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Abstract
C-reactive protein (CRP), a non-specific acute-phase indicator of inflammation, has been widely recognized for its value in
clinical diagnostic applications. With the advancement of testing technologies, there have been many reports on fast, simple, and
reliable methods for CRP testing. Among these, the aptamer-based biosensors are the focus and hotspot of research for achieving
high-sensitivity analysis of CRP. This review summarizes the progress of in vitro aptamer screening for CRP and the recent
advances in aptamer-based CRP sensor applications, thus developing insight for the new CRP aptasensor design strategy.
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Introduction

C-reactive protein (CRP) is one of the acute-phase proteins
synthesized by liver cells, which is not affected by individual
differences, body conditions and drugs [1]. In general, the
CRP level in the peripheral blood of healthy subjects does
not exceed 10 mg/L; however, when the body experiences
infection or inflammation, CRP will quickly activate the com-
plement system and participate in the body’s non-specific im-
munity, then rapidly return to normal level upon clinical in-
tervention [1, 2]. Therefore, the CRP level is considered to be
one of the most sensitive pathological state and degree indi-
cators. It is generally believed that when the CRP level is less
than 50 mg/L, the body may be infected by a virus or inflam-
matory injury; when the CRP level exceeds 100 mg/L, the

body may be considered to be in a severe bacterial infection
state [3]. Because CRP can specifically reflect the state or
degree of infection and inflammation, it is often used in path-
ological diagnosis, the treatment of various diseases, and
prognostic monitoring [2]. For example, as an indicator of
inflammation, CRP can be used for the diagnosis of cancer
(except leukemia) [4], sepsis [5], metabolic syndrome [6], and
other inflammation-related diseases. It can also be used to
monitor the risk of postoperative infections [7]. In addition,
CRP is a common diagnostic indicator of lower respiratory
tract infection (LRI), and it is used to identify the infection
source of the LRI to reduce the abuse of antibiotics [8]. An
elevated high-sensitivity C-reactive protein (hs-CRP) level is
directly associated with atherosclerotic thrombosis [9], coro-
nary atherosclerosis [10], venous thromboembolism (VTE)
[11], and atrial fibrillation (AF) [12]. Therefore, CRP is listed
as an important assessment indicator for the risk of cardiovas-
cular diseases (CVD) [13, 14].

In view of the value of CRP as a pathological diagnostic
indicator in clinical application, the detection of CRP has al-
ways been a research hotspot in the field of laboratory medi-
cine and bioanalytical chemistry. Immunoassays based on the
pr inc ip le of an t igen-an t ibody b ind ing , such as
immunoturbidimetry (ITM), lateral flow assay (LFA), and
enzyme-linked immunosorbent assay (ELISA), are currently
the mainstream technologies for clinical detection of CRP
[15–17]. However, antibodies have certain limitations, such
as tedious and complex in vivo preparation processes, high
preparation costs, large intra-batch variability, and susceptibil-
ity to denaturation [18–20]. Therefore, in recent years, scien-
tists have invested immense resources in the research of CRP
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analysis, which is a non-antibody recognition method. Among
these studies, aptamer-based analysis has gradually become
the alternative approach to the mainstream techniques. An
aptamer is a single-stranded nucleic acid (DNA or RNA) ob-
tained by in vitro screening that forms a three-dimensional
active conformation through the folding of its secondary and
tertiary structures, then binds to the target substance with high
affinity [21–23]. Compared to antibodies, an aptamer has the
advantages of simple synthesis and modification, high affini-
ty, strong specificity, low cost, low molecular weight, good
stability, sustainable repeated denaturation, and renaturation.
Therefore, it is currently considered to be a superior alterna-
tive to antibodies [24].

A biosensor is an analytical device that integrates
target-specific identification elements (such as aptamer,
antibody, and cell) and physicochemical transducers
(such as field effect transistors and piezoelectric crys-
tals) [25]. It has many advantages such as rapid detec-
tion, high selectivity, and the simultaneous detection of
point-of-care test (POCT) and multiple biomarkers, serv-
ing as an ideal detection platform for CRP POCT [26].
Recently, aptamer-based biosensors have been widely
used in the analysis of pesticide residues [27], environ-
mental heavy metals [28], and clinical biomarkers [29].
This review will discuss the progress of in vitro aptamer
screening in recent years and its application in CRP
biosensor research to provide new research ideas for
the development of better CRP biosensors.

Advances in CRP in vitro aptamer screening

Generally, aptamers are screened in vitro through a defined
iterative procedure, which is called SELEX. The convention
SELEX operation steps shown in Fig. 1, however, are time
and labor consuming. The originally reported CRP aptamer
was obtained by this method after ten rounds of “incubation-
screening-isolation-amplification” cycle [30]. With the devel-
opment of materials science and analysis technology, some
new SELEX libraries (such as primer-free SELEX library,
SOMAmer) and SELEX variant (such as M-SELEX, GO-
SELEX, and MARAS) have been reported. The affinity
(expressed by a dissociation constant, referred to as Kd value)
of CRP aptamers obtained from these new SELEX libraries or
SELEX variants can reach the level of nanomoles per liter or
even picomoles per liter, which is superior to antibody affin-
ities reported (0.44 μmol/L and 0.55 μmol/L, respectively)
[31]. The application of these new SELEX libraries or
SELEX variants can greatly reduce the loss of time and im-
prove screening efficiency. This chapter briefly introduces the
SELEX library of CRP aptamer SELEX and the optimization
strategy of in vitro screening methods and analyzes the
aptamer sequence and the relevant information (Table 1).

Optimization of the separation method in vitro

A successful SELEX heavily relies on the efficient separation
of library sequences bound and unbound to targets. In the first
SELEX report, the separation of free sequences was achieved
through a nitrocellulose membrane: after the SELEX library
was incubated with the target molecular protein, the mixture
was filtered by a nitrocellulose membrane, the bound se-
quences were fixed on the nitrocellulose membrane surface,
and the remaining free sequences were directly passed through
the nitrocellulose membrane [32]. However, due to the non-
specific binding of free nucleic acids to the large surface area
of the nitrocellulose membrane, the enrichment and screening
of high-target affinity sequences are seriously hindered.
Generally, it takes 10–20 rounds of repeated artificial screen-
ing cycles to obtain the target aptamer, which is time consum-
ing and laborious.

