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A B S T R A C T

For the determination of dopamine (DA) in serum samples, a quenching-type electrochemiluminescence sensor
(MIECLS) was constructed in this study. Upconversion nanoparticles (UCNPs) enhanced by covalent organic
frameworks (COFs)-based hybrid and oligoaniline-crosslinked gold nanoparticles (AuNPs) imprinting recogni-
tion sites were introduced in electrochemiluminescence (ECL) system at the first time. The porous COFs-based
hybrid with large specific surface area was modified on the electrode firstly to hold more UCNPs and imprinting
recognition sites. AuNPs was employed in the developed sensor for two objectives: 1) AuNPs on the COFs-based
hybrid enabled the hybrid to tunnel the electrons, which helped to improve the ECL intensity; 2) AuNPs-based
thioaniline units (PATP@AuNPs) electropolymerized on the electrode in the presence of template to form oli-
goaniline-crosslinked AuNPs matrix. Then the exclusion of template from matrix yielded the molecularly three-
dimensional imprinted contours with conductivity, which facilitated specific recognition and further amplified
the ECL. The double recognition mode in this work involves the recognition effect of imprinted contours and
quenching effect of o-benzoquinone species. The quantum chemical calculation was performed to analyze the
possible recognition and the binding mechanisms of molecularly three-dimensional imprinted contours. The
results showed imprinted contours could bind the targets by complementary spatial cavities and weak inter-
actions. The proposed approach yielded a wide detection range (10–14–10−6 M), low limit of detection
(LOD=2×10–15 M) and acceptable recoveries (93.25–112.97%) in rat serum sample, demonstrating that the
developed method holds great promise to be applied to DA detection in practical samples.

1. Introduction

Electrochemiluminescence (ECL) is electro-generation luminescence
technology controlled by the applied potential on electrodes (Wang
et al., 2017), which is attractive in clinical diagnosis, environmental
monitoring, pharmaceutical and food analysis, given its low-cost, low
background emission, and high sensitivity (Yang et al., 2017). Gen-
erally, the generation principle of ECL involves the emission of the light
arising from the high-energy electron-transfer reaction of the electro-
generated reagents at the surface of the electrodes (Yang et al., 2016).
ECL emitters play an essential part in ECL system. Heretofore, various
luminophores have been served as ECL emitters and applied in ECL
systems, including luminol, metal nanoclusters, Ru composites, and
semiconductor quantum dots (L. Zhao et al., 2016a). Upconversion
nanoparticles (UCNPs) is a kind of lanthanide-doped nanomaterials
with anti-Stokes optical properties which can convert near-infrared

(NIR) light into visible radiation via a nonlinear optical process (Jo
et al., 2016). Taking advantage of the merits such as low toxicity, fine
biocompatibility, deep NIR light penetration into tissue, and less pho-
tobleaching (Wu et al., 2015), UCNPs as a promising luminescent ma-
terial has been increasingly applied in bioanalysis and in-vivo imaging.
The high intensity, favorable chemical and optical stability, and stable
cathodic signals of UCNPs (Guo et al., 2016), as compared to the
common downconversion nanomaterials, help it to serve as ECL emitter
and develop UCNPs-based ECL platform (Huang et al., 2012). Particu-
larly, the joint use of UCNPs and advanced materials with favorable
electrochemical performance could further improve its ECL property.

Covalent organic frameworks (COFs), a new type of crystalline
porous material constructed from lightweight elements (B, N, C, and O
etc.), are well known for the application in gas storage, catalysis and
photoelectricity fields (Pachfule et al., 2014). COFs materials hold nu-
merous merits such as permanent porosity, large specific surface areas,
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low density and high stability, due to its highly ordered structures
linked by strong covalent bonds (Ding et al., 2011). The ordered and
porous structure of the COFs enables it to serve as a support with great
load capacity (Liu et al., 2016). Gold nanoparticles (AuNPs) demon-
strate significant merits emerging from the nanoscale dimensions and
favorable electronic transmission capacity of the building blocks on the
electrochemical sensing interface. COFs were modified with AuNPs to
obtain the hybrid conducive to UCNPs emitter ECL system in present
study.

