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A B S T R A C T   

Sialic acid-binding immunoglobulin (Ig)-like lectins (Siglecs) is a type I transmembrane receptor on the cell 
surface. Siglec-5, as one of the Siglecs family, play an important role as an inhibitory receptor for leukocytes in 
the human body. The development of novel siglec-5 assays can help to study the pathogenesis of related diseases 
as well as to develop novel therapeutic drugs. We use catalytic hairpin assembly (CHA) amplification strategy 
combined with CRISPR-Cas12a′s side-cutting feature to build a 2D ultra-thin Ti3C2Tx (MXene) based electro
chemiluminescence (ECL) biosensor for the detection of Siglec-5. By using this ECL biosensor, the cleavage of 
CRISPR-Cas12a is reasonably combined with CHA-mediated isothermal amplification, thereby realizing the 
sensitive amplification assay Siglec-5 with 20.22 fM sensitivity. By introducing pairs of sites that are not in the 
same double-stranded DNA into the DNA duplex, the hybridization sequence of CRISPR-Cas12a complements the 
targeting mechanism to enhance indirect Siglec-5 amplification assay. Also, the double-strand DNA (dsDNA) 
design based on CRISPR-Cas12a amplification allows the same CRISPR RNA (crRNA, also known as guide RNA 
(gRNA)) to detect the output of DNA duplexes from different intermediate DNAs, which provides a common way 
for biomarker detection based on the conversion of protein analytes to intermediate DNA strategy. This work 
extends the application scope of CRISPR-Cas12a to the construction of ECL biosensors, evaluates the role of 
lectins, which can be used for the biochemical research and clinical diagnosis of protein markers. This is the first 
investigative work exploring the Trans-Cleavage activity of CRISPR-Cas12a for Mxene-based ECL biosensor 
establishment to the best of our knowledge.   

1. Introduction 

Sialic acid-binding immunoglobulin (Ig)-like lectins (Siglecs) is a 
type I transmembrane receptor on the cell surface, divided into extra
cellular segment, transmembrane region and intracellular segment. The 
extracellular segment contains 2 to 17 immunoglobulin-like structural 
domains and regulates intrinsic and adaptive immunity.(Schauer et al., 
1988). It can regulate the immune balance of sepsis, autoimmune dis
eases, and tumors by recognizing the glycan structure (Macauley et al., 
2014). According to the sequence variability, the Siglec family 
can be divided into two categories: conservative Siglecs, including 

sialoadhesin, CD22, Siglec-4 and Siglec-15; the other type is 
CD33-related Siglecs (Walker and Smith 2010). The most common 
Siglecs on human cells are Siglec-5 and Siglec-9, each of which consists 
of two intracellular tyrosine signaling units. Siglec-5 can play an 
important role as an inhibitory receptor for leukocytes in the human 
body. Siglec-5 has been considered as a potential marker for normal 
myelopoiesis and acute myelogenous leukemia (AML)(Virgo et al., 
2003). Therefore, the development of novel siglec-5 assays can help to 
study the pathogenesis of related diseases as well as to develop novel 
therapeutic drugs. 

In recent years, the development of isothermal amplification 
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technology and the discovery of CRISPR-Cas family Cas12a flanking 
splicing features provide a feasible way for double-stranded DNA 
(ssDNA) amplification (Nouri et al., 2020; Schuster et al., 2020; Smith 
et al., 2020). The former is a technology that can amplify nucleic acid at 
a constant temperature. The general term includes recombinase 
polymerase amplification (RPA), rolling circle amplification (RCA), 
loop-mediated isothermal amplification (LAMP), transcription- 
mediated amplification (TMA) et al. RPA is an isothermal amplifica
tion technology that can complete exponential nucleic acid amplifica
tion in a short time with the participation of recombinase, polymerase, 
and single-stranded binding protein (Shen et al., 2011). Similar to PCR 
amplification, RPA can amplify between a given primer pair. The most 
suitable amplification temperature is 39 ◦C, and the sensitivity of 
amplification is also high. This makes it possible to eliminate the 
dependence of amplification on the PCR, but RPA also has the possibility 
of non-specific amplification like PCR. 

