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Electrochemiluminescence (ECL) micro-reactors with enhanced intensity and extreme stability were first
established by the assembly of tris(2,2'-bipyridyl) ruthenium(i) (Ru(bpy)s®*) onto covalent organic
frameworks (COFs), in which a type of imine-linked COF (denoted as COF-LZU1) was employed as
a model for ECL micro-reactors. Compared with the dominant ECL system of Ru(bpy)s>*/tri-n-
propylamine (TPrA) (TPrA as a co-reactant), the intensity of the COF-LZUl micro-reactor-based
electrode was significantly increased nearly 5-fold under the same experimental conditions, which is
unprecedented in other Ru(bpy)f*—based ECL systems. This enhancement can be attributed to the large
surface area, delimited space, and stable and hydrophobic porous structure of COF-LZU1, which not
only enabled a huge amount of Ru(bpy)s>* to be loaded infon COF-LZUL, but also enriched a large
amount of TPrA from the aqueous solution into its inner hydrophobic cavity due to the lipophilicity of
TPrA. More importantly, with its hydrophobic porous nanochannels, COF-LZU1 could act as micro-
reactors to provide a delimited reaction micro-environment for the electrochemical oxidation of TPrA
and the survival of TPrA®, achieving significant confinement-enhanced ECL. To prove this principle, these
Ru@COF-LZU1 micro-reactors were developed to prepare an ECL aptasensor for aflatoxin M1 (AFM1)
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nanoparticles (AuNPs)® or doping Ru(bpy);>* with silica nano-
particles.* However, the involvement of nanomaterials might
cause the potential problems of (i) ECL quenching owing to the
energy transfer between AuNPs and Ru(bpy),>*,® and (ii) poor
ECL efficiency of the internal ECL lumiphore.® More impor-
tantly, ECL intensity does not always increase linearly with
amount of Ru(bpy);*"; thus only enriching the amount of
Ru(bpy);>* will lead to bottlenecks in achieving enhanced ECL
intensity.” Herein, we note that the TPrA radical (TPrA’) can also
play a crucial role in boosting the ECL emission of Ru(bpy),;*",
since the excited states of Ru(bpy);>" are generated through the
interaction between the active intermediates of Ru(bpy);>" and
TPrA'.»® However, the oxidation efficiency of TPrA (the
production efficiency of TPrA’) is relatively low due to the poor
solubility of TPrA,' while the stability of TPrA" is also easily

Introduction

The classical electrochemiluminescence (ECL) system, tris(2,2’-
bipyridyl) ruthenium(u)/tri-n-propylamine (Ru(bpy);>"/TPrA),
has been extensively studied and successfully used in
commercial clinical diagnosis owing to its chemical stability
and good biocompatibility."* With increasing demands for high
sensitivity methods for trace detection, improvements in ECL
intensity and the stability of Ru(bpy);>*/TPrA have contributed
greatly to strengthen its dominant role of ECL technology in
bioanalysis.Conventional methods for intensity amplification
include increasing the amount of Ru(bpy);>" with the use of
various nanomaterials, such as assembling Ru(bpy);>" on gold
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affected by dissolved oxygen in aqueous solution." Therefore,
increasing the amount of TPrA’ is a more cost-effective method
for enhancing ECL intensity, although few reports to date have
focused on the improvement of the oxidation efficiency of TPrA.

Compared with traditional reaction vessels, micro/
nanoreactors could provide a confined reaction environment
on a nanometre scale, which offers great potential to improve

This journal is © The Royal Society of Chemistry 2020
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the efficiency of chemical transformations by concentrating the
catalysts and reactants in confined spaces."»* Consequently,
considerable efforts have been put into micro/nanoreactor-
based proteolysis,** enzyme reactions," bio-molecular detec-
tion'® and catalysis'” to achieve high efficiency, sensitivity, rapid
time response and selectivity. It is well known that ECL is
achieved at or near the electrode surface from the excited states
of luminophores,” which greatly depends on the electro-
chemical reaction between the active intermediates of lumi-
phores and the highly oxidising or reducing radicals of the co-
reactants.”*® As a result, the productivity of the co-reactant
radicals is one of the critical elements affecting the ECL
signal dramatically.® Thus, we drew inspiration from micro/
nanoreactors to achieve confinement-enhanced ECL for the
first time, which is very likely to provide a more beneficial
reaction micro-environment and improve ECL efficiency.