The exploration of recognition elements to increase the binding
capacity towards target is another concern to boost sensing perfor-
mance of sensor (Zhong et al., 2015). In the recent years, molecularly
imprinted polymers (MIP) with recognition sites complementary in
shape and cavities with the templates offer a promising approach to
construct new generation of recognition elements for sensing field
(Jiang et al., 2015). Molecularly imprinted electrochemiluminescence
sensor (MIECLS) combined MIP with ECL, demonstrating rapidity,
specificity, high sensitivity, favorable stability, less-analyte required
and ease of miniaturization, provides the ideal platform for sensing
analysis (Jin et al., 2018). Additionally, the preparation of MIP by one-
pot electro-polymerization on the electrodes could simplify the synth-
esis process and improve the controllability of polymer film
(Sheikhzadeh et al., 2016). The poor conductibility and fewer valid
imprinted recognition sites of conventional MIP, however, weaken its
electrochemical signal and degrade the sensing performance to a great
extent (Zhang et al., 2017). Improvement of MIP, especially reasonable
innovation of functional monomer, could ameliorate the above de-
merits efficiently. Herein, the restructuring of MIP involves the gen-
eration of AuNPs-based imprinting recognition sites. AuNPs-based
thioaniline units (PATP@AuNPs) could electropolymerize on the elec-
trodes (Zhang et al., 2017) in the presence of the templates and form
oligoaniline-crosslinked AuNPs matrix (PATP@AuNPs-crosslinked
MIP). The aggregation of AuNPs is able to provide three-dimensional
conductivity for electrochemical sensing (Riskin et al., 2008). Aniline
unit can bridge AuNPs to assist the generation of three-dimensional
oligoaniline-crosslinked AuNPs imprinting recognition sites to realize
specific binding of target (Yildiz et al., 2008). Additionally, the larger
specific surface area provided by COFs material modified electrode
generates more valid imprinted recognition sites of MIP and improves
sensing efficiency to a certain level.

Dopamine (DA) is a neurotransmitter which exerts crucial function
on mammalian central nervous systems and endocrine system (Li et al.,
2016). The sensitive detection and quantification of DA is of sig-
nificance for the diagnoses, prevention and treatments of DA-related
neurological disorders such as Alzheimer's disease, Huntington's dis-
ease, Tourette's syndrome, Parkinson's disease, and Schizophrenia
(Anirudhan et al., 2014). Up to now, different analytical methods of DA
have been reported including high performance liquid chromatography,
visible spectrophotometry, colorimetric detection and the like
(Anirudhan et al., 2014). In view of the defects suffering from con-
ventional detection process such as high cost, long analysis time and
complex pretreatment, further development of performance-improved
detection methods for DA detection is highly desired.

Here, a quenching-type MIECLS was constructed for the determi-
nation of DA. UCNPs was employed as ECL emitter in this sensing
system. The novel COFs-based ECL enhancement material (CTpBD-Au)
and oligoaniline-crosslinked AuNPs imprinting recognition sites were
introduced in ECL system at the first time. AuNPs loaded on COFs
material acted as the carrier of electronic transfer to enhance ECL re-
sponse. The CTpBD-Au with extra specific surface area held more
UCNPs and crosslinked PATP@AuNPs, assisting the ECL response of
UCNPs and providing more imprinted recognition sites. Furthermore,
the ECL sensing effect was further enhanced by the assistance of three-
dimensional molecularly imprinted contours and the conductivity of
PATP@AuNPs-crosslinked MIP matrix. The functional monomers
(PATP@AuNPs) on electrodeposited PATP@AuNPs-crosslinked MIP

contours bound with DA through multiple weak interactions which
were theoretically speculated by quantum chemical calculation. The
formed molecularly imprinted contours specifically recognized the
target by complementary spatial cavities and weak interactions, thus
further causing the ECL quenching by energy-transfer process. The
combination of the recognition effect and the quenching effect endowed
a double recognition effect to DA sensing. The proposed approach
displayed sensitive responses to DA and was successfully applied to the
analysis of serum samples.

