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ABSTRACT: In this work, we fabricated a dual-wavelength electrochemiluminescence
ratiometric biosensor based on electrochemiluminescent resonance energy transfer (ECL-
RET). In this biosensor, Au nanoparticle-loaded graphitic phase carbon nitride (Au-g-C3N4)
as a donor and Au-modified dimethylthiodiaminoterephthalate (TAT) analogue (Au@
TAT) as an acceptor were investigated for the first time. Besides, tetrahedron DNA probe
was immobilized onto Au-g-C3N4 to improve the binding efficiency of the transcription
factor and ECL ratiometric changes on the basis of the ratio of ECL intensities at 595 and
460 nm, which were obtained through the formation of a sandwich structure of DNA
probe−antigen−antibody. Our biosensor achieved the assay of NF-κB p50 with a detection limit of 5.8 pM as well as high stability
and specificity.

KEYWORDS: dimethylthiodiaminoterephthalate (TAT), NF-κB p50, electrochemiluminescence, DNA tetrahedron nanostructures,
ratiometric biosensor

■ INTRODUCTION

Nuclear factor-kappa B (NF-κB) is a double-stranded DNA-
binding transcription factor (TF), which plays an important
part in enhancing or reducing a series of gene expressions
involved in cell survival, proliferation, and differentiation, as
well as cellular inflammation by recognizing and binding
specific gene sequences.1 The research on NF-κB is of great
significance in cancer prevention associated with leukemias,
breast, lung, brain, and so on.2 The multicomponent
quantitative detection of NF-κB is conducive in the develop-
ment of anticancer therapeutic drugs and the clinical diagnosis
of autoimmunity and inflammation.3−5

Traditional detection strategies for NF-κB are unable to
meet people’s requirements for speed, sensitivity, and
simplicity. For example, the electrophoretic mobility shift
assay (EMSA) is usually very time-consuming and the steps are
cumbersome.6 A DNA footprinting assay needs superb
experimental skills and the operation is complicated.7 The
enzyme-linked immunosorbent assay (ELISA) is time-saving,
simple, and easy to standardize.8 However, it needs specific
antibodies and is susceptible to false positives due to
environmental factors such as temperature and time. The
western blotting assay is usually expensive and increases the
cost of the assay.9,10 The immunohistochemistry assay has low
sensitivity and is not convincing enough.11 In recent years, the
fluorescence assay has attracted people’s wide attention due to
its high sensitivity.12 In the classic fluorescence assay the donor

and acceptor bound with different DNA sequences induce
fluorescence resonance energy transfer (FRET). However,
DNA−protein binding produces steric hindrance which causes
the contact between the donor and acceptor to be blocked,
resulting in a weaker FRET signal.13

Compared to other technology, electrochemiluminesence
(ECL) shows the advantages of high sensitivity, time saving,
device available, owning a controllable reaction system, and
possessing a broader detection range.14−16 Owing to these
characteristics, ECL technology is conducive to broadening the
detection methods of TF in a sensitively selective way.
Recently, ratiometric ECL methods which count on the ratio
of the signals instead of the value of the signals have caught
researchers’ widespread attention for the reason that they can
effectively eliminate the impact of the environmental factors on
a single signal, which is meaningful to strengthen the ability to
resist the surrounding interference using an ECL strategy in
biomedical analysis.17,18 For ratiometric ECL methods, dual-
potential and dual-wavelength ratio modes are included. Dual-
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potential mode is already widely used in the detection of
prostate-specific antigen (PSA), aflatoxin B1 (AFB1), dop-
amine, miRNA, metal cation, and cancer cells.19−24 However,
dual-wavelength mode is restricted by the emitting intensity
and the wavelength of the emitter; the common dual-
wavelength ECL system is graphitic phase carbon nitride (g-
C3N4) and Ru(bpy)3

2+.25,26 Therefore, the exploration of
luminescent materials with splendid ECL emitting intensity
and appropriate wavelength becomes the key to expanding the
dual-wavelength biosensors.
In a ratiometric ECL strategy, electrochemiluminesence-

