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Abstract
An efficient electrogenerated chemiluminescence (ECL) nanoprobe (luminol-Au NPs-Ti3C2) was constructed based on Ti3C2Tx
MXene (Ti3C2)-mediated in situ formation of Au NPs and anchoring luminol to fabricate a sensitive ECL biosensor for miRNA-
155 detection. Herein, Ti3C2 with rich Ti vacancy defects was used as reducing agent, and Au NPs were generated in situ and
anchored on the Ti3C2 (Au NPs-Ti3C2). Moreover, the Au NPs-Ti3C2 composites were used as a carrier and provided a large
number of sites for the efficient linking of luminol through Au–N bonds to form stable luminol-Au NPs-Ti3C2. The immobili-
zation of ECL emitters is a versatile strategy which not only shortens the electron transmission distance between luminol and
electrode, but also provides naked catalytic predominated (111) facets of Au NPs with high electrocatalytic activity, significantly
improving the ECL signal of luminol. Furthermore, a catalytic hairpin assembly (CHA) reaction was used, resulting in further
amplification of the signal. As a result, the as-prepared ECL biosensor exhibited a linear range from 0.3 fM to 1 nM with a
detection limit of 0.15 fM, and demonstrated high reliability of miRNA-155 detection even in human serum samples. The
construction of a multifunctional ECL probe with excellent ECL emission opens a new chapter for the application of Ti3C2 in
the field of bioanalysis.

Keywords Ti2C3Tx MXene . Ti vacancy defects . Luminol anchoring . Electrogenerated chemiluminescence . Probe . Signal
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Introduction

Electrogenerated chemiluminescence (ECL) is light emission
from a redox reaction of electrogenerated reactants. Therefore,
it provides not only controllability of electrochemistry and
high sensitivity of chemiluminescence, but also the advan-
tages of all black background caused by electrical stimulation,
no light bleaching and stable luminescence. It has been exten-
sively adopted as suitable for biological systems with complex

components and extremely low concentration [1–3]. ECL bio-
sensing plays a pivotal role in the biochemical analytical field.
Enhancing biosensing interface performance and improving
ECL efficiency are core scientific issues.

In recent years, immobilization of ECL emitters has been
found to be an effective strategy to shorten the electron trans-
fer distance between the luminophores and electrode surface
and reduce the energy loss, thus improving ECL efficiency
[4–8]. Luminol, as a classical important ECL luminescent
material, has the inherent advantages of non-toxicity, low ox-
idation potential and high luminescent quantum yield [9–13].
However, it is difficult to immobilize luminol into the biosens-
ing surface, owing to its lack of an active group [14–19]. For
the traditional luminol system, high-quality active carriers are
usually required to achieve immobilization of luminol. For
example, luminol was used as an ECL luminescent material
and reductant to form Pt nanoparticles on the surface of
graphene sheets (GS) (Lu-Pt@GS) which functioned as an
ECL sensing platform for highly sensitive detection of
prostate-specific antigen (PSA) [20]. Luminol-functionalized
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AgNPs (luminol-Ag NPs) composite was adsorbed on Co/Ni-
based metal–organic framework (MOF) nanosheets by elec-
trostatic interaction to form luminol-Ag NPs@Co/Ni-MOF as
an ECL platform for detection of alpha fetoprotein (AFP) [21].
Despite years of efforts, it is important to further improve the
immobilization and enhance the ECL efficiency of luminol.

Two-dimensional (2D) transitionmetal carbides, nitrides or
carbonitrides (MXenes) are a young family, and titanium car-
bide (Ti3C2Tx, Tx: –OH, –F and other functional groups) is
one of them, which was synthesized for the first time in 2011
[22]. It not only has the general advantages of traditional two-
dimensional nanomaterials, but also has special surface struc-
tural properties, which make it popular for use in catalysis,
sensing and other fields [23–29]. For example, in the field of
catalysis, using the rich Ti vacancy defects and high reduction
ability of Ti3C2Tx nanosheets, Pt atoms occupy the Ti defect
sites through Pt–C bonds and are anchored on ultrathin Ti3C2