2. Experimental

2.1. Chemicals and apparatus

1, 3, 5-triformylphloroglucinol (Tp), diglycolic anhydride, and
benzidine (BD) were purchased from Aladdin (Shanghai, China). 1,4-
dioxane, dopamine, ascorbic acid (AA) and uric acid (UA) were ob-
tained from Alfa Aesar (Tianjin, China). Gold chloride (HAuCl4), caffeic
acid, adrenaline and α-phenylethylamine (PEA) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). p-aminothiophenol (PATP) was
supplied by Macklin Biochemical Co.,Ltd (Shanghai, China). And 2-
mercaptoethane sulfonic acid was obtained from J&K Scientific Ltd.
(Beijing, China). Tetrahydrofuran (THF) and ethanol absolute were
purchased from Sinopharm Chemical Reagent Co.,Ltd (Tianjin, China).
SiO2-NH2 modified upconversion nanoparticles (NaYF4:Yb,Tm) was
supplied by Fluonano Biotech Co.,Ltd (Hefei, China).

All electrochemical analysis was carried out by LK5100 ECL ana-
lyzer (Tianjin Lanlike Chemical and Electronic High Technology Co.,
Ltd., China). Fluorescence spectra were tested by an F-2500 fluores-
cence spectrophotometer (Hitachi, Japan) with an external 980 nm
exciter. Fourier transfer infrared spectrum was obtained on Tensor 27
(Bruke, Germany). Morphology of materials and modified electrodes
were characterized by transmission electron microscopy (TEM, JEM-
2010FEF, JEOL, Japan) and scanning electron microscopy (SEM, JSM-
IT300, JEOL, Japan), respectively.

2.2. Quantum chemical calculation

The model of the template–monomer complexes was set up. The
structures of template and monomers were optimized theoretically by
dint of density functional theory (DFT) via ORCA 4.0.1 (Neese, 2012).
All wavefunction analyses were finished by Multiwfn 3.5 (Lu and Chen,
2012) and the color mapped isosurface images of electrostatic potential
(ESP) and the Gradient Model (IGM) were rendered by VMD 1.9.3
program (Humphrey et al., 1996). IGM, a very intuitive way of ex-
amining weak intermolecular interactions, provides an uncoupling
scheme that automatically separates intra- from inter-fragment inter-
actions (Lefebvre et al., 2017). Here, the functional monomers were
defined as the host and target was defined as the guest molecule. The
weak interactions between them were studied by IGM. ESP-mapped
molecular van der Waals (vdW) surface images were used to assess
electrostatic potential of molecules. Basis set superposition errors
(BSSE) was corrected by the geometrical counterpoise correction (gCP).

2.3. Fabrication of PATP@AuNPs-crosslinked MIP-based ECL sensors

Specific preparation methods of the CTpBD-Au and PATP@AuNPs
were shown in Supplementary material. The fabrication of PAT-
P@AuNPs-crosslinked MIP-based ECL sensors was depicted in Scheme
1. The bare GCE was polished and rinsed by deionized water before use.
10mg CTpBD-Au was dispersed in ethanol solution and then mixed
with 0.1% chitosan solution at same volume evenly. 10 µL mixture was
dropped on the GCE and dried naturally for further research. Then, the
10 µL UCNPs solution (0.5 mgmL−1) was dropped on CTpBD-Au/GCE
surface and dried at room temperature. Electro-polymerization solution
containing 0.1mgmL−1 DA and 0.3 mgmL−1 of PATP-AuNPs in PBS
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Scheme 1. Schematic illustration of (A) the fabrication process of CTpBD-Au hybrid and (B) the preparation and detection process of developed MIECLS；(C) the
light-emitting mechanism of ECL system; (D) the quenching mechanism of ECL.