resonance energy transfer (ECL-RET) is extensively employed
in the creation of biosensors, the basic condition of which is
spectral overlap between the donor and the corresponding
acceptor in close contact.27,28 Herein, we employed a dual-
wavelength ECL ratiometric strategy for the detection of NF-
κB with gold-doped g-C3N4 (Au-g-C3N4) nanosheets as a
donor and reduced-gold modified dimethylthiodiaminotereph-
thalate (TAT) fluorophore (Au@TAT) as an acceptor, owing
to the donor’s ECL emission wavelength (460 nm), which is
consistent with the acceptor’s absorption wavelength. g-C3N4
is an excellent semiconductor nanomaterial with outstanding
biocompatibility and luminous efficiency, so, it is widely used
in the determination of miRNA, cardiac troponin, cancer cells,
and so on.29−31 TAT fluorophore with a strong intramolecular
distortion structure results in a high quantum efficiency of
54.44%, which can effectively suppress charge transfer and
improve radiation transition efficiency.32 Moreover, such TAT
compound with a longer emission wavelength of approximately
595 nm will improve the penetration of light and reduce
energy loss to good effect, which is of great value in biometric
applications.33 For the outstanding optical properties and
biostability, g-C3N4 and TAT are served as a constructor of
ECL-RET. To enhance the ECL intensity and the intrinsic
conductivity of the original material, Au nanoparticles are
introduced to modify them. The formation of Au-g-C3N4 also
facilitates the immobilization of nucleic acid probes and Au
nanoparticles on the surface of the TAT compound and
increases the loading amount of antibody which is conducive
to raising the efficiency of the reaction. However, ECL-RET
signals are susceptible to be affected by the adsorption of
binding proteins or capturing antibodies, as well as the uneven
distribution of proteins on the surface of the electrode for the
changes of interface conductivity.34 Therefore, there is an
urgent need to overcome the obstacles.
To conquer the difficulties, robust and simplest nucleic acid

probes on the electrode that can resist the interference of the
cell enzyme are needed. The development of DNA nano-
technology not only enables DNA structures to be highly
predictable and programmable with extremely precise size and
well-defined geometry characteristics, but also realizes the
functional requirements such as the detection of pH, O2

•−,
miRNA, and DNA methylation when modified with small
molecules.35−37 Among miscellaneous DNA nano architec-
tures, three-dimensional (3D) DNA tetrahedron nanostruc-
tures (DTNs) synthesized by the self-assembly of four single
strands of DNA attract people’s widespread concern for its
high structural stiffness.38 DTNs with the characteristics of
simple synthesis and predictable dimensions will reduce the
crowdedness, uneven distribution, and cross-reactivity of
single- or double-stranded probes on the surface of electrodes,
thereby, improving the biorecognition pathway and lessening
the nonspecific absorption.39−41 The vertex of DTNs can be

modified by various functional biomolecules or special binding
nucleic acid sequences to realize the expansion from traditional
1D and 2D DNA probes to 3D multiple probes.42−45

Here, a dual-wavelength electrochemiluminescence ratio-
metric biosensor with self-assembled DTNs was fabricated for
selective and ultrasensitive determination of NF-κB p50. In this
study, the donor (Au-g-C3N4) and the acceptor (Au@TAT)
exhibited a very high resonance energy transfer efficiency, and
the ratio of ECL intensities at 595 and 460 nm had a linear
relationship with the logarithmic value of NF-κB p50
concentration. Most importantly, the dual-wavelength ratio-
metric biosensor can achieve the detection of NF-κB with high
sensitivity and reproducibility in diluted cell nuclear extracts.

■ EXPERIMENTAL SECTION
Reagents and Materials. Gold chloride hydrate (HAuCl4·

xH2O), sodium borohydride, acetic acid, citrate sodium, sodium
borohydride, 1-ethyl-3-(3-dimethyllaminopropyl)-carbodiimide hy-
drochloride (EDC), and N-hydroxysuccinimide (NHS) were
obtained from Aladdin Biochemical Technology Co. Ltd. (Shanghai,
China). Ethylene diamine tetraacetic acid (EDTA) and triethylamine
were obtained from Sinopharm Chemical Reagent Co. Ltd.
(Shanghai, China). Trisodium citrate dihydrate and silver nitrate
were obtained from Sigma. Dimethyl 2,5-dioxocyclohexane-1,4-
dicarboxylate was obtained from Energy Chemical (Shanghai,
China). 3-(Methylthio)aniline and pluronic P123 were obtained
from Bidepharm (Shanghai, China), and Heowns (Tianjin, China),
respectively. NF-κB p50 (human recombinant) was obtained from
Hengfei Biotechnology Co. Ltd. (Shanghai). Threo-1,4-dimercapto-
2,3-butandiol (DTT), 6-mercaptohexan-1-ol (MCH), tris(2-carbox-
yethyl) phosphine hydrochloride (TCEP), NF-κB p50 antibody, and
phosphate-buffered saline (PBS) buffer solution were obtained from
Sangon Biotech Co. Ltd. (Shanghai). The water was purified by the
Milli-Q purification system (Branstead). Purified oligonucleotides
were available from Genscript Bio-technology Co. Ltd. (Nanjing,
China), and the sequences of DTNs are depicted in Table S1.