As a new class of porous materials, the covalent organic
frameworks (COFs) are assembled from building units via
covalent bonds.**** These materials have been widely applied in
catalysis, separations* and energy storage, among other
applications.?® Previous studies have indicated that the defined
pore micro-environment might make COFs desirable nano-
materials for biosensor construction; however, few examples
have been reported to date.”” Thus, inspired by their regular and
predictable two- or three-dimensional pore structure and large
surface area,® Ru(bpy);>* assembled imine-linked COFs
(Ru@COF-LZU1) were first developed as ECL micro-reactors
(Scheme 1A), demonstrating strong ECL intensity and desir-
able stability. The mechanism (Scheme 1C) indicates that the
Ru@COF-LZU1 micro-reactors could not only improve the
oxidation efficiency of TPrA by concentrating the TPrA from
solution, but could also provide a relatively independent and
confined reaction environment for the electrochemical oxida-
tion of TPrA and the survival of TPrA’. This achieves a high
reaction efficiency between the TPrA® and the intermediate of
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Scheme 1 (A) Preparation of Ru@COF-LZU1 micro-reactors. (B) A

schematic illustration of the operating principle of the biosensor for
AFM1 determination (the inset shows a schematic illustration of the
DNA walker-based amplification strategy). (C) General mechanism of
the reaction process between Ru(bpy)s2* and TPrA (with and without
COF-LZU1 micro-reactors).
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Ru(bpy);>* to obtain more excited states of Ru(bpy);>". Here-
after, the Ru@COF-LZU1 micro-reactors were used to develop
an ECL platform for aflatoxin M1 (AFM1). As shown in Scheme
1B, the Ru@COF-LZU1 and Pt concave nanocubes (Pt CNCs)
were modified on the electrode successively to achieve an
extremely intense ECL response as the initial “signal-on” state.
Then, the ferrocene (Fc)-labelled probes were immobilised on
the modified interface to obtain the “signal-off” state for the
background signal minimisation.” Subsequently, the target
AFM1 was converted to output DNA based on the DNA walker-
based amplification strategy (inset of Scheme 1B). Finally, the
ECL signal recovered when the output DNA was incubated with
the resultant electrode to remove the Fc-labelled probes. With
the strong ECL emission of Ru@COF-LZU1 micro-reactors, the
ECL biosensor exhibited high sensitivity and stability for AFM1
detection. Meanwhile, this work also sheds light on a novel
platform for the ECL enhancement of Ru(bpy);>*/TPrA, which
has opened new routes to the design of other ECL micro-
reactors for bioanalysis applications.

Results and discussion

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) were employed to characterise the
morphology of the nanomaterials in this work. As shown in
Fig. 1A, the SEM image of COF-LZU1 exhibited a spherical
structure, with a size of 200-400 nm. Furthermore, it can clearly
be observed that COF-LZU1 exhibits a layered stacking structure
in the TEM image (Fig. 1B). Moreover, the local enlarged TEM
image of COF-LZU1 (Fig. 1C) exhibits porous structures, which
is consistent with previous reports in the literature.*® Addi-
tionally, the structure of COF-LZU1 was studied by both X-ray
diffraction (XRD) analysis and Fourier transform infrared (FI-
IR) spectroscopy. As shown in Fig. 1D, the XRD pattern of
COF-LZU1 shows characteristic 20 peaks ranging from 1 to 35°,
which is consistent with previous reports.** The FI-IR spectrum

5 10
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Fig.1 SEM (A) and TEM images (B) of COF-LZUL. A local enlarged TEM
image of COF-LZU1 (C). XRD (D) and FT-IR spectroscopy (E) studies of
COF-LZU1l. An SEM image of Ru@COF-LZU1l (F), and SEM-EDX
elemental mapping analysis of Ru (G), F (H), and O (I) in Ru@COF-LZU1.
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is shown in Fig. 1E, and reveals a strong peak at 1621 cm ™,
which is attributed to the formation of C=N bonds.

Fig. 1F shows the SEM of Ru@COF-LZU1 entirely entwined
by a layer of yarn, which could be the Nafion, as a cross-linker
was adsorbed onto the surface of COF-LZU1 according to the
electrostatic interaction. Furthermore, energy dispersive spec-
troscopy (EDS) elemental mapping of Ru (Fig. 1G) and F
(Fig. 1H) of Ru@COF-LZU1 were observed, demonstrating the
electrostatic adsorption between Ru(bpy);>" and Nafion. The
element O in COF-LZU1 is also clearly observed in Fig. 1I. The
zeta potential values of COF-LZU1, Nafion@COF-LZU1 and
Ru@COF-LZU1 were measured at pH = 7.4, respectively, and
also confirmed the layer-by-layer assembly of Nafion and
Ru(bpy);>*. The corresponding results are shown in Section 3 of
the ESLt

