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ABSTRACT: Traditional electrochemiluminescent (ECL) bioanalysis suffers
from the demand for excessive external coreactants and the damage of
reaction intermediates. In this work, a poly(ethylenimine) (PEI)-coupled ECL
emitter was proposed by covalently coupling tertiary amine-rich PEI to
polymer dots (Pdots). The coupled PEI might act as a highly efficient
coreactant to enhance the ECL emission of Pdots through intramolecular
electron transfer, reducing the electron transfer distance between emitter and
coreactant intermediates and avoiding the disadvantages of traditional ECL
systems. Through modification of the PEI-Pdots with tDNA, a sequence
partially complementary to cDNA that was complementary to the aptamer of
target protein biomarker (aDNA), tDNA—PEI—Pdots were obtained. The
biosensors were produced using Au/indium tin oxide (ITO) with an aDNA/
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cDNA hybrid, and an ECL imaging biosensor array was constructed for ultrasensitive detection of protein biomarkers. Using
vascular endothelial growth factor 165 (VEGF ;) as a protein model, the proposed ECL imaging method containing two simple
incubations with target samples and then tDNA—PEI—Pdots showed a detectable range of 1 pg mL™" to 100 ng mL™" and a
detection limit of 0.71 pg mL™", as well as excellent performance such as low toxicity, high sensitivity, excellent selectivity, good
accuracy, and acceptable fabrication reproducibility. The PEI-coupled Pdots provide a new avenue for the design of ECL emitters
and the application of ECL imaging in disease biomarker detection.

B INTRODUCTION

Electrochemiluminescence (ECL) is a light emission that is
triggered and controlled by applying a potential to produce
excited species. It offers the advantages of temporal and spatial
controllability, and low background interference.'™ These
exciting features promote the rapid development of ECL
imaging technique in ECL mechanism exploration,”” cell
analysis,”” and biosensing” with a sensitive charge coupled
device (CCD) camera for signal readout. For example, Xu and
coworkers reported a sensitive ECL imaging strategy for
enhancing the visualization of latent fingerprints on the basis of
selective control of ECL generation from Ru-based lumino-
phore.” Liu’s group used Ru(bpy);>*-doped silica/Au nano-
particles (RuDSNs/AuNPs) as ECL emitters to achieve single-
molecule level ECL visualization on cells.'® However, the
water-insoluble or toxic characteristics of Ru-based materials
limits their application in biological analysis.""'* There is still
an urgent need to develop highly efficient ECL emitters with
excellent Juminescent properties and good biocompatibility.
Polymer dots (Pdots), as a type of emerging ECL emitters,
have attracted much attention due to their excellent
biocompatibility, nontoxicity, easy modification, and tunable
luminescent properties.">~'® To boost the ECL efficiency of
Pdots, which is relatively lower than those of inorganic
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luminescent materials,"® for sensitive bioimaging analysis, our
previous works sequentially proposed some strategies by
introducing electron-withdrawing groups,” donor—acceptor
pairs,”" or aggregation-induced emission active moieties”” into
the molecular structures to promote the electron or energy
transfer. Unfortunately, these strategies still suffer from some
deficiencies, such as the complexity and low yield of Pdots,
multistep modification reactions, and the necessity for
excessive exogenous coreactants, which may have long-term
adverse effects on the aquatic environment and organisms.
Thus, self-enhanced ECL emitters that combine luminophore
and coreactant in a single molecular structure or composite
appear to be more promising in this field.”*”*® The
conjugation of coreactant to nanoemitters not only shortens
the electron-transfer distance between emitter and coreactant
intermediates, thus boosting the ECL efficiency but also avoids
the transporting of coreactants and the corresponding radicals,
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Scheme 1. Schematic Diagrams of (A) tDNA—PEI—Pdots Preparation, and (B) Biosensors array Fabrication and ECLImaging
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resulting in less harm to organisms and living cells. The simple
ECL system without the need for exogenous coreactants is also
beneficial to the development of point-of-care testing (POCT)
ECL biosensors.””