Apparatus. Scanning electron microscopy (SEM) and energy-
dispersive X-ray (EDX) images were obtained by JSM-7800F (Japan).
Transmission electron microscope (TEM) images were obtained from
1400 PLUS (Japanese electronics). ECL signals were detected by
ECL-6B provided by State Key Laboratory of Analytical Chemistry
for Life Science, Nanjing University. ECL experiments were tested by
a three-electrode system containing a glassy carbon electrode (GCE),
platinum counter electrode, and Ag/AgCl reference electrode. UV−
vis spectra were analyzed by Spectra Max M5e (Molecular Devices
Co. Ltd). Single-crystal structure data were measured by Bruker D8
venture. 1H NMR spectra (NMR) were obtained using an NMR
spectrometer (Bruker 400 MHz). Atomic force microscope images
were obtained from Dimension ICON (Bruker).

Synthesis and Purification of the Illuminator (TAT). The
mixture of dimethyl 2,5-dioxocyclohexane-1,4-dicarboxylate (2.28 g,
10 mmol) and 3-(methylthio)aniline (3.02 mL, 25 mmol) was added
into ethanol/glacial acid (20 mL:10 mL) and heated at 90 °C in a
one-neck flask for 5 h with a magnetic stir bar. After the reaction, the
mixture was treated with vacuum filtration. Then the crude product
was collected, washed as orange-red powder, and purified by column
chromatography with dichloromethane and petroleum ether as the
eluents. Finally, 3.03 g of TAT was obtained with 75.3% yield. 1H
NMR (400 MHz, CDCl3) δ = 8.02 (s, 2H), 7.25−7.21 (m, 4H), 7.07
(s, 2H), 6.94−6.89 (m, 4H), 3.86 (s, 6H), 2.48 (s, 6H).

Preparation of Au-g-C3N4. We synthesized Au-g-C3N4 success-
fully, and the method is specified as follows. First, we added 40 μL of
HAuCl4·xH2O (0.01 mM) solution to 4 mL carbonitride ethanol−
water dispersion (15 mg L−1) and the mixture was stirred it at room
temperature for 4 h to get a mixture solution of g-C3N4 and HAuCl4.
Secondly, 30 μL of freshly prepared NaBH4 (0.2 M) solution was
injected into the mixture under an ice bath condition and stirring was
continued for 30 min. Finally, 30 μL of sodium citrate (0.02 M) was
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added and stirring was continued for another 30 min; then the
mixture was centrifuged at 12 000 rpm for 1 min. After being washed
with ultrapure water twice, the precipitant was dissolved in 5 mL of
ultrapure water to get Au-g-C3N4, and then it was stored in a
refrigerator at 4 °C for further use.
The Synthesis of Au@TAT Nanocomposites. We successfully

modified TAT with the Au element to obtain Au@TAT nano-
composites by referring the methods in the literature presented
previously.46 For their preparation, first of all, we prepared 5 mL of
TAT tetrahydrofuran (2 mg mL−1) solution by stirring and ultrasonic
dispersion. Under the stirring condition, they were injected into 50
mL of prepared pluronic p123 (1 mg mL−1) solution. Simultaneously,
300 μL of HAuCl4·xH2O (0.01 M) solution was added into the
mixture. Shortly after that, 400 μL of sodium citrate (0.01 M) was
dropped quickly when the mixture was heated to the boiling point.
After waiting for 15 min, we turned off the heater and cooled it to
room temperature. Then centrifugation and washing were carried out
to get Au@TAT nanocomposites, which were dissolved in 10 mL of
ultrapure water and, finally, stored in a refrigerator at 4 °C for future
use.
Preparation of ECL Biological Probe. To prepare the biological

probe (mAb-Au@TAT), Au@TAT nanocomposites were first
modified with carboxylic acid group referring to the previously
reported literature.47 In short, 5 mL of 11-mercaptoundecanoic acid
(2.4 mM) ethanol solution and 5 mL of sodium hydroxide (2.4 mM)
aqueous solution were added to the 5 mL of prepared Au@TAT
solution. Then the mixture was stirred at 80 °C for 1 h. When the
mixture cooled to room temperature, it was centrifuged (12 000 rpm)
for 10 min and washed by ultrapure water two times for further use.
After that, the biological probe (mAb-Au@TAT) was prepared
referring to the EDC-NHS method.34 First, 250 μL of EDC (0.5 M)
solution was added into 1 mL of carboxylated Au@TAT (COOH-
Au@TAT) aqueous solution under agitation for 1 h at room
temperature. Next, 250 μL of NHS (0.5 M) and 100 μL of NF-κB p50
antibody (mAb) (1 mg mL−1) were dropped; then the mixture
solution was put in a refrigerator and reacted overnight at 4 °C. After
that, the reaction solution was poured into a Nanosep Centrifugal 30
K Devices and centrifuged at 12 000 rpm for 20 min at 4 °C. Finally,
the mixture was diluted to 200 μL for further utilization.
Preparation of DTNs and Polyacrylamide Gel Electro-