The CRISPR-Cas system is the “adaptive immune system” formed 
during the long-term evolution of prokaryotes (Sun et al., 2020). The 
CRISPR-Cas protein is a kind of nuclease, and CRISPR RNA (crRNA, also 
known as guide RNA (gRNA)) is a short RNA sequence that can interact 
with the target nucleic acid (Smith et al., 2020). Complementary pair
ing, distinguishing between dissidents through the protospacer adjacent 
motif (PAM) site on the target sequence nucleic acid, and guiding the 
effector CRISPR-Cas protein to shear and degrade the target sequences 
(Nouri et al., 2020). CRISPR-Cas12a is the second family member of the 
CRISPR-Cas system, and its effector is the Cas12a-gRNA dimer complex. 
The gRNA of CRISPR-Cas12a recognizes the T-rich PAM site at the 
5′-end of the target sequence with the nucleotide sequence of 5′-TTTV-3’ 
(Kleinstiver et al., 2020). CRISPR-Cas12a/gRNA can specifically shear 
double-stranded DNA under the targeting effect of gRNA, cis-cutting; 
when a specific target sequence activates CRISPR-Cas12a, it can 
perform non-specific shearing single-stranded DNA, that is, reverse style 
cut or side cut (Gao et al., 2020). When single-stranded DNA is a sub
strate with a reporter system, the function of the CRISPR-Cas12a side 
shearing effect biosensor becomes a key molecule for a revolutionary 
breakthrough in gene detection. 

The development of a universal, accurate, and sensitive detection 
method for disease markers can help in the immediate diagnosis of 
pathogens, disease types, and disease levels and is of great significance 
in clinical diagnosis. DNA has been widely used as a bridge in the design 
of protein detection strategies (Fan et al., 2019). In brief, proteins act on 
functionalized nucleic acids and displace free DNA, and the displaced 
DNA can trigger amplification strategies such as isothermal amplifica
tion, DNA machine, and entropy-driven amplification to achieve highly 
sensitive detection of DNA, thus realizing the purpose of protein 
detection (Zhang et al. 2018, 2019b). In typical DNA isothermal 
amplification reactions, ssDNA is used as an input to initiate a strand 
displacement reaction, thereby producing a detectable output. Since 
discovering the incidental cleavage activity of type II V and VI 
CRISPR-Cas proteins (which can hydrolyze ssDNA or RNA without 
distinction), the CRISPR-Cas system has attracted widespread attention 
in the field biomarkers (RNA, and small molecules) detection, including 
CRISPR-Cas13a, CRISPR-Cas12a, and CRISPR-Cas12b and 
CRISPR-Cas14 (Yin et al., 2020). This incidental cleavage activity can 
efficiently cleave and synthesize fluorescent nucleic acid reporter mol
ecules with several thousand amplification times per second, making 
these CRISPR-Cas proteins useful in self-signal amplification (Peng et al., 
2020). But the work of CRISPR-Cas in protein detection is still rare. 
Therefore, there is still a great need for a universal and powerful 
CRISPR-Cas method capable of protein detection in biomedical research 
and clinical diagnosis. 

In the process of seeking signal molecular frameworks used in the 
construction of various biosensors, two-dimensional (2D) ultra-thin 
nanosheets have attracted researcher’s attention due to their unique 
framework structure and good modifiable properties (Fang et al., 2018; 
Peng et al., 2019). In recent years, researchers have developed various 

2D nanosheet-based biosensors with good sensitivity and selectivity to 
detect nucleic acids and proteins (Cai et al., 2019; Ouyang et al., 2020). 
For example, graphene oxide, C3N4, MoS2, TiS2, TaS2 Ta2NiS5, and other 
two-dimensional ultra-thin nanosheets have been successfully applied to 
the construction of biosensors based on functionalized nucleic acids 
(Ouyang et al., 2020; Spitz Steinberg et al., 2017). However, some 2D 
materials (such as MoS2 and graphene) still have apparent shortcom
ings, including the following: (i) because the interface of the 
two-dimensional material is stable, it is difficult to functionalized; (ii) it 
is easy to stack. These disadvantages result in the loss of some exposed 
active sites (Jia et al., 2020; Liu et al., 2019; Wen et al., 2018; Zhu et al., 
2017). In recent years, 2D ultra-thin Ti3C2Tx (MXene), as a new type of 
2D material, has attracted attention due to its unique layered structure, 
easy functionalization and excellent metal conductivity (Huang et al., 
2020). The molecular formula of MXenes is Mn+1XnTx, where M is a 
transition metal, X is C or N, and Tx represents the degree of surface 
functionalization. Nowadays, the commonly reported members of 
MXene include Ti3C2, Ti2C, Nb2C, V2C, Ti3CN, Mo2C and Ta4C3. Such 2D 
layered materials have the metal conductivity of transition metal car
bides and have the super hydrophilic properties of hydroxyl or 
oxygen-terminated surfaces. These excellent properties make them the 
materials of choice from energy storage to biosensor construction 
(Zhang et al., 2019a). Besides, because MXenes can be easily function
alized to modify signal molecules or nanoparticles, MXenes can be used 
more widely in biosensors’ construction (Zeng et al., 2021; Zhang et al., 
2020). Based on this, we designed an Electrochemiluminescence (ECL) 
biosensor based on MXenes for the detection of 2019-nCoV-related 
proteins. Compared with the traditional chemiluminescence assay, 
ECL assay has the advantages of controlled reaction, unstable substances 
can be directly generated in situ on the electrode surface, good repro
ducibility, high sensitivity, wide dynamic response range, simple 
instrumentation, low background signal, and long luminescence signal 
time. Therefore, more and more ECL-based biosensors with high sensi
tivity and selectivity are designed by researchers and widely used in 
clinical assays. 

