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Boron Carbon Nitride Nanosheets-Ru Nanocomposite Self-
Enhancement Electrochemiluminescence Emitter with a Three-
Dimensional DNA Network Structure as a Signal Amplifier for
Ultrasensitive Detection of TK1 mRNA
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ABSTRACT: In this study, a neoteric self-enhanced nanocomposite boron carbon
nitride nanosheets (BCN NSs)-Ru obtained by chemical crosslinking between boron
carbon nitride nanosheets (BCN NSs) and tris (4,4'-dicarboxylicacid-2,2’-bipyridyl)
ruthenium(II) dichloride (Ru(dcbpy);Cl,) was used as an emitter to build an
electrochemiluminescence (ECL) biosensor for ultrasensitive detection of the cancer
marker human thymidine kinase 1 (TK1) mRNA. Importantly, the self-enhanced BCN

Ru(dcebpy),*

— {‘E -
EDCNDS  Act

/) BCNNSsRu

NSs-Ru could exhibit strong ECL emission because boron radicals and amine groups Q fiooc _coon
derived from BCN NSs could significantly enhance the ECL response of Ru(dcbpy);Cl, ki - s
which avoided the defects of the long electron transfer path and large energy loss Ny (O] H-coom

J /
between the emitter and coreactant in the traditional coreaction ECL system. {2

DAY,
Impressively, in the presence of target TK1 mRNA, three-dimensional DNA network T F oo coon
structure-labeled numerous ferrocene probes could be assembled to quickly quench the BON Nas Ru(dchpy), -

ECL signal of BCN NSs-Ru, resulting in improved biosensor sensitivity. The obtained
“on—off” biosensor showed excellent stability and high sensitivity with a detection limit
of 32.3 aM. In general, the developed strategy provided a new biosensing way for ultrasensitive detection of biomolecules in early
disease diagnosis.

B INTRODUCTION

effective intramolecular reaction. Impressively, the amine
groups and the unsaturated boron atom at the edges or
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Electrochemiluminescence (ECL), a form of energy relaxation,
was triggered by the electrochemical stimulation, which was
attracting increasing interest in a variety of areas,'  such as
clinical diagnosis, environmental regulation, food analysis, and
drug detection on account of low background, high sensitivity,
and excellent controllability.””” In the coreactant ECL system,
the coreactant was indispensable to improve the ECL
efficiency of the emitter.*”'> However, the reaction between
the external coreactant and emitter in the traditional coreactant
ECL system had certain disadvantages of slow electron transfer
speed and low ECL efficiency, limiting the improvement of
ECL strength.'>'* Therefore, it was particularly important to
explore an efficient ECL emitter to avoid the electron
transmission obstruction and large energy loss between the
emitter and coreactant in solution. On account of the 7—n
stacking and electrostatic interactions as well as the stimulation
of electrical activity by heteropolar B—N bonding, boron
carbon nitride nanosheets (BCN NSs) exhibited striking
performance such as extraordinary chemical stability, excellent
adsorption, and impressive oxygen reduction reaction
catalysis.">™'” Moreover, the electronic tunneling among the
ultrathin BCN NSs’ interlamination could realize faster
electron transfer, which was conducive to the rapid and
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defects of BCN NSs, which were a source of active radicals,
could be used as the ECL coreactant of tris (4,4'-
dicarboxylicacid-2,2'-bipyridyl) ruthenium(II) (Ru-
(dcbpy);**)."®" In this work, BCN NSs as a novel coreactant
were covalently combined with Ru(dcbpy);** to synthesize a
self-enhanced ECL emitter BCN NSs-Ru with amazing ECL
efficiency in the absence of any additional coreactants, which
would create a new path to synthesize self-enhanced ECL
emitters with superior performance.