phoresis (PAGE). DTNs were prepared as follows. First, strands of
T1, T2, T3, T4, and T5 with the final concentration of 1 μM,
respectively, were dispersed in the phosphate buffer (pH 7.4)
containing 5.0 mM MgCl2 and 0.1 mM TCEP, and incubated for
40 min at room temperature under agitation. Then the mixture was
heated to 95 °C and immediately cooled down to 4 °C for forming
the sturdy DTNs which had been stored in a refrigerator for further
use.

After that, the successful formation of DTNs was verified by
nondenaturing PAGE (15%), which was carried out in 1× TBE (89
mM Tris-boric-acid, 2 mM EDTA, pH 7.4) buffer at a constant
voltage of 110 V for 2.5 h at 25 °C. Then the gels were stained with
ethidium bromide (EB) for 20 min and photographed by UV light
(ChemiDoc MP, Bio-Rad).

Fabrication of the ECL Ratiometric Biosensor. To fabricate
the ECL biological biosensor, the GCE was needed to be polished by
0.05 μm Al2O3 powder initially. In addition, it was immersed into
ultrapure water containing 0.1 M H2SO4 and 0.2 M H2O2; then the
adsorbed substance was ultrasonically cleared afterward. After being
washed with ultrapure water and ethanol, it was dried in clean air for
further application. Then 8 μL of Au-g-C3N4 suspended solution was
dropped on the spotless electrode and dried for 50 min in the clean
air to form Au-g-C3N4/GCE. Next, it was dipped in DTN (1 μM)
phosphate solution for 12 h to constitute the DTN-modified Au-g-
C3N4 biosensor architecture by the Au−S bond. After that, it was
immersed in 2 mM MCH phosphate (pH 7.4) solution for 40 min at
room temperature to passivate the unoccupied sites of the electrode.
Then, various concentrations of NF-κB p50 in a protein incubation
solution, which contained Tris−HCl (10 mM, pH 7.4), DTT (300
μM), 5% glycerol, and EDTA (100 μM), were incubated with the
modified electrode for 50 min at room temperature. The incubation
of NF-κB p50 in diluted cell nuclear extracts was implemented in the
protein incubation solution as well. In the end, 8 μL of biological
probe (mAb-Au@TAT) was dropped on the electrode and kept for 1
h at room temperature. ECL measurements were carried out at the
potential scan of −1.6−0 V in a phosphate (pH 7.4) solution
containing 0.1 M K2S2O4. Last but not least, it was essential to be
cleaned by the phosphate (pH 7.4) solution for every step of
modification of the electrode.

Cell Culture and Cell Nuclear Extract Preparation. According
to previous reports, we put cell culture and cell nuclear extract
preparation into execution.48 First of all, A549 cells were cultured in
Dulbecco’s modified eagle medium (DMEM; GIBCO) in the
presence of 10% fetal calf serum, penicillin (0.1 g L−1), and
streptomycin (0.1 g L−1) under humid atmosphere consisting of 5%
CO2.

A total of 5 × 107 cells, as calculated by the Petroff-Hausser cell
counter, were first washed by the phosphate (pH 7.4) solution at 0
°C. Then 20 ng mL−1 of TNF-α (Pepro Tech) was added to the cells
and allowed to incubate for 30 min. Next, the cell nuclear extracts
were collected by the nuclear extract kit (Active Motif, Carlsbad, CA)
in the light of the instructions of the manufacturer. After that they
were diluted to 200 μL and then stored immediately at −80 °C for
use.