In order to study the effect of COF-LZU1 micro-reactors on
Ru(bpy);>/TPrA, the 3D ECL spectrum of the COF-LZU1 modi-
fied glassy carbon electrode (GCE) (COF-LZU1/GCE) in test
solution containing Ru(bpy);>" and TPrA are shown in Fig. 2A
with the maximum ECL emission at 630 nm with potential at
1.1V. A comparison experiment of bare GCE in Ru(bpy);>*/TPrA
(Fig. 2B) was also carried out under the same experimental
conditions, which showed the same maximum ECL emission at
630 nm but much weaker ECL intensity than that of COF-LZU1/
GCE (Fig. 2A). Fig. 2C shows the ECL-potential profiles of COF-
LZU1/GCE (curve @) and bare GCE (cutve b) in Ru(bpy);>" + TPrA
solution. The ECL signal on COF-LZU1/GCE has increased
about 4800 a.u. (curve a), a nearly ~5-fold enhancement
compared with that of bare GCE (932 a.u). This indicates the
significant confinement-enhanced ECL effect on COF-LZU1
micro-reactors.

In order to confirm the confinement effect of COF-LZU1
micro-reactors, cyclic voltammogram (CV) scans on GCE and
the COF-LZU1/GCE were measured in TPrA solution, respec-
tively (insert of Fig. 2C). An irreversible anodic peak at 0.84 V
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Fig. 2 ECL spectra of COF-LZU1/GCE (A) and a bare GCE (B) test
solution containing Ru(bpy)s?* (0.25 uM) and TPrA (1 mM). (C) ECL-
potential profiles of COF-LZU1/GCE in a mixed solution containing
Ru(bpy)s>* (0.25 uM) and TPrA (1 mM) (a), and a GCE in Ru(bpy)s>*
solution (0.25 uM) (b). The inset of (C) shows the CVs of a bare GCE (c)
and COF-LZU1/GCE (d) in TPrA solution (5 mM). (D) A schematic
illustration of the electrochemical oxidation of TPrA with (a) and
without (b) COF-LZU1 in the diffusion layer.
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was observed when the bare GCE was measured in TPrA solu-
tion (curve c in insert of Fig. 2C), which is attributed to the
electrochemical oxidation of TPrA.** As expected, the anodic
peak current of curve d was increased nearly 3-fold in the
presence of COF-LZU1 micro-reactors compared with that of
curve ¢, suggesting that the more oxidised state of TPrA was
generated in this situation. The reason for this might be that the
COF-LZU1 micro-reactors could enrich TPrA in its internal
hydrophobic porous structure, resulting in the enhancement of
TPrA’. Fig. 2D shows the electrochemical oxidation of TPrA with
and without COF-LZU1 micro-reactors in the diffusion layer. It
can be seen that only a tiny amount of TPrA was electrochem-
ically oxidised in the diffusion layer without the COF-LZU1 in
Fig. 2D(a), due to the low solubility of TPrA' and the poor
stability of TPrA"."* In contrast, in Fig. 2D(b), a large amount of
TPrA was electrochemically oxidised in the diffusion layer in the
presence of COF-LZU1 micro-reactors. This is because COF-
LZU1 possesses hydrophobic internal porous structures that
can serve as micro-reactors, which may not only considerably
concentrate TPrA from the solution, but may also provide
a more conductive reaction micro-environment for the electro-
chemical oxidation of TPrA and the survival of TPrA’. Therefore,
the explanations for the confinement-enhanced ECL with COF-
LZU1 micro-reactors could be as follows: (1) as micro-reactors,
COF-LZU1 could improve the electrochemical oxidation of
TPrA, resulting in the production of more excited states of
Ru(bpy);**, and (2) the micro-reactors could limit the Ru(bpy);>*
loaded in/on the COF-LZU1 and the TPrA" in a tiny space, which
could substantially improve the ECL efficiency between the
Ru(bpy);>* and TPrA".

Next, in order to optimise the efficiency and sensitivity of the
proposed aptasensor, the cleaving time of Nt. BbvCI restriction
endonuclease and the incubation time of T7 Exo were selected
as follows. As shown in Fig. 3A, when the cleaving time of Nt.
BbvClI restriction endonuclease shifted from 30 to 150 min, the
ECL signal increased and the maximum ECL signal was ach-
ieved at 120 min. Thus, 120 min was used as the optimal
cleavage time. Fig. 3B shows the incubation time of T7 Exo
toward the proposed aptasensor. With the increment of the
incubation time of T7 Exo, the ECL signal increased rapidly and
reached a maximum at 120 min, which was consequently
selected as the incubation time of T7 Exo in this work.

>
=

10k

e
=

8k

N
=

6k

w
=

4k

ECL intensity / a.u.
ECL intensity / a.u.