nanosheets to prepare single-atom catalyst (SAC)-Pt/Ti3-
xC2Ty, which realizes the effective functionalization of carbon
dioxide (CO2) [30]. In the field of electrochemical sensing,
Ti3C2Tx/Ag composites have been synthesized via the strong
reducing property of Ti3C2Tx. It promotes electron transfer at
the sensing interface because of the unique electrocatalytic
properties of Ti3C2Tx nanosheets and Ag NPs, and an acetyl-
cholinesterase biosensor has been constructed [31]. In the field
of energy storage, based on the advantages of Ti3C2Tx, such
as high conductivity and large specific surface area, it can be
used as a new type of high-capacity battery material [32]. At
the same time, the terminated groups such as –F and –OH
groups make Ti3C2 negatively charged, with good hydrophi-
licity [33–35]. Although Ti3C2Tx was first used in an ECL
biosensor in 2018, research on its use in ECL biosensors is
still in a period of vigorous development.

In our strategy, luminol-Au NPs-Ti3C2 nanoprobes were
synthesized in situ based on the unique abundant Ti vacancy
defects and Au–N bonds (Scheme 1a). Au NPs were generated
in situ and anchored on Ti3C2 to form stable Au NPs-Ti3C2

composites. In addition, the luminol could be effectively
immobilized via Au–N bonds in the Au NPs-Ti3C2 composites.
The multifunctional and efficient luminol-Au NPs-Ti3C2

nanoprobes could shorten the electron transmission distance be-
tween the luminol and electrode interface and accelerate the
electron transmission. Meanwhile, it provides naked catalytic
predominated (111) facets of Au NPs with high electrocatalytic
activity, which can significantly improve the ECL signal of
luminol. This way of in situ anchoring provides a new strategy
for the construction of nanoprobes with excellent performance.
It is expected that the generation and amplification of an ECL
signal can be realized in a very simple and effective way.

The design for the ECL biosensor is shown in Scheme 1b.
SA/PAM was modified on the electrode surface, which pro-
vided more binding sites for sDNA. After that, the catalytic
hairpin assembly (CHA) reaction, a thermostatic, enzyme-

free, low-cost amplification and simulated target DNA with
negligible background at high-speed strategy [36, 37], can
realize the cycle of miRNA-155, and the luminol-Au NPs-
Ti3C2 nanoprobes can be efficiently modified on the electrode
by complementary pairing of sDNA and H2, which promote
the amplification of the ECL signal of luminol. The as-
designed ECL biosensor has good specificity and remarkable
stability, showing a lower detection limit, and the linear range
was over three orders of magnitude. It was also applicable for
miRNA-155 detection in human serum samples. This will
provide a new perspective for the design of signal amplifica-
tion strategy based on the combination of nucleic acid and
Ti3C2.

Experimental section

The subsection describing the reagents and materials, instru-
ments and the preparation of Ti3C2 is presented in the
Supporting Information.

Formation of luminol-Au NPs-Ti3C2

The Ti3C2-glycine hybrid was synthesized as described in
previous work [38]. Ten milliliters of Ti3C2 solution
(0.075 mg mL−1) was added dropwise to glycine solution
(20 mL, 0.25 mg mL−1) and stirred for 24 h. Then, the sus-
pension was centrifuged to separate the solid, obtaining
Ti3C2-glycine solution. After that, 60 μL sDNA solution
(6 μM) was activated using EDC (400 mM) and NHS
(100 mM) at 37 °C for 1 h. Then, 300 μL Ti3C2-glycine
solution was injected into the sDNA mixed solution. After
stirring for 1 h, the precipitate was retained through centrifu-
gation and dispersed in deionized water (DI) to obtain sDNA-
Ti3C2-glycine (sDNA-Ti3C2). HAuCl4 solution (125 μL,
2 mg mL−1) was added into sDNA-Ti3C2 solution and stirred
to obtain sDNA-Au NPs-Ti3C2 (Au NPs-Ti3C2). Next,
300 μL luminol solution (0.75 mg mL−1) was injected in the
AuNPs-Ti3C2 solution (300 μL) and stirred. Finally, the
luminol-Au NPs-Ti3C2 was obtained for the subsequent use.