To simplify the operation procedure and improve separa-
tion efficiency, researchers have developed a more efficient
CRP aptamer SELEX scheme by introducing new materials
such as microfluidic chips, magnetic beads, and graphene.

M-SELEX program

M-SELEX is an automated SELEX screening platform, which
was proposed and first demonstrated by Lou et al. [33]. It uses
microfluidic technology to integrate the unit operations of
traditional SELEX on a chip with the size of several centime-
ters, so as to shorten the SELEX screening cycle and realize
the automatic screening of the aptamer.

Based on the M-SELEX principle, a localized magnetic
gradient field via ferromagnetic patterns integrated into the
microchannel to separate the nucleic acid sequences binding/
unbound to the target coated magnetic beads [34] was
developed a microfluidic chip which can be used for aptamer
screening. As a demonstration, CRP was used as an epitope to
bind to magnetic beads for aptamer screening, finally success-
fully screening sequence B (Table 1). Huang et al. used the
SPR technique to characterize the affinity of sequence B, and
found that the dissociation constant (Kd) between sequence B
and CRP was 3.51 nmol, which was better than the CRP-
specific antibody [34]. In addition, the immunoassay con-
firmed that the aptamer could produce a corresponding chemi-
luminescence signal in response to the change of CRP con-
centration, and the detection limit for CRP detection was ex-
perimentally found to be 0.0125mg/L. The linear range (R2 =
0.97) was identified in concentrations ranging from 0.0125 to
10 mg/L. The coefficient of variation for these measurements
is about 5.7%, which is very suitable for the development of
an aptasensor.

Similarly, on the basis of the M-SELEX project, Wu et al.
also independently developed a new microfluidic SELEX
screening chip by using photolithography and wet chemical
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etching technology [35]. They used a 40-mer random se-
quence with 16-mer primers fixed at both ends as a SELEX
starting library to screen CRP-specific aptamers, and finally
obtained sequence C (Table 1). The dissociation constant of
sequence C with CRP was 22.1 nmol/L, which proved that
sequence C had high affinity. In addition, five control proteins
including IgG, HSA, hemoglobin, transferrin, and myoglobin
were used to confirm that sequence C only bound to CRP and
changed its conformation. No other similar reaction was
found. It is proved that sequence C can specifically recognize
CRP protein in complex serum matrix, and has high specific-
ity and potential to develop an aptasensor [35].

MARAS program

The MARAS program is a rapid program developed by Lai
et al., which can selectively separate a suitable aptamer [36,

37]. The principle is to use two sets of Helmholtz coils placed
in an orthogonal direction to prepare a controllable external
rotating magnetic field, which makes the magnetic particles
fixed with CRP rotate in it to generate centrifugal force, hence
removing the nucleic acid sequence not bound with CRP. The
MARAS program can be divided into two steps, including a
forward screening program and a reverse screening program;
the former is to enrich the aptamer sequence with high affinity
for CRP by using CRP magnetic beads, while the latter is to
remove the aptamer sequence that can bind to other serum
proteins by removing CRP serum magnetic beads, ensuring
that the target aptamer only has a specific binding effect on
CRP.

It is worth mentioning that, unlike traditional SELEX and
other SELEX variants, the MARAS program can control the
affinity between the target aptamer and the target by changing
the frequency of the external magnetic field, so the MARAS

Table 1 The aptamers of C-reactive protein obtained through screening

No. Type Length
(mer)

Screening
procedure

SELEX
library

Bind
buffer

Sequence (5′→3′) Dissociation
constant (Kd)

Kd
detection
method

Ref.

A RNA 44 SELEX With primer – GCCUGUAAGGUGGUCGGUGUGGCGAG
UGUGUUAGGAGAGAUUGC

125 nmol/L SPR [30]

B DNA 72 M-SELEX With primer Tris GGCAGGAAGACAAACACGATGGGGGG
GTATGATTTGATGTGGTTGTTGCATGATCG
TGGTCTGTGGTGCTGT

3.51 nmol/L SPR [34]

C DNA 40 M-SELEX With primer – CGAAGGGGATTCGAGGGGTGATTGCGTGCTCC
ATTTGGTG

22.10 nmol/L SPR [35]

D DNA 20 MARAS With primer PBST GATACCAAGGTCCGCTGGTT 5.96 nmol/L Q-PCR [36]

E DNA 20 MARAS Primer free PBST CGCTTGTGATGGGTGATGGG 5.70 nmol/L Q-PCR [36]

F DNA 40 GO-SELEX With primer – CCCCCGCGGGTCGGCTTGCCGTTCCGTTCGGC
GCTTCCCC

3.90 nmol/L SPR [42]

G DNA 20 MARAS Primer free PBST GTTGACGGGCGATTGGTCTT 23.58 nmol/L Q-PCR [45]

H DNA 30 SELEX SOMAmer HEPES CTAGTTCTGCCTTAATATGGTCGGTTAAGC 6.20 pmol/L SPR [47]

Fig. 1 An illustration of the key
steps of a typical SELEX
protocol. SELEX is a
comprehensive procedure
consisting of an iterative
procedure, which includes
SELEX library design, incubation
with target and separation of
binding/unbinding sequences,
elution of aptamers, amplification
of eluted aptamers, and aptamer
identification
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program can complete the separation step in only a few hours
without repetitive periodic screening and separation. Because
of the correlation between the external magnetic field frequen-
cy and the aptamer, Li et al. established a window MARAS
protocol [38]. Its principle is to establish the relationship be-
tween the frequency of the external magnetic field and the
target affinity, directly determine the required frequency of
the external magnetic field in MARAS for aptamers with pre-
set target affinity, and further shorten the aptamer screening
time.

GO-SELEX program

In the existing SELEX screening, most of the target
proteins will be fixed on the ELISA plate or beads by
a covalent bond or an ion bond to improve the screen-
ing efficiency. However, some studies have found that
the screening programs using CRP immobilization tend
to change the active conformation of the proteins or
cause CRP depolymerization, thereby reducing the affin-
ity of the screened aptamers [39, 40]. GO-SELEX is a
SELEX variant developed by Park et al. to avoid the
negative impact of the target-immobilization strategy
[41]. Its working principle is as follows: the fixed
SELEX library strategy is used to replace the target
material fixation strategy, and the non-specific adsorp-
tion between graphene oxide and the nucleic acid se-
quence is used to protect its secondary and tertiary
structure from being changed, thus enhancing the affin-
ity of the aptamer. Therefore, the GO-SELEX program
can not only avoid the structural changes of the nucleic
acid library, but also prevent the aggregation or modifi-
cation of the target substance [41], thus enhancing the
affinity of the screened nucleic acid sequence to the
pentamer CRP.