Scheme 1. Schematic Illustration of a Ratiometric ECL Immunosensor for the Transcription Factor (NF-κB p50) Assay
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■ RESULTS AND DISCUSSION

Principle of the Proposed Dual-wavelength Ratio-
metric ECL Biosensor. As shown in Scheme 1, the donor
(Au-g-C3N4) complex was arranged on the surface of the
carbon glassy electrode through electrostatic adsorption. Then
DTNs were modified onto the Au-g-C3N4 complex through
the Au−S bond and MCH was added to block the nonspecific
adsorption sites. Meanwhile, the acceptor (Au@TAT) was
modified by carboxylic acid group to further connect with the
NF-κB p50 antibody to prepare the biological probe (mAb-
Au@TAT) using the EDC-NHS method. NF-κB p50 was
bound to the special binding nucleic acid sequence at the stem
of the DTNs by protein−dsDNA binding activity.49,50 After

that the dsDNA-TF-antibody sandwich structure was formed
with the arrival of the biological probe. This formation triggers
the energy transfer with the ECL-RET signal recorded in the
presence of co-reactant K2S2O4. Therefore, a dual-wavelength
ratiometric ECL biosensor for the assays of NF-κB p50 was
successfully fabricated.

Characterization of Au-g-C3N4. To get the structure and
the size of Au-g-C3N4, the TEM image was taken, as depicted
in Figure 1A. From the TEM image, we could see that g-C3N4

had a sheet-like morphology. Besides, the synthesized Au
nanoparticles were homogeneously distributed on the surface
of g-C3N4 and the size was around 25 nm. The UV−vis spectra
were used to further confirm the structure, as shown in Figure

Figure 1. (A) TEM image of Au-g-C3N4. (B) The UV−vis absorption spectra of (a) g-C3N4, (b) Au-g-C3N4, and (c) Au nanoparticles. (C) ECL
intensity of (a) g-C3N4 and (b) Au-g-C3N4, and the corresponding CV curves of (a′) g-C3N4 and (b′) Au-g-C3N4. (D) ECL spectra of (a) g-C3N4
and (b) Au-g-C3N4, which were gained through a series of optical filters and fluorescence spectra of (a′) g-C3N4, (b′) Au-g-C3N4 with the 310 nm
excitation.

Figure 2. (A) Characterization of DTNs with atomic force microscopy. (B) Height profiles of DTNs marked with a red arrow in (A).
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1B. They showed that g-C3N4 had an absorption peak (curve
a) at 310 nm. However, not only did Au-g-C3N4 (curve b)
exhibit a characteristic absorption peak of g-C3N4, but it also
showed the absorption peak at 540 nm, which should be
attributed to Au nanoparticles (curve b) of specific size
dispersed on the g-C3N4 surface. The introduction of Au NPs
was to improve the conductivity of g-C3N4 and thus enhance
the luminous intensity. It was also essential to verify the
electrochemical effect of Au-g-C3N4. As depicted in Figure 1C,
the ECL response of Au-g-C3N4 (curve a) was greatly
enhanced compared to that of g-C3N4 (curve b), as Au
nanoparticles played an electrocatalytic role in the reduction of
S2O8

2−. Meanwhile, the corresponding cyclic voltammetry
(CV) curve also verified the results that Au-g-C3N4 (curve a′)
facilitated charge conduction compared to g-C3N4 (curve b′).
Figure 1D indicates that ECL spectra (curves a and b) near
460 nm were slightly red-shifted compared to fluorescence
spectra (curves a′ and b′). The loading of Au nanoparticles
could increase the ECL intensity due to improvement in the
efficiency of electron transfer, but cause a slight decrease in the
fluorescence intensity for self-absorption.
Characterization of DTNs. Atomic force microscopy

(AFM) images were performed to prove the well-dispersed
DTNs. As depicted in Figure 2A, the AFM image showed that
the DTNs had unanimous sizes. For the length of per base pair
is 0.34 nm, the height of DTNs was calculated as 4.72 nm and
the side length was 5.78 nm. However, the base pairs on the
stem of DNA tetrahedron would increase the height and the
length according to the actual nanostructure. The height
distribution of DTNs (Figure 2B) was ranged 5.25−7.03 nm,
which was higher than the theoretical height and the side
length of DNA tetrahedron. This was due to the actual
nanostructure of DTNs that the base pairs of the stem except
that on the edge of the tetrahedron caused a slight deviation
from the theoretical value. The formation of DTNs was also
characterized by native PAGE as depicted in Figure S2. The
ssDNA T1 (lane 1) was used as a reference band. Lanes 2, 3,
and 4 were the partial hybridization of T1 with T2, T3, and
T4, respectively, which led to bright stripes. Lanes 5 and lane 6
indicated that with the gradual assembly of tetrahedron, the
migration speed of the strips became slower. In a word, we
could infer that with the increasing number of ssDNA from T1
to T5, the stripes migrated slowly gradually and the DTN (lane
7) band migrated the most slowly compared with the other
combinations of ssDNA. As the DTN band was single and
bright, we could conclude that DTNs were successfully formed
and the purity was high.
Characterization of Au@TAT Nanocomposites. SEM

