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Abstract

The electrochemiluminescence and resonance energy transfer (ECL-RET) method was adopted to detect miRNAs, in which
the two-dimensional Ti;C, Mxenes with high surface area modified with CdS:W nanocrystals (CdS:W NCs) were used as
ECL signal emitter. Mxenes with a specific surface area of 5.2755 m?/g carried more emitters and promote ECL intensity.
As an energy acceptor, BiOCl nanosheets (BiOCI NSs) have a wide UV-Vis absorption peak in the range 250 nm—700 nm,
including the emission band of CdS:W NCs with 520 nm emission wavelength. Hence, BiOCI NSs are covalently bound to
hairpin DNA 2 by amide bond to quench the ECL signal of CdS:W NCs. In the presence of miRNA-141, the hairpin DNA
1 modified on the GCE was unfold and then paired with hairpin DNA 2 to release miRNA-141 and quench the signal of
the ECL biosensor. Then, the concentration signal of miRNA-141 was amplified by catalytic hairpin assembly. The novel
specific biosensor demonstrated a satisfactory linear relationship with miRNA-141 in the range 0.6 pM to 4000 pM; the
detection limit was as low as 0.26 pM (3 s/m) under the potential of 0 ~-1.3 V and showed outstanding RSD of 1.19%. The
findings of the present work with high accuracy and sensitivity will be of positive significance for the clinical diagnosis of
miRNA in the future work.
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Introduction

MicroRNAs (miRNAs) are non-protein coding RNAs with
short size and length of 18 to 24 nucleotides. Increasing
studies have shown that single RNA can target several miR-
NAs and affect the expression of multiple genes [1]. As a
result of regulating biological processes, miRNA is associ-
ated with many human cancers and played a crucial role
in cancer expressing. Recently, the importance of miRNA
detection was further proved by detecting miRNA in serum
to distinguish cancer patients and healthy patients. There-
fore, it is of great significance to establish a rapid and simple
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miRNA biosensor for the diagnosis of diseases [2]. In the
early days, the miRNAs detection method depended on the
strength of DNA hybridization, including north-ern blotting
[3], microarrays [4] and so on. Nevertheless, the methods
mentioned above may require expensive equipment and have
other drawback of complex operation. Therefore, many elec-
trochemical methods have been developed for detection due
to their advantages of high stability, low background signal
and simple operation. The development of electrochemi-
cal biosensor strategies for miRNAs has been widely used,
which contains electrochemiluminescence (ECL) [5], pho-
toelectrochemical (PEC) [6] and others. Designing a sensor
with high sensitivity, low cost and simple run is of profound
significance for miRNA detection.
Electrochemiluminescence and resonance energy transfer
(ECL-RET) occur only when the ECL emission spectra of
donor chromophore overlap with the UV- visible absorption
spectra of receptor [7, 8]. Different from traditional electro-
chemiluminescence system, ECL-RET with higher sensitiv-
ity and lower background signal on account of resonance
energy transfer from luminophor to quencher is observed.
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ECL-RET shows effective characteristics in a variety of
detection such as heavy mental ions, protein, small piece of
DNA and medicine testing [9]. ECL-RET is also a classical
detection method. By carrying its advantages in efficient and
sensitive detection in ECL analysis technology, ECL-RET
is still the approach of universal choice [10, 11]. As known,
semiconductor nanocrystals with remarkable luminescence
property and unique electronic characteristics, as well as
its narrow emission band, controlled chemical surfaces, and
undergo redox active with their co-reactants. These quali-
ties brought it wider attention to the ECL donors. [8, 12,
13]. In view of the molecular relaxation exists in aqueous
solution, the electron transfer rate slows down during the
redox reaction process in most of emitter co-reactant H,O,
ECL system. To overcome this shortcoming, the reaction
system needs more OHe, which was generated between the
co-reactant H,O, and the luminophor. Metal ions doping
nanocrystals (NCs) provide a reliable way to solve this prob-
lem. Studies have demonstrated that metal ions doped NCs
change the surface of NCs. As a general rule, this change
can produce new electron energy level or obstruct the host
energy level [8]. The receptor AuNPs/AgNPs is widely used
in today’s ECL-RET analysis; considering the cost of noble
metals, non-noble metals acceptors have been expected to
develop in ECL-RET system with wider UV-Vis absorp-
tion. Therefore, a novel biosensor was constructed from ECL
donor CdS:W to acceptor BiOCl, which induce quenching
of most emitters. Here, we design ECL-RET biosensor
depended on BiOCI.

