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ABSTRACT: The first polarized-electrochemiluminescence (ECL) biosensor is reported in this work. Surface plasmon coupling
ECL (SPC-ECL) strategy is developed for the amplified polarization light of fluorine-doped BN Quantum Dot (F-BN QD) emitters.
The generation of polarized-ECL is attributed to the characteristic of polarization-angle-dependent SPC effect. A polarized
sandwich-type biosensor based on F-BN QDs and Au Nanoparticles (Au NPs) is established to detect K-ras gene. The polarized-
ECL sensor is more sensitive with lower detection limit than isotropic ECL sensing system. The sensor can quantify K-ras gene
from 0.1 fM to 10 nM with the detection limit as 0.03 fM. This work not only explores polarized SPC-ECL, but also offers a new
analytical method for clinical diagnosisn. The generation of polarized-ECL and the amplification strategy of SPC effect open a

new path for ECL resolved analysis.

Electrochemiluminescence (ECL) is characterized by high
sensitivity, fast response speed, wide dynamic range and sim-
ple instrumentation. The process of ECL is that excited state
produced by electron transfer relaxes accompanied by lumi-
nescence to the ground state. ECL has unique advantages over
other luminescence methods. ECL does not need additional
excitation source, which overcomes the limitation of back-
ground interference (such as autofluorescence and scattered
light). The luminophore can recycle with labile active inter-
mediates generated on-site in ECL reaction. Furthermore, the
light generated by ECL improves reaction controllability of
temporal and spatial. Therefore, ECL becomes a very power-
ful analytical technique in the sensing research and commer-
cial clinical applications.!* Since QDs ECL was reported in
2002, many QDs (including chalcogenide QDs,’ carbon nano-
dots,® graphene QDs’ and so on) have been utilized in the ECL
system.®!® Compared with traditional ECL luminophores, QDs
possess some advantages of ideal optical properties and flexi-
ble modification methods. The ECL properties of QDs can be
regulated by heteroatom doping and nanostructure tailoring.
Meanwhile, various functional nanoparticles (NPs) (e.g. metal
NPs and magnetic NPs) and sensing strategies (e.g. ECL-RET
and surface enhanced ECL) contribute to expanding the explo-
ration of QD-based ECL systems. Nowadays, the current
trends in ECL analysis are high-throughput sensing and real-
time dynamic detection.''!4

In order to improve ECL sensing capabilities with high sen-
sitivity and high resolution, it needs in-depth information from
the obtained luminescence signals. Until now, almost high
resolution ECL sensing strategies are based on the wave-
length-resolved spectrum information.'>! ECL luminophores
with different emission peaks are employed in the wavelength-
resolved ECL system. For example, multiplex ECL analysis
and ratiometric ECL detection have been constructed with the

wavelength-resolved mode.'"” The luminescence intensities
at different wavelength are separated and recorded, respective-
ly. There are some limitations in the wavelength-resolved sen-
sor, such as spectra overlap of the ECL luminophores, low
wavelength resolution, and signal interference from the core-
actant. Therefore, the exploration for more optical information
is an interesting topic in ECL sensing. Polarized luminescence
with good specific response and ultralow background interfer-
ence has significant research potential in high resolution sens-
ing system. Lacour and Sojic have reported that the ECL cir-
cular polarization can be produced from the organic deriva-
tive.? However, because less luminophores have polarized
ECL response, it is hard to construct selective polarized ECL
sensor for bioanalysis except chiral detection. To date, the
sensing system based on polarized-ECL has not been reported.

In this work, we developed a novel polarized-ECL biosen-
sor based on SPC-ECL strategy. SPC-ECL is a kind of unique
ECL signals amplification strategy.?! Due to the resonance
interaction of the incident light (as ECL signals) with electron
oscillation in the noble metal (such as Au NPs), the coupling
of light emission and surface plasmon can result in the lumi-
nescence signal amplication. More importantly, SPC-ECL
possess the characteristic of polarized angle-dependence. The
coupled energy can be radiated into the substrate at a defined
angle on account of the polarized angle-dependent SPC effect
of Au NPs.?? Based on the concept of SPC-ECL, the isotropic
ECL of most luminophores could be amplified and changed to
polarized light. In order to provide stable and modifiable ECL
signals, F-doped BN QDs were prepared as ECL lumino-
phores. The strong electron absorption capacity of F atom
reduced the energy gap between the singlet states, which can
improve the ECL intensity and enhance the luminous stability
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Scheme 1. (A) Polarized SPC-ECL Mechanism of F-BN QDs; (B) Schematic Illustration of Polarized ECL Sensor.

