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ABSTRACT

Electrochemiluminescence (ECL) is a powerful readout method for the development of (bio)sensors,
whose performances depend on the electrode materials and the architecture of its surface. Herein, we
demonstrate that the precise control of the sensing interface using the versatility of two-dimensional
(2D) transition metal carbides (Ti3C,Tx MXene) leads to the enhancement of the ECL signal. This elec-
trode material, which exhibits remarkable structural and electrochemical properties was decorated by
the in situ formation of gold nanoparticles (AuNPs) owing to the Ti reducibility. Then, a large amount of
the luminophore, Ru(bpy)3*, was immobilized on TisC;Tx MXene thanks to its unique negative charge
and large specific surface area to obtain Ru—Ti3C,Tx-AuNPs. The presented approach exploits the high
catalytic activity and excellent conductivity of this 2D nanomaterial as illustrated by the enhanced ECL
emission performance of the Ru—Ti3CoTx-AuNPs nanoprobes. Finally, DNA phosphorylated with poly-
nucleotide kinase (PNK) was recognized efficiently by the chelation between Ti and phosphate group. A
highly sensitive and selective ECL biosensor was developed for the detection of PNK and the screening of
its inhibitors. A lower detection limit of 0.0002 U mL~! and wide linear relationship ranged from 0.002 to
10 U mL~! were obtained. Furthermore, the practicality of our method was tested in MCF-7 cell lysate,
which opens enticing perspectives for future applications of Ti3C;Tx materials in the ECL bioanalysis field.
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1. Introduction

Electrochemiluminescence (ECL) is a sensitive analytical
method, which combines the advantages of electrochemistry and
chemiluminescence [1-5]. It provides high sensitivity, low cost,
wide dynamic range, easy controllability and simple instrumenta-
tion with portable devices [6—12]. Developing sensitive and se-
lective interfaces of ECL biosensors and improving ECL intensity are
central issues in this field [13—16]. Much efforts have been
expended with in-depth works to improve the analytical perfor-
mances of ECL [17—22]. On the one hand, the development of new
luminophores and coreactant species further increases the effi-
ciency of ECL [23—31]. On the other hand, based on the novel
recognition method and the construction strategy of biosensor
interface, the correlation between the target molecule and the
response signal is established to further enhanced the performance
of ECL biosensor [32—34]. For instance, a novel ECL sensor was
developed for the detection of kinase activity based on multifunc-
tional nanoprobes and the recognition of Zr** and phosphate [35].
These examples illustrate the importance of developing well-
controlled interfaces and nanomaterials for effective ECL
biosensing.

The design and fabrication of efficient and simple ECL analytical
systems is a challenging but highly rewarding task. A large variety
of nanomaterials from carbon based to quantum dots, metallic
nanoparticles or carbon oxides has been reported for ECL detection
[36—40]; each of them providing distinct advantages. Among them,
the 2D transition metal carbide Ti3C,Tx (Ti3CoTx, Tx includes O, OH,
and/or F) is a relatively new class of materials [41,42]. It presents
unique layered structure and surface chemical properties, and its
characteristics show promising potential for electroanalytical ap-
plications [43]. For example, Ti3C,Tx was used to form composite
film with Nafion for fabrication of a solid-state ECL sensor [44]. Kerr
and coworkers demonstrated the bright cathodic ECL emission
using Ru(bpy)3*/peroxydisulfate at pure Ti3C,Tx electrodes [45].
Sun et al. reported that TizC,Tx promotes the transfer of electrons
on the electrode interface and alleviates the passivation of g-C3Ny,
generating high and stable ECL signal [46]. A sensitive ECL
biosensor for exosomes and their surface proteins was developed
by in situ formation of gold nanoparticles (AuNPs)-decorated TizC,
MXene as nanoprobe, which showed excellent conductivity and
catalytic effects, enhancing the ECL intensity of luminol [47]. The
unique features of Ti3zC,Tx make them promising in fabrication of
ECL with remarkable performances. TizC,Tx material not only has
the common advantages, such as large specific surface area and
conductivity, but also shows specific properties due to the surface
structure [48—50]. Indeed, Ti3C;Tx shows excellent reducibility
owing to the Ti atoms that are easily oxidized to +4. Moreover, the
rich Ti vacancy defects resulting that Ti3C;Tx nanosheets has
excellent catalytic activity and the Ti atoms are easy to combine
with other groups [51]. Meanwhile, the —F and —OH terminated
groups make Ti3CoTx negatively charged and offers good hydro-
philicity [52—54]. Ti3C;Tx MXenes have attracted increasing
attention for electrochemical and ECL sensing [55]. Applying
Ti3C,Tx versatility to ECL biosensing is a very interesting approach.