Nanomaterials are not only used as luminophor or ECL
acceptor, but some metal nanomaterials also have catalytic
effect on ECL emission in biosensor. The introduction of
nanomaterial with catalytic properties can greatly enhance
the performance of ECL biosensor [14]. Individual emit-
ters are not convenient for electrochemical testing since the
emitters are unstable in water; it is necessary to adopt a sub-
strate material to fix more emitters. During the past decades,
two-dimensional materials have become the most widely
used materials in the field of sensors because of their large
specific surface area, higher electron transfer rate, longer
lasting stability and outstanding biocompatibility. For exam-
ple, graphene has been well studied to building biosensors
as a novel sensing platform [15]. Recently, Mxene appears
in chemical research, it is a new family composed of more
than 60 two-dimensional (2D) metal carbides, nitrides or
carbonitrides. Due to its well energy storage capacity, Mxene
has made great strides in wide varieties of electrochemical
territories, including lithium-ion batteries, non-lithium-ion
batterie, supercapacitors and so on [16]. And then, the A
element of the MAX surface will be substituted by -F and
-OH/=0 to form the M, ;X (Tx) (where T denotes the
terminal group -F and -OH/=0). The transition metal car-
bides have hydroxyl or oxygen terminated on their surfaces
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which not only endow Mxenes with better conductivity, but
also improve the hydrophilicity of nanosheets [17]. Com-
pared to other 2D materials, the surface functionalization
of Ti;C, Mxenes makes it not easy to aggregate and has
electrochemical properties. In addition, metal ions can be
inserted between layers of Ti;C, Mxenes to develop bet-
ter electrochemical capabilities. Using the outstanding
properties discussed above, Ti;C, Mxenes was selected to
enhance the emission performance and load the emitter and
has emerged as promising nanomaterials employed in elec-
trochemiluminescence (ECL) [18, 19].

In this work, we established novel electrochemilumi-
nescence sensors applied for the sensitive detection of
microRNA-141. Ti;C, Mxenes nanosheets (NSs) with high
specific surface area can capture a great quantity CdS:W
NCs by covalent bonding; the hydrophilic groups carried
by the material are more friendly to the biosensor. The ECL
response of biosensing platform is greatly enhanced. Com-
bined with catalytic hairpin assembly process (CHA), BiOCl
NSs have been used for the first time as quencher with excel-
lent results, which causes miRNA-141 to be released into the
next cycle, more hairpin DNA-BiOClI is fixed to the GCE,
and then, the ECL intensity is remarkably quenched via the
dissipation of non-radiative energy. Compared with other
biosensor constructed for miRNA detection [20], the pre-
pared ECL biosensor has wider linear range and sensitivity.
In addition, the biosensor has greater potential in practical
application with low-cost efficiency, strong selectivity to
miRNA, simple operation and easy repetition make it have
greater potential in practical application. This study pro-
vides a new strategy for the future development of miRNA
detection.

Experiment
Materials and instrumentations
The details are displayed on Supplementary Information.

Synthesis of materials

The detailed process of material synthesis is shown in Sup-
plementary Information.