images were taken to characterize the morphologies and
structure of the as-synthesized TAT nanoparticles and Au@
TAT nanocomposites. As depicted in Figure 3A, we observed
that the as-synthesized TAT nanoparticles were uniformly
dispersed in an aqueous solution at the size of approximately
100 nm after emulsification treatment. When Au3+ was reduced
on the surface of TAT nanoparticles, the image with great
difference compared to TAT nanoparticles was showed in
Figure 3B. From the image, we find that the nanocomposites at
250 nm became more transparent than TAT nanoparticles,
owing to the fact that Au nanoparticles were grown on the
surface of TAT nanoparticles. Dynamic lighting scattering
(Figure S7) showed similar results for TAT at the size of
approximately 95 nm and Au@TAT at around 230 nm. The
result was further confirmed by EDX. As shown in Figure 3C,

obvious N (0.39 keV) and S (2.3 keV) peaks were observed in
Au@TAT nanocomposites compared to Au nanoparticles
(inset of Figure 3C). What is more, the increase in the peaks of
the C and O elements (0.28 and 0.53 keV) in Au@TAT
nanocomposites was detected clearly. Apart from that, UV−vis
spectra (Figure 3D) were also used to verify the result.
Compared with the spectra of as-synthesized TAT, the spectra
of Au@TAT nanocomposites showed a new absorption band
at 525−535 nm, which were ascribed to the grown Au
nanoparticles on the surface. Therefore, all these pieces of
evidence verified that Au@TAT nanocomposites were
successfully prepared. Elemental mapping analyses were further
performed to characterize the element distribution of Au@
TAT. As expected, TAT with the main elements of carbon
(Figure 4B), nitrogen (Figure 4D), and sulfur (Figure 4E) was

observed. The oxygen element (Figure 4C) was identified for
the use of surfactant P123 in the synthesis process. As shown
in Figure 4F, most Au3+ was reduced homogeneously on the
surface of as-synthesized TAT to form Au-coated nano-
composites. It confirmed that the decoration of TAT was
completed successfully. Then, the surface of Au@TAT was
modified with carboxylic acid group, and the normalized UV−
vis absorption spectra and fluorescence spectra of Au@TAT
and Au@TAT modified with carboxylic acid group (COOH-
Au@TAT) are depicted in Figure S4. This showed that the
modification of carboxylic acid did not affect absorption and
emission. Thus COOH-Au@TAT could be used for the next
modification.

Figure 3. SEM images of (A) as-synthesized TAT and (B) Au@TAT
nanocomposites. (C) The EDS spectra of Au@TAT; inset spectra of
Au nanoparticles. (D) The UV−vis absorption spectra of (a) as-
synthesized TAT, (b) Au@TAT nanocomposites, and (c) Au
nanoparticles in the aqueous solution.

Figure 4. SEM image of one Au@TAT nanoparticle (A). Elemental
mapping analyses of C (B), O (C), N (D), S (E), and Au (F).
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Characterization of the Modified Electrode. For the
stepwise modification of the electrode, CV, electrochemical
impedance spectroscopy (EIS), and the ECL response were
utilized to characterize the surface features. The bare electrode
showed a reversible redox (Figure S5A, curve a). With Au-g-
C3N4 deposited on the electrode, the redox peak decreased
obviously (curve b). After DTNs (curve c), MCH (curve d),
and NF-κB p50 (curve e) were successively immobilized onto
the Au-g-C3N4-modified electrode. The redox peak continued
to decline, which was attributed to the impedance of electron

transfer caused by a nonconducting substance on the electrode.
However, when mAb-Au@TAT was attached on the modified
electrode (curve f), an increase of the redox peak was observed
significantly for the excellent conductive ability of mAb-Au@
TAT. As shown in Figure S5B, the complex impedance was
expressed as the sum of real Z′ and imaginary Z″, which chiefly
came from the cell’s resistance and capacitance, separately. The
model circuit as a modified Randles circuit was chosen
cautiously to fit precise values to reveal the appropriate
electrochemical process. The circuit consisting of the electro-

Figure 5. (A) UV−vis absorption of Au@TAT (a) and the ECL spectrum of Au-g-C3N4 (b). (B) ECL emission of the ratiometric biosensor in
different NF-κB p50 concentrations (0, 10, 100, 1000, 10 000, 50 000 pM from a to e). The ECL spectra were individually measured through a
series of optical filters (320−660 nm spaced 20 nm) in the 0.1 M PBS buffer solution (pH 7.4) containing 0.1 M S2O8

2−.