Construction of the proposed ECL biosensor

The construction process of the biosensor is shown in Scheme
1 b. The glassy carbon electrode (GCE) was polished with 0.3
and 0.05 μm α-Al2O3 powder and ultrasonically cleaned in
ethanol and DI water, and was then immediately used for the
next step. Firstly, 6 μL PAM solution (0.1 mg mL−1) was
added on the surface of GCE and dried under air to obtain
PAM/GCE. At the same time, 500 μL SA solution (10 mg
mL−1) was added to 2 mL MES buffer. After stirring, 250 μL
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EDC (200 mM) and 250 μL NHS (600 mM) were added to
the mixed solution at 37 °C for 1 h to activate the carboxyl
group of SA. Then, the PAM/GCE was immersed in the
mixed solution at 37 °C for 1 h to obtain SA/PAM/GCE.
Subsequently, 10 μL H1 solution (2 μM)was added dropwise
to SA/PAM/GCE and incubated at room temperature for 2 h
to obtain H1/SA/PAM/GCE. After that, 5 μL 1% BSA solu-
tion was added dropwise to the H1/SA/PAM/GCE and incu-
bated at 37 °C for 1 h to block nonspecific binding sites and
obtain BSA/H1/SA/PAM/GCE. Next, the mixed solution
containing H2 (6 μL, 4 μM) and miRNA-155 (6 μL) solution
was dropped on the surface of the BSA/H1/SA/PAM/GCE
and incubated at room temperature for 2 h to initiate the
CHA reaction and obtain the H2 + H1/BSA/SA/PAM/GCE.
Finally, 10 μL luminol-Au NPs-Ti3C2 nanoprobes was added
on the surface of the GCE and incubated for 2 h at room
temperature to obtain the luminol-Au NPs-Ti3C2/H2 + H1/
BSA/SA/PAM/GCE.

Results and discussion

ECL measurement of detection

To detect miRNA-155, the modified GCE was reacted in
15 mL of phosphate-buffered saline (PBS) (0.1 M, pH 7.4)

containing 10 mM H2O2. In this study, a three-electrode sys-
tem was used, the working electrode was the GCE, the refer-
ence electrode was Ag/AgCl (saturated KCl), and the auxilia-
ry electrode was a platinum wire. The scanning potential was
set from 0 to 0.6 V, and the scanning speed was 0.1 V/s. The
high voltage of the photomultiplier tube was 850 V.

Characterization of Ti3C2, Au NPs-Ti3C2 and luminol-
Au NPs-Ti3C2

To verify the successful synthesis of Ti3C2 andAuNPs-Ti3C2,
transmission electron microscopy (TEM), X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), electropho-
retic light scattering (ELS) and UV–vis analyses were per-
formed. The ELS data are shown in Fig. 1A: Ti3C2 nanosheets
exhibit negative potential (a), Ti3C2 modified with glycine
shows positive potential (b), and the Ti3C2-sDNA composites
show highly negative zeta potential due to the negative charge
of the nucleic acid sequence (c). The above results indicate
that sDNA was linked with Ti3C2 successfully. Au NPs-
Ti3C2-sDNA (Au NPs-Ti3C2) was synthesized by in situ for-
mation of Au NPs in the presence of negative charge (d).
Meanwhile, as Fig. 1B shows, compared with the UV–vis
absorption curve of Ti3C2 (b), the spectrum of Au NPs-
Ti3C2 shows characteristic peaks of Au NPs at about
550 nm and the characteristic peaks of Ti3C2 at about

Scheme 1 (a) Strategy of stable luminol-Au NPs-Ti3C2. (b) Construction of the proposed ECL biosensor
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280 nm (a). Furthermore, XRD analysis supports the conclu-
sion as well. Fig. S1A shows the XRD patterns of Ti3AlC2(a)
and Ti3C2 (b). Compared with the XRD pattern of Ti3AlC2

