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A B S T R A C T   

Biomarkers of disease, especially protein, show great potential for diagnosis and prognosis. For detecting a 
certain protein, a binding assay implementing antibodies is commonly performed. However, antibodies are not 
thermally stable and may cause false-positive when the sample composition is complicated. In recent years, a 
functional nucleic acid named aptamer has been used in many biochemical analysis cases, which is commonly 
selected from random sequence libraries by using the systematic evolution of ligands by exponential enrichment 
(SELEX) techniques. Compared to antibodies, the aptamer is more thermal stable, easier to be modified, con
jugated, and amplified. Herein, an Aptamer-Based Cell-free Detection (ABCD) system was proposed to detect 
target protein, using epithelial cell adhesion molecule (EpCAM) as an example. We combined the robustness of 
aptamer in binding specificity with the signal amplification ability of CRISPR-Cas12a′s trans-cleavage activity in 
the ABCD system. We also demonstrated that the ABCD system could work well to detect target protein in a 
relatively low limit of detection (50–100 nM), which lay a foundation for the development of portable detection 
devices. This work highlights the superiority of the ABCD system in detecting target protein with low abundance 
and offers new enlightenment for future design and development.   

1. Introduction 

Nature has evolved a vast range of proteins in performing physio
logical functions to maintain the life activities on earth, and some pro
teins carrying out a certain function may indicate the proceedings of 
disease. Such protein could be sorted into biomarkers, which have been 
regarded as the targets of disease detection and treatment in recent years 
[1–3], and thus detecting those biomarkers of protein-type remains a 
long-standing goal in biological and medical fields. To detect a partic
ular protein in a complex sample, determination after separation and 
binding assays characterizations have been widely used previously [4]. 
The former approach is a time-consuming method that includes gel 
filtration chromatography, ion-exchange chromatography, and nickel 
column purification. However, the latter one also faces a dilemma with 
low/none binding specificity to the target of interest despite being more 
convenient. For instance, a typical representative method of 

enzyme-linked immunosorbent assay (ELISA) is often powerless and 
frustrating when lacking a specific antibody to the targeted protein. 
Besides, the low abundance of the target of interest and massive samples 
also call for a method with high specificity and efficiency. 

In terms of binding assays, aptamers own more excellent perfor
mance than antibodies as affinity ligands to recognize specific proteins. 
Aptamers are short, synthetic single-stranded oligonucleotides (DNA or 
RNA) that can bind to target molecules with high affinity and specificity 
[5]. These oligonucleotides are commonly selected from random 
sequence libraries, using the technique called systematic evolution of 
ligands by exponential enrichment (SELEX) [6]. As a kind of functional 
nucleic acid, aptamer certainly harbors the nature of nucleic acid which 
is incommensurable to protein. Particularly, compared with proteins (or 
antibodies) used in the immunological analysis, nucleic acids own a 
feature that could be easily amplified via various approaches. Besides, 
aptamers have a longer shelflife, improved thermal stability, and could 
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be modified and conjugated more easily, which enable them to become a 
powerful tool in the biochemical analysis [7]. 

Here, we took the advantage of aptamer and trans-cleavage activity 
of CRISPR-Cas12a [8,9] to construct a protein detection system named 
Aptamer-Based Cell-free Detection (ABCD) system, in which the 
aptamer was employed as a recognition probe and CRISPR-Cas12a was 
regarded as a signal amplifier. We demonstrated that this system works 
well in detecting target protein with considerable sensitivity and spec
ificity, which has the potential to be further used in the biological and 
medical fields. 

2. Materials and methods 

2.1. Oligonucleotides used in this study 

As shown in Table 1, the crRNA-C3 was synthesized by Sangon 
Biotech (Shanghai), and the other sequences were synthesized by Borui 
Biotech (Xiamen). 

2.2. Reagents and buffers 

The nucleic acid dye Super Gelblue (10,000× ) was bought from 
Yuheng Biotech (Suzhou). The streptavidin-coated Fe3O4 magnetic 
beads were bought from PuriMag Biotech (Xiamen). The human re
combinant epithelial cell adhesion molecule (EpCAM) protein was 
bought from Sino Biological Inc. And the AsCas12a protein was bought 
from Huicheng Biotech (Shanghai). DNase I was bought from Beyotime 
Biotech (Shanghai). The premix powder of 1× PBS was bought from 
Sangon Biotech (Shanghai). Duplexing Buffer (used in forming double- 
strand complex) was prepared by adding 5 mM MgCl2 into 1× PBS 
buffer. Washing and Binding Buffer (used in washing magnetic beads 
and binding double-strand complex onto beads) contained 20 mM Tris- 
HCl, 1 M NaCl, 1 mM EDTA, 0.02% Triton X-100; pH 7.8. Incubation 
Buffer (used in binding aptamer and target protein) was prepared by 
adding 0.05 mM MgCl2 into 1× PBS buffer. 5× Trans-cleavage Buffer 
(used in reactions that Cas12a involved) contained 100 mM Tris-HCl, 
500 mM KCl, 25 mM MgCl2, 5 mM DTT, 25% glycerol, 250 μg/mL 
heparin; pH 7.5. All buffers should be filtered via 0.22-μm filters before 
being used. 

2.3. Molecular hybridization and agarose gel electrophoresis 

Equal equivalent (100 pmol) of aptamer (SYL3C-Biotin) and C3- 
FAM/C4-FAM were mixed then heated to 95 ◦C for denaturing for 10 
min. Then anneal to room temperature slowly. Agarose (3%) gel elec
trophoresis was performed subsequently with nucleic acid dye supple
mented in advance when making the gel. The gel image was obtained via 
Bio-Rad Molecular Imager® Gel Doc™ XR System. 