We take Siglec-5 as detection target and use catalytic hairpin as
sembly (CHA) combined with CRISPR-Cas12a′s side-cutting feature to 
amplify viral target sequence fragments through CHA. A highly sensitive 
and specific Siglec-5 detection method is reported in this work. The 
CRISPR-CHA-based Siglec-5 detection method has two essential nov
elties: By introducing pairs of sites that are not in the same double- 
stranded DNA into the DNA duplex, the hybridization sequence of 
CRISPR-Cas12a complements the targeting mechanism to enhance in
direct Siglec-5 amplification assay. Also, the double-strand DNA 
(dsDNA) design based on CRISPR-Cas12a amplification allows the same 
gRNA to detect the output of DNA duplexes from different intermediate 
DNAs, which provides a common way for biomarker detection based on 
the conversion of protein analytes to intermediate DNA strategy. As the 
gold standard for protein analysis, West-blot requires multiple anti
bodies, trivial experimental operation steps, and a relatively long time. 
In contrast, CRISPR-CHA can achieve isothermal detection of a target 
with only one enzyme (CRISPR-Cas12a). Therefore, we concluded that 
the system we designed could also provide new ideas for detecting 
Siglec-5 and providing useful clinical diagnosis tools. 

2. Experimental section 

2.1. Materials and reagent 

All the Oligonucleotides were synthesized from Genscript Biotech
nology Co. Ltd. (Nanjing, China), and the sequences are depicted in 
Table S1. Tris (4,4′-dicarboxylicacid-2,2′-bipyridyl) ruthenium(II) 
dichloride (Ru(dcbpy)3

2+) was purchased from Suna Tech Inc. (Suzhou, 
China). CRISPR-Cas12a was purchased from NEB (New England Bio
Labs, Shanghai, China). Chloroauric acid (HAuCl4), 1-ethyl-3-(3-dime
thyllaminopropyl)-carbodiimide hydrochloride (EDC), N- 
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hydroxysuccinimide (NHS) Ethylene imine polymer (PEI), and 
Nafion117 solution (5%) were purchased from Aladdin Biochemical 
Technology Co. Ltd. (Shanghai, China). MXene, (Ti3C2, 5 mg mL− 1) was 
obtained from Nanjing Xianfeng Nano Co. Ltd. (Nanjing, China). Tris(2- 
carboxyethyl) phosphine hydrochloride (TCEP) and 6-mercaptohexanol 
(MCH) were obtained from Sigma-Aldrich (St Louis, MO, USA). Silver 
nitrate (AgNO3) and sodium borohydride (NaBH4) were purchased from 
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). 

2.2. Preparation of Ru(dcbpy)3
2+/AuNPs@Ti3C2 nanocomposites 

According to previous literature reports, we have successfully syn
thesized PEI@Ru (dcbpy)3

2+-Ti3C2@AuNPs nanocomposites using the 
NaBH4 reduction method. First, dissolve 10 mg Ru(dcbpy)3

2+ in 4 mL of 
PBS buffer solution (0.1 M, pH = 7.4). Then, 400 mM EDC and 100 mM 
NHS were added to the above solution and stirred at room temperature 
for 2 h. Mix 1 mL of Ti3C2 solution (5 mg mL− 1) with 5 mL of PEI solution 
(1% w/v) and add to the above Ru(dcbpy)3

2+ solution. Continue to stir 
the reaction for another 2 h, Ru(dcbpy)3

2+ and PEI can be firmly bonded 
together through the amine bond. Next, add 400 μL HAuCl4 (1%) and 1 
mL NaBH4 (0.2 M) to the above solution and stir continuously for 1 h. 
During this period, HAuCl4 is reduced by NaBH4 to gold nanoparticles 
(AuNPs) and adheres to Ti3C2 to form Ru(dcbpy)3

2+/AuNPs@Ti3C2 
nanocomposite materials. Finally, the nanocomposite was dispersed by 
centrifugation (12000 rpm), washed with ultrapure water and ethanol 
several times, and then stored in a PBS (0.1 M, pH = 7.4) buffer solution. 

2.3. Non-denaturing polyacrylamide gel electrophoresis (PAGE) 

Before electrophoresis analysis, the gel was run at 80 V for 30 min. 
Then, 10 μL of the sample is evenly mixed with the loading buffer and 
injected into the sample well of a 20% non-denaturing polyacrylamide 
(PAGE) gel. Run the electrophoresis on the PAGE gel at 80 V for 2 h. 
After immersing the gel in the chromogenic solution (Gel-Red) for 30 
min, capture the picture on ChemiDoc MP Imager (Bio-Rad, USA). 