Yang et al. used DNAwith fixed primers at both ends and a
40-mer-long random sequence in the middle as the SELEX
starting library, and screened the CRP aptamer with the GO-
SELEX program [42]. The final sequence F is the product of
removing the constant region at both ends of the selected
nucleic acid chain (Table 1). In addition, Yang’s team also
selected five control proteins (IgG, HSA, Hb, TRF, and
Myo) to verify their specificity. The results showed that
sequence F only had binding response with CRP, which
confirmed that the aptamer had good specificity. Yang
also participated in the establishment of the CRP
aptamer enrichment level recognition pattern system
based on GO-SELEX [43]. The main content of it is
to use a computer support vector classification algorithm
to classify CRP aptamers screened by GO-SELEX, and
establish the corresponding pattern recognition system to
predict the enrichment level of CRP candidate aptamers
[43].

Optimization of the SELEX library

The SELEX library is the starting point of the SELEX pro-
gram. The traditional SELEX library is based on four kinds of
deoxyribonucleic acids (A, T, C, G) or ribonucleotides (A, U,
C, G) in accordance with the random arrangement and com-
bination of the design sequence of the nucleic acid chain, and
the integration of them. At present, it has not been reported
that aptamer target protein affinity has a preference for nucleic
acid sequence length or a certain nucleotide, so the SELEX
library length is mostly determined by researchers after con-
sidering their own laboratory conditions. However, the tradi-
tional SELEX inventory has some shortcomings, such as the
influence of primers at both ends and the restriction of infor-
mation diversity based on the restriction of the number of
nucleotide monomers. Therefore, there are some novel
SELEX library designs for CRP aptamer screening.

Primer-free SELEX library

A classic SELEX library consists of a constant region at both
ends (about 10–40 mer) and a random sequence in the middle
(about 20–80 mer, according to the needs of researchers). The
constant region contains primer binding sites for PCR ampli-
fication. Ideally, the target substance should only interact with
the intermediate random sequence. However, during the
SELEX procedure, there is an inevitable interaction between
the two primers and the random sequence. Previous studies
have also shown that the preset constant region will interfere
with the SELEX selection tendency, which will seriously af-
fect the screening results of target aptamers. The preset con-
stant region will interfere with the SELEX selection tendency,
which would critically influence which aptamers are selected
from the random pool. The primer-annealing sequences re-
generation technology based on thermal cycles of
hybridization-extension proposed by Wen et al. makes it pos-
sible to use a primer-free SELEX library [44]. Based on this
technology, the PCR amplification process can be completed
without the preset constant region, eliminating the negative
impact of the preset constant region on the SELEX selection
tendency. In addition, the primer-free SELEX library with the
same length has higher information diversity than the primed
SELEX library, and it is more likely to screen aptamers with
high affinity and specificity.

In the process of CRP aptamer screening, the MARAS
program developed by Lai et al. is the best primer-free
SELEX library–compatible program [36]. For example, Lai
et al. constructed a SELEX library with a 20-mer random
sequence without a primer region and screened it in the
MARAS program [36]. The obtained sequence D and se-
quence E (Table 1) were verified by immunoassay. It was
confirmed that both sequence D and sequence E could specif-
ically recognize CRP and generate signals in response to the
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change of CRP concentration by immunoassay. Sequence G
was screened by Taso et al. using the same Maras program;
they also verified the specificity of sequence G with blind
serum samples [45]. The result was consistent with monoclo-
nal antibody–based nephelometry analysis, which indicated
that sequence G has high specificity toward targets.

Slow off-rate modified aptamer

The slow off-rate modified aptamer (SOMAmer) is a
special chemically modified nucleotide developed by
Hopfield et al. [46]. Different from common nucleo-
tides, SOMAmer contains uracil deoxyriboside residues,
and its fifth position is replaced by a hydrophobic aro-
matic functional group similar to an amino acid side
chain, so it has more variable physicochemical proper-
ties (such as hydrophobicity, size, and shape) and affin-
ity with the target protein. Therefore, SOMAmer is of-
ten used in the aptamer screening of biomolecules
which are difficult to be screened by the conventional
SELEX library. Minagawa et al. used SOMAmer as the
SELEX library and finally screened sequence H
(Table 1) [47]. The affinity test of sequence H also
showed that the Kd value of the aptamer was
6.2 pmol/L by SOMAmer technology, which was also
the sequence H with the strongest affinity with CRP.

Advances in aptamer-based sensing assays
for CRP

The biosensor is a multi-disciplinary integrated technology
that plays an important role in scientific research, industrial
production, and even the well-being of the public. It uses a
transducer to capture the reaction between the target substance
and the identification component, and employs discrete or
continuous physicochemical signals to express the degree of
reaction, thereby deriving the content of the target substance
in the sample [48]. Aptamer, with the superior performance
among the available identification components, is highly com-
patible with biosensors. It can also offer biosensors with di-
verse sensing strategies and better performance in analysis
[25]. Aptamer-based biosensors are also undergoing the
fastest development.

To meet the needs of clinical testing, many aptamer-based
CRP biosensors have emerged in recent years, such as high-
sensitivity SPR aptasensors, field effect transistor (FET)
microfluidic aptasensors with automatic sample analysis,
label-free electrochemical impedance spectroscopy (EIS)
aptasensors, and Blu-ray disc aptasensors suitable for POCT.
Their overall development and advancement are summarized
in Fig. 2.

This article divides CRP aptasensors into optical
aptasensors, electrochemical aptasensors, microfluidic
aptasensors, and some other types of aptasensors according
to the type of the detected signals. The characteristics of each
type of aptasensor are summarized in Table 2.

CRP optical aptasensor

The optical sensor conducts sample analysis by sensing the
optical signal changes of a single or multiple light beams in
the detection system, with the advantages of compact structure
and high sensitivity. The optical aptasensor equipped with the
aptamer’s small size effect can also reduce the detection back-
ground interference. It is the first type of CRP aptasensor that
was developed. According to the difference of optical detec-
tion signals, optical aptasensors can be divided into five cate-
gories, namely SPR aptasensors, fluorescent aptasensors, op-
tical fiber aptasensors, dark field imaging aptasensors, and
colorimetric aptasensors (Fig. 3).