Fig. 1. FT-IR spectra of (A) CTpBD-Au and CTpBD, (B) PATP@AuNPs and PATP; (C) ECL curves of different modified electrodes: bare GCE (a), CTpBD-Au/GCE (b),
UCNPs/GCE (c) and UCNPs/CTpBD-Au/GCE (d).

Y. Gu et al. Biosensors and Bioelectronics 128 (2019) 129–136

131



(0.01M, pH=7.4) was firstly pre-assembly for 3 h under nitrogen.
Then PATP@AuNPs-crosslinked MIP film was prepared on UCNPs/
CTpBD-Au/ GCE by the electro-polymerization at a constant potential
of 1.0 V for 400 s (Xue et al., 2013). The extraction of the bound DA on
modified electrode was conducted by washing in 0.01M PBS
(pH=7.4) with continuous stirring for 15min. For the control ex-
periment, the non-imprinted electrochemiluminescence sensor
(NIECLS) was fabricated with the same electro-polymerization condi-
tion as MIP-based electrode but without the addition of DA.

2.4. ECL measurement

The prepared MIP/UCNPs/CTpBD-Au/GCE was dipped in the DA
solution of different concentrations for 8min to rebind the target. The
ECL measurement was performed in 0.1M K2S2O8. (0.1 M PBS,
pH=7.4) containing 0.1 M KCl and with a scanned potential from 0 V to
−2.2 V at the scan rate of 100mV s−1. The voltage of the photo-
multiplier tube (PMT) applied was placed at 800 V. And the cyclic
voltammetry (CV) and ECL were recorded simultaneously.

3. Results and discussion

3.1. Material characterization

The employed materials were characterized by TEM and FT-IR. The
finely distributed 30 ± 2 nm sized UCNPs was clearly visible (Fig. S1A)
in the TEM analysis and the circular core-shell structure illustrated that
the SiO2-NH2 functional layer was well modified on the bare UCNPs.
Fig. S1B is the TEM of CTpBD COFs which showed the typical lamellar
structure as reported (Liu et al., 2018) and it can be observed the
striking contrast between CTpBD and CTpBD-Au (Fig. S1C) that the
loaded AuNPs (with average size about 5 nm) dispersed in CTpBD
uniformly. Inset in Fig. S1C shows the enlarged view of CTpBD-Au. In
FT-IR spectra (Fig. 1A), the peaks at the wavenumbers of ~1595,
~1452 and ~1628 cm−1 corresponded to the C˭C, Ar (C˭C), and C-N of
the CTpBD, respectively. The appearances of C˭O at ~1716 cm−1 of the
ester on CTp as well as C˭O at ~1690 cm−1 of carboxyl implied the
successful construction of the CTpBD structure (Qian et al., 2016). The
characteristic peaks of CTpBD shown in the FT-IR spectrum of CTpBD-
AuNPs confirmed that the strong reaction with NaBH4 could not destroy
the chemical bond of the CTpBD framework. Fig. S1D reflects the high
dispersity and homogeneity of as-synthesized PATP@AuNPs and the
average particle size of the particles was 3.5 ± 0.5 nm which coincides
with the previous report (Yang et al., 2016). Inset in Fig. S1D shows the
enlarged view of PATP@AuNPs. The FT-IR spectrum of PATP was
compared to that of PATP@AuNPs in Fig. 1B. The absorption peaks
centered at ~1483 cm−1 and ~1585 cm−1 corresponding to the ben-
zene ring frame vibration and peak located at ~783 cm−1 deriving
from the benzene fingerprint region (Jiang et al., 2015). The bands at
~1043 cm−1 and ~1200 cm−1 were attributed to the absorption of
sulfonate. The main peaks of PATP presenting in both FT-IR spectra
testified that the PATP were validly coated on AuNPs.