Inspired by our early work of introducing two tertiary amine
groups to the side chain of polymer unit for the construction of
coreactant-embedded Pdots,” this work directly coupled
tertiary amine-rich poly(ethylenimine) (PEI) to Pdots for
enhancing the ECL efficiency of Pdots. The coupling process
could be simply performed through a one-step 1-ethyl-3-(3-
(dimethylamino)propyl) carbodiimide (EDC)-catalyzed cou-
pling reaction (Scheme 1A), which greatly simplified the
synthesis of coreactant-embedded Pdots. The presence of rich
tertiary amine group could provide excess endogenous
coreactants for the ECL emission. Moreover, the presence of
amino groups on the surface of PEI made the related probe
preparation easier. Thus, the obtained PEI-Pdots could be
further modified with different recognition units through a
simple glutaraldehyde (GA) cross-linking reaction® for the
preparation of ECL imaging systems.

Here, tDNA, a sequence partially complementary to cDNA
that was complementary to the aptamer of the target protein
biomarker (aDNA), was covalently linked to PEI—Pdots to
obtain tDNA—PEI-Pdots (Scheme 1A). In the presence of
target analytes, the aDNA assembled on a biosensor, which was
fabricated by assembling ¢cDNA on Au/indium tin oxide
(ITO) and then hybridizing the immobilized cDNA with
aDNA (Scheme 1B), could be released from the aDNA/cDNA
hybrid, leading to the binding of tDNA—PEI—Pdots onto the
biosensor for sensitive ECL imaging detection of the target
(Scheme 1B). Using vascular endothelial growth factor 165
(VEGF¢s), a protein biomarker associated with the develop-
ment and metastasis of most cancers for clinical diagnosis,31
a target model, the proposed ECL imaging method showed
high detection sensitivity along with a wide concentration
range and a low detection limit. The excellent performance and
convenient ECL imaging measurement demonstrated that the
PEI-coupled emitter provided a new diagram for expanding the
application of ECL systems in biological analysis.
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B EXPERIMENTAL SECTION

Materials, Reagents, and Apparatus. The detailed
information is described in the Supporting Information.

Preparation of PFBT Pdots and PEI-Pdots. PFBT
Pdots were prepared in aqueous solution using a nano-
precipitation method.*” First, 1 mg mL™! stock solutions of
poly[(9,9-dioctylfuorenyl-2,7-diyl)-alt-co-(1,4-benzo-{2,1’,3}-
thiadiazole)] (PFBT, Mw: 125000, polydispersity: 4.0)
luminescent polymer and poly(styrene-co-maleic anhydride)
(PSMA, average Mn: 1700) in THF were prepared to obtain a
mixture of SO ug mL™"' PFBT and 10 ug mL™" PSMA, followed
by ultrasonic degassing for 30 min. 1 mL of the mixture was
then rapidly added to S mL of Milli-Q water in a vigorous bath
sonicator (120 W, 37 kHz) for 2 min. After THF was removed
by rotary evaporation under vacuum, the mixture was filtered
through a 0.22 pm poly(ether sulfones) syringe filter to obtain
a dispersion of carboxyl PFBT Pdots.

PEI-Pdots were prepared through a typical EDC-catalyzed
coupling reaction between amino group of PEI and
carboxylated Pdots.”* In brief, the carboxylated PFBT Pdots
dispersion (100 yg mL™" in Milli-Q water, 2 mL) was mixed
with 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) buffer (1 M, 40 uL) and EDC (40 mg mL™’, 50
uL) with stirring at 4 °C for 30 min. The solution pH was
adjusted to 7.1 to terminate the activation reaction, followed
by the addition of PEI (20 mg mL™", 50 yL). The reaction was
vibrated at 4 °C for 6 h to obtain the —EI-Pdots composite.
Afterward, the solution pH was adjusted to 8.5 to terminate
the coupling reaction between Pdots and PEL The resulting
PEI-Pdots were purified and stored at 4 °C for further use.

Preparation of tDNA—PEI-Pdots. For tDNA conjuga-
tion to PEI-Pdots, 20 uL of 100 uM tDNA and 50 uL of 2.5
v/v % GA as cross-linking agents were added to 1 mL of 100
ug mL™! PEI-Pdots solution. After incubation at 37 °C for 1
h, unreacted GA and tDNA were removed by dialysis in
distilled water to obtain tDNA—PEI—Pdots solution, which
was stored at 4 °C.