Page 2 of 9

\ // T
v ® AuNP 40’1
—>
F-BNx t ~ N\ l/ F-BN
QD l, Polarlzer

> F-BN
-‘7’ —— F-BN/Au NP
c
Q
]
£
-
0
m
GCE 90° 150° 0

WV Capture DNA

—F-BN
—— F-BN/Au NP

ECL Intensity

W|th polarlzer

SPC-ECL/ 3 15

_— e
|
Calil, = ok,

<~ Chitosan @ F-BNQD - Glutaraldehyde ® Au NP

Target DNA “ Probe DNA

(B)

of QDs. As a result, the isotropic ECL emission of F-BN
QDs can be amplified to varying degree due to the SPC
effect (Schematic 1A). The polarized ECL can be detect-
ed with the assistance of a polarizer.

EXPERIMENTAL SECTION

Synthesis of F-BN QDs. F-BN QDs were synthesized
by microwave-assisted hydrothermal synthesis pathway.
H3;BOs3 (1.6 mmol), C3HgNg (0.27 mmol) and NH4F were
dissolved in 10 mL of ultrapure water. In synthesis of F-
BN QDs, the different amounts of NH4F (1.9 mmol, 2.5
mmol, 3 mmol, 5 mmol and 8 mmol) were used. The re-
action was performed for 60 minutes at microwave fre-
quency of 1000 Hz and at 180 °C. After reaction complet-
ed, the solution was cooled to get flocculent precipitated
mixture. The F-BN QDs product was centrifuged at 5000
rpm for 10 minutes to remove excess precursor.

Preparation of F-BN QD-GA-Capture DNA. First, 1
mL of F-BN QDs was reacted with 100 puL of 2% Glutar-
aldehyde (GA) in the dark for 1 h. Then, 100 pL of 10 puM
Capture DNA was added into the mixture solution. After
2 h incubation, F-BN QDs-GA-Capture DNA biocompo-
site can be parpared. The above solution was dialyzed
through dialysis membrane (1 KDa) for 4 h to remove
unreacted DNA. The obtained solution was stored at 4 °C
until use.

Preparation of Probe DNA-Au NP. Au NPs were pre-
pared according to citrate reduction method. 0.50 mL of
1% Na3CsHs07-2H>O was added into 50 mL of 0.01%
HAuCly. After heating, Au NPs were successfully pre-
pared when the color of solution changed from yellow to
purple. Au NPs solution was stored at 4 °C. 30 pL of 1
mg/mL EDC and 30 pL of 0.5 mg/mL NHS were dropped
to 1 mL of Au NPs for 0.5 h to activate Au NPs carboxyl

group.?* Then, 100 pL of 10 uM Probe DNA was added
to the above solution. After incubated for 2 h, Probe
DNA-Au NPs was prepared. To remove unreacted DNA,
the above product was dialyzed through dialysis mem-
brane (1 kDa) for 4 h. The resulting Probe DNA-Au NPs
solution was stored at 4 °C.

Polarized ECL detection. Prior to ECL measurement,
GCE was polished by a-Al,O3; powder and ultrasonically
cleaned with ethanol and ultrapure water. The ECL signal

was collected by Hamamatsu CR125 photomultiplier tube.

The isotropic ECL data was recorded without polarizer. In
order to detect polarized ECL signal, a polarizer was fixed
between PMT and sample chamber. The ECL intensities
of system were acquired when polarizer angles(0) at 0°,
30°, 60°, 90°, 120°, 150°, 180°, 210°, 240°, 270°, 300°
and 330°. For the K-ras gene detection, the electrode was
immersed in a 0.2 wt% chitosan aqueous solution for 5
minutes to bind F-BN QDs. Then, 6 pL F-BN QD-GA-
Capture DNA was dropped on the above electrode. The
non-specific binding sites were blocked by 200 pL of 0.01
wt% bovine serum albumin. The modified working elec-
trode was incubated with 200 pL of different concentra-
tions of K-ras gene at 66 °C for 6 minutes. The electrode
was washed with ultrapure water to release uncaptured
target DNA. In the next step, the above electrode was
incubated with 200 pL. of Probe DNA-Au NPs at 66 °C
for 6 min. The sensing system was cooled to room tem-
perature and washed by ultrapure water to remove exces-
sive reagent. The ECL detection was performed in PBS
(pH=7.4) containing 0.1M K,S,0s. The working voltage
was 0 ~ -2.5V. Scan rate was 0.1V/S. EIS was measured
in 0.1 mol/L KCI solution containing 2.5mmol/L
K;5[Fe(CN)s/Ks[Fe(CN)g]. The impedance spectra were
recorded in the frequency range of 0.01 Hz to 100 kHz
with an amplitude of 5 mV.
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Figure 1. (A) XPS survey spectra of F-BN QDs. (B) FT-IR spectrum of BN QDs and F-BN QDs. (C) ECL spectrum and PL spectrum of F-
BN QDs. (D) Radar chart of ECL intensity of F-BN QDs at different polarization angle.