2.4. Fluorescence anisotropy 

100 pmol aptamer (SYL3C-FAM) was mixed with 55 pmol EpCAM in 
Incubation Buffer to the volume of 200 μL. Then the reaction system was 
incubated at 37 ◦C for 40 min. The fluorescence intensity of parallel/ 
vertical direction was measured by Shimadzu® RF-6000. The polarizers 

were from a pair of 3D glasses. Attach a polarizer to the exit of the 
excitation light, and attach another polarizer to the receiving inlet of the 
emission light to make sure the polarization directions of the two 
polarizers were vertical/parallel. The excitation wavelength is 495 nm, 
and the range of emission wavelength is from 500 nm to 600 nm. The 
control group used Incubation Buffer to replace the EpCAM in this test. 

2.5. Competition reaction 

The aptamer (SYL3C-Biotin) and C3-FAM were used to form a 
double-strand complex by molecular hybridization. Magnetic beads 
with appropriate volume were used and the beads were washed using 
the Washing and Binding Buffer according to the manual of beads. Then 
the Incubation Buffer was added for the competition reaction followed 
by supplementing 20 pmol EpCAM. After incubation at room tempera
ture for 40 min, the supernatant of the reaction system was removed to 
measure fluorescence intensity by Shimadzu® RF-6000. The excitation 
wavelength is 495 nm, and the range of emission wavelength is from 
500 nm to 600 nm. The Positive Control was C3-FAM to show the 
obvious high fluorescence signal. 

2.6. Trans-cleavage activity of Cas12a 

Various concentrations (20, 2, and 0.2 pmol) of C3 were used to 
activate the trans-cleavage activity of Cas12a. 1 pmol AsCas12a, 2 pmol 
crRNA-C3, and ssDNA reporter were pre-mixed for 30 min at room 
temperature. Then C3 and 5× Trans-cleavage Buffer were added to reach 
a final volume of 200 μL. The fluorescence intensity was measured 
immediately by Tecan Infinite® M200 Pro. The excitation wavelength is 
485 nm, and the emission wavelength is 535 nm. Recording time was set 
as 440 s and interval time was set as 20 s. DNase I was used as the 
Positive Control to cut off the ssDNA reporter in this test. 

2.7. Integrated experiment 

The aptamer (SYL3C-Biotin) and C3 were used to form a double- 
strand complex by molecular hybridization. Magnetic beads of appro
priate volume were used and the beads were washed using the Washing 
and Binding Buffer according to the manual of beads. Then the Incu
bation Buffer was added for the competition reaction followed by sup
plementing varying moles (10, 15, and 20 pmol) of EpCAM. After 
incubation at room temperature for 40 min, the supernatant of the re
action system was removed to add into the pre-mix of 1 pmol AsCas12a, 
2 pmol crRNA-C3, and ssDNA reporter in 5× Trans-cleavage Buffer. The 
fluorescence intensity was measured immediately by Tecan Infinite® 
M200 Pro. The excitation wavelength is 485 nm, and the emission 
wavelength is 535 nm. Recording time was set as 1180 s and interval 
time was set as 20 s. 

2.8. Data analysis and fitting 

Statistical data analysis and fitting were performed with the Ori
ginPro 2021 (Learning Edition). 

Table 1 
Sequence of gene.  

Sequence Name 5′ modification Sequence (5′→3′) 3′ modification 

SYL3C-Biotin  CACTACAGAGGTTGCGTCTGTCCCACGTTGTCATGGGGGGTTGGCCTG TEG-Biotin 
SYL3C-FAM  CACTACAGAGGTTGCGTCTGTCCCACGTTGTCATGGGGGGTTGGCCTG FAM 
C3-FAM  CTCTGTAGTGTTTTTTTTTTTTTT FAM 
C4-FAM  TCTGTAGTGTTTTTTTTTTTTTTT FAM 
C3  CTCTGTAGTGTTTTTTTTTTTTTT  
ssDNA Reporter 6-FAM TTATT IABkFQ 
crRNA-C3  UAAUUUCUACUCUUGUAGAUAAAAAAAAAAACACUACAGAG   
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3. Results 

3.1. Design of ABCD system 

Generally, the binding of the aptamer to its target molecule depends 
on the correct conformation of the aptamer. Therefore, the conforma
tional change during the recognition process becomes a key point to kick 
off the downstream signal transfer or transformation. This is the basis for 
designing our ABCD system (Fig. 1). To detect conformational change 
resulting from the binding of target protein, we utilized a single- 
stranded DNA with a partial sequence complementary to the aptamer 
sequence (hereafter called the complementary strand) as a molecule for 
signal transformation. The aptamer primarily formed a stable double- 
strand complex with the complementary strand, and then was fixed on 
a solid phase. The aptamer would bind to the target protein, enter into 
the detection system and then release the complementary strand. 
Although the free complementary strand was available to detect, we 
planned to implement another novel method designed with a signal 
transformation to make this system possess better performance. Given 
the trans-cleavage activity that the Cas12a harbors, we determined to 
trigger this activity of Cas12a by releasing a complementary strand. 
Once being activated, the Cas12a would cut off the ssDNAs in the system 
in an unspecific way, including the ssDNA reporter, resulting in the 
fluorescence recovery of the fluorophore in the ssDNA reporter. This 
design would achieve the signal transformation from free complemen
tary strand to fluorescence signal, which leads to signal amplification. 
For the entire workflow, the target protein was signal input while the 
fluorescence was signal output, undergoing double signal trans
formations. After trans-cleavage for a certain time, the target protein’s 
concentration was measured by the fluorescence intensity. Thus, in our 
experiment, we chose EpCAM as our target protein, which was overex
pressed in most solid cancers and represented an ideal tumor antigen 
candidate on the surface of circulating tumor cells (CTCs) [10], and the 
identified aptamer SYL-3C [11] to verify the feasibility of our ABCD 
system. 