(Fig. S1A curve a), the main peak (104) disappears, and the
peak (002) shifts to the left in the case of Ti3C2 (Fig. S1A
curve b), which means that Ti3C2 nanosheets were successful-
ly prepared. In addition, the specific diffraction peaks of Au,
such as (111), (200), (220) and (311) planes, are also shown in
Fig. S1A curve c. The result indicates the presence of Au NPs-
Ti3C2. As shown in TEM images (Fig. S1B), the monodis-
perse morphology of Ti3C2 with an average diameter of ap-
proximately 200 nm is observed, which confirms the success-
ful exfoliation of Ti3C2 nanosheets. In Fig. S1C, it can be
clearly seen that Au NPs were anchored on the Ti3C2 nano-
sheets. The XPS patterns of Ti3C2 and Au NPs-Ti3C2 can be
clearly observed (Fig. S2A). Compared with the XPS spec-
trum of Ti3C2, Au appears in the Au NPs-Ti3C2. In Fig. S2B,
the peaks at 454–457.5 eV indicate the possible existence of
low-priced Ti species, such as Ti (II) at 455 eV, Ti-C at
456 eV, and Ti-O at 461.3 eV. In addition, it is shown in
Fig. S2C that the synthesis of Au NPs results in the transfer
of Ti (II) to Ti (IV). Figure S2D shows peaks at 83.7 and
87.3 eV, and the binding energy gap is 3.6 eV, which are
obvious Au 4f peaks. The above results indicate the successful
preparation of Au NPs-Ti3C2.

In order to verify the successful synthesis of luminol-Au
NPs-Ti3C2, the results were confirmed by energy-dispersive
X-ray spectroscopy (EDS) elemental mapping and Fourier
transform infrared (FT-IR) analysis. Figure 2A shows the el-
emental mapping diagram (EDS) of the luminol-Au NPs-
Ti3C2. Ti, Au and N are present, in which Ti comes from
Ti3C2, Au comes from in situ generated Au NPs, and N is
mainly distributed on the surface of Au NPs, indicating that
it mainly comes from luminol. As shown in Fig. 2B, the ul-
traviolet absorption spectrum of luminol has three absorption
bands lying at 221 nm, 300 nm and 350 nm which correspond
to the carbonyl group, N–N and –NH2, respectively, in the
structure of luminol (curve b). There is a peak at 550 nm in
addition to characteristic peak corresponding to luminol

which is the characteristic peaks of Au NPs (curve a). The
result indicates the formation of luminol-Au NPs-Ti3C2. As
Fig. S3 shows, compared with the FT-IR spectrum of Ti3C2

(a), characteristic peaks at ~1348 cm−1 and ~ 1489 cm−1 ap-
pear in the infrared spectrum of the luminol-Au NPs-Ti3C2

(b), which are mainly attributed to the stretching vibration of
the nitrogen impurity naphthalene ring and the C=C vibration
in the luminol structure. The FT-IR spectrum further intuitive-
ly proves the successful synthesis of luminol-Au NPs-Ti3C2.
Figure 2C shows the ECL spectra of luminol and luminol-Au
NPs-Ti3C2; the ECL emission peaks of both are about 445 nm.
It comes from luminol which was oxidized to 3-
aminophthalate and finally emits light, which means that the
structure of luminol remains unchanged after bonding with Au
NPs-Ti3C2. In addition, the stability of luminol-Au NPs-Ti3C2

was evaluated. As Fig. S4 shows, luminol-Au NPs-Ti3C2

shows excellent chemical stability in the ECL experiment,
thus achieving stable ECL intensity under scanning for 10
consecutive cycles. The above results indicate that stable
and effective luminol-Au NPs-Ti3C2 was successfully
synthesized.

Polyacrylamide gel electrophoresis (PAGE) analysis of
the ECL biosensor

To verify the feasibility of this strategy and the interaction
between experimental DNA and miRNA sequences, the 8%
PAGE analysis was performed, as presented in Fig. S5. The
result shows that for the analysis of the CHA reaction process,
the DNA and miRNA reactions at every step are in accord
with the proposed strategy.