3.2. Morphological characterization and ECL behaviors of different
modified electrodes

The surface morphologies of different as-prepared modified elec-
trodes were evaluated by SEM (Fig. S2). CTpBD-Au/GCE (Fig. S2A)
possessed wrinkled and porous structure. After the modification of
UCNPs (Fig. S2B), the electrode surface was covered with round par-
ticles uniformly. And the electro-polymerization of PATP@AuNPs-
crosslinked MIP caused the further changes of the electrode surface.
Fig. S2C clearly shows the rough and compact MIP matrix coated on
UCNPs/CTpBD-Au/GCE. ECL curves (Fig. 1C) of bare GCE (a), CTpBD-
Au/GCE (b), UCNPs/GCE (c) and UCNPs/CTpBD-Au/GCE (d) were
obtained in 0.1M K2S2O8 solution (0.1M PBS, pH=7.4). The bare GCE

only aroused a weak ECL intensity (~5453 a.u.). Compared with the
bare GCE, the ECL intensity of CTpBD-Au/GCE reached ~6814 a.u. due
to better electron-transfer of the hybrid. UCNPs here served as ECL
emitter, and the ECL intensity of UCNPs/GCE (~23526 a.u.) was 4.3-
fold or so as high as that of the bare GCE. UCNPs/CTpBD-Au/GCE
showed the highest ECL intensity (~65886 a.u.) which was 12-fold or
so than the bare GCE after the introduction of CTpBD-Au and UCNPs. As
for the reason of the ECL enhancement, for one thing, the loading of
AuNPs on the porous CTpBD could facilitate electron transport between
electrode surface and UCNPs. And CTpBD-Au with higher specific sur-
face area, for another, carries more UCNPs which gives full play to the
superiority on assisting ECL.

3.3. PATP@AuNPs-crosslinked MIP-based ECL sensors and optimization

The PATP@AuNPs unit acted as functional monomers electro-
polymerized on the electrode in the presence of DA and subsequently
templates were removed from the as-prepared PATP@AuNPs-cross-
linked matrix, resulting in the formation of molecularly imprinted
contours that could bind the target by complementary spatial cavities
and weak interactions. The weak interactions between templates and
monomers cover multiple different interactions. Fig. 2A-C show the
IGM images of molecules at different views to simulate the possible
interaction between templates and monomers. The green regions in-
dicated possible weak vdW-type interactions (volume cutoff of
δginter=0.006). It can be seen from Fig. 2, a and i regions corre-
sponded to S-H which could be explained by ESP-mapped molecular
vdW surface images in Fig. 2D. The sites possessing opposite ESP pos-
sibly attract each other. The mutual penetration of red and blue regions
(k) suggested the electrostatic attraction between S and H atoms. b
region was π-π stacking dominated by dispersion force. And c, g and d,
h were hydrogen bonds between N, H atoms and O, H atoms, respec-
tively. e, f regions represented the N–H⋯π interaction and j can be
speculated as dispersion interaction due to no electrostatic attraction
between adjacent N–H and benzene ring showing in ESP-mapped mo-
lecular vdW surface images. Specific calculation methodology was de-
scribed in Supplementary material. Here, in the cathodic ECL system,
imprinted contours worked as capture sites and formed weak interac-
tions with DA, thus further forming the OFF-type MIECLS by ECL
quenching effect. The combination of the imprinted effect of MIP and
quenching effect of o-benzoquinone species endowed the MIECLS with
double recognition functions of DA sensing.

Multiple parameters in the process of MIECLS construction were
evaluated to achieve the optimal ECL response. The proportion of
PATP@AuNPs and DA affects the imprinted effect of the MIECLS. The
amount of PATP@AuNPs within a certain range can assist the electronic
transfer. While the overmuch stacking of PATP@AuNPs may interfere
with ECL signal of UCNPs. As shown in Fig. S3, the maximum
quenching value of ECL intensity occurred when the ratio of PAT-
P@AuNPs and DA is 3:1, implying the optimum ECL effect was ob-
tained at this proportion. Different time of extraction and rebinding
process for MIECLS are also of significance to obtain the best analytical
performance of MIECLS. Fig. S4 (green) shows clearly that the ECL
values after elution was increasing before 15min and then reached a
plateau after 15min. And the ECL intensities showed the upward trend
with the rebinding time between 0 and 8min, after which the in-
tensities levelled out (purple). Here, 15min and 8min were selected as
optimal elution time and rebinding time, respectively. Additionally, the
pH of detection solution (0.1 M K2S2O8) exerts a crucial effect on ECL
performance. Fig. S5 shows that the ECL quenching values went up
gradually from 5.4 to 7.4, and then showed a descending trend from 7.4
to 8.4, which demonstrated that the neutral pH was suitable for the
rebinding process.
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3.4. Light-emitting mechanism of the ECL system and quenching effect of
DA towards MIECLS