Assembly of the biosensor

The fabrication process of the biosensor was illustrated in
Scheme 1. Ten pL of Ti;C, Mxenes/CdS:W NCs composites
was dropped in the surface of polished GCE and dried. Sub-
sequently, 10 pL. 1.8 uM hydrosulfonyl-modified H1 (diluted
with TE) was added to the modified GCE and incubated at
4°C for 16 h. After rinsed with TE, 10 uL MCH (1 mM)
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Scheme 1 The construction A %7
process of the biosensor BiOCl
NSs@H2/miRNA/MCH/H1/
Ti;C, Mxenes/CdS:W NCs/
GCE (A), electrochemilumines-
cence mechanism of emitters
CdS:W NCs and co-reactants
H,0, (B)
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diluted with PBS (PH=7.4) was added to block the non-
specific binding site, and then incubated at 37°C for 30 min.
The modified GCE was cleaned with PBS buffer to obtain
H1/Ti;C, Mxenes @CdS:W/GCE. In order to complete the
detection process, 10 pL different concentrations of miRNA
(diluted with DEPC buffer) and 10 pL H2-BiOCIl-COOH
NSs were employed on the GCE and incubated at 37°C for
2 h, after rinsed with PBS buffer and stored at 4°C.

The final GCE was tested as follows: the biosensor was
measured in the PBS (PH=7.4) containing 75 mM H,0,.
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The scanning potential ranged of 0 to -1.3 V with a scanning
rate of 100 mV/s. The PMT high voltage was 400 V.
Results and discussion

Characterizations of composites

The appearance of materials is shown in Fig. 1. The layered
structure can be found in the SEM image of Ti,C; Mxenes
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Fig.1 SEM of Ti,C; Mxenes NSs (A), TEM of CdS:W NCs (B)
and TEM of composites (C), XRD patterns (D) of CdS:W NCs (a);
CdS:W NCs/Ti,C; Mxenes NSs (b); Ti,C; Mxenes NSs (c); Ti;AlC,
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Binding Energy (eV)

Wavenumber (cm™1)

MAX (d), XPS spectrum of CdS:W NCs (E). FT-IR spectra (F) of
CdS:W NCs (a), Ti,C; Mxenes NSs (b), CdS:W NCs/Ti,C; Mxenes
NSs (¢)
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nanosheets (Fig. 1A), indicating that Ti;AlC, MAX was suc-
cessfully stripping. The TEM image is displayed in Fig. 1B;
the average size of snowflake CdS:W NCs is 20-30 nm. As
demonstrated in X-ray photoelectron spectroscopy (XPS)
of CdS:W NCs (Fig. 1E), the element peaks of Cd, S, W
indicate that W element is successfully doped in CdS:W
NCs. High resolution scans of C 1's, S 2p, Cd 3d and W 4f
are shown in Fig. S1. Subsequently, it can be seen from the
TEM image in Fig. 1C that the CdS:W NCs is successfully
loaded on the Ti,C; Mxenes NSs.

In addition, compared with the XRD pattern of bulk
MAX phases Ti;AlC, (Fig. 1D, curve d), XRD pattern of
Ti,C; Mxenes NSs (Fig. 1D, curve c) displayed that the peak
of 20 =39° disappears and (002) peak shift to a lower angle.
The difference figures out that Ti,C; Mxenes NSs are pre-
pared successfully by etching with HF [21]. At the same
time, the XRD pattern of the composites is shown in curve
b of Fig. 1D. The characteristic peak of Ti,C; Mxenes NSs
can be observed at 6° (002); the diffraction peak of 24.80°,
26.50°, 28.18°, 43.68°, 47.86° and 51.82° corresponds to
crystallographic planes (100), (002), (101), (110), (103) and
(112) of CdS NCs, which proved the existence of both in the
composite according to the discovery of the above charac-
teristic peaks.

The Fourier transform infrared spectroscopy (FT-IR) is
assessed to the chemical bonds contained in the prepared
material. As illustrated in Fig. 1F, curve a, Cd-S stretch-
ing vibration discovered at wavenumber 698 cm~!. Besides,
due to the doping of W element, the stretching vibration

Fig.2 EIS in PBS (PH=7.4, A

absorption peak of W-S bond is blue shifted and appears
at 596 cm~!. The peaks at 1050 cm™" and 1020 cm™" are
attributed to hydroxyl group (-OH) on the surface of CdS:W
nanocrystals [22, 23]. FT-IR spectra of Ti,C; Mxenes NSs
are shown in Fig. 1F, curve b. The strong absorption at
1630 cm™' is the characteristic peak of N-H chemical bond,
which belongs to the amino group (-NH,) of PEIL. Hence, the
PEI is successfully modified onto the Ti,C; Mxenes NSs.
The wide absorption peak appeared at 3400 cm™! (vO-H) is
the external water on the surface of Ti,C; Mxenes NSs [24].