SPR aptasensor

SPR is one of the most effective label-free analyses with
which the interaction between the recognition element and
the target substance can be measured, and has been widely
used in the fields of biomedicine, proteomics, genomics, and
bioengineering [49]. The first CRP aptasensor was also devel-
oped based on SPR technology. Another kind of CRP SPR
aptasensor modified biotin at the end of the aptamer and
immobilized it on the surface of a gold membrane modified
with streptavidin to analyze the light refraction deviation ef-
fect caused by the combination of CRP and the aptamer [50].
The aptasensor has a linear range suitable for clinical applica-
tion (0–0.1 ppm), high sensitivity (LOD 0.005 ppm), and
good reproducibility (CV 11%) in hydroxyethyl piperazine
ethane sulfonic acid buffer (HEPES) buffer (pH 6.5,
2 mmol/L Ca2+, 0.005% Tween 20), meeting the precision
needs for CRP analysis. With the help of this study, re-
searchers made a strategic improvement to further optimize
the detection performance of SPR aptasensors.

In terms of sensitivity improvement, Vance et al.
coated the aptamer with quantum dots, which were
employed as a light source to amplify the SPR detection
signal [51]. The aptasensor has a detection sensitivity of
up to 5 × 10−9 mg/L and is currently one of the most
sensitive methods in CRP analysis (Fig. 3A). In the
context of portable detection, another kind of CRP
SPR aptasensor applied hot embossing and doctor
blading to reduce the size of the precious metal plane
required by SPR technology, making the preparation of
SPR aptasensors more convenient [52]. This aptasensor
only needs 50 μL CRP solution for quantitative analysis
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and can also directly read the analysis results with por-
table instruments such as a mobile phone.

Fluorescence aptasensor

Fluorescence analysis uses fluorescent dyes as tracer material.
Within a certain range, the fluorescence intensity in the detec-
tion system is correlated with the concentration of the analyte
in the sample. The fluorescent aptasensor performs well with
small background interference, and has a wide range of linear
response detection and high detection sensitivity. It is current-
ly the research focus in the field of bioanalysis [53, 54].

Bernard et al. prepared a fluorescent aptasensor for multi-
analyte analysis based on microbeads [55]. After the aptamer
combines with the CRP in the sample, it is quickly separated
from the buffer system by magnetic separation. After that, the
induced antibody binds to it to form an immune complex. The
phycoerythrin label on the antibody aggregates to produce

fluorescent signals. The aptasensor has a detection range of
0.4–100 mg/L, and the required amount of CRP solution was
50 μL per well. Bernard’s team also performed optimization
on process parameters such as time, temperature, buffer sys-
tems, etc., involved in the analysis of the aptasensor, and
wrote a set of mature instruction manuals, all of which re-
vealed the potential for this aptasensor to be developed into
a mature commercial detection kit [56]. However, this method
still has its disadvantages, such as low sensitivity. Therefore,
Liu’s team [57] developed an ultra-high-sensitivity fluores-
cent aptasensor based on the combination of the principles
of nucleic acid amplification and graphene oxide fluorescence
quenching. The CRP in the sample binds to the aptamer and
releases the complementary strand, triggering the cutting func-
tion of ribonuclease H to shorten the length of fluorescent-
labeled RNA fragments, so that it can be separated from
graphene oxide adsorption, thereby enhancing the fluorescent
signal. The limit of detection (LOD) of the fluorescence

Fig. 2 Diagrammatic
representation of the
advancement in C-reactive pro-
tein aptasensor
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aptasensor developed by this strategy is 1 × 10−5 mg/L, which
can meet the clinical needs regarding high sensitivity (Fig.
3B).

Optical fiber aptasensor

Optical fiber is a kind of transmission tool for remote optical
signal transmission and transportation [58]. Because the opti-
cal fiber works by the principle of total reflection of light and
is very sensitive to the refractive index of incident light, an
alternative that is a cost-effective, compact, and fast
aptasensor can be obtained by modifying its surface with the
aptamer [58]: when CRP reacts with the aptamer, the refrac-
tive index of light will naturally change due to CRP being a
biological protein, and this subtle refractive change will occur
because the optical fiber is sensitive to identify and transmit to
the detector, so it is gradually explored and applied to a new
generation of biosensor detection platform [59].

The typical preparation and analysis procedures of optical
fiber aptasensors are as follows [60]: a layer of metal or metal
oxide film is coated on the surface of the optical fiber trans-
mission end, and the aptamer is then fixed on the film as an
identification element. When CRP binds to an aptamer, the
light refraction will change, and the refracted light is transmit-
ted to the analyzer through the optical fiber for signal inter-
pretation, thereby completing the sample analysis (Fig. 3C). It
is worth mentioning that the optical fiber aptasensor prepared
by Zubiate et al. is small, convenient, sensitive, and quick
(LOD 0.0625 mg/L; whole detection time 61 s), and can be
consecutively and repeatedly used because of the flexible res-
toration of the aptamer [60]. This strategy can reduce the cost
of testing and is very suitable for use in remote areas or rudi-
mentary healthcare facilities. To further enhance the detection
sensitivity, Schulze et al. removed the optical fiber outer coat-
ing using hydrofluoric acid etching [61]. It enhanced the sen-
sitivity of the refractive index of the sensor’s fiber Bragg

Fig. 3 C-reactive protein optical aptasensor: A sensitive surface plasmon
resonance aptasensor [51], with permission from Scientific Reports
(copyright 2014); B sensitive fluorescent aptasensor [57], with
permission from RSC Advances (copyright 2019); C optical fiber

aptasensor [60], with permission from Elsevier (copyright 2017); D
dark-field imaging aptasensor [62], with permission from RSC
Advances (copyright 2019); and E gold nanoparticle colorimetric
aptasensor [69], with permission from Elsevier (copyright 2020)
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grating to the surrounding environment and lowered the CRP
detection level to 8.2 × 10−10 mg/L.