The binding of the target protein to aptamer triggered 

conformational change and resulted in the release of the complementary 
strand. In other words, the complementary strand was out-competed 
because of the higher combining capacity of the target protein. To 
make this “competition” reaction available in thermodynamics, it was 
necessary to investigate the influence of the nucleotide’s number in the 
complementary strand on the reaction, which was complementary to the 
aptamer’s sequence (Fig. 2A). Based on SantaLucia’s work [12], we 
calculated the Gibbs free energy, of which the nucleotides were 9, 10, 
11, 12, or 13 in complementary strand, then converted them into dis
associated constant Kd (Fig. 2B) for convenient comparison with that of 
the aptamer-target protein complex (indicated with the red line). We 
figured out that when the complementary nucleotides are over 10, the 
Kd of the double-strand complex was lower than that of the 
aptamer-target protein complex, which was unfavorable for the 
“competition” reaction. However, the fewer complementary nucleotides 
would lead to an unstable double-strand complex, which was also 
negative for the “competition” reaction. Thus, molecular hybridization 
was employed to verify the lower limit numbers of nucleotides in 
complementary strands steadily complementary to the aptamer 
sequence. As shown in the results of agarose gel electrophoresis, the 
bands of double-strand complexes (upper bands) were visibly displayed 
when the number of complementary nucleotides was more than 9 
(Fig. 2C), which indicated that the number of 10 was the lowest limit to 
not only maintain a stable double-strand complex but also trigger the 
“competition” reaction. 

3.2. Competition: complementary strand is released due to the binding of 
the target protein to the aptamer 

In this research, streptavidin-coated Fe3O4 magnetic beads were 
employed as the solid phase to fix the double-strand complex, on which 
the “competition” reaction happened. Since the aptamer sequence SYL- 
3C was 3′-biotin modified in advance, the binding to streptavidin on the 
surface of magnetic beads were easy to obtain. Before binding, molec
ular hybridization was performed to form a double-strand complex. And 
after binding, we utilized the magnetic field to remove the excess free 

Fig. 1. Graphic description of Aptamer-Based Cell-free Detection (ABCD) system.  
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duplexes or single strands to avoid their interferences with subsequent 
“competition” reactions. In simple tests of the “competition” reaction, 
complementary strands with 3′-FAM modified were used to detect the 
fluorescence intensity of supernatant after the reaction for convenience. 

We tested the complementary strand C3 with 10 nucleotides com
plementary to SYL-3C. The results showed that the fluorescence in
tensity at about 525 nm of supernatant in the “Aptamer + C3 + EpCAM” 
group was higher than that of “Aptamer + EpCAM” and “Aptamer + C3” 
groups, and the value of fluorescence intensity of “Aptamer + EpCAM” 
was similar to that of the blank group (Fig. 3). This indicated that the 
complementary strand C3 could be out-competed by target protein 
EpCAM and then released to the supernatant, which was corresponding 
to the prediction of computational results (Fig. 2B). Though there might 
be nonspecific adsorption of C3 since the fluorescence intensity of the 
“Aptamer + C3” group showed a little bit higher than the blank group, 
the success of “competition” was not concealed. In addition, we have 
also tested the specificity of the aptamer according to the fluorescence 

anisotropy (FA) approach [13] (Fig. S1). The ΔFA between the 
“Aptamer + EpCAM” group and the “Aptamer” group (FA (Aptamer +
EpCAM) – FA(Aptamer)) was about 0.113, which indicated that the 
EpCAM could lead to a significant increase in the FA value of the reac
tion system. This suggested that the specificity of SYL-3C to EpCAM was 
high enough, which laid the foundation for subsequent 
characterizations. 

3.3. Trans-cleavage activity of Cas12a triggered by complementary strand 

The complementary strand C3 was designed complementary to the 
crRNA with 21-nucleotides, which could trigger the Cas12a-crRNA as
sembly in theory [8,9]. To test whether the C3 could actually activate 
Cas12a or not, we used an ssDNA reporter modified with 5′-FAM and 
3′-IABkFQ which was commonly used before. The nonspecific cleavage 
of ssDNA reporter would cause the lapsed quencher and detectable 
fluorescence. The fluorescence intensity of different incubation times 
was recorded using a microplate reader to investigate the effect of 
complementary strand C3 with different concentrations (different moles 
in the same volume) on fluorescence intensity (Fig. 4). We demonstrated 
that the fluorescence intensity showed a similar increasing trend with 
20 pmol and 2 pmol C3 in 200 μL reaction volume, while no significant 
increase of fluorescence intensity was observed with 0.2 pmol C3 
(DNase I was set as Positive Control). That meant 100 nM and 10 nM C3 
could activate the trans-cleavage activity of Cas12a while the concen
tration of 1 nM C3 could not activate Cas12a in an acute way. In general, 
the results suggested that the C3 and the crRNA we designed could work 
well and the Cas12a could be activated to cut off the ssDNA reporter 
nonspecifically. 