Electrochemical characterization of the assembly
processes of the biosensor

The step-by-step assembly procedure of the biosensor was
confirmed by cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) in a solution of 5 mM
[Fe(CN)6]

3−/4− containing 0.1 M KCl. The CV curves are

Fig. 1 (A) The ELS data of Ti3C2

(a), Ti3C2-glycine (b), Ti3C2-
sDNA (c), Au NPs-Ti3C2-sDNA
(d). (B) The UV–vis analysis of
Au NPs-Ti3C2(a) and Ti3C2 (b)
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shown in Fig. S6A, in which the bare GCE exhibits a pair of
significant redox peaks of [Fe(CN)6]

3−/4−. The peak current of
[Fe(CN)6]

3−/4− at the SA/PAM/GCE decreases owing to the
electrical resistance effect of SA/PAM. When H1 and H2
were gradually modified on the surface of the GCE, the peak
current was further decreased due to the increase in noncon-
ductive biomacromolecules. After incubation with the
luminol-Au NPs-Ti3C2 nanoprobes, the peak current was
slightly lower. Figure S6B shows the assembly steps of the
electrode characterized by EIS. Firstly, a small semicircle of
bare GCE is observed. With step-by-step assembly, the diam-
eter of the curved semicircle increases successively, indicating
that the electron transfer resistance gradually increases. These
data indicate the successful construction of the ECL
biosensor.

The control experiment of the ECL biosensor

To confirm the efficiency of the luminol-Au NPs-Ti3C2/H2 +
H1/SA/PAM/GCE, control experiments were performed. One
of the control experiments was designed without sDNA at the
Ti3C2, and the resulting luminol-Au NPs-Ti3C2 could not be
trapped on the electrode (Fig. 3 a). The second experiment
was designed without HAuCl4 in Scheme 1a for testing the

catalytic ability of the Au NPs (Fig. 3 b). Moreover, without
the formation of Au NPs, luminol could not be effectively
immobilized by Au–N bonds. As shown in Fig. 3, it can clear-
ly be seen that the ECL intensity (c) is the highest as compared
with (a) and (b). The ECL-potential curves of (a), (b) and (c) in
Fig. S7A have the same trend as in Fig. 3. Moreover, the ECL-
potential curves of (a) and (b) display onset potential at ap-
proximately 0.46 V, and the ECL-potential curve of (c)

Fig. 2 (A) The elemental
mapping of luminol-Au NPs-
Ti3C2 composites. (B) The UV–
vis analysis of luminol-Au NPs-
Ti3C2(a) and luminol (b). (C)
ECL spectra of luminol-Au NPs-
Ti3C2(a) and luminol (b) in the
solution with H2O2

Fig. 3 Comparison of ECL intensity of the biosensor: (a) without sDNA
at the Ti3C2, (b) without the formation of AuNPs, (c) designed biosensor.
The concentration of miRNA-155 is 100 fM
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displays an onset potential at approximately 0.32 V due to the
conductivity and catalytic properties of Au NPs-Ti3C2.
Meanwhile, CV curves in Fig. S7B show that the current of
(c) is significantly higher compared with (a) and (b), which
shows that the generated gold nanoparticles improve the
charge transfer and increase the current. The strong ECL sig-
nal of luminol-Au NPs-Ti3C2/H2 + H1/BSA/SA/PAM /GCE
is mainly due to the in-situ formation and anchoring of Au
NPs to form AuNPs-Ti3C2 and then immobilization of a large
amount of luminol through Au–N bonds, which can shorten
the electron transmission and reduce energy loss to improve
ECL efficiency. In addition, the good conductivity and elec-
trocatalytic activity of Au NPs-Ti3C2 can promote the reduc-
tion of H2O2, and resulting reactive oxygen species such as
O2• can further oxidize luminol and improve the ECL
intensity.

ECL detection of miRNA-155

shows the assembly steps of the elIn order to study the per-
formance of the prepared biosensor, we measured the ECL
response of different concentrations of miRNA-155 under
the best experimental conditions (Fig. S8). It can be seen from

Fig. 4A that ECL intensity increases as the miRNA-155 con-
centration increases. Figure 4B shows that the ECL intensity
of the biosensor has a good linear relationship range from 0.3
fM to 1.0 nM with the logarithm of miRNA-155 concentra-
tion. The linear equation is I = 7112.2 + 198.5lgC (I repre-
sents ECL intensity, C represents the concentration of
miRNA-155). The limit of detection (LOD) was calculated
to be 0.15 fM with a correlation coefficient of R2 = 0.9923.
As shown in Table 1, the performance comparison between
the developed ECL biosensor and those reported previously
reveals that the biosensor has higher sensitivity and wider
linear range.