Characterizations of BiOCl nanosheets (NSs)
The details are displayed on Supplementary Information.

Characterization of the electrochemistry
and quenching mechanism about proposed
biosensor

Electrochemical impedance spectrum (EIS) and ECL were
employed to understand the step-by-step manufacturing pro-
cess of the sensor. EIS (Fig. 2A) is a commonly method
to assess the integrity of ECL biosensor assembly. The
spectrum is divided into two parts. The semicircle part
represents the resistance (Ret) and the straight portion rep-
resents the diffusion process in the low-frequency region
[25]. In this experiment, the EIS detection was carried out
in PBS (PH=7.4, 0.01 M) containing 0.1 M KCl and 2 mM
[Fe(CN)6]3'/4'. The resistance of bare GCE (curve a) is

B
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extremely smaller than that of the CdS:W/Ti;C, (curve b).
Hence, the material is successfully assembled on the elec-
trode. Additionally, the Ret value is increased as the gradual
modification of the electrode (Fig. 2A, curve b, ¢, d, e). The
negative charge of H1 increased the electrostatic repulsion
between GCE and electrolyte, making for an increase in Ret
value [26]. Meanwhile, the resistance increases further when
H2-BiOCl hybridizes with H1 and releases miRNA. The EIS
diagram illustrated that the sensor is successfully assembled.

The cathodic CV and ECL of Ti;C, Mxenes@CdS:W
NCs/GCE in air free 0.10 M PBS and pH 7.4 containing
different concentration of H,O, are shown in Fig. S5-B.
It can be concluded that H,O, participates in CdS:W NCs
luminescence as co-reactant. The ECL mechanism is shown
in below:

H,0, + e~ - OH — +OH. €))]
CdS:W+e —-CdS: W - 2
2CdS : W-—+20H. — CdS : W x +H,0, 3)
CdS : Wx— CdS : W+hv 4)

Figure 2B shows the ECL intensity of varying degrees
biosensor. In the PBS (0.1 M, PH=7.4) buffer containing
75 mM H,0,, the bare electrode exhibits the lowest ECL
intensity. After the CdS:W NCs (Fig. 2B) loaded onto glassy
carbon electrodes, the ECL intensity increased significantly
in the sweep range of -1.3 V to 0 V. At the same time, in con-
sequence of larger surface area and better electroconduct-
ibility of Ti,C; Mxenes NSs, the ECL response of the Ti;C,
Mxenes@CdS:W NCs (curve b) is significantly enhanced
than that of CdS:W alone. Following hairpin DNA 1 (HI)
bound to the material via Cd-S covalent bond. The obvi-
ous decrease of ECL intensity is attributed to the increase
of resistance (curve c). After the non-specific sites were
blocked by the addition of MCH, the ECL intensity was
further decreased slightly (curve d). Finally, the ECL signal
obviously reduced due to resonance energy transfer after the
target miRNA-141 and BiOCl of the object to be measured
were incubated in the sensor (curve e).

The crucial principles of CHA were summarized as fol-
lowing situation during the process. Firstly, the hairpin
structure of DNA 1 was expanded by the target miRNA-
141 on account of the bases complement each other.
Secondly, the introduction of H2-BiOCl NSs triggered a
series of amplification. Compared with HlemiRNA-141,
the miRNA-141 were released behind H1 selectively
bound to H2 in the reaction system, which could con-
tinue to open the hairpin of H1. The double-strand DNA
H1eH?2 is formed in the biosensor. In the end, the amount
of miRNA-141 was amplified by CHA. Using catalytic

hairpin assembly amplification to cause recycling of the
miRNA of the object to be tested, the ECL response was
effectively quenched after more H2-BiOCI binding to
the sensor. Polyacrylamide gel electrophoresis (PAGE)
(Fig. 2C) further demonstrated the cyclic relationship
between hairpin DNA and miRNA in CHA amplification,
the line 2, line 3 and line 4 bands correspond to H1, H2
and miRNA, respectively. The new bands observed in line
5 were assigned to HlemiRNA. After the CHA process,
a band was produced by H2eHI1 in line 6. Thus, it can be
seen that the released miRNA continuously binds to H1
to open the repeat cycle. The above-obtained results show
that ECL biosensor was successfully developed.