3.4. Proof of concept: ABCD system works well to detect target protein 

After verifying the feasibility of each part in the ABCD system step- 
by-step, we further performed an integration experiment to detect the 
target protein EpCAM in accordance with the ABCD system’s operation 
workflow (Fig. 5A). We used complementary strand C3 as the molecule 
of first signal transformation, whose performance was validated before. 
Different from the verification tests in the “competition” reaction, the C3 
strand used here was not modified on both ends. After the “competition” 

Fig. 2. The Feasibility of the ABCD system in ther
modynamics. (A) The number of complementary nu
cleotides between aptamer sequence (SYL-3C) and 
complementary strand should be counted to achieve 
the successful “competition”. (B) Kd resulted from 
different complementary numbers were calculated 
through the “nearest-neighbor” approach. The pink 
dash line indicates the Kd of the SYL-3C-EpCAM 
complex (2.88 × 10− 8 M). (C) The image of agarose 
gel electrophoresis to characterize the forming of a 
double-strand complex. A: aptamer (SYL3C-Biotin); 
C3: complementary strand C3 with fluorophore 
modified; C4: complementary strand C4 with fluo
rophore modified.   

Fig. 3. The emission spectrum at 495 nm excitation wavelength of supernatant 
after “competition” reaction. Scan range: 500–600 nm. 
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reaction, the supernatant extracted was directly mixed with the pre- 
assembled Cas12a-crRNA reaction system (containing ssDNA reporter) 
and then detecting fluorescence intensity immediately. EpCAM with 
different concentrations was tested, and the fluorescence intensity was 
plotted against time (Fig. 5B). We found that fluorescence intensity 
increased almost as a linear mode through time, and a higher concen
tration of EpCAM had a larger increasing rate of fluorescence intensity. 
This indicated that the ABCD system could detect target protein EpCAM 
and distinguish the concentrations of target protein at a relatively lower 
limit of detection (50–75 nM). These data demonstrated that the ABCD 
system constructed was able to detect target protein specifically, which 
presented a good application potential for more complicated biochem
ical analysis. 

4. Discussion 

Aptamers is functional nucleic acid that has been widely used in 
various biochemical analyses. Matthew R. Dunn and colleague analyze 
1003 in vitro experiments and revealing new insights into the targets 
chosen for aptamer selections. Among them, proteins constitute the 

largest target category with 584 entries, followed by small molecules 
and cells with 234 and 141 entries, respectively [14]. Protein-targeted 
aptamer repertoire is much smaller than that of antibodies, while the 
feature of easy modification, thermodynamic stability, and easy 
chemosynthesis still attracted flocks of researcher’s attention. Among 
them, the stability of DNA aptamers was much higher than that of RNA 
due to its chemical property. However, to overcome this dilemma, a 
wealth of synthetic chemical method has been introduced into the 
SELEX and post-SELEX modification process to improve the stability of 
aptamers [15]. For example, 2′-fluoro-, 2′-amino-, and 2′-O-me
thyl-substituted libraries modification make the aptamers more stable in 
biological application. Thus, modifications of nucleic acids improve the 
stability of aptamers, which could be a solution to the low stability of 
RNA-based aptamers. 

The low stability of crRNA not only limited its application, but also 
may became the biggest challenge for practical application of the ABCD 
system. However, it is worth noting that many methods have been 
constructed to improve the stability of crRNA. For example, the modi
fication of RNA’s nucleotides with functional groups would increase its 
stability. Though there is no example for Cas12a now, chemical modi
fication has been proved efficient in increasing Cas9′s gRNA stability 
[16] and even reducing off-target cleavage without sacrificing on-target 
activity [17]. Although modified position in the gRNA that directly 
interface with Cas9 has been shown to reduce its activity, the remainder 
position of the gRNA sequence tolerates heavy modification [18]. Thus, 
we have reasons to believe that modified crRNA of CRISPR-Cas12a could 
also enhance the stability as well. 

ELISA method also has the ability to measure EpCAM with relative 
high sensitivity in the pg/mL level. However, no matter what origins of 
EpCAM (CTCs/EVs in blood or soluble type in serum) [19–23], the 3–5 h 
and even overnight coating operations process make it a 
time-consuming method compared to ABCD system (<2 h). Besides, 
compared to colorimetric substrate, the more sensitive florigenic sub
strate, such as ampliflu, worked not so well with HRP/H2O2 system due 
to oxidation of the substrate to non-fluorescent resazurin in the presence 
of hydrogen peroxide [24]. But our ABCD system is not affected by this 
issue because there is no redox system employed. To be frank, our sys
tem should be further improved to decrease the detection limit (such as 
using the CONAN system [25] or extending the crRNA [26]), however, 
the time-saving operation and low-cost of our system could not be 
neglected, while the lower thermodynamics and cross-reactivity of an
tibodies used in ELISA could not be neglected as well. 

The “competition” reaction is the critical part of the ABCD system 
whose feasibility in thermodynamics should be considered primarily. 
Because successful “competition” reaction was the necessary prerequi
site for valid fluorescence intensity detection. The complementary 

Fig. 4. Varying moles of C3 was used to activate the trans-cleavage activity of 
Cas12a. Fluorescence intensity was measured immediately at 535 nm emission 
wavelength excited at 485 nm after triggering. Data points of every group were 
fitted via Gauss function to simply show the increasing trend of fluorescence 
intensity. DNase I was implemented as the Positive Control in this test. 