Messenger RNA (mRNA) played an important role in the
synthesis of proteins, which was also an effective cancer
biomarker.”*™** For instance, human thymidine kinase 1
(TK1) mRNA was associated with the activity of cell cycle
regulatory enzyme TKI, and TKI1 was involved in cell
proliferation.”””” Thus, TKI mRNA had been used as a
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Scheme 1. Assembly Process of DNA Nanoflowers DNF 1 and DNF 2 (A), Preparation of BCN NSs-Ru (B), and Construction

of the TK1 mRNA Biosensor and the Response Signal (C)
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specific indicator of cancer to reflect the development of the
disease. Currently, various methods had been reported to
identify and detect mRNA, such as fluorescence in situ
hybridization, electrochemical analysis, and protein labeling
methods.”* ™" However, these methods with low sensitivity
cannot be used for the detection of trace biomarkers.
Therefore, for the precise detection of specific mRNA, new
target amplification strategies were urgently required.’’ > At
present, to enhance the sensitivity of target detection, various
DNA structures, such as DNA dendrimers,'”~*° four-way
DNA )'unctions,21_24 and three-dimensional (3D) DNA
matrices,”* have been designed to immobilize massive signal
probes. However, these DNA structures had the disadvantages
of finite rigidity, complex synthesis, and limited attached
probes, which hindered the further improvement of biosensor
sensitivity.”*~>® Herein, two similar DNA nanoflowers (labeled
DNF 1 and DNF 2) were self-assembled from four kinds of
DNAs to assemble a target-induced 3D DNA network
structure for immobilization of numerous quenchers used for
significant signal amplification. Moreover, the novel approach
proved that the network could serve as an efficient ECL signal
converter and paved the way for the application of the target
amplification strategy in biosensors.

In this work, based on the novel self-enhanced BCN NSs-Ru
as an ECL emitter and target-induced 3D DNA network
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structure as a signal converter, the ultrasensitive ECL biosensor
was fabricated for the detection of human thymidine kinase 1
(TK1) mRNA, which has been used as a specific indicator of
tumor growth to reflect the development of the disease.
Initially, Scheme 1A was the assembly diagram of DNF 1 and
DNF 2 with a large number of ferrocene-modified probes
obtained through the Watson—Crick base pairing principle.
Meanwhile, the BCN NSs were synthesized by directly heating
a mixture of boric acid and melamine, which was further
covalently associated with Ru(dcbpy);Cl, to form the self-
enhanced nanocomposite BCN NSs-Ru (Scheme 1B). In
Scheme 1C, a mixture of BCN NSs-Ru, Pt NPs, and Nafion
was first covered on the surface of the glassy carbon electrode
(GCE) to offer a strong ECL initialized signal (signal on).
Next, the DNA probe SO labeled with sulthydryl was attached
to the BCN NSs-Ru/Pt NPs/Nafion. Afterward, the 3D
network structure was successfully constructed on the
electrode surface via the hybridization chain reaction of DNF
1 and DNF 2 with a lot of ferrocene triggered by target TK1
mRNA to significantly quench the strong ECL signal (signal
off), achieving ultrasensitive detection of the aM level of TK1
mRNA. This strategy provided a new idea for the application
of the self-enhanced ECL emitter in biomolecular detection
and disease diagnosis.
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Figure 1. TEM (A) and SEM (B) images of the BCN NSs; scanning TEM image (C) and corresponding EDS elemental (O, C, N, B, and Ru)

mapping for BCN NSs-Ru.
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Figure 2. XPS spectra of BCN NSs (A) and high-resolution N 1s spectrum (B). XPS (C) and FTIR (D) spectra of BCN NSs-Ru.

B EXPERIMENTAL SECTION

Reagents and Apparatus. A detailed description of
reagents and apparatus used in this work is shown in the
Supporting Information.

Fabrication of the Developed ECL Biosensor. First, 10
uL of the mixture BCN NSs-Ru/Pt nanoparticles (Pt NPs)/
Nafion was dripped on the surface of the preprocessed GCE
(® = 4 mm), drying at 37 °C naturally. Later, 10 uL of 2 uM
SO was attached to the surface of the modified GCE by
incubating overnight at 4 °C. Then, 10 uL of 1 mM 1-
hexanethiol (HT) was incubated on the GCE for 40 min, so
the remaining binding sites of Pt NPs could be blocked. After
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mixing the three solutions of DNF 1 and DNF 2 and various
concentrations of TK1 mRNA, 10 xL of the above mixture was
dripped onto the above-modified electrode and incubated for
120 min at 37 °C to construct the biosensor.