Selectivity and stability of the proposed biosensor

In order to evaluate the practicability of the prepared ECL
biosensor, its selectivity and stability were also studied. By
exploring the ECL response of interfering substances, the
specificity of the developed biosensor for miRNA-155 detec-
tion was proved. By using blank solution (miRNA-155, 0
pM), non-complementary DNA (nDNA, 1 pM), non-
complementary RNA (nRNA, 1 pM), single-base difference
RNA (sRNA, 1 pM) and perfect complementary sequence
(miRNA-155, 100 fM) solution were used to evaluate its spec-
ificity. According to the measurement results of four
parallel tests under the same experimental conditions,
as shown in Fig. 5A, the developed biosensor has the
best ECL response for miRNA-155, compared with the
excess (10 times) interference from non-target analytes
and the blank. This shows that the developed biosensor
has good specificity, which is attributed to the sequence
of miRNA-155 in this system that specifically recog-
nizes H1. Stability is another important criterion for
studying biosensor performance. The stability of the
prepared biosensor was investigated by continuous

Table 1 Comparison of proposed assay with reported works for
determination of miRNA

Analytical method Linear range Detection Limit Ref.

Fluorescence 1.02 nM–144 nM 0.18 nM [39]

Electrochemistry 10.0 fM–1.00 nM 1.64 fM [40]

SPR 50.0 pM–5.00 nM 45.0 pM [41]

ECL 1.00 pM–10.0 μM 0.67 pM [42]

ECL 10.0 fM–100 nM 5.70 fM [43]

ECL 0.3 fM–1.0 nM 0.15 fM This work

Fig. 4 (A) ECL detection of miRNA-155 at different concentrations. (a)
0 fM, (b) 0.3 fM, (c) 0.5 fM, (d) 0.8 fM, (e) 1.0 fM, (f) 10 fM, (g) 100 fM,
(h) 1.0 pM, (i) 10 pM, (j) 100 pM, (k) 1.0 nM in the detection solution.

(B) The linear relationship between the ECL intensity and the logarithm
of concentration of miRNA-155
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cyclic scanning for 10 cycles in the PBS solution
(0.1 M, pH 7.4) containing 10 mM H2O2 and recorded
in Fig. 5B. The ECL intensities exhibited almost no
fluctuation, which demonstrated that the ECL sensor
possessed superior reproducibility.

Application in human serum samples

In order to verify the practical applicability of the biosensor, a
recovery experiment of miRNA-155 determination was car-
ried out in human serum. Firstly, the serum was diluted 10
times. Then, different concentrations of miRNA-155 were
injected into the serum. As shown in Table 2, the recovery
was 95.50–107.15%, and the intra-assay relative standard de-
viation (RSD) was 4.12, 5.31, 7.32 and 7.94% at 1 fM, 10 fM,
100 fM and 1 pM of miRNA-155, respectively, which indi-
cates that the biosensor is feasible for detecting miRNA-155
in actual samples.

Conclusion

In summary, we developed a novel and sensitive ECL biosen-
sor by using luminol-modified in situ formation of Au NP-
decorated Ti3C2 MXene hybrid (luminol-Au NPs-Ti3C2) as
ECL nanoprobe and CHA reaction as signal amplification

for the detection of miRNA-155. Ti3C2 was used as the reduc-
tive nanocarrier for the in situ generation and anchoring of Au
NPs to form Au NPs-Ti3C2. Furthermore, the luminol-Au
NPs-Ti3C2 nanoprobes were directly formed through Au–N
bonds. This simplifies the synthesis of luminol-Au NPs-
Ti3C2, increases the immobilization of luminol, and shortens
the electron transmission distance between the luminol and
electrode interface. More importantly, Au NPs-Ti3C2 with
good conductivity and catalysis, combined with the CHA sig-
nal amplification strategy, can achieve dual amplification of
the luminol ECL signal and improve the sensitivity of the
biosensor for miRNA-155, with a detection limit of 0.15 fM.
The proposed ECL biosensor can be effectively applied to
detect miRNA-155 in complex serum samples with recovery
of 95.50–107.15%. These results indicate that the ECL bio-
sensor has potential practical value in clinical diagnosis.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00216-021-03651-7.
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