Fig. 3A shows the photoluminescence (PL) and ECL spectra of
NaYF4:Yb,Tm UCNPs. Compared with PL spectrum (emitting at
475 nm), ECL spectrum of UCNPs centered on 490 nm presenting a little
red shift, which was attributed to the different light-emitting mechan-
isms of ECL (Yin et al., 2012). For PL process, the emission peaks lo-
cated at 475 nm corresponding to the 1G4→

3H6 transitions of Tm3+ (Jin
et al., 2017; Lu et al., 2016). For ECL process, the NaYF4:Yb,Tm was
first reduced to negatively charged radical (NaYF4:Yb,Tmˉ•) by the in-
jection of energetic electron, in the wake of which the coreactant S2O8

2-

was reduced to the strong oxidant-anion sulfate radical (SO4ˉ•) (Gao
et al., 2017). Subsequently, the SO4ˉ• could further react with NaY-
F4:Yb,Tmˉ• to produce the excited form (NaYF4:Yb,Tm*) followed by
returning to ground state of NaYF4:Yb,Tm* and releasing photons. The
ECL process (Scheme 1C) was deduced as follows (Jin et al., 2018):

NaYF4:Yb,Tm + eˉ → NaYF4:Yb,Tmˉ• (1)

S2O8
2- + eˉ → SO4

2- + SO4ˉ• (2)

NaYF4:Yb,Tmˉ• + SO4ˉ• → NaYF4:Yb,Tm* + SO4
2- (3)

NaYF4:Yb,Tm* → NaYF4:Yb,Tm + hv (4)

In proposed strategy, we constructed a signal-off MIECLS for the DA
detection. The quenching mechanism of DA towards MIECLS was also
speculated (shown in Scheme 1D). It has been reported that DA itself is
not the quencher of luminophore but the oxidative product of DA (o-
benzoquinone species) (M. Zhao et al., 2016). The o-benzoquinone
species could efficiently quench the ECL emission by energy transfer
which derives from the collision between the excited state of UCNPs
and the produced o-benzoquinone (Liu et al., 2007).

As shown in Fig. 3B, the CV curves of UCNPs modified electrode in
0.1 M PBS containing DA (b) did not show obvious redox peak, in-
dicating the targets were not oxidized by electrochemical process. And
after the adding of K2S2O8 (c), CV profile showed a prominent peak at
1.75 V, demonstrating the oxidation of DA caused by K2S2O8. The result
was also validated by UV–vis spectra. Fig. 3C shows the UV absorption
peak of DA in 280 nm. However, with the mixing of K2S2O8 and DA
solution, the peak at 280 nm was replaced by a new absorption peak
appearing in 300 nm gradually indicating the generation of o-benzo-
quinone species. Hence, the oxidation of DA to yield the quencher of
ECL was carried out by the adding of K2S2O8. In this ECL system, the
quenching mechanism can be speculated that targets were specifically
adsorbed by PATP@AuNPs-crosslinked MIP contours at first and then

Fig. 2. (A), (B) and (C): the Independent Gradient Model (IGM) images of template and monomers at different views; ESP-mapped molecular vdW surface images of
(E) functional monomers and (F) target, respectively and (D) partial image of target and monomers after shielding other areas (the unit: kcal/mol); different colors
representing different atoms: Au (pink), S (gold), C (green), N (blue) and O (white). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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oxidized by K2S2O8 to form o-benzoquinone species, thus causing the
ECL quenching by energy-transfer process.