Dark field imaging aptasensor

The detection technology based on dark-field imaging can
measure the protein content at a single nanoparticle level,
developing a testing approach with relatively high precision.
The dark-field imaging sensor developed by Zhao et al. uses
an indirect strategy to determine the CRP concentration, in
which the aptamer binds to CRP and releases the complemen-
tary strand to label gold nanoparticle [62]. The sample con-
centration can be determined by counting the gold nanoparti-
cles in the dark-field imaging under microscopic observation
(Fig. 3D). This method eliminates the interference from other
proteins, has a high detection accuracy, and can accurately
measure CRP serum samples at 3.22 × 10−5 mg/L.

Colorimetric aptasensor

Colorimetric analysis mainly measures the intensity or the
change in the chromatic value of the detection liquid for quan-
titative analysis, which is very suitable for point-of-care tests
[63]. The gold nanoparticle has attracted great attention in the
colorimetric sensing field because of its special inter-particle
optical effect and the catalytic effect similar to chromogenic
enzymes [64]. According to different testing strategies, color-
imetric aptasensors can be divided into labeled colorimetric
aptasensors and label-free colorimetric aptasensors.

In the research and development of the labeled colorimetric
aptasensor, our team [65] improved the traditional ELISA
method and established a sandwich-like nano-enzyme colori-
metric sensor: conjugation of citicoline to BSA to prepare the
artificial antibody instead of the first antibody of traditional
sandwich ELISA to recognize CRP in samples; the aptamer
acts as a second antibody, and nanogold attached to the
aptamer was used instead of traditional chromogenic enzyme
to catalyze the color reaction between hydrogen peroxide and
tetramethylbenzidine. Compared with the traditional ELISA
method, this method only needs 50 μL CRP solution for a
single detection, with a smaller sample volume and lower
inter-batch differences, and can directly measure the CRP lev-
el in a diluted blood sample, with the LOD as low as 8 × 10−9

mg/L. However, the formation of a sandwich complex re-
quires the tedious addition of reagents and a lengthy incuba-
tion process, which is not conducive to the rapid analysis of
clinical CRP samples. Therefore, it is necessary to develop a
label-free colorimetric sensor.

With its special inter-particle optical effect, a gold nanopar-
ticle can be directly used as a tracer material to achieve label-
free analysis [66], where the aptamer is adsorbed to the gold
nanoparticle to form an immunoprobe. After the target sub-
stance reacts with the immunoprobe, the gold nanoparticle is

released and exposed to the high-concentration saline buffer to
gradually cross-link and aggregate. The light absorption peak
shifts toward a longer wavelength along with it, and the visual
appearance shows a change from the red color of the dispersed
state to the blue color of the coagulated state, thereby gener-
ating the colorimetric signal [67, 68] (Fig. 3E). Antonio et al.
applied this analysis method to the detection of serum CRP in
clinical patients [69]. The obtained label-free colorimetric
aptasensor was very convenient and fast. A single detection
only needs 30 μL sample and 5 min incubation time to com-
plete all the analyses. The LOD of the aptasensor is 1.2 mg/L
and the detection range is 0.889–20.7 mg/L, which can be
used for high-throughput rapid detection of clinical CVDs.

CRP electrochemical aptasensor

The electrochemical aptasensor fixes the recognition molecule
and electrochemical sensing element on the electrode and per-
forms quantitative analysis of CRP by determining the change
in electrochemical signal after a sample is added. The electro-
chemical aptasensor has the advantage of high sensitivity,
high specificity, low cost, and easy portability [48, 70].
According to the difference in testing signals, the electro-
chemical aptasensors can be roughly divided into
vol tammetr ic aptasensors , EIS aptasensors , and
electrochemiluminescence (ELC) aptasensors (Fig. 4).

Voltammetric aptasensor

The voltammetric aptasensor primarily detects the current or
voltage signal generated by the oxidative-reductive reaction
on the electrode surface. Aptamers have more stable physical
and chemical properties than antibodies, and their three-
dimensional active structure is not prone to change caused
by electric current; hence, it is very suitable for voltammetric
detection [71]. Centi et al. established the first CRP electro-
chemical aptasensor [72]: aptamer-modified magnetic beads
were placed on the surface of the electrode and incubated with
sample solution, alkaline phosphatase (AP)–labeled antibody
solution, and α-naphthyl phosphate successively. If the sam-
ple contains CRP, the aptamer will specifically recognize CRP
and quantitatively generate an “aptamer-CRP-AP–labeled an-
tibody” sandwich complex on the electrode surface due to the
concentration of CRP. AP catalyzes the decomposition of α-
naphthyl phosphate and forms current signal, thus realizing
the quantitative analysis of CRP (Fig. 4A). The electrochem-
ical aptasensor needs 0.45 mL of CRP solution for each de-
tection, which has good detection precision (CV 8%) and
accuracy (highly consistent with the ELISA method).
However, the sensitivity is too low (LOD 5.4 × 10−2 mg/L)
and cannot reach the high-sensitivity testing requirements in
clinical application. To increase the detection sensitivity and
achieve quantitative detection, researchers worldwide have
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adopted a method to replace the tracer material or electrode
base material to obtain a wider detection range and lower
detection limit.

For example, Wang et al. prepared a tracer material by
immobilizing a large amount of Zn2+ on silica microspheres
with high specific surface area to improve the sensing process
[73]. The response signal of the current can be amplified with
this method, with the detection sensitivity of CRP reaching
1.7 × 10−9 mg/L, which meets the requirement of high-
sensitivity detection. However, the upper detection limit of
this aptasensor is less than 0.125 mg/L, which renders it not
directly useable for clinical sample analysis. Another kind of
voltammetric aptasensor used a polypyrrole wire mesh with a
high specific surface area and high conductivity as the elec-
trode base material to resolve the problem of narrow detection

range [74]. It has not only enhanced the detection sensitivity
of current (LOD 1.19 × 10−17 mg/L) but also increased the
load of recognition molecules, thus obtaining a wide detection
range spanning 14 orders of magnitude (1.19 × 10−16–
119 mgl/L). Similarly, in order to enhance the detection
sensitivity, Wang et al. used NH2-Ni-metal organic
frameworks (NH2-Ni-MOFs) as a tracer material and
employed its catalytic effect on methylene blue (MB)
electron transfer to perform CRP quantitative analysis
[75]. The advantage of this method is that NH2-Ni-
MOFs can be synthesized through chemical methods,
and the particle size of the composite can be controlled.
The team also found that NH2-Ni-MOFs with a particle
size of 300 nm have the strongest catalytic performance
of currents. The voltammetric aptasensor developed

Fig. 4 C-reactive protein electrochemical aptasensor: A sandwich
voltammetric aptasensor [72], with permission from WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim (copyright 2009); B electro-
chemical impedance spectroscopy aptasensor [79]; (a) structure chart

and (b) capacitive Nyquist plots of the molecular film showing its high
responsiveness to CRP, with permission from the American Chemical
Society (copyright 2018); and C electrochemiluminescence aptasensor
[84], with permission from Elsevier (copyright 2019)
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based on the above principle has a LOD at 2.9 ×
10−11 mg/L, which is currently the most sensitive type
of CRP aptasensor [75].