Fig. 5. Proof of concept. (A) The operation workflow of the ABCD system employed for detect EpCAM. (B) Varying moles of EpCAM were used to test the per
formance of the ABCD system. Fluorescence intensity was measured immediately at 535 nm emission wavelength excited at 485 nm after triggering. Recording time 
was set as 1180 s and interval time was set as 20 s. Liner fitting was performed to show the change of fluorescence intensity through time. 
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strand binding to aptamer depends not only on the number of comple
mentary nucleotides but also the salt concentration, which was taken 
into consideration in our calculation part. Various cases are containing 
the idea of “competition”, However, we noticed that the feasibility in 
thermodynamics and the influence from the complementary nucleotides 
number hadn’t been carefully investigated many times. To clearly pre
sent the calculation process and make it convenient for other re
searchers, we integrated our calculation process and defined an ABkey 
function explained in a flow chart (Fig. S2) in supplementary. We could 
find the appropriate range of complementary nucleotides number via 
calculation following the flow chart when the disassociated constant of 
the target molecule (not limited to protein)-aptamer complex and the 
identified sequence of the aptamer is known. It is worth mentioning that 
we have considered the kinetics of the “competition” reaction, whereas 
kinetics experiments are difficult for us to implement. We had to use the 
incubation time in the literature [11] as a reference. 

To verified each part in ABCD systems, the “modular” idea acted as 
guidelines to implement the experiment step-by-step. We divided the 
ABCD system into the sensor (double-strand complex), the amplifier 
(Cas12a), and the reporter (ssDNA reporter), which was more in line 
with the concept of synthetic biology. The input signal of the target 
protein was transformed through the ABCD system and successfully 
outputted the fluorescence signal at last. 

Recently, researchers have developed a variety of approaches to 
detect ions [27], small molecules [27,28], nucleic acids [29–33], and 
transcriptional factors [34] (proteins [33]) based on the assistance of 
CRISPR-Cas12a. Xiong et al. [27] reported a versatile detection tool 
combining functional DNA and Cas12a, which harbored the “competi
tion” idea as well. Different from us, besides using aptamer to detect 
target molecule (ATP), they also utilized another functional nucleic acid 
DNAzyme to detect Na+. Interestingly, they designed an activation 
strand to bind two identical aptamer sequences to make the “competi
tion” reaction feasible. Although such a reaction is a homogeneous re
action, we believe that the ABCD system will be more advantageous in 
eliminating the interference of free nucleic acids. We applied the solid 
phase in our design of the ABCD system. For convenient operation, the 
magnetic beads were chosen as the solid phase in our experiments. 
However, such solid-phase is not limited to magnetic beads. For 
instance, the microfluidic chip or electrode [33] are fine options to 
consider, where the double-strand complex can be immobilized by 
well-developed technology. In addition, diverse compartments could be 
set to spatially separate the “competition” reaction and the trans-
cleavage reaction so that the potential interference of the two reactions 
would be reduced. For detecting multiple molecules (ions, small mole
cules, nucleic acids, proteins, cells even vesicles) simultaneously, we 
could take the work of Ackerman et al. [35] as a reference by applying 
different types of Cas proteins harboring trans-cleavage activity and 
orthogonal reporter ssDNAs or ssRNAs, which facilitated multiplexed 
detection-The premise is to obtain the sequences of aptamers of corre
sponding target molecules that are to the benefit of tremendous SELEX 
works. These all present the potential of the ABCD system to be further 
developed into portable detection devices. 

In actuality, we found that the measurement of fluorescence intensity 
was not so steady when the concentrations of target protein were close 
to zero (data not shown), which affected the determination of LOD (limit 
of detection). Similar to other biochemical analysis approaches based on 
aptamers, ABCD system’s stability may be affected by salt concentration, 
pH, and temperature. Using the same buffer conditions and temperature 
in aptamer selecting will greatly ameliorate the problems. Additionally, 
identifying new aptamers with higher affinity and specificity to the 
target molecules is able to improve the ABCD system’s efficiency. We 
will endeavor to build up the quantitative analysis performance of the 
ABCD system in the next stage and demonstrate the feasibility in the real 
samples (such as plasma) in the future. 

5. Conclusions 

In conclusion, we constructed an Aptamer-Based Cell-free Detection 
System, in which the robustness of aptamer in binding specificity and 
the signal amplification ability of CRISPR-Cas12a′s trans-cleavage ac
tivity was combined to detect the target protein (EpCAM). More 
importantly, the ABCD system could work well to detect target protein 
with a relatively low limit of detection (50–100 nM), which could be 
further developed for portable detection devices. The Aptamer-Based 
Cell-free Detection System development in this work offers new 
enlightenment for the future design and development of cell-free 
detection process with higher accuracy and specificity. 

Author contributions 

B.S.F. and A.H.Z. designed the experiments and co-supervised the 
project. J.H.C. and A.H.Z. wrote the manuscript with inputs from all 
authors. J.H.C., X.Y.Z., J.Y.Z., and R.F.Y carried out the experiments and 
analyzed the data. F.W. performed the theoretical calculation. All au
thors conceived the work and discussed the experiments. 

CRediT authorship contribution statement 

Junhong Chen: Methodology, Writing – original draft. Xiaoyan 
Zhuang: Investigation, Validation. Jiyang Zheng: Visualization. Ruo
fan Yang: Methodology. Fei Wu: Software. Aihui Zhang: Project 
administration, Writing – review & editing. Baishan Fang: Conceptu
alization, Supervision, Conceptualization. 