Herein, a pleiotropic ECL biosensor for the highly sensitive and
selective detection of PNK was designed based on the functionali-
zation of the Ti3CoTx platform (Scheme 1). PNK is an enzyme iso-
lated from E. coli infected by T even-numbered bacteriophages and
plays a vital role in phosphorylation-related DNA repair. The
abnormal expression of PNK is related to many diseases, such as
Rosemond-Thomson syndrome, cardiovascular disease, central
nervous system disorders and so on [56]. Therefore, it is of great
significance to monitor PNK activity for clinical diagnoses and
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fundamental biochemical research. The Ti3C,Tx nanosheets as the
effective substrates achieve in situ generation of AuNPs anchored
on Ti3CoTx to form Ti3CoTx-AuNPs via the reducibility of Ti. Ac-
cording to the Ti3C,Tx negatively charged, the Ru—Ti3C,Tx-AuNPs
was obtained via the electrostatic interactions between Ti3C2Tx and
Ru(bpy)3+. Noticeably, the obtained Ru—Ti3CoTx-AuNPs nanop-
robes exhibit a stable and bright ECL emission. The Ru—Ti3CoTx-
AuNPs nanoprobes was finally functionalized by the phosphory-
lated DNA efficiently due to the chelation interactions between the
Ti sites enriched and the phosphate groups.

In this strategy, AuNPs modified on electrode interface can
provide more binding sites for linking single stranded DNA with
sulfhydryl group. Based on the specific catalysis of PNK, an enzyme
isolated from E. coli infected and playing a vital role in
phosphorylation-related DNA repair; the 5-OH terminal of DNA is
phosphorylated by ATP adenosine. This fabricated ECL biosensor
shows significant improvements in detecting PNK with high
sensitivity and selectivity as shown for the activity determination
of PNK in cell lysate. This will provide a prospect for the design of
signal amplification and specific recognition strategies based on
Ti3C,Tx material.

2. Experimental section
2.1. Materials and apparatus

The subsection of materials and apparatus are supplied in sup-
plementary information.

2.2. Preparation of AuNPs, Ti3CoTx and Ru—Ti3CoTx-AuNPs

The production of AuNPs, Ti3C,Tx [46] and Ru—TizCyTx-AuNPs is
described in detail in the supplementary material.

2.3. Fabrication of the ECL biosensor

Electrochemical measurements were performed in a standard
glass cylindrical cell with a conventional three-electrode system,
including a glassy carbon electrode (GCE), platinum sheets,
silver—silver chloride (Ag/AgCl) in saturated KCl as the working
electrode, counter electrode, reference electrode, respectively.
[Fe(CN)g]* 3~ in 0.1 M KCI solution (pH 7.0) as electrolyte was used
to record the cyclic voltammograms and electrochemical imped-
ance spectra (Fig. S4). A 0.1 M phosphate buffer solution (PBS) at pH
7.4 containing 10 mM tripropylamine (TPA) as a coreactant was
used for all the ECL experiments. A glassy carbon electrode (GCE,
diameter of 3 mm) was carefully polished with Al,O3 powder, and
then ultrasonically cleaned in ethanol and DI water. Finally, it was
dried with N». Then, 6 uL AuNPs solution was added to the surface
of the GCE and dried at room temperature (AuNPs/GCE). The
AuNPs/GCE was immersed in DNA (1 uM) for 24 h and incubated in
MCH solution for 2 h (DNA/AuNPs/GCE). After that, it was incubated
in different concentrations of PNK and 1 mM ATP (v/v =1:1)for 1 h
at 37 °C. Finally, the modified electrode (P-DNA/AuNPs/GCE) was
incubated in 40 pL Ru—Ti3C,Tx-AuNPs nanoprobes for 2.5 h to
obtain the ECL biosensor. Each of the above steps required cleaning
the electrodes with Tris-HCl and blowing dry with N, to remove
non-specific adsorption.