In order to confirm that there is resonance energy trans-
fer between CdS:W NCs and BiOCl NSs. The UV-Vis
absorption spectra of BIOCI NSs and ECL emission spec-
tra of CdS:W NCs were obtained and shown in Fig. 2D,
which has shown the wider UV-Vis absorption spectra of
the receptor located at 520 nm, and have a good overlap
with the electrochemical ECL spectrum of the emitter. It
indicates the possibility of energy transfer.

Optimization of sensor construction conditions

A type of effective ECL performance has been closely
related to experimental conditions. Optimizing the propor-
tion of composite materials, concentration of the co-reac-
tant H,O,, hairpin probe and the incubating time of miRNA
need to be adapted. First, ECL intensity were measured by
means of several Ti;C,/CdS:W in different proportions in
Fig. 3A. Holding everything else constant, the optimal ECL
response was achieved when the ratio of CTi;C, to CCdS:W
(mg/mL) was 0.5; with the excessive content of Ti;C, in the
materials, electron transfer is impeded and ECL decreases.
As aresult, Ti;C,@CdS:W with a ratio of 0.5 was prepared
for sensor testing. As shown in Fig. 3B, the ECL intensity
fluctuates slightly before the H,O, concentration reaches
75 mM. After that, ECL intensity decreases as the concen-
tration continues, which could put down to that excessive
OH™ with the resulting CdS:W ~. The amount of hairpin
probe 1 is related to the subsequent design of the sensor.
Different ECL signals were monitored by dropping different
concentrations of H1 into GCE, the receding ECL intensity
with the concentration H1 up to 1.8 uM (Fig. 3C). Hence,
1.8 uM is the optimum concentration of H1. As shown in
Fig. 3D, the cyclic amplification time of biosensor which
was investigated includes 0.5 h to 2.5 h at 37°C; the low-
est ECL was observed when incubation time reaches 2 h,
in which the quenching effect is maximized about BiOCl.
Finally, the optimization results under different conditions
were shown in Fig. S6.
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ECL biosensor for RNA detection

ECL measurement was implemented on the target miRNA-
141 under optimized experimental conditions. Ten puL of
miRNA-141 was dropped into the GCE for ECL analysis
(Fig. 4A). The relationship between ECL intensity and the
logarithm of miRNA concentration displayed a negative
linear correlation in a range from 0.6 pM to 4000 pM. The
linear equation was I1=12932.41-2958.87 logCmiRNA
(unit of C was pM). The correlation coefficient was 0.998
and a detection limit achieved 0.26 pM (3 s/m). Compared
with previous studies (Table 1), the established biosensor
has lower detection limit at the concentration with wider
dynamic detection range, and this approach proved to be of
practical significance in reference to the reports of detecting
the serum of real patient [27].

Reproducibility, stability, specificity of the sensor

As is well known, stability, reproducibility and specificity
are the keys to evaluate the performance of ECL biosensor.
ECL intensity stability was primarily examined under the
optimized conditions. After 39 consecutive scanning cycles,
there is an inconspicuous fluctuation in ECL intensity, and
the relative standard deviation (RSD) is 1.19% (Fig. 4C).
Hence, the stability of this biosensor is well. Otherwise,
the blank sample, 1000 pM miRNA-155, miRNA-21,