Jarczewska et al. found that most of the voltammetric
aptasensors are based on a sandwich complex immunoassay
for carrying out analysis [76]. After the aptamer reacts with
CRP, it takes a long time to incubate the sandwich complex,
which is very time consuming and laborious. Therefore, the
team usedMB and an aptamer to form a non-sandwich type of
voltammetric aptasensor. MB nanoparticles are embedded on
the aptamer, and the aptamer binds to CRP to undergo con-
formational changes, thereby releasingMB nanoparticles with
the current catalytic effect and causing current changes in the
test. The aptasensor has good specificity and shows a linear
response to CRP in the range of 1.9 × 10−8–1.9 × 10−6 mg/L.

EIS aptasensor

The EIS aptasensor detects signals from changes in electrode
impedance or capacitance. It is worth noting that, because
biomacromolecules have electrical impedance, the EIS
aptasensor is generally operated in a label-free mode [77].
Compared with sandwich-type sensors that require the forma-
tion of sandwich-like immune complexes for detection, an EIS
aptasensor can skip the lengthy incubation process, with a
more convenient and faster detection procedure.

Qureshi et al. used the Au-S covalent principle to immobi-
lize the aptamer directly on the gold interdigital (GID) capac-
itor, and constructed a label-free EIS aptasensor for the first
time [77]. The Au-S covalent principle is based on the empty
orbitals from Au atoms and lone-pair electrons from sulfur
atoms [29]. Thus, the AuNPs can spontaneously form Au-S
covalent bioconjugates with thioalcohol by molecular self-as-
sembly, thereby enabling easy and efficient labeling on thiol-
containing biomolecules. The LOD of the aptasensor is 1 ×
10−4 mg/L with a linear response range of 0.1–0.5 mg/L. To
further broaden the detection range, the team then inserted a
carbon nanotube layer structure into the original GID
electrode–aptamer structure to amplify the EIS signal with
its high storage capacity, so that the dynamic CRP detection
range of the aptasensor can be expanded to 1.19 × 10−2 mg/L
[78]. another CRP EIS aptasensor used redox labeled peptides
to replace carbon nanotubes as signal amplifiers to improve
the recognition specificity and sensitivity of the detection in-
terface of EIS aptasensor [79]. It utilized its small molecule
effect to reduce the LOD of the EIS aptasensor to 1.19 ×
10−7 mg/L, therefore compensating for the weakness of low
detection accuracy of the EIS aptasensor (Fig. 4B).

ELC aptasensor

The ELC aptasensor mainly measures the luminescence signal
generated by the electric current on the electrode surface,

combining the strength of the high sensitivity of optical sen-
sors and the easy synthesis of electrochemical sensors [80].
According to the source of ELC signals, it can be divided into
label-free ELC aptasensors and labeled ELC aptasensors [81].

The label-free ELC aptasensor is based on the principle that
guanine-rich DNA enhances the thioflavin T luminescence
signal. Since nucleic acid molecules can be transcribed, repli-
cated, and complemented, various forms of the molecule have
been developed. For example, the ELC aptasensor directly
screened out guanine-rich CRP aptamer, which is used to
build a label-free ELC aptasensor for the one-step detection
of biological samples [82]. However, the LOD of this
aptasensor is 4.51 × 10−6 mg/L, thus requiring further im-
provement and optimization. Li et al. improved the ELC sen-
sor using the principles of nucleic acid transcription and rep-
lication to further enhance the detection signal [83]. The com-
plementary strand of the guanine-rich aptamer was obtained as
a PCR primer. After the CRP reacts with the aptamer, it is
released to the padlock strand, T4 ligase, phi29 polymerase,
and deoxyribonucleic acid triphosphate system. Rolling circle
amplification takes place to increase the amount of guanine-
containing DNA, thereby greatly enhancing the ELC signal
and realizing the high-sensitivity analysis of CRP in serum
samples at a level of 5.94 × 10−10 mg/L.

The labeled ELC aptasensor modifies the ELC signal tracer
material on the surface of the identification element to form an
immune complex on the surface of the detection electrode,
and proportionally generates the ELC detection signal for
quantitative analysis. However, under the same linear dimen-
sion, the traditionally labeled ELC immune complex is prone
to forming a space gap and prolonging the electron transfer
path. Another kind of CRP ELC aptasensor employed a two-
dimensional porphyrin covalent organic framework as the
ELC signal source to shorten the electron transfer path and
remove the excessive pore structure, thereby avoiding the loss
caused by the recombination of electrons [84]. This aptasensor
has a low LOD of 1 × 10−4 mg/L and a wide detection range
spanning three orders of magnitude, whichmeets the detection
needs of low-content CRP samples (Fig. 4C).

CRP microfluidic aptasensor

Traditional aptasensor detection requires the manual addition
of samples or separation of immune complexes, especially for
aptasensors involving sandwich-type structures (such as
voltammetric electrochemical aptasensor, labeled fluorescent
aptasensor, etc.). After an aptamer recognizes CRP, it is nec-
essary to add a second antibody, the detection substrate, or
even enzymes in sequence for incubation, entailing a very
tedious and time-consuming process. Microfluidic aptasensor
refers to a sensing technology that uses an aptamer as the
recognition element to automatically complete the entire pro-
cess of sample preparation, reaction, separation, and detection
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on a micrometer-level detection chip integrated with a micro-
electromechanical system. With the advantage of automatic
detection, a microfluidic aptasensor is currently a hot research
topic in vitro analysis and laboratory analysis [85]. According
to different detection modes, it can be divided into labeled and
label-free microfluidic aptasensors.