Declaration of competing interest 

The authors declare that they have no competing interests. 

Acknowledgments 

This work was financially supported by the National Natural Science 
Foundation of China (No. 21978245). We also thanked very much the 
other members of the iGEM team XMU-China 2018. It was our endeavor 
that made the idea come true. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.synbio.2021.07.004. 

References 

[1] Strimbu K, Tavel JA. What are biomarkers? Curr Opin HIV AIDS 2010;5(6):463–6. 
https://journals.lww.com/co-hivandaids/Abstract/2010/11000/What_are_biomar 
kers_.3.aspx. 

[2] Aronson JK. Biomarkers and surrogate endpoints. Br J Clin Pharmacol 2005;59(5): 
491–4. https://bpspubs.onlinelibrary.wiley.com/doi/full/10.1111/j.1365-2125. 
2005.02435.x. 

[3] Service RF. Will biomarkers take off at last? Science 2008;321(5897):1760. htt 
ps://science.sciencemag.org/content/321/5897/1760. 

[4] Cohen L, Walt DR. Highly sensitive and multiplexed protein measurements. Chem 
Rev 2019;119(1):293–321. https://pubs.acs.org/doi/10.1021/acs.chemrev. 
8b00257. 

[5] Jayasena SD. Aptamers: an emerging class of molecules that rival antibodies in 
diagnostics. Clin Chem 1999;45(9):1628–50. https://academic.oup.com/clinch 
em/article/45/9/1628/5643446. 

[6] Tuerk C, Gold L. Systematic evolution of ligands by exponential enrichment: RNA 
ligands to bacteriophage T4 DNA polymerase. Science 1990;249(4968):505–10. htt 
ps://science.sciencemag.org/content/249/4968/505. 

[7] Zhang H, Li F, Dever B, Li X, Le XC. DNA-mediated homogeneous binding assays for 
nucleic acids and proteins. Chem Rev 2013;113(4):2812–41. https://pubs.acs.org/ 
doi/10.1021/cr300340p. 

[8] Chen JS, Ma E, Harrington LB, Costa MD, Tian X, Palefsky JM, et al. CRISPR- 
Cas12a target binding unleashes indiscriminate single-stranded DNase activity. 
Science 2018;360(6387):436–9. https://science.sciencemag.org/content/360 
/6387/436. 

J. Chen et al.                                                                                                                                                                                                                                     

https://doi.org/10.1016/j.synbio.2021.07.004
https://doi.org/10.1016/j.synbio.2021.07.004
https://journals.lww.com/co-hivandaids/Abstract/2010/11000/What_are_biomarkers_.3.aspx
https://journals.lww.com/co-hivandaids/Abstract/2010/11000/What_are_biomarkers_.3.aspx
https://bpspubs.onlinelibrary.wiley.com/doi/full/10.1111/j.1365-2125.2005.02435.x
https://bpspubs.onlinelibrary.wiley.com/doi/full/10.1111/j.1365-2125.2005.02435.x
https://science.sciencemag.org/content/321/5897/1760
https://science.sciencemag.org/content/321/5897/1760
https://pubs.acs.org/doi/10.1021/acs.chemrev.8b00257
https://pubs.acs.org/doi/10.1021/acs.chemrev.8b00257
https://academic.oup.com/clinchem/article/45/9/1628/5643446
https://academic.oup.com/clinchem/article/45/9/1628/5643446
https://science.sciencemag.org/content/249/4968/505
https://science.sciencemag.org/content/249/4968/505
https://pubs.acs.org/doi/10.1021/cr300340p
https://pubs.acs.org/doi/10.1021/cr300340p
https://science.sciencemag.org/content/360/6387/436
https://science.sciencemag.org/content/360/6387/436


Synthetic and Systems Biotechnology 6 (2021) 209–215

215

[9] Li S, Cheng Q, Liu J, Nie X, Zhao G, Wang J. CRISPR-Cas12a has both cis- and trans- 
cleavage activities on single-stranded DNA. Cell Res 2018;28(4):491–3. 
https://www.nature.com/articles/s41422-018-0022-x. 

[10] Patriarca C, Macchi RM, Marschner AK, Mellstedt H. Epithelial cell adhesion 
molecule expression (CD326) in cancer: a short review. Canc Treat Rev 2011;38(1): 
68–75. https://www.sciencedirect.com/science/article/abs/pii/S0305737 
211000648. 

[11] Song Y, Zhu Z, An Y, Zhang W, Zhang H, Liu D, et al. Selection of DNA aptamers 
against epithelial cell adhesion molecule for cancer cell imaging and circulating 
tumor cell capture. Anal Chem 2013;85(8):4141–9. https://pubs.acs.org/doi/abs/ 
10.1021/ac400366b. 

[12] SantaLucia JJ. A unified view of polymer, dumbbell, and oligonucleotide DNA 
nearest-neighbor thermodynamics. Proc Natl Acad Sci U S A 1998;95(4):1460–5. 
https://www.pnas.org/content/95/4/1460. 

[13] Heyduk T, Ma Y, Tang H, Ebright RH. Fluorescence anisotropy: rapid, quantitative 
assay for protein-DNA and protein-protein interaction. Methods Enzymol 1996; 
274:492–503. https://www.sciencedirect.com/science/article/pii/S00766879967 
40399. 