Preparation of Au/ITO Slides and ECL Biosensor
Arrays. ITO slides were cleaned successively with toluene,
acetone, ethanol, and ultrapure water in an ultrasonicator for
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15 min each and dried with nitrogen. Au/ITO slides were
prepared using a magnetron sputtering coating system (Kurt J.
Lesker, USA) for vacuum evaporation deposition of S nm
chrome to enhance the adhesion and glossiness due to the high
electron affinity and reflectivity of chrome, followed by 50 nm
gold, and pasted with a porous sticker with a 3 X 7 well array
(diameter: 2 mm, depth: 1 mm) as a working electrode array.
Meanwhile, 45 uL of annealed cDNA (10 uM) was mixed with
9 uL of TCEP (10 mM) at room temperature for 1 h to
remove disulfide bonds,”® and diluted with PBS (0.01 M, pH
7.4) to obtain 1.5 uM cDNA. Then, 2.5 uL of cDNA (1.5 uM)
was added into each well of the electrode array and incubated
at 4 °C for 12 h. After washing with PBS, 2.5 uL of MCH (1.0
mM) was added into each well to incubate for 30 min to block
nonspecific sites. After the wells were rinsed with PBS, 2.5 uL
of aDNA (1.5 uM) was added into each well and incubated at
37 °C for 2 h to obtain the biosensor array, which was stored at
4 °C for further use.

ECL Imaging Detection. After 2.5 uL of target VEGF 4
solutions at different concentrations were added into the wells,
the biosensor array was incubated at 37 °C for 1 h, followed by
washing with PBS to remove excess samples. 2.5 uL of 100 ug
mL™" tDNA—PEI-Pdots solution was then added into the
wells to incubate at 37 °C for 2 h. After the biosensor was
washed with PBS, the ECL imaging test was performed in 0.1
M PBS (pH 7.4) containing 0.1 M KNO; by continuously
applying a constant potential of +1.2 V for 2 s to the biosensor
in a dark box and collecting the ECL signal with an electron
multiplying CCD (EMCCD) camera. The ECL imaging
system consisted of a focusing lens (EF S0 mm f/1.2L USM,
Canon), a Retiga R6 scientific EMCCD camera (QImaging,
Canada), and a three-electrode configuration, in which the
modified Au/ITO electrode acted as the working electrode,
Ag/AgCl electrode as the reference electrode, and platinum
wire as the counter electrode.

B RESULTS AND DISCUSSION

Morphological Characterizations of PFBT Pdots, PEI—
Pdots, and Au/ITO Slide. PFBT Pdots were prepared by
coprecipitation with PSMA in an aqueous solution. The atomic
force microscopic (AFM) image of PFBT Pdots showed
spherical and monodispersed features with a height distribu-
tion of 21—27 nm (Figure 1A). After the PEI was covalently
coupled to Pdots through one-step EDC-catalyzed coupling
reaction, the obtained PEI-Pdots exhibited obvious polymer
coatings on the spherically shaped surface, and the height
distribution increased to 22—33 nm (Figure 1B), indicating
that PEI was successfully coupled to the surface of Pdots.
Moreover, the dynamic light scattering (DLS) measurement of
PEI-Pdots after PEI reaction showed a slight increase in
particle size compared to that of pure Pdots (Figure S2). The
transmission electron microscopy (TEM) image also demon-
strated the features and height distribution of PFBT Pdots
(Figure 1C). The scanning electron microscopic (SEM) image
of the Au/ITO slide clearly demonstrated its successful
preparation (Figure 1D), which was subsequently used as the
substrate for the preparation of the biosensor array.