2.4. ECL biosensor preparation and target assay 

Before glassy carbon electrode (GCE) modification, The GCE was 
carefully polished and cleaned according to the previous method. Then, 
the GCE surface was covered by 0.5% Nafion. Subsequently, 10 μL Ru 
(dcbpy)3

2+/AuNPs@Ti3C2 nanocomposites solution dispersed onto the 
Nafion/GCE surface and dried at room temperature. After washing 
several times, the unstable Ru(dcbpy)3

2+/AuNPs@Ti3C2 nanocomposites 
were washed off. After washing several times with PBS buffer solution, 
the modified electrode was immersed in 200 μL of DNA-AgNCs solution 
for 40 min to modify DNA-AgNCs on the electrode surface. Prior to this 
step, DNA-AgNCs were prepared in advance according to the following 
steps: AgNO3 solution (10 μL, 25 mM) was mixed with 1 mL DNA so
lution (30 μM, 5.0 mM Mg2+ in 0.1 M PBS solution, pH 7.4), in which the 
molar ratio of Ag+ to template DNA was around 8:1. The mixture was 
then intensely shocked for 2 min, followed by adding 15 μL NaBH4 so
lution (25 mM) just as-prepared at 0 ◦C condition. Continue to oscillate 
for 1.5 h violently, and the reaction solution was put into refrigerator 
(4 ◦C) for 12 h to for the formation of DNA-AgNC. Then 1 mM MCH (5 
μL) was dripped on the electrode surface and incubated at 37 ◦C for 2 h. 
After washing off the unbound composites with phosphate solution, the 
Ru(dcbpy)3

2+/AuNPs@Ti3C2/GCE biosensor was successfully 
constructed. 

In a tube, different concentrations of Siglec-5 were treated with 
aptamer/intermediate DNA duplex (1 μM) for 1 h to generate interme
diate DNA. Then 200 μL CHA reaction sample contained 1 μM H1, 1 μM 
H2 and generated intermediate DNA solution to conduct reaction at 
37 ◦C for 1 h to generate H1/H2 duplex. Next, 50 μL of CHA reaction 
solution was added into the cleavage buffer (20 mM tris HCl, 100 mM 
KCl, 5 mM MgCl2, 5% glycerol and 1 mM DTT) containing 100 nM 

CRISPR-Cas12a/gRNA. For ECL assay, the Ru(dcbpy)3
2+/AuNPs@Ti3C2/ 

GCE biosensor was immersed in the above prepared mixed solution for 
1-h incubation. The ECL test uses a three-electrode system with a plat
inum wire as the counter electrode and Ag/AgCl (saturated KCl) as the 
reference electrode. The CRISPR-Cas12a/gRNA-treated Ru(dcbpy)3

2+/ 
AuNPs@Ti3C2/GCE biosensor was used as the working electrode. The 
ECL signals were measured in PBS (0.1 M, pH = 7.4) buffer solution, and 
the scanning voltage was -1-1.25 V. 

2.5. Apparatus 

Various morphologies of nanomaterials were tested using field 
emission transmission electron microscope (TEM) (JEM-2100 F, JEOL, 
Japan). Electrochemical impedance spectroscopy (EIS) was tested by 
using an electrochemical workstation (CHI660E, Shanghai Chenhua 
Instrument Co., Ltd, Shanghai, China). ECL signals were captured using 
ECL-6B, which was kindly provided by the State Key Laboratory of 
Analytical Chemistry for Life Sciences, Nanjing University. A three- 
electrode system was used in this work with a platinum (Pt) wire elec
trode was used as the counter electrode, an Ag/AgCl electrode was used 
as the reference electrode, and 3 mm diameter GCE was used as working 
electrodes. 

3. Results and discussion 

3.1. The working principle 

The sensor based on CRISPR-Cas12a for the detection of novel 
coronavirus-related proteins consists of four parts: a trigger system, 
which contains an aptamer sequence of Siglec-5 (named K19) (Lin et al., 
2016)and a piece of Intermediate DNA; a probe system, which includes a 
gRNA and DNA activator for CRISPR-Cas12a; an amplification system, 
which consists of a set of isothermal amplification systems based on 
CHA; and a reporter system, which includes a pre-assembled CRISP
R-Cas12a effector with gRNA and modified nucleic acid ECL sensor 
(Scheme 1). The significant binding of CRISPR-Cas12a to 
double-stranded DNA mainly depends on recognizing double-stranded 
DNA by gRNA. In the amplification system, based on the previously 
reported CHA design principles, we designed a CHA amplification pro
gram consisting of two DNA hairpins (H1 and H2). The double-stranded 
DNA formed after the amplification is used for CRISPR-Cas12a binding. 
Both H1 and H2 consist of a single stem-loop DNA with a 5′ end pro
trusion. In H1, the 5′ end contains the Intermediate DNA hybridization 
sequence, and the loop region contains the 5′-TTTA-3′ PAM of 
CRISPR-Cas12a and the non-target strand (NTS). Simultaneously, the 5′