[14] Dunn MR, Jimenez RM, Chaput JC. Analysis of aptamer discovery and technology. 
Nat Rev Chem 2017;1:0076. https://doi.org/10.1038/s41570-017-0076. 

[15] Wu L, Wang Y, Xu X, Liu Y, Lin B, Zhang M, et al. Aptamer-based detection of 
circulating targets for precision medicine. Chem Rev 2021. https://doi.org/ 
10.1021/acs.chemrev.0c01140. 

[16] Hendel A, Bak RO, Clark JT, Kennedy AB, Ryan DE, Roy S, et al. Chemically 
modified guide RNAs enhance CRISPR-Cas genome editing in human primary cells. 
Nat Biotechnol 2015;33(9):985–9. https://www.nature.com/articles/nbt.3290. 

[17] Ryan DE, Taussig D, Steinfeld I, Phadnis SM, Lunstad BD, Singh M, et al. Improving 
CRISPR-Cas specificity with chemical modifications in single-guide RNAs. Nucleic 
Acids Res 2018;46(2):792–803. https://academic.oup.com/nar/article/46/2/79 
2/4690579. 

[18] Yin H, Song C, Suresh S, Wu Q, Walsh S, Rhym LH, et al. Structure-guided chemical 
modification of guide RNA enables potent non-viral in vivo genome editing. Nat 
Biotechnol 2017;35(12):1179–87. https://doi.org/10.1038/nbt.4005. 

[19] Xie X, Wang C, Cao Y, Wang W, Zhuang R, Chen L, et al. Expression pattern of 
epithelial cell adhesion molecule on normal and malignant colon tissues. World J 
Gastroenterol 2005;11(3):344–7. https://www.wjgnet.com/1007-9327/full/v11/i 
3/344.htm. 

[20] Bryan RT, Shimwell NJ, Wei W, Devall AJ, Pirrie SJ, James ND, et al. Urinary 
EpCAM in urothelial bladder cancer patients: characterisation and evaluation of 
biomarker potential. Br J Canc 2014;110:679–85. https://www.nature.com/art 
icles/bjc2013744. 

[21] Ortega FG, Fernández-Baldo MA, Serrano MJ, Messina GA, Lorente JA, Raba J. 
Epithelial cancer biomarker EpCAM determination in peripheral blood samples 
using a microfluidic immunosensor based in silver nanoparticles as platform. Sens 
Actuators, B 2015;221:248–56. https://doi.org/10.1016/j.snb.2015.06.066. 

[22] Seeber A, Martowicz A, Spizzo G, Buratti T, Obrist P, Fong D, et al. Soluble EpCAM 
levels in ascites correlate with positive cytology and neutralize catumaxomab 
activity in vitro. BMC Canc 2015;15:372. https://bmccancer.biomedcentral.co 
m/articles/10.1186/s12885-015-1371-1. 

[23] Tas F, Karabulut S, Duranyildiz D. Clinical significance of serum epithelial cell 
adhesion molecule (EPCAM) levels in patients with lung cancer. Mol Cell Biochem 
2014;396:307–12. https://link.springer.com/article/10.1007/s11010-014-2167-3. 

[24] Asati A, Kaittanis C, Santra S, Perez JM. pH-tunable oxidase-like activity of cerium 
oxide nanoparticles achieving sensitive fluorigenic detection of cancer biomarkers 
at neutral pH. Anal Chem 2011;83(7):2547–53. https://pubs.acs.org/doi/10. 
1021/ac102826k. 

[25] Shi K, Xie S, Tian R, Wang S, Lu Q, Gao D, et al. A CRISPR-Cas autocatalysis-driven 
feedback amplification network for supersensitive DNA diagnostics. Sci Adv 2021; 
7(5):eabc7802. https://advances.sciencemag.org/content/7/5/eabc7802. 

[26] Nguyen LT, Smith BM, Jain PK. Enhancement of trans-cleavage activity of Cas12a 
with engineered crRNA enables amplified nucleic acid detection. Nat Commun 
2020;11(1):4906. https://www.nature.com/articles/s41467-020-18615-1. 

[27] Xiong Y, Zhang J, Yang Z, Mou Q, Ma Y, Xiong Y, et al. Functional DNA regulated 
CRISPR-Cas12a sensors for point-of-care diagnostics of non-nucleic-acid targets. 
J Am Chem Soc 2020;142(1):207–13. https://pubs.acs.org/doi/10.1021/jacs 
.9b09211. 

[28] Liang M, Li Z, Wang W, Liu J, Liu L, Zhu G, et al. A CRISPR-Cas12a-derived 
biosensing platform for the highly sensitive detection of diverse small molecules. 
Nat Commun 2019;10(1):3672. https://www.nature.com/articles/s41467-019-11 
648-1. 

[29] Wang B, Wang R, Wang D, Wu J, Li J, Wang J, et al. Cas12aVDet: a CRISPR/ 
Cas12a-based platform for rapid and visual nucleic acid detection. Anal Chem 
2019;91(19):12156–61. https://pubs.acs.org/doi/10.1021/acs.analche 
m.9b01526. 

[30] Wang G, Tian W, Liu X, Ren W, Liu C. New CRISPR-derived microRNA sensing 
mechanism based on Cas12a self-powered and rolling circle transcription- 
unleashed real-time crRNA recruiting. Anal Chem 2020;92(9):6702–8. https://p 
ubs.acs.org/doi/10.1021/acs.analchem.0c00680. 