3. Results and discussion
3.1. Characterization of Ru—Ti3CoTx-AuNPs

Ti3C;Tx nanosheets are the starting material that was
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Scheme 1. Schematic representation of the fabrication and function of the ECL biosensor for PNK activity detection based on the Ti3C;Tx nanosheets.

functionalized step by step as represented on Scheme 1. AuNPs
were generated in situ by the reduction of HAuCl, thanks to the
surface reducibility of Ti. It is interesting to notice that this step
could be controlled by tuning the surface reducibility of Ti3CoTx
MXene by N doping [56]. The AuNPs were anchored on the nano-
sheets resulting in the generation of Ti3CoTx-AuNPs. Both Ti3CoTx
and Ti3C,Tx-AuNPs materials were synthesized and characterized
thoroughly. The XRD patterns were recorded after each fabrication
step as shown in Fig. STA. Compared with the XRD pattern of
Ti3AlC,, the main peak (104) almost disappeared and the (002)
peak shifted to the left owing to the enlarged interlayer of the
Ti3C,Tx, which shows that TizC,Tx had been successfully synthe-
sized. Fig. S1B shows the specific diffraction peaks of Au, such as
(111), (200), (220) and (311); they correspond to the facets
diffraction peaks of face-centered cubic Au. The results show that
Ti3CoTx-AuNPs was effectively obtained. In addition, the successful
preparation of Ti3C,;Tx-AuNPs was confirmed by TEM. Fig. S1B
demonstrates that the Ti3C;Tx nanosheets were decorated with
the AuNPs.

The next step was the modification of the synthesized nano-
sheets with the luminophore. It was achieved by the electrostatic
interactions between Ru(bpy)3* and the negatively-charged
Ti3CoTx. The synthesis of Ru—Ti3CoTx-AuNPs was characterized by
the measurements of the zeta potential, energy dispersive spec-
trometer (EDS), UV—Vis and XPS. In Fig. 1A, the Ti3C;Tx-AuNPs
synthesized in situ exhibit a less negative zeta potential value in
comparison to TizC,Tx, with a negative potential difference of about
30 mV. The Ru—Ti3CoTx-AuNPs shows the less negative zeta po-
tential (d) due to the immobilization of Ru(bpy)3* with positive
charges (c). The EDS spectra are displayed on Fig. 1B where the Ti,
Au and Ru elements are clearly imaged on the Ru—Ti3C,Tx-AuNPs.

Fig. S2A compares the UV—Vis spectra of TisCoTx and
Ru—Ti3C,Tx-AuNPs. This latter displays three characteristic peaks at
550 nm, 450 nm and 280 nm (curve b), which are the typical peaks
of AuNPs, Ru(bpy)3t and TisCoTx, respectively. Similarly, XPS
analysis (Fig. S2B) was performed on the Ru—Ti3CyTx-AuNPs
nanosheets. Compared with TizC,Tx (Fig. S2B a), Au and Ru
appeared in the spectrum of Ru—Ti3C,Tx-AuNPs nanoprobes
(Fig. S2B b). To be specific, the XPS spectrum of Ti (IV) can be clearly
seen in Fig. 2A at 458.6 eV and 464.3 eV. The characteristic of Au(0)
reduction structure leads to the Ru—Ti3CyTx-AuNPs composite
peaks at 83.8 eV and 87.5 eV (Fig. 2B). Meanwhile, the peaks at
280.8 eV and 284.8 eV in Figs. 2C and 458.6 eV and 464.3 eV in
Fig. 2D are the characteristic peaks of the Ru element. These results
further indicate that Ru—Ti3CoTx-AuNPs were successfully pre-
pared. Fig. S3A shows the ECL spectra of Ru(bpy)}* (a) and
Ru—Ti3CoTx-AuNPs (b) in presence of tripropylamine (TPA) cor-
eactant. The wavelength of the ECL emission peaks at about 610 nm,