overhang of H2 contains a sequence that hybridizes with Intermediate 
DNA/H1 duplex. After H1/H2 duplex formation, Intermediate DNA is 
replaced by H2 and enters the next cycle, which can further trigger more 
H1/H2 duplex. 

Furthermore, H1/H2 duplex hybridizes with gRNA and becomes an 
“activator” that binds and activates CRISPR-Cas12a. In this case, the 
ssDNA sequence on the electrode surface can be cut to keep the ssDNA 
away from the electrode surface. Since the AgNC in ssDNA can quench 
the Ti3C2/Ru(bpy)3

2+ on the electrode surface, the departure of ssDNA 
and AgNC can restore the ECL signal (For the TEM characterization data 
of AgNC, please see Fig. S1). Therefore, using this strategy, we can 
convert the CRISPR-Cas12a system into a sensor to quantify the con
centration of Siglec-5, and it can be used as a universal sensor for 
detecting various target proteins by changing the target aptamer 
sequences. 

3.2. Mechanism investigation of the ECL system 

The Ru(bpy)3
2+ luminophore embedded in MXene exhibits an anode 

emission peak in the voltage sweep range of 0–1.25 V, and the co- 
reactant is PEI also modified on MXene. The proposed ECL 
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luminescence mechanism based on Ti3C2/Ru(bpy)3
2+− PEI can be 

expressed by the following formula. PEI is directly oxidized to PEI+

under an applied voltage, and then directly deprotonated to PEI⋅radicals 
(PEI⋅). PEI⋅reduce Ti3C2/Ru(bpy)3

2+ to form Ti3C2/Ru(bpy)3
+. Ti3C2/Ru 

(bpy)3
+ then reacts with PEI⋅+ in the oxidation state to form Ti3C2/Ru 

(bpy)3
2+*. Ti3C2/Ru(bpy)3

2+* finally transformed into Ru(bpy)3
2+ and 

generate ECL light signal. 

PEI − e− →PEI+

PEI⋅+ − H+ →PEI⋅  

PEI ⋅ + Ti3C2
/

Ru(bpy)2+
3 →Ti3C2

/
Ru(bpy)+3 + product  

PEI⋅+ +Ti3C2
/

Ru(bpy)+3 →Ti3C2
/

Ru(bpy)2+*
3 + product 

Scheme 1. Construction Process of the Proposed CRISPR-CHA based ECL Biosensor for the Detection of Siglec-5.  
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Ti3C2
/

Ru(bpy)2+*
3 →Ti3C2

/
Ru(bpy)2+

3 + hν  

3.3. SEM and TEM characterization of Ti3C2 nanosheets, Ru(dcbpy)3
2+/ 

AuNPs@Ti3C2 nanocomposites and DNA-AgNCs 

Fig. S2A shows the TEM image of the prepared single-layer Ti3C2, 
which clearly shows that the single-layer Ti3C2 exhibits a smooth sheet 
structure. Fig. S2B lists the TEM image of Ru(dcbpy)3

2+/AuNPs@Ti3C2, 
which shows that AuNP is uniformly attached to the surface of a single 
layer of Ti3C2. After adding Ru(dcbpy)3

2+ to the system, the composite 
Ru(dcbpy)3

2+/AuNPs@Ti3C2 was successfully synthesized, which can be 
analyzed and proved by Energy Dispersive Spectrometer (EDS) analysis. 
As shown in Fig. S2C, the EDS results show that the Ru(dcbpy)3

2+/ 
AuNPs@Ti3C2 composite contains C, Ti, N, Au and Ru elements. In 
addition, the main elements of the Ru(dcbpy)3

2+/AuNPs@Ti3C2 complex 
were measured by an Energy Dispersive X-ray spectroscopy (EDX) 
mapping image (Fig. S3). In the Ru 3d region, the binding energies 
appeared in 2.36 and 2.64 KeV, indicating the successful addition Ru 
(dcbpy)3

2+. The spectra of Au showed at 1.7 KeV and 2.14 KeV, indi
cating that AuNP was successfully attached to the Ti3C2 surface. 