Labeled microfluidic aptasensor

Pultar et al. established the first CRP microfluidic aptasensor
using a labeled fluorescence analysis combined with a
microfluidic chip [86]: the CRP aptamer was incubated on
the slide with a dot detector to form separate reaction wells.
The microfluidic chip was made by combining the slide and
silica gel resin. The sample solution and fluorescein-labeled
antibody were added to the slide in turn, and the immune
complex of “aptamer-CRP-fluorescein labeled antibody”
was formed with the aptamer. The concentration of CRP in
the sample can be calculated by directly detecting the fluores-
cence intensity of the corresponding reaction pore. It is worth
mentioning that the aptasensor can determine the number of
reaction holes on the slide and the types and concentrations of
an aptamer incubated according to the requirements. These
reaction wells can even be extended to the pattern of microar-
ray, and the simultaneous detection of different target proteins
in multiple parallel control groups or samples can be realized.
The team also compared the testing performance of the
microfluidic sensor with the CRP-specific antibody and
aptamer used as recognition molecules and found that the
aptamer-based sensor is compatible with microfluidic technol-
ogy, and that the combination of the two can obtain a wider
detection range (0.01–100 mg/L) and higher recovery rate
(70–130%).

Label-free microfluidic aptasensor

FET has the advantage of low signal-to-noise ratio, low power
consumption, and easy integration. The FET-based
microfluidic chip can perform label-free detection [87]. The
most common FET label-free microfluidic chip structure is
presented by Yang et al. [88]. A pneumatic micropump, vor-
tex micromixer, pneumatic microinjector, and several
microvalves were integrated on the detection chip to quickly
and automatically complete the whole process of CRP detec-
tion (Fig. 5). Compared with the traditional desktop detection
instruments, the FET-based label-free microfluidic CRP
aptasensor is not only easy to operate, lightweight, and porta-
ble, but can also enable optimization of the detection sensitiv-
ity (LOD 0.0125 mg/L, which is about 10 times higher than
that of a desktop detector) and shorten detection time (the
detection time is only 25 min, about 20% that of a desktop
detector). Innovative study has also been carried out on this
basis.

In terms of clinical POCT applications, Lee et al. [89] con-
sidered that the chip developed by Yang et al. [88] required an
external solenoid valve as the power source to prevent liquid
backflow between the internal chambers and channels of the
chip, which did not conform to the requirement of POCT for
convenience. Lee’s team [89] prepared a driven micropump
that did not require an external power supply. The micropump
was based on the floating block structure of PDMS, which is
located at the end of the liquid channel. It can generate poten-
tial energy by injecting compressed air into the pipeline, thus
opening the hydraulic pressure generated by polydimethylsi-
loxane (PDMS) membrane creep. Lee’s team used this pneu-
matic micropump to replace the micropump based on solenoid
valve control. The improved microfluidic chip does not need
to control the external power supply current and internal sole-
noid valve frequency, which makes the operation more con-
venient and more suitable for clinical POCT needs.

It is composed of a PDMS base membrane and a floating
module on it. The liquid pressure makes the PDMS
connecting to the vent valve, and compressed air quickly
passes through it to generate driving force. The new
microfluidic aptasensor developed thus realizes high-speed
transmission by the micropump without external power sup-
ply, and it can also prevent pollution from liquid backflow,
rendering it more suitable for clinical POCT use.

In view of enhanced stability, the FET microfluidic
aptasensors prepared in the above manner fixed the aptamer
on the surface of the chip as a recognition element. However,
they still use antibodies to immobilize the tracer material for
sandwich-type detection, which still has defects such as poor
physical and chemical stability of the antibodies. Therefore,
Kao et al. innovatively established a double aptamer sandwich
aptasensor [90]. Aptamers with different binding sites were
utilized to replace the antibody-immobilized tracer material
to form a tracer material-aptamer2-CRP aptamer1 immune
complex. The aptasensor prepared by this method completely
eliminates the defect resulting from unstable antibody proper-
ties, and hence has stronger environmental adaptability, with
convenient transportation and storage.

With respect to reducing the influence of matrix and back-
ground interference, Chen et al. employed AlGaN/GaN mate-
rial to prepare FET microfluidic chips [91]. The chemical
inertness of AlGaN/GaN prevents the diffusion of ions and
shields the background interference caused by the high con-
centration of electrolytes in the matrix, and the biological
sample testing is directly performed. However, the aptasensor
has a narrow detection range (0.24–1.18mg/L), so it cannot be
used in clinical testing. Therefore, another kind of CRP FET
aptasensor constructed an electrical double-layer structure
with the AlGaN/GaN FET electrodes, so that the detection
solution only reacts with the gate electrode and the separation
trench, thereby increasing the concentration of active electrons
in the detection electrode, further amplifying the current
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change signal, and expanding the detection range to 0.34–
23.2 mg/L [92].

To expand the clinical practical application, Sinha et al.
further enhanced the use of the FET microfluidic aptasensor
[93]. They prepared a FET microfluidic chip containing mul-
tiple detection chambers, which can detect four biomarkers at
the same time to meet the need for multiple analyses.

Other types of CRP aptasensor

An aptamer is stable and compatible with multiple sensing
models. Therefore, in addition to the three main aptasensor
forms such as electrochemical sensors, optical sensors, and
microfluidic sensors, some CRP aptasensors are based on oth-
er platforms (isotachophoresis, in vivo detection, Blu-ray disc,
and SOMAscan, etc.) have gradually been developed (Fig. 6).

Isotachophoresis (ITP) can simultaneously analyze multi-
ple ionic compounds, with simple sample pretreatment pro-
cess and fairly compatible operating conditions, so it is widely
used in biochemical analysis. Another kind of CRP ITP
aptasensor has made an ITP aptasensor that separates the
CRP aptamer binding complex by ion spacing technology

and analyzes the complex content using ITP, thus shortening
the ITP detection cycle to 20 min [94]. This aptasensor has the
potential to serve as a simple and fast alternative to immuno-
assay and become a new platform for clinical POCT.

