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ABSTRACT: In this letter, a sensitive microfluidic immunosensor chip was
developed using tetrakis(4-aminophenyl)ethene (TPE)-derived covalent organic
frameworks (T-COF) as aggregation-induced electrochemiluminescence
(AIECL) emitters and nanobodies as efficient immune recognition units for
the detection of thymic stromal lymphopoietin (TSLP), a novel target of asthma.
The internal rotation and vibration of TPE molecules were constrained within the
framework structure, forcing nonradiative relaxation to convert into pronounced
radiative transitions. A camel-derived nanobody exhibited superior specificity,
higher residual activity and epitope recognition postcuring compared to
monoclonal antibodies. Benefiting from the affinity between silver ions (Ag+)
and cytosine (C), a double-stranded DNA (dsDNA) embedded with Ag+ was
modified onto the surface of TSLP. A positive correlation was obtained between
the TSLP concentration (1.00 pg/mL to 4.00 ng/mL) and ECL intensity, as Ag+ was confirmed to be an excellent accelerator of the
generation of free radical species. We propose that utilizing COF to constrain luminescent molecules and trigger the AIECL
phenomenon is another promising method for preparing signal tags to detect low-abundance disease-related markers.

The sensitivity, reproducibility, and stability of electro-
chemiluminescence (ECL) immunosensors directly

depend on the type of emitters, antibodies, and carriers used
in the sensor design.1 Although ECL-based immunosensors
have yielded satisfactory results in the detection of various
biomarkers, the extensive limitations faced during the selection
of luminophores, sensing substrates, immune molecules, and
other sensing units are unacceptable. Along with high ECL
efficiency, traditional luminophores such as ruthenium
complexes, luminol and its derivatives, quantum dots, carbon
nitride nanosheets, etc., when encapsulated or adsorbed on
electrode surfaces, can lead to unpredictable molecular leakage
issues.2 More importantly, the irreversible aggregation-caused
quenching (ACQ) effect arising from π−π stacking among the
mentioned planar molecules should be emphasized, causing
signal reduction or even disappearance.3 Electrode chemical
modification technology relies on the electronic diffusion
between solid-state electrochemically active materials and
liquid electrolytes at the solid−liquid interface rather than on
a simple homogeneous system.4 De Cola et al. discovered
aggregation-induced ECL (AIECL) in 2017, attracting
attention to the development of novel ECL luminophores.5

Unlike the ACQ effect, the AIECL phenomenon exhibits
enhanced ECL efficiency in the aggregated or solid state

compared to the dispersed state, which is precisely what ECL-
based biosensors require. It is easy to imagine that many
luminophores, such as poorly hydrophilic complexes and
organic compounds, now possess greater potential applica-
tions. Among them, tetraphenylethylene and its derivatives
with size-tunable luminescence have emerged as the most
promising AIECL emitters owing to their unique phenyl-
ethylene structure and π-electron conjugated system.6

Currently, considerable efforts have been made to modify
tetraphenylethylene molecules to trigger the AIECL effect, for
example, nanomaterial and biomimetic encapsulation with
spatial confinement effects, coordination-induced formation of
crystalline framework materials, and self-assembly of metal−
organic gels.7−9 It is hypothesized that covalent organic
frameworks (COFs) offer a unique platform for researchers
to study the AIECL phenomenon of tetraphenylethylene and
its derivatives; particularly, two-dimensional (2D) COFs
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provide an ideal path for molecular recognition using
continuous nanometer-scale channels and aligned active
binding sites.10,11 Only a few reports have documented the
fluorescence behavior of tetraphenylethylene-based COFs to
date, with no one delving into exploration of their ECL
performance.
The selection and use of biorecognition elements also

directly impact the sensitivity and accuracy of immunosen-
sors.12,13 Monoclonal antibodies are susceptible to external
stimuli and may undergo irreversible structural damage when
used in sensor construction. Researchers discovered a
nanobody in the camel serum that lacks the light chain and
CH1 regions in the heavy chain, serving as a minimal fragment
naturally present in the binding of the antigen.14 It possesses
unique stability, specificity, and simplicity in humanization and
a robust ability for epitope recognition and binding, almost
perfectly overcoming the limitations of traditional antibodies.
It can also firmly bind to solid-phase carriers at high densities,
avoiding interference from complex samples, and is suitable for
capturing trace target molecules.15 To commercialize portable
immunosensors, their miniaturization and real-time on-site
analysis are crucial steps that cannot be overlooked. Tradi-
tional sensor construction relies on the manual layer-by-layer
modification of signal targets and sensing units on conductive
materials such as glassy carbon electrodes (GCEs). The
variability between sensor batches resulting from this operation
is unacceptable for the precise detection of targets. However,
microfluidic immunosensor chips fabricated via screen printing
processes and microfluidic technology offer the advantages of
miniaturization and automation, integrating fluid control
technology and sensing elements. These chips can address
these issues and improve sensor performance.16