3.4. Feasibility of experimental conditions 

The CRISPR-Cas12a based amplification strategy was verified by 
native polyacrylamide gel electrophoresis (PAGE) (Fig. 1A). Because the 
H1/H2 duplex has a larger molecular weight, it encounters massive 
steric hindrance during electrophoresis. Therefore, the migration speed 
of the H1/H2 duplex in lane 6 is slower than that of other single- 
stranded DNAs. No bright bands are found where the H1/H2 double 
strands should appear in the intermediate DNA absence (Lane 5). This 

phenomenon proves that the CHA reaction has not occurred. The elec
trophoresis picture shows that the formation of H1/H2 duplex requires 
intermediate DNA triggering. 

Then, we studied the ECL signal changes with different conditions in 
the CRISPR-CHA system. Siglec-5 can cause noticeable ECL signal 
changes (Fig. 1B curve c, 100 pM target with 100 nM CRISPR-Cas12a). 
On the contrary, if there is no CRISPR-Cas12a amplification process in 
the system, the ECL signal does not change significantly (Fig. 1B curve b, 
100 pM target without CRISPR-Cas12a). The intensity of the ECL signal 
triggered by only 100 pM Siglec-5 without CRISPR-Cas12a on the 
biosensor (Fig. 1B curve b) was almost indistinguishable from that of the 
biosensor (Fig. 1B curve a). In contrast, the addition of CRISPR-Cas12a 
to the reaction system dramatically increases the ECL signal intensity 
(curve c). The above data suggest that CRISPR-Cas12a plays a crucial 
role in the increase of the signal. Therefore, we can declare that a 
CRISPR-CHA-based ECL biosensor for Siglec-5 analysis has been suc
cessfully developed. 

The Electrochemical Impedance Spectroscopy (EIS), as it is an 
effective method for probing the interfacial properties of electrode 
surface modifications, has also been used to characterize the interfacial 
changes during the fabrication of biosensors. The results of EIS mea
surements performed in 5 mM K3[Fe(CN)6]/K4[Fe(CN)6] (1:1) to char
acterize step by step of the GCE were shown in Fig. 1C. The impedance 
diagram of the bare glassy carbon electrode in Fig. 1C inset) can be seen 
that the native impedance semicircle diameter is less than 200 (curve a), 
which indicates that the bare glassy carbon electrode has excellent 
conductivity and low impedance. When Ru(dcbpy)3

2+/AuNPs@Ti3C2/ 
GCE modification formed a uniform film on the electrode surface, the 
impedance of the modified electrode increased significantly (curve b), 
which was mainly due to the dense Ru(dcbpy)3

2+/AuNPs@Ti3C2/GCE 
film hindering the electron transfer, resulting in a larger impedance of 

Fig. 1. Feasibility and optimization of the experi
mental conditions. (A) PAGE image. Lane 1: Inter
mediate DNA; Lane 2: H1; Lane 3: H2; Lane 4: 
intermediate DNA; Lane 5: H1+H2; Lane 6, Inter
mediate DNA + H1+H2. (B) ECL signal changes with 
different conditions in the CRISPR-CHA system: a) Ru 
(dcbpy)3

2+/AuNPs@Ti3C2 modified electrode with 
DNA1-AgNC; b) 100 pM Siglec-5 without CRISPR- 
Cas12a treated Ru(dcbpy)3

2+/AuNPs@Ti3C2 modified 
electrode with DNA1-AgNC; c) 100 pM Siglec-5 with 
100 nM treated CRISPR-Cas12a Ru(dcbpy)3

2+/ 
AuNPs@Ti3C2 modified electrode with DNA1-AgNC; 
d) Ru(dcbpy)3

2+/AuNPs@Ti3C2 modified electrode. 
(C) EIS of the biosensor at different stages of modi
fication: (a) bare GCE; (b) Ru(dcbpy)3

2+/AuNPs@Ti3C 
modified GCE. (c) DNA1-AgNC and Ru(dcbpy)3

2+/ 
AuNPs@Ti3C modified GCE. (d) MCH, DNA1-AgNC 
and Ru(dcbpy)3

2+/AuNPs@Ti3C modified GCE. The 
inset shows the equivalent circuit applied to fit the 
measurement data, consisting of the ohmic resistance 
(Rs) of the electrolyte solution, the electronic charge 
transfer resistance (Rct), a finite length Warburg (W) 
connected in series, and a constant phase element 
(CPE) connected in parallel.   
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the biosensor. When DNA1-AgNC was modified on the gold nano
particles, the impedance of the sensor increased significantly further 
(curve c). It indicates that DNA1-AgNC is also hindering electron 
transport. The subsequent assembly of MCH onto the modified electrode 
similarly increased the impedance of the biosensor (curve d), as the 
trapped MCH further hindered electron transfer. Thus, this data in
dicates the successful assembly of Ru(dcbpy)3

2+/AuNPs@Ti3C2/GCE 
biosensor. 

