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Dopamine (DA) is easy to be oxidized and polymerizes to form polydopamine (pDA) in alkaline
conditions, while the synthesis is usually time-consuming (48 h). Herein, the polymerization of DA is
completed with 4h under the catalysis of acid phosphatase (ACP). The high efficiency makes the
detection of DA feasibility based on the self-polymerization of DA. In this assay, pDA is grown in situ on
the surface of covalent organic frameworks (COFs), and then the fluorescence of COFs is quenched
significantly. The linear range of DA is achieved from 0.5-50 p.mol/L with a detection limit of 0.16 p.mol/L.
The detection of DA is not interfered with uric acid, ascorbic acid, and some phenolic compounds, because
these substances cannot polymerize in the presence of ACP. Moreover, benefiting from the good
sensitivity and selectivity, DA has been successfully determined by this strategy in human urine samples
with satisfactory recoveries.

© 2021 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.

Published by Elsevier B.V. All rights reserved.

Dopamine (3,4-dihydroxyphenylethylamine, DA) is a catechol-
amine neurotransmitter, which plays a significant role in both the
central and peripheral nervous systems [1]. The disorder
concentration of DA has been considered to be the parameter of
a series of neural and metabolic diseases [2-4]. Therefore, the
accurate detection of DA is of great importance. Additionally, DA
can also be oxidized and polymerize to form polydopamine (pDA)
under alkaline condition. For example, DA was added to the
mixture of Tris-buffer (pH 8.5) and isopropyl alcohol with
continuous stirring for 48 h in the dark, producing black pDA
[5-7]. As well known, pDA is an effective fluorescent quencher and
is utilized to detect many biomolecules [8-10]. However, there are
only a few studies that report the detection of DA by the quenching
property of pDA [11,12]. The reason may be that the self-
polymerization of DA is time-consuming. Moreover, the detection
is insensitive since DA with a low concentration is hard to self-
polymerize. Thus, the establishment of a simple, feasible and high-
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efficiency way to monitor DA by employing pDA as the fluorescent
quencher remains a challenge.

Benefiting from the advantages of nanotechnology, the special
structures and optical properties of nanoscaled materials have
attracted a wide attention [13,14]. Covalent organic frameworks
(COFs) are a kind of popular materials, linked by covalent bonds.
Schwab et al. reported a series of COFs by polycondensation
between melamine and di- or tri-aldehydes and defined them as
Schiff base networks [15]. Thanks to outstanding chemical
stability, electron-rich property and unique optical feature, COFs
have shown promising attention in the fields of sensing
applications. For instance, through the photoinduced electron
transfer (PET) mechanism, the fluorescence of COFs was quenched
by electron-deficient nitroaromatic explosives including picric acid
(PA) [16], 2,4,6-trinitrophenol (TNP) [17] and 2,4,6-trinitrotoluene
(TNT) [18]. However, a majority of biomolecules are electron-rich.
Hence, COFs are rarely used to determine biomolecules.

In this work, a fluorescent strategy for DA detection is proposed
based on in situ growth of pDA on the surface of COFs with the aid
of acid phosphatase (ACP). As shown in transmission electron
microscopy (TEM) image, COFs are nearly spherical nanoparticles
and the average diameter is about 45 nm (Fig. S1a in Supporting
information). Comparing the Fourier transform infrared (FT-IR)
spectra of terephthalaldehyde and melamine with that of COFs
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(Fig. S1b in Supporting information), the C=0 stretching vibration
peak of terephthalaldehyde at 1698 cm™' disappears in the
spectrum of COFs [15]. The two peaks at 3468.5cm™' and
3418.8 cm ™! of melamine are ascribed to the stretching vibration
of NH,, and the peak at 1650 cm™! attributed to NH, deformation is
also absent in the spectrum of COFs [19]. The result demonstrates
that the formation of COFs depends on the dehydration reaction
between the amino groups of melamine and aldehyde groups of
terephthalaldehyde. Moreover, owing to the C=N vibration of
triazine ring of melamine, two disparate bands at 1548 cm™! and
1480 cm ™! appear in COFs, revealing the frameworks combined by
triazine ring units. In the X-ray photoelectron spectroscopy (XPS)
spectra of COFs (Figs. S1c-e in Supporting information), two peaks
at 399.3 and 284.3 eV corresponding to N 1s and C 1s are observed.
The spectrum of C 1s can be further fitted into four peaks. The peak
at 284.6 and 285.7ev are attributed to carbon atoms in the benzene
ring (C=C, C—C) of terephthalaldehyde. The peak of linkages
(C—N)islocated at 286.7 eV, and the peak at 287.6 eV is assigned to
the carbon atom in the triazine ring (C=N) of melamine [20]. These
results reveal the successful crosslinking between the monomers
after pyrolysis [21]. Furthermore, the N 1s can be grouped into two
peaks at 398.6 and 399.8 ev corresponding to nitrogen atoms in the
triazine ring (C=N) of melamine and amine (NH) moieties of
linkages, respectively [22]. The spectra of XPS confirm the
formation of COFs, and the functional groups of COFs are triazine
rings, benzene rings and aminol groups. Besides, the elemental
analysis suggests that COFs are mainly constituted of C, H and N
elements, and their content are 63.44%, 4.8% and 31.72%,
respectively. It further proves that COFs are composed of light
elements. Moreover, COFs display a blue emission centered at
470 nm with the maximum excitation wavelength at 370 nm
(Fig. S1f in Supporting information). According to the reported
works, the triazine ring units associated with the 7r-7r* electronic
transitions are the main reason for the luminescence of COFs
[20,23]. COFs also show a good stability, and their fluorescence can
maintain a high level at least one month and in a wide pH range
(Fig. S2 in Supporting information).