which is typical for the metal-to-ligand charge transfer (MLCT)
emission of the Ru(bpy)3t luminophore. This means that the
structure of Ru(bpy)3* remains almost unchanged after bonding
with Ti3CoTx-AuNPs. Furthermore, the stability of Ru—TizCyTx-
AuNPs nanoprobes were checked by recording the ECL signal dur-
ing successive potential scans between 0 V and 1.25 V. The ECL
process follows the well-known oxidative-reduction pathway with
the model TPA coreactant. It involves the oxidation of both lumi-
nophore and coreactant (i.e. Ru(bpy)3* and TPA, respectively). The
deprotonation of the electrogenerated TPA radical produces a
strong reductive species that reacts very exergonically with the
luminophore to generate its excited state [3—5]. A reproducible ECL
strength was obtained under continuous scanning, showing good
stability of Ru—Ti3C,Tx-AuNPs (Fig. S3B) thanks to the strong
electrostatic interactions (vide supra).

3.2. Electrochemical characterizations of the assembly processes of
the biosensor

The experimental detail was described in the supplementary
material (Fig. S4).

3.3. ECL performance of Ru—Ti3CoTx-AuNPs nanoprobes

In order to investigate the analytical properties of the
Ru—Ti3C,Tx-AuNPs nanoprobes, a series of control experiments
was carried out. A control experiment was performed without the
in situ synthesis step of AuNPs to verify their catalytic ability. The
ECL intensity without AuNPs (a) is lower than in presence (b)
(Fig. 3A). The result confirms that the higher ECL signal of
Ru—Ti3CoTx-AuNPs/P-DNA/AuNPs/GCE is related to the in situ
generation of AuNPs and decoration to form Ti3C,Tx-AuNPs via the
Ti reducibility. Fig. 3B displayed the ECL performances of modified
electrodes step by step. The designed biosensor shows the highest
ECL intensity (curve e) compared with the others (curve a, b, ¢, d).
These results are attributed to the electrostatic immobilization of a
large amount of Ru(bpy)3* luminophores and to the large specific
surface area of Ti3CoTx. In addition, the 5’-hydroxyl terminal of DNA
phosphorylated by ATP adenosine with the specific catalysis of PNK
could be trapped on the modified electrode surface by specifically
recognizing phosphate to produce high ECL intensity.

3.4. Activity determination of PNK

The detection conditions were optimized in Fig. S5. The ECL
signal enhanced gradually with an increasing concentration of PNK
as shown in Fig. 4A. It exhibited a linear relationship between the
ECL strength and the concentration of PNK within the range
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Fig. 1. (A) The zeta potential values of TisC,Tx (a), TizCoTx-AuNPs (b), Ru(bpy)3* (c) and Ru—TisC,Tx-AuNPs (d). (B) The elemental mapping of Ti element, Au element and Ru

element in the Ru—Ti3C,Tx-AuNPs.
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Fig. 2. The XPS spectrum of Ti (A), Au (B) and Ru (C) elements and (D) in the Ru—Ti3C,Tx-AuNPs.

0.002—10 U mL™ L. The equation of linear regression is Igc. — 382.86
Cpnk+1517.04 (Fig. 4B). The detection limit was 0.0002 U mL~! with
a correlation coefficient of R? = 0.987. The analytical performance
of the proposed ECL biosensor with multi-function and integration
is superior to most of the work reported recently as illustrated in
Table S1.