30 60 90 120 150 30 60 90 120 150
Time / min Time / min

Fig.3 (A) The influence of Nt. BbvCl restriction endonuclease cleaving
time (30 min, 60 min, 90 min, 120 min, 150 min) and (B) the incubation
time of T7 Exo (30 min, 60 min, 90 min, 120 min, 150 min) on the ECL
response based on the proposed biosensor (AFM1 concentration: 0.3
pg mL™Y).
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Under the optimum parameter conditions, ECL detection at
different concentrations of AFM1 was performed using the
proposed method. As shown in Fig. 4, the ECL response
increased gradually with AFM1 concentration (Fig. 4A), while
the logarithmic value of the response shows a linear depen-
dence on the AFM1 concentration over the range from 0.03 pg
mL ™" to 0.3 pg mL™~' with a correlation coefficient of 0.9982
(Fig. 4B). The linear equation was I = 1279.62 g ¢ + 3624.45 with
a detection limit of 0.009 pg mL™" (the detail calculation was
shown in Section 6 of the ESI}). In addition, a comparison of the
performance of this aptasensor with that of other reported work
(Table S2 in Section 7 of the ESI}), suggests that a wider linear
range and a lower detection limit were achieved in this work.
Fig. 4C shows the ECL profiles under three cycle potential scans
upon the increase of AFM1 concentrations, suggesting the
extreme stability of the COF-LZU1 micro-reactor-based
biosensor.

To assess the selectivity of the proposed aptasensor, afla-
toxinB1 (AFB1), aflatoxinB2 (AFB2), kanamycin, glucose and
melamine were selected as interfering substances. It was found
the ECL responses exhibited negligible errors when the
proposed aptasensors were incubated with AFB1, AFB2, kana-
mycin, glucose and melamine, respectively, in comparison with
that of a blank sample (Fig. 4D). Furthermore, the response of
the mixed solution containing the target AFM1 and the above
interfering substances was also measured, and the ECL signal
was found to be close to that of the AFM1 standard solution.
These results indicate that the aptameric recognition function
in the proposed aptasensor was adequately retained and with
sufficient selectivity for AFM1.

Finally, the feasibility of the proposed aptasensor was
assessed by the standard addition/recovery method using
defatted milk as real samples. First, the defatted milk was
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Fig. 4 (A) ECL curve of this proposed aptasensor at different
concentrations of AFM1: 0.03 pg mL™%, 0.3 pg mL™%, 3 pg mL™%, 0.03
ngmL™, 0.3 ng mL™%, 3ngmL™%, 30 ng mL™, and 0.3 pg mL~* (from
a to h). (B) The corresponding calibration plot of the AFM1 aptasensor.
(C) Stability of the proposed aptasensor towards different concentra-
tions of AFM1. (D) Selectivity of the aptasensor towards AFM1 (3 ng
mL™Y) against interferents: AFB1, AFB2, kanamycin, glucose, melamine,
and a mixture (containing the above interferents and 3 ng mL~* AFM1).
The concentration of each interferent was 3 ug mL™.
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Table 1 Recovery of AFM1 in defatted milk by the proposed
aptasensor

Added (ng Found (ng Recovery
Sample number mL ") mL ) (%)
1 0.1 0.104 104.0
2 0.5 0.49 98.0
3 5 5.14 102.8
4 10 9.55 95.5
5 100 93.3 93.3

harvested with centrifugation for 20 min at 12 000 rpm using
pure milk. Then the AFM1 at different concentrations was
added into the defatted samples. As shown in Table 1, the
recovery of AFM1 detection is in the range of 93.3-104.0%,
demonstrating the potential application of the AFM1 apta-
sensor in real milk samples.

Conclusions

In summary, a novel Ru@COF-LZU1l micro-reactor-based
biosensor was first constructed with confinement-enhanced
ECL. Compared with conventional Ru(bpy);**-based ECL
systems using TPrA as a co-reactant, the COF-LZU1 micro-
reactors provided the following significant advantages. First,
the COF-LZU1 micro-reactors with hydrophobic porous nano-
channels not only improved the oxidation efficiency of TPrA by
concentrating TPrA from the solution, but also provided a rela-
tively independent and confined reaction environment for the
electrochemical oxidation of TPrA and the survival of TPrA".
Second, COF-LZU1 with a large surface area could load large
amounts of molecular Ru(bpy);>" based on electrostatic inter-
actions. Thus, this work demonstrates confinement-enhanced
ECL by COF-LZU1 micro-reactors for the sensitive detection of
AFM1, and opens new routes to explore other ECL micro-
reactors for bioanalysis applications.
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