3.5. Analytical performance of the MIECLS

The ECL intensity of nonimprinted modified electrode (NIP/UCNPs/
CTpBD-Au/GCE) and DA-imprinted modified electrode (MIP/UCNPs/
CTpBD-Au/GCE) before and after the extraction process of DA were
investigated to evaluate the imprinting performance of MIECLS. For
MIP/UCNPs/CTpBD-Au/GCE (Fig. 3D), ECL intensity significantly re-
covered from ~12503 a.u. to ~45817 a.u. after extraction, suggesting
the valid removal of the template (DA) from PATP@AuNPs-crosslinked
MIP matrix. And compared with MIP-based electrode (before extrac-
tion), NIP/UCNPs/CTpBD-Au/GCE (a) obtained the higher intensity
(~16472 a.u.). As reported in previous study (Yildiz et al., 2008), oli-
goaniline bridging units could serve as carrier of the electronic transfer
in the ECL system by controlling their redox-state. Under the negative
potential, oligoaniline bridge would be at their reduced state, in this
case, instead of acting as electron acceptor they tunnel the electrons
from the electrode through the AuNPs. Hence, the more PATP@AuNPs
in NIP film could assist electron transport, thus obtaining higher ECL
value. And the ECL curves of MIP/UCNPs/CTpBD-Au/GCE and NIP/
UCNPs/CTpBD-Au/GCE for the detection of the same concentration of
DA were shown in Fig. S6A and B, respectively. The quenching value of
ECL obtained by MIP/UCNPs/CTpBD-Au/GCE was ca. ~21000 a.u.
which was 20-fold than that of NIP/UCNPs/CTpBD-Au/GCE. The better
quenching effect of MIP-based sensor was attributed to the specific
affinity of recognition sites in PATP@AuNPs-crosslinked MIP matrix.
The weak interactions of DA to the PATP@AuNPs-crosslinked MIP were
synergistically stabilized by imprinted molecular contours to realize
specific recognition. With the increase of DA, electrons were trapped
more effectively resulting in an obvious quenching of ECL signals as
expected.

As shown in Fig. 4B, MIECLS showed higher sensitivity than
NIECLS, exhibiting good specificity towards DA. In other words, the
favorable recognition capacity of PATP@AuNPs-crosslinked MIP and

the quenching effect of o-benzoquinone species jointly realized quan-
titative determination of DA.

Fig. 4A shows the ECL intensity of a series of concentration of DA
detected by MIECLS. The linear regression equation (Fig. 4B) of quan-
titative detection by MIECLS for DA (1× 10–14-1× 10−6 M) was F0-F/
F0 =0.06516 lg CDA +0.98982 with the correlation coefficient (R2) of
0.9982 and the LOD of 2×10–15 M (S/N=3).

3.6. Selectivity, stability and reproducibility

Selectivity reflects the recognition capacity of MIECLS towards DA.
To assess the selectivity of the MIECLS, ECL responses were recorded by
assaying the structurally analogues (Fig. S7) of DA (adrenaline, PEA
and caffeic acid) and co-existing interferents (UA and AA) in rat serum.
As shown in Fig. 4C, the ECL shift of MIECLS towards DA (10−9 M) is
several-fold higher than other compounds. The t-test also confirmed the
visible difference of sensing responses at MIP/UCNPs/CTpBD-Au/GCE
towards interferents and DA (below the level of 0.01). The high se-
lectivity of MIP was attributed to the complementary recognition sites
in the PATP@AuNPs-crosslinked MIP contours matching the unique
molecular structure of DA via multi-weak interactions. To evaluate the
anti-interfering ability in ionic environment, Ca2+, NH4+, K+, Na+,
SO4

2−, NO3
−, Cl− were also tested with ten times concentration higher

than DA. The ECL response of MIECLS towards DA (10−9 M) was si-
milar to that toward the mixture of DA and ions (with the ratio of
96.70%), which implies the favorable anti-interfering ability of pro-
posed MIECLS in ionic environment. To investigate the short-time sta-
bility (Fig. 4D) for developed MIECLS, consecutive detections (target
concentration:10−10 M) for nine times were carried out. It was quite
stable (with the SD below 3.0%) for several consecutive detections. The
MIECLS also displayed favorable long-time stability (Fig. S8) after
storage at 4 °C for 12 days. And the parallel detection result revealed
high reproducibility (with the SD below 4.0%) for the five MIECLS
(with the fixed DA concentration 10−10 M).