[31] Qian C, Wang R, Wu H, Zhang F, Wu J, Wang L. Uracil-mediated new photospacer- 
adjacent motif of Cas12a to realize visualized DNA detection at the single-copy 
level free from contamination. Anal Chem 2019;91(17):11362–6. https://pubs.acs. 
org/doi/10.1021/acs.analchem.9b02554. 

[32] Gootenberg JS, Abudayyeh OO, Kellner MJ, Joung J, Collins JJ, Zhang F. 
Multiplexed and portable nucleic acid detection platform with Cas13, Cas12a, and 
Csm6. Science 2018;360(6387):439–44. https://science.sciencemag.org/content 
/360/6387/439. 

[33] Dai Y, Somoza RA, Wang L, Welter JF, Li Y, Caplan AI, et al. Exploring the trans- 
cleavage activity of CRISPR-Cas12a (cpf1) for the development of a universal 
electrochemical biosensor. Angew Chem Int Ed Engl 2019;58(48):17399–405. htt 
ps://onlinelibrary.wiley.com/doi/abs/10.1002/anie.201910772. 

[34] Li B, Xia A, Zhang S, Suo T, Ma Y, Huang H, et al. A CRISPR-derived biosensor for 
the sensitive detection of transcription factors based on the target-induced 
inhibition of Cas12a activation. Biosens Bioelectron 2020;173:112619. htt 
ps://www.sciencedirect.com/science/article/abs/pii/S0956566320306096. 

[35] Ackerman CM, Myhrvold C, Thakku SG, Freije CA, Metsky HC, Yang DK, et al. 
Massively multiplexed nucleic acid detection with Cas13. Nature 2020;582(7811): 
277–82. https://www.nature.com/articles/s41586-020-2279-8. 

J. Chen et al.                                                                                                                                                                                                                                     

https://www.nature.com/articles/s41422-018-0022-x
https://www.sciencedirect.com/science/article/abs/pii/S0305737211000648
https://www.sciencedirect.com/science/article/abs/pii/S0305737211000648
https://pubs.acs.org/doi/abs/10.1021/ac400366b
https://pubs.acs.org/doi/abs/10.1021/ac400366b
https://www.pnas.org/content/95/4/1460
https://www.sciencedirect.com/science/article/pii/S0076687996740399
https://www.sciencedirect.com/science/article/pii/S0076687996740399
https://doi.org/10.1038/s41570-017-0076
https://doi.org/10.1021/acs.chemrev.0c01140
https://doi.org/10.1021/acs.chemrev.0c01140
https://www.nature.com/articles/nbt.3290
https://academic.oup.com/nar/article/46/2/792/4690579
https://academic.oup.com/nar/article/46/2/792/4690579
https://doi.org/10.1038/nbt.4005
https://www.wjgnet.com/1007-9327/full/v11/i3/344.htm
https://www.wjgnet.com/1007-9327/full/v11/i3/344.htm
https://www.nature.com/articles/bjc2013744
https://www.nature.com/articles/bjc2013744
https://doi.org/10.1016/j.snb.2015.06.066
https://bmccancer.biomedcentral.com/articles/10.1186/s12885-015-1371-1
https://bmccancer.biomedcentral.com/articles/10.1186/s12885-015-1371-1
https://link.springer.com/article/10.1007/s11010-014-2167-3
https://pubs.acs.org/doi/10.1021/ac102826k
https://pubs.acs.org/doi/10.1021/ac102826k
https://advances.sciencemag.org/content/7/5/eabc7802
https://www.nature.com/articles/s41467-020-18615-1
https://pubs.acs.org/doi/10.1021/jacs.9b09211
https://pubs.acs.org/doi/10.1021/jacs.9b09211
https://www.nature.com/articles/s41467-019-11648-1
https://www.nature.com/articles/s41467-019-11648-1
https://pubs.acs.org/doi/10.1021/acs.analchem.9b01526
https://pubs.acs.org/doi/10.1021/acs.analchem.9b01526
https://pubs.acs.org/doi/10.1021/acs.analchem.0c00680
https://pubs.acs.org/doi/10.1021/acs.analchem.0c00680
https://pubs.acs.org/doi/10.1021/acs.analchem.9b02554
https://pubs.acs.org/doi/10.1021/acs.analchem.9b02554
https://science.sciencemag.org/content/360/6387/439
https://science.sciencemag.org/content/360/6387/439
https://onlinelibrary.wiley.com/doi/abs/10.1002/anie.201910772
https://onlinelibrary.wiley.com/doi/abs/10.1002/anie.201910772
https://www.sciencedirect.com/science/article/abs/pii/S0956566320306096
https://www.sciencedirect.com/science/article/abs/pii/S0956566320306096
https://www.nature.com/articles/s41586-020-2279-8

	Aptamer-based cell-free detection system to detect target protein
	1 Introduction
	2 Materials and methods
	2.1 Oligonucleotides used in this study
	2.2 Reagents and buffers
	2.3 Molecular hybridization and agarose gel electrophoresis
	2.4 Fluorescence anisotropy
	2.5 Competition reaction
	2.6 Trans-cleavage activity of Cas12a
	2.7 Integrated experiment
	2.8 Data analysis and fitting

	3 Results
	3.1 Design of ABCD system
	3.2 Competition: complementary strand is released due to the binding of the target protein to the aptamer
	3.3 Trans-cleavage activity of Cas12a triggered by complementary strand
	3.4 Proof of concept: ABCD system works well to detect target protein

	4 Discussion
	5 Conclusions
	Author contributions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