RESULT AND DISCUSSION

The morphology of F-BN QDs was characterized by
TEM. As seen in Figure S1, F-BN QDs had a diameter of
2-3 nm with clearly ordered lattice fringes. The composi-
tion and property of F-BN QDs were characterized next.
The XPS spectrums of F-BN QDs were shown in Figure
1A and Figure S2. It can be seen from Figure 1A that five
main peaks at 191.5 eV, 285.9 eV, 399.5 eV, 533.7 eV
and 687.0 ev corresponded to B, C, N, O and F of F-BN
QDs, respectively. Compared with B and N element, F
element is a highly negative charged element and has ex-
cessive number of valence electrons. The doped F atom
tended to replace N atom in BN QDs. F 1s peak signal in
the XPS spectrum was located at 687.0 eV, which can be
associated with the B atom in the B-N-B bond.?*? It indi-
cated that F atoms were covalently modified with some B
atoms on the surface of BN QDs. In the XPS spectrum of
B s (Figure S2A), the curve-fitted spectrum of B 1s core
level electrons showed the B-N bond and the presence of
weak sp>-hybridized B-F bond. ? The FT-IR spectrum of
BN QDs and F-BN QDs were shown in Figure 1B. The
result indicated that 636 cm™ and 1375 cm™! corresponded
to B-N-B out-of-plane bending vibration and B-N in-
plane tensile vibration, respectively. The peak at 1100 cm
-l was attributed to the C-B stretching vibration. 3430 cm’!
peak corresponded to -NH,. And the C-N extension peak
appeared at 1638 cm™.?” Compared to BN QDs, F-BN
QDs showed the primary vibrational features of the cova-

lent B-F bonds at approximately 1235 cm™, 1521.3 cm'!
and 3142.0 cm!.?® These results were in good agreement
with XPS data and clearly indicated the presence of F-BN
QDs by covalent functionalization. The UV-vis spectrum
of BN QDs (Figure S3) showed that the absorption peak
was concentrated at 235 nm, which was attributed to the
n-n * electron transition. A significant feature of BN QDs
was the wide band gap.?® The strong electron absorption
effect of F atom changed the energy level of F-BN QDs.
The energy gap was reduced and the influence of the n—n
* conversion was weakened. As a result, the absorption
band became wide and the peak value decreased. The
band gaps of F-BN and BN QDs can be calculated to be
4.70 eV and 4.90 eV, respectively.

Figure 1C and S4 showed the PL and ECL spectra of F-
BN QDs and BN QDs, respectively. The ECL behavior
was depended on the surface state and functional groups
at a large extent. The difference in the ECL spectra wave-
length of two kind QDs indicated that F atoms were
doped into F-BN QDs. Due to the strong electron with-
drawing characteristic of fluorine, the band gap of F-BN
QDs became narrowed. Therefore, the ECL emission
peak of F-BN QDs red-shifted to 575 nm compared with
BN QDs at 555 nm. It was in agreement with the narrow
band gap of F-BN QDs (4.70 eV) corresponds to red-
shifted ECL emission wavelength (575 nm). It should be
noted that ECL mechanism is different from PL. ECL is
surface state luminescence, which electron transfer occurs
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Figure 2. (A) ECL intensity of F-BN QDs synthesized by different amount NH4F. (B) Cyclic voltammograms of BN QDs/GCE and F-BN
QDs/GCE in PBS (pH 7.4) containing 0.1mol/L K2S20s. (C) ECL-potential curves of BN QDs and F-BN QDs in PBS (pH 7.4) containing

0.1mol/L K2S20s. (D) The stability of BN QDs and F-BN QDs.

on the surface of QDs. Surface state ECL energy is less
than intrinsic luminescence. Therefore, the ECL peak has
the red-shift compared to the PL spectrum. The same
phenomenon has also been reported by other related re-
search.3%3! The polarization character of F-BN QDs ECL
was investigated in Figure 1D. With the angle of polarizer

changed from 0 to 330°, ECL intensities of F-BN QDs were
almost same. It indicated that F-BN QDs generated iso-
tropic ECL without any polarization characteristic.