Figure 6. (A) Relationship between the ECL responses of (a) Au-g-C3N4 at the wavelength of 460 or (b) Au@TAT at the wavelength of 595 nm
and the logarithm of NF-κB p50 concentrations (10, 20, 100, 200, 1000, 2000, 10 000 pM) with five independent duplicate measurements. (B)
Relationship between the ratio of ECL intensity of Au@TAT to that of Au-g-C3N4 and the logarithm of NF-κB p50 concentrations. (C) The
specificity of the ECL ratiometric biosensor against NF-κB p50 (100 pM) and nonspecific proteins (1 nM). (D) ECL reproducibility of (a) Au-g-
C3N4 and (b) Au@TAT with 1000 pM NF-κB p50 under 15 successive cycles of cyclic potential. The assays were carried out in the PBS buffer
solution (0.1 M, pH 7.4) containing 0.1 M S2O8

2−.
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lyte’s ohmic resistance (Rs), and the resistance of charge
transfer (Rct) connected with Warburg (W) diffusion
impedance, and then in parallel with the constant phase
element (CPE), is related to the double layer and reflects the
interface of the membrane with the electrolyte solution. Rs is
presented as the resistance of the working electrode and
reference electrode. Rct mainly accounting for the interfacial
resistance through the high-frequency semicircle of the
Nyquist diagram depends on the charge transfer kinetics of
the redox reaction, and the value reveals the conductivity of the
surface layer. CPE is served as a nonlinear capacitor, reflecting
the inhomogeneity of the film. W corresponds to the limited
ion diffusion possibly caused by molecular motion by ion
conduction. It was observed that, with the stepwise
modification of the electrode, Rct was gradually increasing
from a to e. When mAb-Au@TAT was immobilized on the
electrode, the Rctwas decreased significantly. Therefore, we
could infer that the actual Rct corresponded to different
modification stages of the proposed biosensor. ECL emission
(Figure S5C) was also investigated; when Au-g-C3N4 (curve b)
was dropped on the electrode, ECL emission with high
intensity appeared. After DTNs (curve c), MCH (curve d),
NF-κB p50 (curve e) were assembled one after another, there
was a slight decrease in the ECL intensity. While mAb-Au@
TAT (curve f) was attached, the ECL intensity was
significantly raised, indicating that mAb-Au@TAT was
successfully modified. Electrochemical and ECL changes of
the electrode confirmed that dual-wavelength ratiometric
biosensor was fabricated successfully.
ECL-RET Mechanism of the Ratiometric Biosensor.

The ratiometric biosensor was based on ECL-RET between
Au-g-C3N4 and Au@TAT. As Figure 5A shows the UV−vis
spectra of Au@TAT and the ECL emission spectra of Au-g-
C3N4. The overlap of the maximum spectra centered at 460
nm verified the occurrence of ECL-RET. ECL spectra at
different concentrations of NF-κB p50 were also investigated
by a series of optical filters, which are depicted in Figure 5B. In
the absence of NF-κB p50, the emission peak of Au-g-C3N4 at
460 nm was merely detected (curve a). However, as the NF-κB
p50 concentrations increase, the emission peaks of Au@TAT
at 595 nm were continuously increased, which were
accompanied by the obviously continuous decline of the
ECL intensity of Au-g-C3N4 (curves b to e) owing to ECL-
RET. Moreover, the ECL emission scanned at cathodic
potential from −1.6 to 0 V is shown in Figure S3. The Au@
TAT-modified GCE exhibited a feeble ECL response in the
cathodic ECL system, indicating that Au@TAT was not used
as an ECL emitter in cathodic potential. However, Au-g-C3N4-
modified electrode under the same test condition showed
excellent ECL intensity in the presence of S2O8

2−, and the ECL
mechanism was described in previous reports.51 So, Au-g-C3N4
was used as an emitter and Au@TAT regarded as an acceptor
in this ratiometric biosensor. All these pieces of evidence
verified the efficiency and feasibility of ECL-RET between Au-
g-C3N4 and Au@TAT.
Analytical Performance of the Ratiometric Biosensor.