Measurement Procedure of ECL and Electrochemical
Analysis. The proposed ECL biosensor was tested in 2 mL of
PBS (0.10 M, pH 7.4) to record the ECL signal. The potential
scanning ranged from +0.2 ~ +1.25 V with the voltage of the
photomultiplier tube at 800 V and a scan rate of 0.3 Vs™". The
cyclic voltammograms were recorded in 5.0 mM [Fe-
(CN)¢]*~/* from —0.2 to +0.6 V at a scan rate of 0.1 V's ~%,
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Figure 3. (A) FL and ECL spectrum of BCN NSs-Ru; (B) 3D ECL

surface image of BCN NSs-Ru.

H RESULTS AND DISCUSSION
Characterization of the BCN NSs and BCN NSs-Ru.

Transmission electron microscopy (TEM), scanning electron
microscopy (SEM), and atomic force microscopy (AFM) were
implemented to study the morphology of BCN NSs. In Figure
1A,B, the BCN NSs were irregularly flaky and accumulated
from multiple layers. In addition, the AFM analysis showed
that the height of the BCN NSs was 2.5 + 0.5 nm (Figure
S2A,B), which illustrated the successful synthesis of the BCN
NSs. Then, the element distribution of the BCN NSs-Ru was
revealed by energy-dispersive X-ray spectroscopy (EDS)
(Figure 1C), and some elements containing O, C, N, B, and
Ru were homogeneously distributed in the BCN NSs-Ru,
confirming that Ru(dcbpy);>* was successfully doped into the
BCN NSs-Ru.

Additionally, X-ray photoelectron spectroscopy (XPS) and
Fourier transform infrared (FTIR) analyses were carried out to
further certify the successful preparation of the BCN NSs-Ru.
As seen in Figure 2A, the XPS characteristic peaks of B 1s, O
Is, N 1s, and C 1s were presented at 205, 545, 410, and 298
eV, respectively. In addition, the high-resolution N 1Is
spectrum belonging to BCN NSs (Figure 2B) possessed five
typical fitted peaks at 400.3 eV (pyrrolic N), 399.5 eV
(pyridinic N), 401.1 eV (graphitic N), 401.9 eV (N—H), and
398.7 €V (N—B). After the covalent bonding of Ru(dcbpy),**
into BCN NSs, the XPS characteristic peaks of Ru 3p and Ru
3d were recorded at 496 and 285 eV (Figure 2C), respectively,
which certified the presence of Ru(dcbpy);** in the nano-
composite. As demonstrated in Figure 2D, BCN NSs-Ru
displayed characteristic peaks generated by the N—H and C=
O stretching at 3207 and 1650 cm™, respectively, illustrating
the formation of amide bonds in BCN NSS-Ru. Beyond that,
the peaks at 1366 and 1028 cm™ originated from the B—N
stretching and the cubical B—C vibrations.

Fluorescence (FL) and ECL Spectral Analysis of BCN
NSs-Ru. The FL and ECL spectra were recorded to research
the luminescence properties of composite BCN NSs-Ru. In
Figure 3A, the FL emission peak of BCN NSs-Ru was at 615
nm, and the ECL emission peak was at 687 nm, which showed
a red shift of 72 nm in the ECL spectrum compared with the
FL emission due to an inner-filter effect. In addition, Figure 3B
shows the maximum ECL emission wavelength at 687 nm in
the scanning potential range of +0.2 ~ +1.25 V.

Self-Enhanced Mechanism of BCN NSs-Ru. According
to the literature,!>!81937 taking the amine oxidation
mechanism of BCN NSs as an example, the possible ECL
self-enhanced mechanism of BCN NSS-Ru was as follows (eqs
1234). With positive potential scanning, the components of
BCN NSS-Ru(Il) were oxidized to form BCN NSS-Ru(III)**

(eq 1), which was further deprotonated to form a BCN NSS-
Ru(III)® intermediate (eq 2). Then, the strongly oxidized
intermediate was transformed into an excited state BCN NSS-
Ru(II)*, which could return to the ground state accompanied
by strong ECL emission via intramolecular electron and energy
transfer (eq 4).