Enhancement Mechanism of the (PEI-Pdots) ECL
System. To demonstrate the enhanced ECL emission of PEI—
Pdots, the ECL and electrochemical responses of glassy carbon
electrodes (GCEs) modified with different materials were
tested (Figure 2A,B). In the absence of PEI, the PFBT Pdots-
modified GCE exhibited minimal ECL emission. However,
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Figure 1. AFM images of PFBT Pdots (A) and PEI-Pdots (B), insets
showing the particle height distribution. (C) TEM image of PFBT
Pdots, inset showing the particle size distribution. (D) SEM image of
Au/ITO slide.
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Figure 2. (A) ECL and (B) CV curves of (a) PFBT pdots-modified
GCE in 0.1 M PBS in the presence of PEI, and (b) PFBT Pdots-, (c)
PEI/Pdots-, and (d) PEI-Pdots-modified GCEs in 0.1 M PBS in the
absence of PEJ, the inset shows the magnified CV curves of (a) and
(b). (C) ECL mechanism of PEI-Pdots.

after adding 467 g mL™" PEI to PBS (Figure 2A, curves a and
b), the ECL intensity increased to 532 au, which showed a
weak oxidation peak of PEI (inset in Figure 2B). This behavior
suggested that PEI could serve as a coreactant for the ECL
emission of PFBT Pdots. When encompassing the PFBT Pdots
surface with equivalent PEI via electrostatic interaction
(denoted as PEI/Pdots),** the ECL intensity of PEI/Pdots-
modified GCE in PBS (1468 au) was higher than that of PFBT
Pdots-modified GCE in the presence of equal amounts of PEI
in PBS (Figure 2A, curves a and c). The higher oxidation
current of PEI/Pdots-modified GCE in PBS than that of
Pdots-modified GCE in PBS containing PEI (Figure 2B, curve
c) was indicative of more effective electron transport.”> These
results demonstrated that the shortened electron transfer
distance between the emitter and coreactant helped to enhance
ECL emission.”® As expected, after covalently coupling PEI to
Pdots to further shorten the electron-transfer distance and
accelerate the electron transfer efficiency,”” the PEI-Pdots
modified GCE showed the highest ECL intensity (10 692 au)
and oxidation current (Figure 2A,B, curves d). The ECL
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efficiency of PEI—Pdots was evaluated to be about 9.2% (vs 1
mM Ru(bpy);**/TPrA), which was 7.8 times higher than that
of the Pdots in the presence of equivalent PEL According to
these results, the possible mechanism could be described in
Figure 2C. Upon anodic potential scanning, the PEI and Pdots
portions in PEI-Pdots were oxidized to PEI** and Pdots®",
respectively. After the oxidized PEI deprotonated at the
electrode to produce a strong reducing agent, it could inject
the electron into the oxidized Pdots through high-energy
electron transfer, which produced excited PEI-Pdots* for ECL
emission.

Optical Characterization of PEI-Pdots and tDNA—
PEI-Pdots. The prepared PFBT Pdots exhibited excellent
stability within a few months. After PEI was covalently coupled
to PFBT Pdots, the PEI—-Pdots showed four absorption peaks
at 246, 260, 323, and 460 nm (Figure 3A). The absorption
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Figure 3. (A) UV—vis and (B) FT-IR spectra of PFBT Pdots, PEI,
and PEI-Pdots. (C) Zeta potentials of PFBT Pdots (a), PEI—Pdots
(b), and tDNA—PEI-Pdots (c). (D) ECL imaging signal of PEI—
Pdots-modified ITO (a) or Au/ITO (b). Inset: ECL image.

peaks at 323 and 460 nm were consistent with those of PFBT
Pdots, while the absorption peaks near 246 and 260 nm were
the fusion result of another absorption peak of PFBT Pdots at
249 nm and the absorption peak of PEI at 217 nm, indicating
the successful coupling of PEI on the surface of Pdots.
Likewise, the Fourier transform infrared (FT-IR) spectral
absorption peaks of PEI-Pdots at 1573 and 1478 cm™
(Figure 3B) were assigned as the N—H bending vibration in
PEI amino groups,”’ coincident with those of PEI, while the
absorption peak at 1660 cm™" was ascribed to amide vibration
as a result of the peaks at 1630 cm™ for COO™ asymmetric
stretching of Pdots and 1573 cm™' for the N—H bending
vibration peak of PEL* and the peak intensity of PEI—Pdots at
1573 cm™" was much weaker than that of PEL

Besides, the FT-IR spectrum of PEI-Pdots showed many
characteristic absorption peaks related to PEI and PFBT Pdots
(Figure 3B). These results further supported the successful
coupling of PEI to Pdots. Moreover, the coupling of PEI to
Pdots resulted in a change in zeta potential from —36 mV of
Pdots to 22 mV of PEI-Pdots due to the presence of a
positively charged amino group (Figure 3C). Further
conjugation of tDNA to PEI-Pdots resulted in a zeta potential
of —19 mV, which was attributed to the introduction of
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negatively charged DNA strands on the surface of PEI-Pdots.
The successful conjugation of tDNA to PEI-Pdots was also
further confirmed by the FT-IR spectrum, which showed the
characteristic absorption peaks of tDNA for tDNA—PEI—
Pdots (Figure S1).