Herein (Scheme 1), thymic stromal lymphopoietin (TSLP)-
specific nanobodies with high affinity were successfully
separated from an immune phage−display nanobody library
via camel immunization, lymphocyte isolation, RNA extraction,
and library construction. tetrakis(4-aminophenyl)ethene
(TPE) was utilized as the main molecule to prepare T-COF
under mild conditions, which exhibited strong ECL emission
in the presence of triethylamine (TEA) coreactant. All
detection processes are integrated into a microfluidic sensor
chip, and with the coreaction accelerator silver ion (Ag+), a

feasible TSLP detection method has been established by
comparing with enzyme-linked immunosorbent assay (ELISA)
method.
X-ray diffraction (XRD) analysis and theoretical structural

simulations on Materials Studio were performed to define the
crystalline structure of T-COF. According to theoretical
structural simulations and Pawley refinements, T-COF can
be fitted into the AB stacking model with corresponding unit
cell parameters of a = 6.3436 Å, b = 9.8125 Å, c = 16.6144 Å, α
= 85.63°, β = 77.75°, and γ = 68.98° in the P1 space group.
The residual factors, Rp = 2.34% and Rwp = 3.59%, demonstrate
the reliability of the computational model (Figures 1a and 1b).
The XRD pattern of T-COF shows peaks at 11.06°, 14.87°,
and 17.9°, which are assigned to the (011), (1 1 0), and (1 0−
1) planes, respectively.17,18

As a novel AIECL emitter, the emission mechanism of T-
COF should be first explored. As shown in eqs S1 and S2, the
TEA coreactant and T-COF emitter lose electrons to generate
TEA•+ and T-COF•+ radical cations, respectively, as
confirmed by the cyclic voltammetry (CV) scans shown in
Figure 2a. The initial potential of 0.44 V corresponds to the
preliminary oxidation of TEA, while the peak at 0.84 V
corresponds to the electron loss oxidation of T-COF. To
further validate this value, density functional theory (DFT)
was used to simulate the highest occupied molecular orbital
(HOMO) of T-COF, and the calculation results shown in

Scheme 1. Schematic Diagram of Fabrication of TSLP Microfluidic Immunosensor

Figure 1. (a) Structures of T-COF. (b) Experimental (red dot) and
simulated (blue line) XRD patterns of T-COF.
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Figure 2b revealed it to be 5.57 eV below the vacuum level,
resulting in the theoretical oxidation potential of T-COF

calculated as 0.82 V (eq S6), which closely aligns with 0.84
V.19 Additionally, the generation of TEA•+ can be effectively

Figure 2. (a) CV curves of the bare GCE and GCE/T-COF. (b) Frontier molecular orbitals with the corresponding HOMO and lowest
unoccupied molecular orbital energy levels of T-COF. (c) AIECL effect verified via ECL-time curves.

Figure 3. (a) Positive correlation between the ECL intensity and TSLP concentration in the range from 1.00 pg/mL to 4.00 ng/mL and (b)
corresponding point plot and linear fitting curve of the ECL intensity and target concentration. (c) Signal output stability tests using 100.00 pg/mL
and 1.00 ng/mL TSLP as targets, respectively. (d) Specificity tests using 100.00 ng/mL TSLP as the target and 500.00 ng/mL of the interferent
containing CRP, SP, Ig E, and LTS. (e) Reproducibility tests using 100.00 ng/mL TSLP as the target. Error bars: ± standard deviation (SD), n = 5.

Analytical Chemistry pubs.acs.org/ac Letter

https://doi.org/10.1021/acs.analchem.4c02347
Anal. Chem. 2024, 96, 10116−10120

10118

https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.4c02347/suppl_file/ac4c02347_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c02347?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c02347?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c02347?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c02347?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c02347?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c02347?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c02347?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c02347?fig=fig3&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.4c02347?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


accelerated in the presence of Ag+ in the system, as confirmed
by the electron paramagnetic resonance (EPR) results in
Figure S1. Subsequently, TEA•+ can deprotonate to generate
an ion radical with strong reducibility in an alkaline
environment (eq S3), which can undergo redox reactions
with T-COF•+ to afford the high-energy state of T-COF* (eq
S4). Accompanied by the release of photons, a strong ECL
signal can be obtained (eq S5). It is important to emphasize
that in the aforementioned process, the release of ECL benefits
from the rigid structure of COF, restricting the free rotation
triggered AIECL effect of the tetraphenylethylene group.
Homogeneous ECL emission of monomeric liquid TPE, and
pure solid-state TPE cannot exhibit such a strong signal as
shown in Figure 2c.
After verifying the successful construction of the immuno-