BCN NSs — Ruy, — 2¢e” — BCN NSs — Ru(HI).+ (1)

BCN NSs — Rugy)*" — BCN NSs — Ruy)” + HY ()
BCN NSs — Ruy)* — BCN NSs — Rupy*+H" 3)
BCN NSs — Ruy;,*—>BCN NSs — Ru + hy (4)

Characterization of the DNA Reaction. Polyacrylamide
gel electrophoresis (PAGE) was applied to explore the
teasibility of the DNA reaction. In Figure 4A, seven single
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-

Figure 4. (A) PAGE analysis of DNFs: lane 1~lane 4, A1~A4; lane S,
P1; lane 6, P2; lane 7, TK1 mRNA; lane 8, DNF 1; lane 9, DNF 2;
lane 10, DNF 1 + DNF 2 + TK1 mRNA. (B) PAGE characteristic of
the 3D DNA network structure: lane 1, TK1 mRNA; lane 2, SO; lane
3, DNF 1; lane 4, DNF 2; lane 5, SO + TK1 mRNA + DNF 1 + DNF
2.

strands of DNA (Al, A2, A3, A4, P1, P2, TKl mRNA)
emerged as bright bands (lane 1—7) at different locations
separately. In addition, the clear band at the top of lane 8 and
lane 9 indicated that DNF 1 and DNF 2 were successfully self-
assembled. In addition, TEM and AFM also were used for
morphology characterization of DNF (Figure S3). In the
presence of target TK1 mRNA, the two kinds of DNF were
assembled into the 3D DNA network structure to form lane
10, demonstrating that the TK1 mRNA could drive the
construction of the DNA network structure. When DNF 1,
DNF 2, TK1 mRNA, and SO were mixed for incubation, the
band of SO almost disappeared and a clear band at the top of
lane S (in Figure 4B) arose, indicating that SO hybridized with
the DNA network structure. The above results sufficiently
confirmed the feasibility of the DNA amplification strategy.
Electrochemical Behaviors of the ECL Biosensor. The
stepwise construction of the ECL biosensor was characterized
by cyclic voltammetry (CV). As portrayed in Figure S, the
BCN NSs-Ru/Pt NPs/Nafion-coated GCE (curve b)
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Figure S. CV curves of the modificatory electrodes: (a) bare GCE,

(b) (BCN NSs-Ru/Pt NPs/Nafion)/GCE, (c) SO/(BCN NSs-Ru/Pt

NPs/Nafion)/GCE, (d) HT/S0/(BCN NSs-Ru/Pt NPs/Nafion)/

GCE, and (e) 3D DNA network structure/HT/S0/(BCN NSs-Ru/Pt

NPs/Nafion)/GCE.

presented a significantly weakened redox peak of [Fe-
(CN)¢]** due to its poor conductivity of Nafion compared
with the bare GCE (curve a). When the modified GCE was
sequentially decorated with SO (curve ¢) and HT (curve d),
the peak currents declined in turn on account of the formation
of a DNA monolayer with negative charge and the
immobilization of HT that blocked electron transfer. After
that, with the import of the mixture of DNF 1, DNF 2, and
target TK1 mRNA, the significantly decreased peak current
was obtained (curve e), confirming that the target-induced
DNA network labeled with multitudinous ferrocene was
formed via the hybridization chain reaction of DNF 1 and
DNF 2 triggered by TK1 mRNA to increase steric hindrance.

Stability, Reproducibility, and Selectivity of the
Constructed Biosensor. Stability, reproducibility, and
selectivity were evaluated to further investigate the properties
of the prepared biosensor. The stability of our proposed
biosensor was studied under consecutive cyclic potential scan
to detect TK1 mRNA (100 fM and 10 pM), and the calculated
relative standard deviation (RSD) values are shown in Figure