Characterization of Imaging Arrays. In order to
conveniently assemble the recognition element ¢cDNA on
ECL substrate, ITO slides were deposited with S nm chrome
and then 50 nm gold, which led to the binding of cDNA to
Au/ITO surface via Au—S bond and high-quality ECL image
(Figure 3D) due to the good conductivity of the Au coating.
As expected, the ECL signal of the PEI-Pdots-modified Au/
ITO slide was about 1.9 times stronger than that of PEI-Pdots
modified ITO, resulting in a contrasting ECL image (Figure
3D, inset). Clearly, the presence of gold coating with an
appropriate thickness was beneficial for electronic exchange
between electrode and PEI—Pdots, and could enhance the
ECL signal of PEI-Pdots.

After assembling thiol-labeled cDNA on Au/ITO slide, the
electron-transfer resistance (R,,) significantly increased (Figure
4A, curves a and b), as negatively charged DNA strands
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Figure 4. (A) EIS of Au/ITO (a), cDNA-Au/ITO (b), MCH/cDNA-
Au/ITO (c), aDNA-MCH/cDNA-Au/ITO (biosensor) (d),
VEGF,¢s incubated biosensor (e), and t-DNA—PEI-Pdots treated
(e, ). Effects of (B) mass ratio of PEI to Pdots, (C) deposition time
of gold coating, and (D) cDNA concentration on ECL imaging signal
for VEGF ¢ detection at 100 ng mL™" (n = 3).

repelled electron transfer of K;Fe(CN)q/K,Fe(CN)s After
blocking the active sites with MCH and then complementary
hybridization with aDNA, the R, value successively increased
(Figure 4A, curves c and d). Incubating the biosensor with
target VEGF,4 led to the decrease in R, value (Figure 4A,
curve e), which demonstrated the release of aDNA from the
biosensor surface due to its specific binding with target
VEGF 4s. The introduction of tDNA—PEI—Pdots onto target
VEGF 4 incubated biosensor through complementary pairing
of tDNA and cDNA further increased electron-transfer
resistance due to the presence of more DNA strands and
polymer composites (Figure 4A, curves f).

Optimal Conditions for Biosensor Fabrication. As the
ECL emission of PEI-Pdots was closely related to the
performance of the biosensor array, the mass ratio of PEI to
Pdots for the synthesis of PEI-Pdots was first optimized. As
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shown in Figure 4B, the ECL signal increased with the
increasing mass ratio of PEI to Pdots, and reached the
maximum intensity at a mass ratio of 5:1. The rapid decrease in
the ECL signal at a greater relative amount of PEI could be
attributed to the excessive PEI outside of Pdots, which
impeded the electron transfer. Therefore, the PEI-Pdots
prepared with a mass ratio of 5:1 for PEI and Pdots were used
to fabricate tDNA—PEI—Pdots for ECL imaging.

As described above, the quality of gold coating on ITO
affected the assembly of c¢DNA, the electronic exchange
between electrode and PEI—Pdots, and the signal collection.
To obtain high-quality imaging, the deposition time of gold
coating and the concentration of ¢cDNA used for the
preparation of biosensor arrays were also optimized. As the
deposition time of gold coating increased, the ECL intensity
increased and reached the maximum value at 250 s (Figure
4C). Thicker Au coating reduced the transparency of the
slides, thus decreasing the collected ECL signal. Similarly, the
ECL imaging signal increased with increasing cDNA
concentration and tended to a stable value at 1.5 uM (Figure
4D), which was selected as an optimal cDNA concentration.