sensor via electrochemical impedance spectroscopy (for more
details, see Supporting Information (SI)), the proposed
sensing strategy was tested to recognize TSLP under optimal
conditions. Figure 3a demonstrates the clear signal response of
the sensor to TSLP in the concentration range from 1.00 pg/
mL to 4.00 ng/mL. A line graph similar to a logarithmic
function curve is plotted in the inset of Figure 3b, in which the
ECL intensity as vertical axis and TSLP concentration as
horizontal axis. To further investigate the relation between the
ECL intensity and target concentration, we logarithmically
transformed the TSLP concentrations using a base value of 10.
Then, the obtained values were plotted on the horizontal axis
and the ECL intensity was plotted on the vertical axis, resulting
in the linear curve shown in Figure 3b. The equation of this
curve is IECL = 2455 × lg c−664.3 (R2 = 0.998), and a low limit
of detection (LOD) of 2.72 pg/mL was calculated.
The stability of immunosensor relates to data retrieval,

which is an important indicator for the newly established
sensing method. To assess the stability of the signal output,
100.00 pg/mL and 1.00 ng/mL TSLP were selected as targets
in the low- and high-concentration regions, respectively, and
consecutive ECL excitations and emissions were performed
(Figure 3c). The ECL signals were collected, and their relative
standard deviations were calculated (RSD), which are 3.3%
and 2.1%, respectively. These values are considered “sat-
isfactory” in analytical chemistry, demonstrating the good
signal output stability of our biosensors. Importantly, the
sensing specificity determines whether accurate detection of
target samples can be achieved to avoid false positives caused
by other interfering substances in the sample. In specificity
testing, 500.00 ng/mL C-reactive protein (CRP), serum
perforin (SP), immunoglobulin E (Ig E), and leukotriene
(LTS) were selected as four interfering substances, which were
tested alone or mixed with 100.00 ng/mL TSLP. As shown in
Figure 3d, the sensor shows no response to the target in the
absence of TSLP, but the signal intensity is comparable to the
ECL intensity (indicated by 100.00 ng/mL TSLP in Figure
3b) in the presence of TSLP, with an RSD of 1.1%, confirming
that these sensors show good specificity. Finally, five sensors
from the same and different batches of many products were
used to detect 100.00 ng/mL TSLP. Figure 3e shows that the
signal difference in these five sensors is minimal (RSD = 0.9%),
which is important evidence for the good reproducibility of the
as-proposed analytical method.
Unlike standard antigens, the compositions of body fluids

(e.g., serum, cerebrospinal fluid, and urine) are complex
including various proteins, fats, sugars, inorganic salts,
vitamins, etc., and their concentrations are much higher

compared to many trace targets.20 These factors affect the
sensitivity and accuracy of a new method for detecting low-
abundance disease-related targets. To dispel this doubt and
evaluate the clinical application value of the new method, we
compared it with the standard method of enzyme linked
immunosorbent assay (ELISA) and conducted spiked recovery
experiments in the serum of healthy adults and asthma
patients. As shown in Table S4, the concentrations of TSLP in
the serum of healthy and asthma individuals are 87.20 pg/mL
and 372.00 pg/mL, respectively, based on authoritative reports
provided by the hospital. Subsequently, standard TSLP
concentrations of 30.00 pg/mL, 90.00 pg/mL, and 200.00
pg/mL were spiked into samples from healthy samples. The
results show that the spiked recovery rates are between 96.6%
and 99.3%. Additionally, the precision of this method is not
significantly different from the ELISA method (confidence
level = 95%), as the values obtained from the F-test are <6.39.
Furthermore, the values from the t-test are <2.31 with a total
degree of freedom of 8, indicating that there is no significant
systematic error between the proposed method and ELISA
method. Focusing on the analysis data in serum samples from
asthma patients, standard TSLP concentrations of 130.00 ng/
mL, 400.00 ng/mL, and 850.00 ng/mL were added. The
recovery rate of this method ranges from 98.8% to 99.8%. For
the three samples at a 95% confidence level, the F-test values
are <6.39. Additionally, the maximum value is 2.21 in the t-test
with a total degree of freedom of 8. These results collectively
demonstrate the high precision and accuracy of the proposed
method, confirming its feasibility in detecting trace amounts of
TSLP in different types of serum samples.
In summary, it is a feasible method for inducing AIECL

behavior by preparing COF between emitter and organic guest.
The development of advanced sensor devices such as
microfluidic chips carriers, and nanobody units has become
an important step in the process of independent research and
development of disease marker diagnostic products. This study
provides a feasible strategy for detecting low-abundance
disease-related biomarkers.
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