As depicted in Figure 6A, with the increasing concentration of
NF-κB p50, the ECL intensity of Au-g-C3N4 became smaller
and the intensity of Au@TAT became larger, which indicated
that NF-κB p50 facilitated the immobilization of Au@TAT to
form a sandwich structure based on ECL-RET. To get an
excellent ECL reliability, we used the ratiometric method to
detect NF-κB p50 by calculating the ratio of ECL intensities of

IAu@TAT and IAu‑g‑C3N4
. The ratio was linearly dependent on the

logarithmic value of NF-κB p50 in the concentration range
from 10 pM to 10 nM with R2 = 0.992 (Figure 6B). In
addition, the ECL-RET efficiency defined as IE was calculated
by 1 − I/I0 and referred to as the quenching efficiency, where I
and I0 are the ECL intensities at 460 nm with and without NF-
κB p50, respectively. The ECL-RET efficiency with a good
linear relationship is shown in Figure S6A. Meanwhile, the
comparison of the ECL-RET efficiency in response to ssDNA
and DTN probe-based biosensors with or without MCH
passivation was made, as shown in Figure S6B. MCH
passivation was an important treatment step on the surface
of electrodes modified with the linear DNA probe. The DTNs-
based biosensor had higher ECL-RET efficiency than the
ssDNA/MCH-based sensors, which was attributed to the
similarly splendid orientation of DTNs on the electrodes,
avoiding entanglement between soft ssDNA probes. As a
consequence, the DTNs-based biosensor was more sensitive
than ssDNA-based sensors and more suitable for the assays of
NF-κB p50. Last but not most, the detection method exhibited
a detection limit (LOD) as low as 5.8 pM based on the 3σ rule.
In addition, the LOD of the proposed ratiometric biosensor
was comparable and the detection range was wider compared
with the previously reported methods (Table S2).

Specificity and Reproducibility of the Ratiometric
Biosensor. Four nonspecific proteins were selected as
interference proteins, including bovine serum albumin
(BSA), carcinoembryonic antigen (CEA), a-fetoprotein
(AFP), and PSA, as well as the mixture of NF-κB p50 and
nonspecific proteins. They were utilized to assess the specificity
of the ratiometric biosensor under the identical assay
condition. As depicted in Figure 6C, NF-κB p50 and the
mixture of NF-κB p50 with other nonspecific proteins had
almost the same response. Obviously, there were differences
between the target protein and the nonspecific proteins which
had a similar result with the blank sample, emphasizing the
remarkable specificity of the ratiometric biosensor. The
reproducibility was estimated by the continuous potential
scanning of 20 cycles with 400 pM NF-κB p50 (Figure 6D).
The relative standard deviations (RSD) of Au-g-C3N4 and
Au@TAT were 2.54 and 1.67%, respectively, revealing the
prominent stability of the ECL assay system.

Sample Determination. For further verifying the
application of the proposed ECL ratiometric biosensor, the
assays were applied in the detection of NF-κB p50 in 10
diluted nuclear extracts. As depicted in Table 1, the
concentration of 0 pM in diluted nuclear extracts was detected
to be 65.5 pM. Besides, the recovery rate and relative standard
deviation (RSD) were used to illustrate the accuracy of the

Table 1. Determination of NF-κB p50 in 10-Fold Diluted
Nuclear Extracts

NF-κB p50

sample spiked (pM) detected (pM) RSD (%) recovery (%)

1 0 65.54 N/A N/A
2 5 70.31 1.85 95.4
3 10 75.42 2.12 98.8
4 50 117.21 2.54 100.4
5 200 268.56 1.56 101.5
6 500 580.37 2.04 103.0
7 1000 1051.71 1.89 98.6
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assay. The recovery of the biosensor was ranged from 95.4 to
103.0%, and the RSD was in the range of 1.56−2.54%, which
indicated that the ECL ratiometric biosensor was applicable in
the multicomponent samples.

■ CONCLUSIONS
In summary, an ECL-RET-based dual-wavelength ratiometric
electrochemiluminescence biosensor, with Au-g-C3N4 as a
donor and Au@TAT as an acceptor, was fabricated to detect
TF NF-κB p50. The proposed ratiometric biosensor presented
an extremely high ECL-RET efficiency and provided a
convenient and effective method with a detection limit of 5.8
pM (3σ) in the range of 10 pM−10 nM. In addition, DTNs as
the skeleton of the ratiometric biosensor supplied a steady and
reliable platform for the close contact between Au-g-C3N4 and
Au@TAT, which could protect the signal free from the
disturbance of nonspecific absorption of the binding protein
and antibody. The ratiometric ECL changes were generated as
the dsDNA-TF-antibody sandwich structure was constituted.
Besides, the dual-wavelength ratiometric biosensor showed an
excellent reproducibility and specificity for the determination
of NF-κB p50, which also exhibited a huge potential for the
assays of other binding proteins in clinical analysis by the
alternation of the dsDNA binding sequence and introduction
of the corresponding antibody.
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