6A,B, which demonstrated the wonderful stability of our
developed biosensor. Additionally, the relevant intra-assay and
inter-assay experiments were carried out to assess the
reproducibility of the biosensor. As shown in Figure 6C, the
RSD values of intra-assay and inter-assay were 1.88 and 2.77%,
respectively, suggesting that our designed biosensor had
acceptable reproducibility. Moreover, four different biomole-
cules, including 1 nM one-base mismatched mRNA (TKI1-
M1), 1 nM double-base mismatched mRNA (TK1-M2), 1 nM
tri-base mismatched mRNA (TK1-M3), and 1 nM irrelevant
survivin mRNA (survivin), were treated as interference
substances to further check out the selectivity of the biosensor.
The proposed biosensor possessed a similar ECL response of
the target TK1 mRNA (10 pM) and the mixture (containing
10 pM TKI mRNA, 1 nM TKI1-MI, 1 nM TK1-M2, 1 nM
TK1-M3, and 1 nM survivin mRNA), while TK1-M1, TK1-
M2, TK1-M3, and survivin mRNA showed no obvious
difference compared to the blank group (Figure 6D), verifying
the good selectivity of the fabricated biosensor. Therefore, the
above results demonstrated that the TK1 mRNA biosensor
showed fantastic stability, reproducibility, and selectivity.

Detection of TK1 mRNA Using the Designed
Biosensor. Under the optimal conditions, the ECL biosensor
was devoted to detecting a series of TK1 mRNA at increased
concentrations. As illustrated in Figure 7, with the incremental
concentration of TK1 mRNA changing from 100 aM to 100
nM, the corresponding ECL intensity gradually weakened. The
ECL intensity discrepancy in comparison with that of the blank
group (AI) and the Ig ¢ (TK1 mRNA) showed an outstanding
linear relationship, which fitted as the regression equation AI =
4090.58 + 1543.92 Ig ¢ (R* = 0.9965) with a detection limit of
32.3 aM, revealing better analytical performance than that
reported in previous studies (Table 1).

Performance of the Obtained Biosensor in MCF-7
Cell Analysis. To verify practicability of the obtained
biosensor, human breast cancer cell (MCF-7) extract with
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Figure 6. Stability study of this biosensor incubated toward 100 aM (A) and 1 nM (B) TK1 mRNA at the continuous cyclic of potential scanning;
reproducibility of the designed strategy (C); selectivity of the TK1 mRNA biosensor with four different distractors (D). Error bars appearing
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Figure 7. ECL signal of the constructed biosensor with different TK1 mRNA concentrations (A): (a) 1 nM, (b) 100 pM, (c) 10.0 pM, (d) 1 pM,
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Table 1. Comparison of Different RNA Detection Methods

analytical method  detection limit dynamic range references

FL 20 ftM 50 fM to 500 pM 38
Raman 2.33 tM 10 fM to 10 nM 39
chemiluminescence 0.3 pM 10 pM to 100 nM 40
ECL 0.13 M 1fM to 1 nM 41
ECL 0.331 fM 1 fM to 10 nM 42
ECL 32.3 aM 100 aM to 1 nM this work

cell concentrations from 10° to 10°, obtained by treating a
known number of cells with an RNA extraction kit, was applied
to record the ECL intensity of the biosensor. In Figure 8A, a
series of ECL signals decreased with the increase of the cell
number. Additionally, the ECL intensity diminution (Al )
meets the regression equation Al = 4825.24 + 1507.17 IgN (R*
= 0.9972, Figure 8B). Hence, the result demonstrated that our
developed biosensor possessed good potential in practical
detection.

B CONCLUSIONS

In short, based on a unique self-enhanced nanocomposite
BCN NSs-Ru with high ECL efficiency as an emitter, we have
constructed an ultrasensitive biosensor to detect the target
TK1 mRNA in the acid of target-induced 3D DNA network
structure. First, BCN NSs possessed outstanding chemical
stability, excellent adsorption performance, and catalytic
oxygen reduction reaction ability. Second, electron tunneling
between ultrathin BCN NS layers could achieve faster electron
transfer, which was conducive to fast and efficient intra-
molecular reactions. Third, the amine groups and unsaturated
boron atoms at the edges or defects of BCN NSs were the
sources of active radicals, which could be used to obviously
improve ECL efficiency of Ru(dcbpy);*. Therefore, the

strategy offered a new means for biomolecular detection and
disease diagnosis.
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