The living cell sensor is a novel CRP aptasensor designed
by Hwang et al. [95]. Its principle is to combine an aptamer
with the surface of peripheral blood mononuclear cells
(PBMCs) to make aptamer/PBMCs conjugate, which can rec-
ognize CRP in fluid and form immune complex. Finally, the
immune complex was incubated with the fluorescein-labeled
CRP antibody to generate a detectable fluorescent signal (Fig.
6A). It is worth mentioning that aptamer modified PBMCs
have good physiological activity. Hwang’s team also con-
firmed that apt PBMCs conjugate can detect CRP content in
flowing sheep blood under simulated vascular conditions.
Therefore, the living cell sensor is expected to be the first
CRP in vivo detection scheme by optimizing CRP aptamer/
PBMCs immune complex detection technology. As a kind of
non-attaching, non-differentiating, independent immune cells,
PBMCs will migrate to the lesions for immune response when
the body is injured. Therefore, the living cell sensor is expect-
ed to be derived into a continuous monitoring device of

Fig. 5 C-reactive protein label-free field effect transistor microfluidic
aptasensor [88]: A microfluidic chip structure chart and B test process;
(a) the magnetic beads labeled with CRP aptamer were incubated with the
samples containing CRP in the reaction chamber; (b) after incubation, the
magnetic separation method attracted the immune complex to the bottom
of the microchannel, and then washed the buffer to remove the interfering

substances; (c) the acridine ester–labeledanti-CRP antibody was added
and interacted with the immune complex; (d) the magnetic separation
method was used to remove the interfering substances The unconjugated
acridine ester–labeled anti CRP antibody was removed, and then the color
reagent (H2O2) was added for chemiluminescence detection, with permis-
sion from Elsevier (copyright 2009)
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clinical pathological state or a monitoring device of wound
inflammation state.

As an important portable storage device in daily life, Blu-
ray discs can replace traditional chips as the detection sub-
strate. Combined with the high-precision optical signal read-
ing ability of the Blu-ray optical drive, it can be used to de-
velop analytical sensing devices that are easy to popularize at
the basic level, shines a light on the new direction for the
development of clinical CRP POCT. The Blu-ray disc
aptasensor established by Weng et al. [96] is made by fixing
the aptamer on the blue light disc (Fig. 6B). The CRP aptamer,
myoglobin aptamer, and troponin I aptamer were incubated in
non-interference areas of the Blu-ray disc, respectively, so that
the aptasensor could obtain the concentration information of
three proteins simultaneously when reading the Blu-ray disc,
which is very convenient and fast.

SOMAscan is an aptamer-based proteomic detection tech-
nology proposed by SomaLogic, Inc. (Colorado, USA). It is
also known as an aptamer-based analysis that has been vali-
dated in real clinical settings [97, 98]. Kim et al. included CRP
in the SOMAscan protein library and prepared an aptasensor
based on the SOMAscan platform [99]. It used plasma sam-
ples of 52 subjects to test the repeatability and stability of the
method. The results showed that the aptasensor had good re-
peatability (CV < 10%) and stability (ICC or Spearman R ≥
7.5 within 48 h, ICC or Spearman R ≥ 0.4 after 1 year of
storage). The aptasensor confirmed the feasibility of the
aptamer analysis method in the clinical application of CRP,
especially for plasma samples stored within 1 year, and had
the advantages of short detection time, high detection sensi-
tivity, and good reproducibility. It is currently the most feasi-
ble sensing strategy for rapid and high-throughput detection of
biological samples.

Conclusions and prospects

In recent years, aptamer-based biosensing technology
has been developed rapidly in the bioanalytical field
and has gradually become an effective method for rapid
and accurate clinical identification of the biomarker
CRP. Compared to antibodies, the aptamer has the ad-
vantage of low steric hindrance, easy modification, sta-
ble properties, and low immunogenicity. It can be ex-
panded to a variety of CRP sensing platforms and is
considered the best sensor recognition element [18,
25]. Currently, a variety of signal transduction methods
have been developed to manufacture aptamer-based CRP
biosensors, and it has been proven that they meet the
requirements for CRP analysis such as high sensitivity
[51], wide linear response range [74], POCT [52, 60],
multiplexing [55, 56], etc. They can even be used to
conduct in vivo testing [95] and achieve reproducible
results in repeated testing [60]. However, there are still
certain issues that need to be resolved in order to apply
the aptasensor to real clinical testing.

The first problem is the background interference on
the aptasensor caused by the matrix during CRP detec-
tion. The biological sample matrices have a complex
composition, which contains a variety of irrelevant pro-
teins (such as albumin, gamma globulin, etc.) other than
CRP. These proteins are easily adsorbed non-specifically
on the testing substrate of the aptasensor, resulting in
false-positive or false-negative results [50]. Furthermore,
aptamers have a highly flexible structure and different
three-dimensional folding structures under different buff-
er conditions. This has both its advantages and disad-
vantages. The advantages lie in the following: the

Fig. 6 Other types of C-reactive
protein aptasensors: A living cell
in vivo detection aptasensor [95],
with permission from Scientific
Reports (copyright 2016), and B
Blu-ray disc aptasensor [96], with
permission from the American
Chemical Society (copyright
2016)
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dynamic flexible structure enables the aptamer to have
good physical and chemical properties, which can adapt
to long-term storage and transportation at room temper-
ature; the disadvantages lie in the following: the com-
bination of aptamer and CRP must be carried out in a
specific buffer solution; for example, the sequence must
be involved in Na+ to detect CRP [23]. Considering the
uncontrollable accidental error factors in practical oper-
ation, the disadvantage of this flexible structure will
inevitably affect the repeatability of the aptasensor de-
tection method. Finally, in view of the importance of
CRP as an indicator of inflammation and infection in
the monitoring of curative effect and prognosis, it is
necessary to develop a real-time continuous monitoring
system, so that the frequent monitoring of CRP in vivo
is similar to the implantable continuous blood glucose
monitoring system. The aptamer has low immunogenic-
ity, which makes it possible to detect CRP in vivo. The
living cell sensor further confirmed that the aptasensor
has the ability to specifically recognize and combine
CRP in blood vessels. However, further research is
needed to achieve continuous monitoring of CRP
in vivo based on the aptasensor.

Currently, two strategies can be adopted to solve these
problems. The first is to promote the interaction, integration,
and fusion of different disciplines, such as analytical chemis-
try, clinical medicine, materials science, nanoscience, and
physics to design sensors with high-specificity clinical real-
time monitoring devices in vivo. The second is to accelerate
the development process of an aptamer 3D rapid modeling
program and aptamer target molecular structure docking pro-
gram, promote the research on the binding sites between the
CRP and the aptamer, optimize the SELEX screening pro-
gram, and obtain CRP-specific aptamers with good stability,
high affinity, and low buffer impact. This will provide basic
guarantee for optimizing the precision and repeatability of the
aptamer detection method.
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