The ECL behaviors of QDs were studied in PBS (pH=7.4)
containing 0.1mol/L K,S,0s. The result (Figure 2A) showed
the effect of precursor NH4F in the synthesis of F-BN QDs.
The ECL intensity of F-BN QDs increased with the addition of
NH4F and reached maximum as 2.4 times over BN QDs ECL
intensity. Cyclic voltammograms (CV) of BN QDs and F-BN
QDs were shown in Figure 2B. The reduction potentials of BN
QDs and F-BN QDs were -0.80 V and -0.90 V, respectively.
BN QDs was slightly easier to be reduced than F-BN QDs.
The reduction peak currents of BN QDs and F-BN QDs were
observed come to 0.60 mA and 1.03 mA, respectively. It indi-
cated that F-BN QDs can generate more excited states species
F-BN QD*, which resulted in the improvement of ECL inten-
sity. Figure 2C showed peak ECL excitation voltages of two
kind QDs were both -2.1V. The ECL mechanism of F-BN
QDs was shown in Schematic 1A and described as below:

F-BN QD +e-— F-BN QD™ (1

S,08> + e- — SO + S04~ )
F-BN QD "+ SO,"— F-BN QD * + SO (3)
F-BN QD * —F-BN QD + hv @)

In ECL reaction, electrons were first injected into the con-
duction band of QDs. At the same time, a hole was injected
into the valence band of QDs by co-reactant (SO4™) which
was reduced by the electrode. Subsequent recombination of
electrons and holes produced excited states QDs (QDs*),
which relaxed to the ground state and ECL emission. The peak
ECL potential (-2.1 V) was greater than the negative potential
of current (-0.8~-0.9 V). It was due to the interaction of
peroxodisulfate or sulfate substance with QD surface which
may prevent hole injection.>? More SO4" were generated when
negative scan potential continues to increase, thereby QDs*
increased. The peak potential was exactly the point where
concentrations of QDs~ and SO4™ reached optimal balance and

one electron transfer generated QDs*. 3*

The ECL efficiency (®gcr) of QDs was calculated according
to the below equation:

Decr = Qe (V1°) (Q/Q)  (5)

In the formula, ®°%c. represents ECL efficiency of the

standard (Ru (bpy)**, 5%). 1 and I° are the integrated ECL
intensity of QDs and the standard (Ru(bpy),**). Q and Q° are
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the Faraday charges (in coulombs) of QDs and the standard
(Ru(bpy),*"), respectively. The ECL efficiency of F-BN QDs
(®Oec=1.83%) increased largely compared with the ECL
efficiency of BN QDs (®gcr= 0.97%). The stability of QDs
(Figure 2D) on glassy carbon electrode (GCE) was investigat-
ed by a series of ECL measurements (n=10). The ECL intensi-
ty change of F-BN QDs was measured and recorded in Figure
S5. There was slight decrease in ECL intensity of F-BN QDs.
The results showed that fluorine-doping BN QDs not only
improved the ECL intensity (2.4 times), but also provide good
stability.

Figure 3A illustrated that ECL signals of F-BN QDs with
Au NPs at different polarization angles. Au NPs surface plas-
mon resonance absorption has a good overlap with the emis-
sion spectra of QDs. 3 In the SPC-ECL, the excited state of F-
QDs resonated with the electronic oscillation of Au NPs,
which caused a significant increase in emission intensity.*
Furthermore, the isotropic ECL coupled with surface plasmon
effect can generate directional emission.*® The ECL intensities
of F-BN QD were analyzed by the polarizing filter and record-
ed on the radar chart, which clearly showed the intensity
changes with polarized angle. It indicated that the SPC effect
provided quite different signal amplification at different polar-
izer angles. As a result, the original isotropic ECL (Figure 1D)
of F-BN QDs became polarized ECL (Figure 3A). Based on
the SPC-ECL amplification strategy, the maximum ECL in-
tensity reached to 4.6 times of the original signal (Figure 3C)
with the polarizing angle (6 = 90°, 270°). In contrast, the total
ECL intensity of F-BN QDs only increased 2.6 times over the
original isotropic signal (Figure 3B). It was obvious that the
polarized ECL system can provide higher resolution.

