassay (RIA) and immunoradiometric assay
(IRMA) [24], portable biosensor [178], mass change-based piezo-
electric [179] and flexural plate-wave (FPW) biosensor [180] etc..

To date, scientists are still improving the ELISA method to achieve
a high sensitivity and better stability. Zhou et al. developed a sand-
wich format ELISA based on gold nanoparticle layer (GNPL), which
used IgG as a single protein solution and CEA in human plasma as a
measurement system. The GNPL-based sandwich ELISA amplified the
signal and reduced the LOD compared to the ELISA of the modified
plate and the commercial ELISA kit. The results indicated that GNPL
modified plates could be used in sandwich format ELISA in complex
media [181].

The development of imaging equipment allowed high sensitivity
and selective quantitative analysis to be applied at the single molecule
level [182,183] Ahn et al. combined a total internal reflection scat-
tering microscope based on transmission grating (TG) with a plasma
nano-immunosensor to improve the detection sensitivity of CEA. Scat-
tering signals of silver nanoparticles (SNP) nanoprobes bound to CEA in
EFL were collected and spectrally separated using a TG beam splitter.
The combination of the two techniques minimized the interference of
spectroscopic and background noise. The LOD was as low as 19.75 zM
and the linear dynamic range was 19.75 zM to 39.50 nM. Especially,
this strategy could be used to directly test multiple protein biomarkers
at the level of a single molecule in a human biological sample by simply
altering the antibody of the target protein [183].

Label-free atomic spectrometric bioassays has attracted extensive
research interest due to its low cost, simple design and ease of op-
eration. Chen et al. proposed a novel chemical vapor generation-
atomic fluorescence spectrometry (CVG-AFS)/inductively coupled
plasma-mass spectrometry (ICP-MS) label-free sensing method for the
detection of nucleic acids and proteins (CEA). This assay retained the
advantages of label-free atomic spectroscopy bioassay and combineed
with selective cation exchange reaction and simple filtration separa-
tion to improve the detection performance. The LOD was 0.2 ng mL ™!
for CEA detection with a linear dynamic range of 0.5-20 ng mL ™!
[184].
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5. Conclusion

As one of the common tumor markers, CEA has important clinical
value in the differential diagnosis, disease monitoring and therapeutic
evaluation of malignant tumors. In the past few decades, biosensor
technology has attracted the attention of scientists due to its simple,
fast, low-cost detection, high sensitivity and good selectivity. The ap-
tamer is relatively fast and inexpensive to produce and can be chemi-
cally synthesized. It is extremely accurate and repeatable, with flexible
marking and good stability. Also, aptamer targets are less restrictive
than antibodies, so they have a wide range of applications in biosensors
and medicine. It becomes a suitable substitute for antibodies.

This article outlines the use of aptamers in CEA biosensors. It is
introduced from two aspects of aptamer-based optical and electro-
chemical biosensors. We analyzed the characteristics of each sensor and
introduced their advantages and disadvantages. Some biosensors com-
bined excellent nanomaterials such as graphene, metal nanoparticles,
quantum dots, etc., which are widely used in optical and electro-
chemical biosensors. Nanomaterials have a large surface-volume ratio
which can achieve efficient target interaction. In addition, the devel-
opment of nanocomposites can combine the advantages of multiple
nanomaterials to develop new assays with ultra-sensitivity and multi-
parameter functionality. After combining nanomaterials, biosensor
performance has been greatly optimized and improved, which can
improve the sensitivity and specificity of detection. Due to the existence
of multiple tumor markers in cancer patients, some researchers have
been working on the development of biosensors that can detect multiple
tumor markers at the same time. Although some efforts have been made
to design biosensors for detecting multiple biomarkers simultaneously,
functional verification is still limited. Complex biological sample en-
vironments can interfere with the results of the analysis and there may
be false positive signals. Some of the sensors that have been developed
still require dilution of the serum for sensory analysis. For mass-based
piezoelectric and magnetoelectric biosensors, the related article has not
yet been proposed based on the aptamer detection scheme.
Furthermore, current CEA aptamer biosensors lack the research for real-
time quantitative portable biosensors. Although conventional bio-
sensors have been miniaturized and cost-effective, they have not yet
achieved in vitro detection of easy-to-use, home-use, and most bio-
sensors lack relevant research for complex environmental detection. To
date, commercial CEA biosensors are still in their infancy. These
questions still need to be explored by researchers.
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