3.5. Selectivity and stability of ECL biosensor

To evaluate the selectivity of ECL biosensor, bovine serum al-
bumin (BSA), glucose oxidase (GOD) and lysozyme at high con-
centrations was employed (Fig. 5A). The designed sensor shows
optimal ECL response for PNK compared with the other species
even at higher concentrations. These results reveal that the
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proposed ECL biosensor presents good selectivity for the mea-
surement of PNK activity. In addition, the stable ECL intensity ob-
tained under 10 consecutive scanning cycles with PNK
concentration of 1 U mL~! (Fig. S6) and the relative standard de-
viation (RSD) was 2.40%, confirming that the biosensor presents
excellent stability.

3.6. Application in real sample analysis and inhibition assay

In order to evaluate the feasibility of this biosensor for practical
sample analysis, the ECL responses in the lysate of Michigan Cancer
Foundation-7 cell line (MCF-7) were carried out. They were similar
with that in the buffer system (Fig. 5B). Moreover, as demonstrated
in Table 1, the recoveries of samples were 98—113%, which
demonstrated that the designed ECL sensor was feasible for the
sensitive detection of PNK in actual samples. At the same time, the
PNK inhibitory activity was evaluated with (NH4),SO4 (Fig. 5C) and
ADP (Fig. 5D) as commonly used as antibacterial agents. ADP was
selected because it is a non-competitive inhibitor and its inhibition
effects are due to its reversible function in the phosphorylation
reaction [57]. PNK activity may be suppressed by the (NH4),SO4
reagent, which modify the structure of dsDNA substrate and the
spatial conformation of the PNK enzyme [58]. The ICs5o values for
(NH4)2S04 and ADP are 2.549 and 0.442 mM, which are comparable
to those previously reported and manifest the practicability of the
prepared ECL biosensor for screening PNK inhibitors [59—61].

4. Conclusion

A selective and sensitive ECL biosensor for PNK detection is
reported according to the versatility of the structural and electro-
chemical properties of Ti3C;Tx nanomaterial. The Ti3C;Tx nano-
sheets were modified sequentially by AuNPs and then Ru(bpy)3* in
order to obtain Ru—Ti3CoTx-AuNPs. In situ formation of Ti3CyTx-
AuNPs provided high catalytic activity rooting in rich Ti vacancy
defects. Indeed, the reduction of Au salt thanks to the surface
reducibility of Ti leads to the synthesis of AuNPs directly anchored
on Ti3C,Tx. Then, Ru(bpy)3* was immobilized on the Ti3C,Tx-AuNPs
by electrostatic interactions between this positively-charged
luminophore and the negatively-charge Ti3C;Tx nanomaterial to
obtain Ru—Ti3C2Tx-AuNPs. Finally, DNA phosphorylated with PNK
was recognized by the chelation between Ti and phosphate groups.
PNK was detected with high selectivity without additional identi-
fication unit. The designed ECL biosensor with remarkable perfor-
mances could be applied to detect PNK in MCF-7 cell lysate with
recovery rate of 98—113% and a detection limit of 0.0002 U mL™".
This proves that the reported ECL biosensor could be applied to PNK
detection in biomedical conditions. The reported biosensor, which
combines the remarkable structural and electrochemical properties
of Ti3C,Tx nanomaterials with the ECL readout should find prom-
ising applications in the sensor field dedicated to biomolecular
analysis and diagnosis.

Table 1

The activity of PNK in lysate of MCF-7 cells was analyzed by the ECL biosensor.
Sample  Spiked (UmL™')  Found (UmL™!)  Recovery (%)  RSD (%)
1 Not Spiked Not Found - -
2 1 0.98 98 3.93
3 2.5 2.69 108 3.45
4 5 5.19 104 6.06
5 7.5 8.45 113 0.17
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