K-ras gene as called protooncogene, is one of the three
main members of the Ras family (H-ras, N-ras and K-ras).
K-ras is the most frequently mutated ras subtype and has
been shown to mutate in 90% of pancreatic adenocarci-
nomas, 45% of colorectal cancers and 35% of lung ade-
nocarcinomas.’’** K-ras gene quantitative detection is
essential in basic research and early cancer diagnosis. A
sandwich polarized ECL biosensor based on polarization
angle-dependent SPC effect was constructed for K-ras
gene detection. As shown in Scheme 1B, a layer of chi-
tosan was first attached to GCE to fix F-BN QDs-capture
DNA. We optimized the amount of GA, cross-linking
reaction time (Figure S6), and the incubation temperature
of K-ras gene (Figure S7). After Probe DNA-Au NPs hy-
bridized with Target DNA, the final SPC-ECL sensing
system was formed. The amplified ECL signal of F-BN
QDs can be effectively resolved by the polarizer and col-
lected by the detector with photomultiplier tube. As
shown in Figure 4A, electrochemical impedance spectros-
copy (EIS) showed the change in impedance on the elec-
trode. After modification with chitosan on GCE (curve b),
Ret was 252.74Q. When F-BN QDs-Capture DNA (curve
¢) were connected to the working electrode, Ret increased
to 332.77Q. Then K-ras gene (curve d) and Probe DNA-
Au NPs (curve e) were sequentially captured on the elec-
trode. Due to the insulation and steric hindrance of DNA,
Ret of the electrode increased to 597.30Q2 and 685.76€2,
respectively. EIS confirmed the successful fabrication of
polarized-ECL sensor.

To evaluate analytical performance of polarized-ECL
biosensor, the sensor was incubated with different con-
centrations of K-ras gene. With target DNA concentration
increased, more Au NPs were connected to the sensing
system. As a result, the ECL gradually increased due to
the SPC-ECL effect between Au NPs and QDs (Figure
4B). The calibration curve (Figure 4C) was established
based on the changes of I/l with the K-ras gene concen-
tration. Ip and I represented the ECL intensity of the sens-
ing system without and with K-ras gene, respectively. The
result showed that linear range with polarized-ECL inten-
sity was wider (from 0.1 fM to 10nM, R=0.99) than with-
out polarizer (from 1 fM to 10 nM, R=0.98). Furthermore,
the detection limit reached to 0.03 fM in polarized-ECL
sensing system. We also compared some other methods
for K-ras gene detection (Table S2). It indicated that the
polarized sensing system had better analysis performance
with lower detection limit and higher sensitivity. To eval-
uate specificity of the biosensor, the responses of 0.1nM
K-ras gene and one base mismatched Target DNA were
studied under the same condition. The result (Figure 4D)
indicated that the same concentration of one-base mis-
matched DNA did not affect the analytical performance of
the polarized biosensor. The proposed ECL biosensor was
used to determine K-ras gene in human serum samples.
The recovery range (Table S3) was about 93.00-104.0%
with relative standard deviation (RSD) as less than 4.63%.
The results showed that polarized biosensor for K-ras
gene detection was reliable and sensitive.

CONCLUSION

In summary, we constructed a polarized-ECL biosensor
based on surface plasmon coupling strategy and F-BN
QDs for the first time. Attributed to polarization angle-
dependent SPC-ECL, F-BN QDs ECL signal can be en-
hanced dramatically at a specific polarization angle. ECL
signal collection efficiency of SPC-ECL sensing system
can be improved with the assistance of a polarizer. Based
on the polarized-ECL amplification strategy, a sandwich-
type polarized-ECL biosensor was designed for K-ras
gene detection. There are many unresolved issues in the
polarized ECL research. For example, the relationship
between polarization angle and the material needs to be
investigated. The weak polarized ECL can cause low sen-
sitivity in the sensing application. With new nanomateri-
als developments and novel analytical instruments design,
the polarized-ECL biosensor can promote the develop-
ment of bioanalysis and open a new way to the polariza-
tion angle-resolved sensing research in the future.
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ble S2), and detection of target DNA in human serum (Table
S3). (PDF)
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