3.5. Optimization of the experimental conditions 

A suitable pH environment is critical to the sensitivity of the con
structed CRISPR-Cas12a-based biosensor. ECL signal strength is tested 
under weak acid, neutral and weak alkaline conditions. When the ECL 
intensity is in the range of pH 6.0 to pH 9.0 (Fig. 2A), the signal first 
increases and then decreases slightly, reaching the maximum ECL in
tensity value at pH = 7.5. The reason for the maximum signal at pH =
7.5 may be that CRISPR-Cas12a has the highest shear activity at this pH 
(Yuan et al., 2020; Zhou et al., 2020). Therefore, pH = 7.5 was chosen as 
the optimal reaction condition. Next, we optimized the concentration of 
the CRISPR-Cas12a enzyme, and we chose different concentrations of 
CRISPR-12a to add to the reaction system (Fig. 2B). Other conditions, 
including nucleic acid concentration and reaction time, were un
changed. It was found that with the change of CRISPR-Cas12a concen
tration, the ECL signal increased. When the CRISPR-Cas12a 
concentration reached 100 nM, the ECL signal reached its maximum 
value. The reason for this phenomenon may be that in the reaction 
system we designed, the concentration of 100 nM CRISPR-Cas12a 
reached saturation, and larger concentrations of CRISPR-Cas12a did 
not increase the shear capacity and therefore did not cause a further 
increase in ECL signal. Therefore, we choose 100 nM for the next analyte 
detection experiment. 

3.6. Assay performance 

Furthermore, we studied the ECL signal response of CRISPR-CHA to 
different concentrations of Siglec-5. Here, ECL intensity were measured 
in the presence and absence of Siglec-5, respectively. Fig. 3A and B 
shows that the ECL intensity increases as the Siglec-5 concentration 
increases from 20 fM to 100 pM. In addition, Fig. 3C shows the rela
tionship between the concentration of Siglec-5 and the value of the ECL 
signal. The graph shows that as the concentration of Siglec-5 increases, 
the ECL signal is subsequently enhanced, and the signal almost reaches a 
maximum when the concentration of sigle-5 is 10 pM. It is possible that 

this phenomenon is due to the fact that the DNA1-AgNC on the electrode 
surface has been completely cleaved. The inset of Fig. 3C inset shows the 
linear relationship between the Siglec-5 and ECL intensity from 20 to 
1000 fM. The linear relationship is in accordance with the equation: Y =
0.236X+8.075 (R2 = 0.9936). In this equation, X is the concentration of 
Siglec-5 and Y is the signal value of ECL. The limit of detection (LOD) of 
the biosensor calculated by 3σ/slope method was 29.36 fM, which is 
more sensitive than the method proposed by Lin et al. (LOD of 0.27 nM) 
(Lin et al., 2016). The σ is the standard deviation when measuring blank, 
and the slope is obtained from the above equation. The excellent 
detection sensitivity is attributed to the isothermal amplification effi
ciency of CHA and the shearing efficiency of CRISPR-Cas12a. Therefore, 
our design provides an ultra-sensitive method for analyzing Siglec-5. 

To further study whether the practicability of the proposed Siglec-5 
detection strategy can be tolerated in real samples, Siglec-5 in 10-fold 
diluted human serum was added with different concentrations of 
Siglec-5 before detection Siglec-5 concentration by using our CRISPR- 
CHA based biosensor. When Siglec-5 concentrations were added to 
human serum at different doses, the assay showed a gradual increase in 
ECL intensity (Fig. 4). Our results indicate that the Siglec-5 analysis 
platform may potentially be widely used to detect Siglec-5 in complex 
biological samples. 

3.7. Specificity assay 

The specificity of the CRISPR-CHA-based electrochemiluminescence 
biosensor to Siglec-5 was evaluated through two control experiments: 
(a) the sequence contains gRNA analogous with different mutation sites, 
and (b) four unrelated proteins (AFP, CEA, BSA, and NF-κB p50 (selected 
at random), none of them can bind to K19 aptamer. Three DNA se
quences (gRNA1, gRNA2, and gRNA3) with mutant bases in gDNA are 
used (Table S1). Add Siglec-5 at a concentration of 10 pM to different 
reaction systems, only gRNA is replaced by gRNA1, gRNA2, and gRNA3 
in the system, and the other conditions remain unchanged. After two 
amplification steps, neither the gRNA1, gRNA2, nor the gRNA3 system 
caused significant ECL signal changes, but the ECL signal of the gRNA 
system only changed significantly (Fig. 5A). The reason for this differ
ence is the ability of gRNA to recognize double-stranded H1/H2 du
plexes. Because gRNA1, gRNA2, and gRNA3 have mutation sites that 
cannot bind to the H1/H2 duplex, the cleavage activity of CRISPR- 
Cas12a cannot be activated. The main challenge of detecting protein 
markers is distinguishing other proteins, which is essential to under
stand the preclinical diagnosis and pathogenic mechanism of protein 
markers. Therefore, the specificity of the proposed biosensor was 