@ Springer

Incubation time (h)

miRNAlet-10b, single-base mismatched miRNA (SM-
miRNA), 1 nM Fe?* and 1 pg/L aspirin (acetylsalicylic acid)
were analyzed for the biosensor specificity (Fig. 4D, c —1).
Compared with miRNA-141, the ECL intensity of blank
sample and interference sample are not quenched, which
indicate that the method is selective enough over chemically
related organic species, or over chemically related drugs,
or over chemically related ions. To understand that the
recognition ability of the biosensor for mixed miRNA, we
mixed miRNA-141 and miRNA-21 with the same amount
of 4000 pM and then monitored their ECL response sig-
nals (Fig. 4D-a). The ECL intensity of mixture sample is
similar to the single miRNA-141 sample (Fig. 4D-b). And
as expected, the biosensor has strong recognition of miRNA-
141. To reveal the stability of the biosensor, the sensor was
preserved at 4°C for one month, and then measured under
the same conditions. As displayed in Figure S5-A, the lumi-
nescence intensity is reduced by less than 20% within the
acceptable range, which shows the sensor still has excellent
performance after long time storage.

MiRNA-141 were analyzed in spiked sample

In order to confirm the feasibility of ECL biosensor, the
spiked samples were examined via standard addition
method. The healthy human serum was diluted 10 times
by PBS (0.1 M, PH=7.4). One mL of 1 nM miRNA-141
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Fig.4 The linear relationship A B
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Table 1 C.omparison of this Material Method  Target Linear range (pM) LOD (pM)  Refs
method with other methods
reported in the literature EXO IIT MS miRNA-141  0-5x10° 1.00 28]
AgNCs/DHD FL miRNA-141 0-1x10* 6.10 [29]
Fe-MIL-88 AMI miRNA-21 10-2x10° 13.00 [30]
Spinach FL miRNA 10-1x10° 3.00 311
Gold nanostripes SPR miRNA-125b 2040 17.00 [32]
ZnSe-COOH/ PEC miRNA-122a  0.35-7x10° 0.16 [33]
AuNFs
CdS:WNCs/Ti,C, Mxenes ~ ECL miRNA-141 0.6-4x10° 0.26 This work

standard sample was taken and diluted to 5 pM, 50 pM,
500 pM with tenfold serum dilution. Then, three different
concentrations of samples were measured under optimized
conditions. The ECL response signal of the prepared sen-
sor was detected under the scanning potential range of 0
to -1.3 V. The results are shown in Table 2. The recover-
ies are 105.95%, 96.02%, 92.00%, respectively, which are
within the acceptable range calculated by linear regression
equation. And the relative standard deviation (RSD) (n=3)
obtained by repeated tests is between 0 and 3.8%, which
indicates that the biosensor has satisfactory precision. At the
same time, a spiked mixture of 1000 pM miRNA-141 and
1000 pM miRNA-21 was added to human serum for ECL
test displayed in Table 2. We got compelling recovery rate
106.98%, which proves that the biosensor has a promising

Table 2 Measurement of miRNA-141 in spiked sample

Serum  Added (pM) Found (pM) Recovery RSD (%, n=3)

sample

1 0.092 0.00 1.65
2 5 5.30 105.95 3.79
3 50 48.01 96.02 223
4 500 459.456 92.00 2.59
5 1000 (mixture) 1069.84 106.98 3.72

application prospect not only for purified miRNA but also
for mixed samples. The results showed that the designed
sensor has advantage of being sensitive, stable and better
recovery. But the detection limit (LOD) of this work is a
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direction where crucial improvements are needed, and fur-
ther exploration in this field can be carried out in the future.
Even so, it has been proved that the biosensor designed by us
had a great potential for application after testing the spiking
human serum samples.

Conclusion

A highly sensitive electrochemiluminescence biosensor was
successfully constructed in this manuscript. Owing to larger
specific surface area and excellent electrical conductivity,
Ti,C; Mxenes was compound with CdS:W to enhance its
ECL performance. The application of Mxene in sensing field
is also extended. BiOCI NSs with wider UV-via absorption
were chosen as the resonance energy transfer acceptor for
the first time. It has been proved that BiOCl NSs have strong
quenching performance in biosensor. And it is turned out
that the sensing platform based on ECL-RET effect exhib-
ited excellent ECL response and low detection limit for
miRNA-141. Most importantly, it is also an urgent search-
ing nanomaterials with better performance for bioanalysis.
This work provided a more original and efficient method for
the detection of miRNA and explored a broader idea for the
detection of biological molecules in the future.
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