Performance of ECL Array Imaging for VEGF¢;
Detection. Under optimized fabrication conditions, 2.5 uL
of VEGF,¢s samples was added into each well to introduce
tDNA—PEI-Pdots onto the biosensors array through
complementary pairing of tDNA and cDNA for ECL imaging
measurements. With the increased concentration of VEGF g,
the brightness of the ECL image correspondingly increased
(Figure SA). The ECL intensity (I) was linearly correlated
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Figure 5. (A) ECL image and calibration curve for of VEGF 4
detection. (B) Specificity of biosensors array for 10 ng mL™! VEGF;,
1 mg mL™" CEA and CY211, and 1 KU mL™' NSE, CAI125 and
CA199 (n = 3). (C) Repeatability and (D) reproducibility of the
biosensor array examined at 10 pg mL™" (a), 1 and 50 ng mL™" (b, c)
VEGF,.

with the logarithm of VEGF 4 concentration in the range of 1
pg mL ™" to 100 ng mL". The linear equation was expressed as
I =984 + 315 lg C (R* = 0.9976), with a detection limit
(LOD) of 0.71 pg mL™" at a signal-to-noise ratio of 3. The
proposed ECL imaging array showed superior performance
compared with several reported VEGF,¢; detection methods
(Table S1). Moreover, the PEI-Pdots emitter-based self-
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enhanced method avoided enzyme involvement or additional
signal amplification procedures (Table S2). It only contained
two simple incubation steps with target samples and then the
tDNA—PEI-Pdots, and the visual analysis could greatly
increase the detection throughput, simplify the operation
procedures, and reduce detection costs.

The selectivity of the biosensor array was evaluated by
comparing the ECL intensity responding to different proteins
such as VEGF g, carcinoembryonic antigen (CEA), cytoker-
atin-19-fragment (CY211), neuron-specific enolase (NSE),
carbohydrate antigen 125 (CA12S), and carbohydrate
antigen199 (CA199). The concentration of each interfering
protein was far higher than that of the target VEGF 4. The
biosensor array showed ECL emission only for target VEGF ¢
(Figure SB), demonstrating its high specificity. The relative
standard deviation (RSD) of the ECL intensity measured at
three parallel arrays was less than 10.3%, indicating acceptable
fabrication repeatability of the biosensor array. After the
biosensor arrays were stored at 4 °C for 1 to S days, the ECL
intensities were basically undisturbed (Figure S3), demonstrat-
ing the excellent storage stability. Meanwhile, the repeatability
and reproducibility were also examined by testing VEGF s at
10 pg mL™", 1 and 50 ng mL™". The results showed the RSDs
within 3.0% (Figure SC,D), indicating acceptable repeatability
and reproducibility.

Real Sample Analysis. The potential applicability of the
biosensor array was evaluated with serum samples from
different lung cancer patients. The amount of VEGF 4 in
three serum samples were detected with the proposed method
and was found to be 26.1, 33.1, and 51.7 pg mL™!, which were
in good agreement with the results obtained from commercial
enzyme-linked immunosorbent assay (ELISA) method, in-
dicating good reliability of the biosensor array for VEGF 4
detection. Recovery experiments were further performed by
the standard addition method in spiked serum samples. The
recovery rate ranged from 93.8 to 97.4%, and the relative
standard deviations (RSDs) were less than 12.1%, indicating
the excellent reliability and precision of the proposed biosensor
array in actual sample analysis.

B CONCLUSION

Poly(ethylenimine)-coupled Pdots have been synthesized as a
self-enhanced ECL emitter for the construction of a sensitive
ECL imaging strategy for protein visual analysis. The proposed
method greatly simplifies the synthesis of stable coreactant-
embedded Pdots and the preparation of related detection
probes due to the presence of amino groups on the surface of
PEI The presence of rich tertiary amine groups of covalently
coupled PEI greatly enhances the ECL efficiency of Pdots due
to the shortened electron-transfer distance between the emitter
and coreactant intermediates. The proposed ECL imaging
strategy only contains two simple incubation steps of the
biosensors with target samples and then tDNA—PEI-Pdots,
which achieves the visual analysis of VEGF 4 with subpico-
gram-level detection limit. Its excellent analytical performance
has demonstrated that the PEI coupled Pdots provide a new
paradigm for the design of ECL emitters and the application of
ECL imaging in disease biomarker detection.
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