Fig. 3. (A) The PL spectrum (red) of
UCNPs obtained with excitation wave-
length 980 nm and the ECL spectrum
(blue) of UCNPs modified electrode (B)
CV curves of UCNPs modified electrode
in 0.1M PBS without (a) and with DA
(b), and UCNPs modified electrode in
0.1M K2S2O8 with DA (c); (C) UV–vis
spectra of DA in 0.1M PBS (a) and
0.1M K2S2O8 in PBS solution (b); (D)
ECL responses of NIP/UCNPs/CTpBD-
Au/GCE (a), MIP/UCNPs/CTpBD-Au/
GCE before (b) and after (c) the ex-
traction. (For interpretation of the re-
ferences to color in this figure legend,
the reader is referred to the web ver-
sion of this article.)
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3.7. Application of the ECL sensor in samples

It has been reported that the concentration of DA in human serum
should be below 0.9×10−9 M (Fu et al., 2017) and the abnormal DA
level may cause various pathosis. In this study, trace amounts of DA
were added into rat blood samples for the spiked sample recovery test.
The bloods were then repeatedly centrifuged at 2000 rpm for 20min to
collect serum. Subsequently, methanol was added into serum at ratio of
1:1 (v/v) in order to remove proteins (Li et al., 2016). The final su-
pernatant was used for MIECLS detection. As shown in Table 1, the
obtained recoveries of spiked DA standard solutions in serum samples
at three different concentration levels were 93.25–112.97% (with RSDs
below 3.0%), suggesting the feasibility of the MIECLS for the determi-
nation of DA in serum sample.

4. Conclusion

In this work, the novel COF-based material (CTpBD-Au) to enhance

ECL of UCNPs and PATP@AuNPs-crosslinked imprinting recognition
sites to specifically bind the targets were introduced to MIECLS for the
determination of DA in rat serum samples. The COFs-based ECL en-
hancement material could hold more UCNPs for ECL and
PATP@AuNPs-crosslinked MIP contours with DA recognition sites.
AuNPs loaded on COFs enabled the hybrid to tunnel the electrons be-
tween electrodes and UCNPs. And with the assistance of three-dimen-
sional molecularly imprinted contours and the conductivity of
PATP@AuNPs-crosslinked MIP matrix, the ECL sensing effect was fur-
ther enhanced. The molecularly imprinted contours could interact with
DA through multiple weak interactions. A double recognition effect was
realized by the recognition effect of MIP and the quenching effect of o-
benzoquinone species for MIECLS. The proposed MIECLS showed a
wide detection range, low limit of detection and acceptable recoveries
in rat serum sample, suggesting its promising application in practical
detection.
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Supplementary data associated with this article can be found in the
online version at https://doi.org/10.1016/j.bios.2018.12.043.

Fig. 4. (A) ECL curves of a series concentration of DA (1×10–14–1×10−6 M) detected by MIECLS; (B) the calibration curve of proposed MIECLS and NIECLS for DA
detection; (C) the specificity of the MIECLS towards DA and its interferents with the same concentration; (D) the ECL profile for several consecutive detections carried
out by MIECLS.

Table 1
Recoveries of DA in spiked samples detected by proposed method.

Samples Spiked
concentration
(mol L−1)

Detection
concentration (mol
L−1 n=3)

RSD (%) Recovery (%)

Serum 1 10–11 0.9337×10–11 2.15 93.34
10−10 0.9736×10−10 2.14 97.36
10−9 1.1297×10−9 2.23 112.97

Serum 2 10–11 0.9325×10–11 2.56 93.25
10−10 0.9616×10−10 1.15 96.16
10−9 1.0781×10−9 2.80 107.81
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