Fig. 2. Optimization of the Experimental Conditions. (A) Plots of ECL signal values versus pH. The inset shows the ECL spectra at different pH values (pH=6, pH=7.5 and pH=9). (B) Plot of ECL 

signal values versus CRISPR− Cas12a. The inset shows the ECL spectra at different values of CRISPR− Cas12a concentration. Each point and error bar represents the mean value ± standard 
deviation (mean ± SD) expression of three measurements on the same sample. 
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Fig. 3. ECL intensity of the CRISPR-CHA based Ru(dcbpy)3
2+/AuNPs@Ti3C2 biosensor for detecting Siglec-5. (A) The relationship of the time-based ECL intensity 

with the concentration of Siglec-5; (B) The relationship of the potential-based ECL intensity with the concentration of Siglec-5; (C) Calibration values for the 
relationship between the ECL intensity and the Siglec-5 concentration. The inset shows the linear part of the relationship between ECL intensity and Siglec-5 
concentrations. Each point and error bar represents the mean value ± standard deviation (mean ± SD) expression of three measurements on the same sample. 

Fig. 4. Detection of Siglec-5 in 10-fold diluted human serum. The relationship between the ECL intensity and the Siglec-5 concentration. Inset shows the relationship 
of the time-based ECL intensity with the added concentration of Siglec-5. Each point and error bar represents the mean value ± standard deviation (mean ± SD) 
expression of three measurements on the same sample. 
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studied in the presence of other control proteins. The ECL signal 
generated by the control protein was only higher than that of the control 
experiment (without Siglec-5) is slightly larger, which is significantly 
higher than the ECL signal of Siglec-5 (Fig. 5B). This high selectivity 
comes from the high recognition ability of the aptamer sequence for 
Siglec-5. These results show that our CRISPR-CHA-based electro
chemiluminescence biosensor has high specificity for Siglec-5 detection. 

In addition, we explored the stability of the biosensor by measuring 
the ECL signal values for 19 cycles after 2 pM Siglec-5 was applied to the 
biosensor. The calculated relative standard deviation (RSD) is within an 
acceptable range (5%), indicating that our Ti3C2-based ECL biosensor 
has good reproducibility and stability (Fig. 5C). 

4. Conclusions 

In conclusion, we have proposed a Mxene based ECL biosensor for 
detection of Siglec-5 by combining CRISPR-Cas12a amplification with 
the Ru(dcbpy)3

2+/AuNPs@Ti3C2 nanocomposite as the emitter. This is 
the first investigative work exploring the Trans-Cleavage activity of 
CRISPR-Cas12a for Mxene-based ECL biosensor establishment to the 

best of our knowledge. In this assay, the cleavage of CRISPR-Cas12a is 
reasonably combined with CHA-mediated isothermal amplification, 
thereby realizing the amplification detection of Siglec-5 with 20.22 fM. 
Considering the CHA isothermal amplification method’s modularity and 
scalability, the strategy can be used for the analysis and detection of 
different proteins. Since the activation of CRISPR-Cas12a requires 
double-stranded DNA in the strategy, the property that the product after 
CHA amplification is double-stranded DNA allows the combination of 
isothermal amplification and activation of CRISPR-Cas12a. In addition, 
since the requirement for activation of CRISPR-Cas12a activity is 5′- 
TTTV-3′ PAM site (four base pairs) in the double-stranded DNA, the 
CHA-amplified double-stranded product DNA easily meets this 
requirement. Compared with the detection based on other nicking en
zymes, it has unparalleled advantages in versatility and sensitivity. 
MXene has the metal conductivity of transition metal carbides and have 
the super hydrophilic properties of hydroxyl or oxygen-terminated 
surfaces. Therefore, this MXene based biosensor is easy to construct 
and stable. More importantly, the improved analytical performance was 
achieved without compromising the simplicity of the biosensor, as the 
system requires only one-step incubation of the product after the 

Fig. 5. Specificity assay of the CRISPR-CHA based ECL biosensor and the stability of the biosensor. (A) The sequence contains gRNA analogs with different mutation 
sites; (b) Target and four unrelated proteins (AFP, CEA, BSA, and NF-κB p50); (C) The stability of the biosensor. Each point and error bar represents the mean value ±
standard deviation (mean ± SD) expression of three measurements on the same sample. 
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CRISPR-Cas12a reaction. Therefore, this work extends the application 
scope of CRISPR-Cas12a to the construction of protein biosensors, 
evaluates the role of lectins, which can be used for the biochemical 
research and clinical diagnosis of protein markers. 
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