As well known, ACP can cleave a phosphate group from related
substrates. However, the catalytic effect of ACP on DA polymeriza-
tion is different from it, because there is no phosphate group in DA.
The UV-vis characterization of DA polymerization is used to
compare the ACP-mediated reaction (PBS buffer, pH 7.0) with pH-
induced one (Tris-Buffer, pH 8.5). As illustrated in Figs. 1a and b, the
peak at 280 nm is attributed to the 7-7* electronic transitions of
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Fig. 1. UV-vis characterization of DA polymerization in ACP-mediated reaction (a)
and in pH-induced one (b) with different reaction time. SEM images of pDA formed
after 4 h in ACP-mediated reaction (c) and pDA formed after 48 h in pH-induced
polymerization (d).
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DA [24], and ACP displays an absorbance peak at 225 nm due to the
nature of protein absorption. Especially, the shoulder peak at
around 475 nm is developed at first 5 min in both ACP-mediated
and pH-induced polymerization, and it is the n-7* electronic
transitions of dopaquinone [25]. Dopaquinone is the initial
oxidation product of DA. Then, another should peak at 320 nm
can be distinguished after 45 min in ACP-mediated reaction and 4 h
in pH-induced one. It is ascribed to the formation of 5,6-
dihydroxyindole via intramolecular cyclization [26]. 5,6-dihydrox-
yindole is further oxidized into 5,6-indolequinone. Subsequently,
both integrate into dimers or trimers, then polymerization of DA
[27]. A useful distinction can be drawn between these two ways.
The absorbance at 475 nm changes significantly in pH-induced
polymerization, revealing the formation of large amount of
dopaquinone. However, the absorbance variation at 320 nm is
clear in ACP-mediated reaction, so 5,6-dihydroxyindole or 5,6-
indolequinone is the main intermediate. It is speculated that the
catalysis of ACP accelerates the conversion from DA to 5,6-
dihydroxyindole or 5,6-indolequinone. Therefore, ACP-mediated
oxidation shortens the time of pDA formation, implying higher
efficiency. Similarly, the study of Pan’s group also suggested the
reducing agent suppressed the polymerization of DA catalyzed by
ACP, but the inhibitors of ACP had no such effect [28]. It means that
the catalysis of ACP in DA polymerization is related to the
oxidation. Herein, our assay also supports this view.

For another, the mixture color changes from colorless to brown
and then to black after 4 h in ACP-mediated oxidation or 48 h in
pH-induced one (inset of Fig. 1), also indicating the complete
formation of pDA. As shown in the Scanning electron microscope
(SEM) images (Figs. 1c and d), there are some regular-shaped pDA
and amounts of irregular agglomerates in ACP-mediated oxidation.
However, the obtained pDA nanoparticles are all spherical in pH-
induced polymerization. The reason may be that some fragments
have not agglomerate to form regular sphere in the short time of
ACP-mediated oxidation. Besides, particle size (about 500 nm),
functional groups, and charges of the particles formed in these two
ways are similar (Figs. S3a and b in Supporting information). On the
above discussions, ACP-mediated oxidation provides an efficient
choice for the preparation of pDA. Other enzymes and protein
cannot catalyze the oxidation and polymerization of DA in neutral
medium (Fig. S4 in Supporting information), suggesting the high
specificity of ACP for DA in the polymerization.

Based on in situ growth of pDA on the surface of COFs, the
emission of COFs is quenched significantly (Fig. 2a), and the color
of the solution changes to black, which can be distinguished by
bare eyes. However, when DA or ACP is added alone, no obvious
change in the fluorescence intensity is observed, and the solution
remains transparent under the daylight. Subsequently, the
quenching mechanism has been investigated. In the process of
ACP-mediated oxidation, the initial oxidation product of DA is
dopaquinone [29]. However, dopaquinone makes a negligible
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Fig. 2. (a) Fluorescence spectrum of the mixture of DA and ACP (curve 1); the
fluorescence spectra of COFs in the absence (curve 2) and presence of ACP (curve 3),
DA (curve 4), and the mixture containing DA and ACP (curve 5), and the
corresponding photographs (inset). (b) Comparison of the UV-vis absorption
spectrum of pDA with fluorescence excitation and emission spectra of COFs.
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effect on the fluorescence of COFs (Fig. S5b in Supporting
information). Hence, the fluorescence quenching of COFs is
ascribed to pDA rather than dopaquinone. Additionally, it is
observed that the absorption spectrum of pDA overlaps well with
both of the excitation and emission spectra of COFs (Fig. 2b). The
result signifies that the quenching mechanism may be Forster
resonance energy transfer (FRET) or inner filter effect (IFE). After
incubation with DA and ACP, the fluorescence decay of COFs
changes from 12.3416ns to 9.3742ns (Fig. S6 in Supporting
information). The FRET efficiency is evaluated by the Eq. 1 [30]:

E=1-1/19 (1)

where E is the FRET efficiency, T (r=9.3742ns) and 79 (7o
=12.3416 ns) are the fluorescence lifetimes of the COFs in the
presence and absence of DA and ACP. The calculated FRET efficiency
is 24%. Subsequently, the quenching efficiency for IFE of pDA on the
fluorescence of COFs is further studied according to Eq. 2 [31]:

_ Feor _ 23 dAc | en, 2.3 SAem
Fobsda 1 — 10 %er 110 A

where CF represents the correction factor; Fopsq Stands for the
maximum fluorescence intensity of COFs with addition of DA at
470 nm and F; is corrected fluorescence intensity by removing
the IFE from Fypsq; Aex and Ae, refer to the absorbance of COFs with
the addition of DA at 370 and 470 nm, respectively; d represents
the width of the cuvette (1.00 cm); g denotes the distance between
the edge of the excitation beam and the edge of the cuvette
(0.40 cm) and s is the thickness of excitation beam (0.10 cm). In
order to obtain more precise measurements, the value of CF should
not exceed 3. As shown in Table S1 (Supporting information), the
CF of IFE and relevant parameters with addition of different
concentrations of DA are calculated at different temperatures. The
corrected suppressed efficiency (E%) of pDA is obtained on the
basis of the Egs. 3 and 4:

CF

)

3)

Eobsd =1- Fobsd/Fobsd‘O

Ecor =1- Fcor/Fcor,O (4)

where Fobsao OF Feorp represents the observed or the corrected
fluorescence intensity of COFs in the absence of DA and ACP. As
depicted in Fig. S7 (Supporting information), the quenching effect
attributed to IFE at 298 K is 22% after calculation. Almost 46% of
quenching effect results from FRET and IFE, revealing other
quenching mechanism also coexisting.

Then, Stern-Volmer equation [32] is employed to evaluate the
role of static quenching effect (SQE) or dynamic quenching effect
(DQE) in fluorescence suppression (Eq. 5).
fo 5)
Fo and F denote the fluorescence intensities of COFs before and
after the addition of quencher. Considering IFE, Feorp and Feor
should take place of the Fy and F. Ksy represents the Stern-Volmer
quenching constant and [Q] is the concentration of DA; K, refers
the quenching rate constant and 7 is the fluorescence lifetime of
free COFs (to=12.3416ns). As presented in Fig. S8 (Supporting
information), the corrected fluorescence intensity ratios increase
linearly with the concentration of DA at different temperatures,
indicating that the existing quenching mechanism is SQE or DQE
[33].

Furthermore, DQE and SQE can be distinguished by their
dependence on temperature. In DQE process, the fluorescence
quenching is due to collision between the excited-state fluoro-
phore and the quencher, leading to non-radiative transitions to the

=1+Ksv[Q] =1+ Kq70[Q]
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ground state. Thus, the higher temperature accelerates the
collision, resulting in the increase in the Ksy [34]. For SQE, the
fluorescence quenching is due to the formation of nonfluorescent
ground-state complex between the fluorophore and quencher. The
higher temperature leads to the lower stability of the complex, so
higher temperature is responsible for a smaller value of Ksy. The
obtained Ksy values at 298, 303 and 308K are 2.019 x 104,
2.267 x10* and 2.523 x10* L/mol, respectively (Fig. S8 in
Supporting information). The Ksy value is proportional to the
increasing temperature, indicating that the fluorescence quench-
ing of COFs by pDA is mainly ascribed to DQE. Additionally,
fluorescence lifetime is another important difference in the SQE
and DQE. It decreases in the DQE, but it remains constant for SQE
with the addition of the quencher [35]. In this assay, the
fluorescence lifetime of COFs declines from 12.3416ns to
9.3742 ns after incubation with DA and ACP, suggesting that the
fluorescence quenching is due to DQE. The above proofs indicate
that the fluorescence quenching of COFs by pDA is ascribed to the
combination of FRET, IFE and DQE.

In order to obtain a sensitive response to DA, several
experimental conditions are optimized (Fig. S9 in Supporting
information) and detailed description are given in the Supple-
mentary information. Under the optimal conditions, the fluores-
cence of COFs at 470nm is quenched linearly with the
concentration of DA increasing from 0.5 pmol/L to 50 pmol/L
(Fig. 3). The LOD is 0.16 pumol/L which is calculated based on 30/K,
where o is the standard deviation of the blank sample and K is the
slope of the calibration curve.

A series of interfering substances are tested to assess the
selectivity of this method for DA, including 16 kinds of amino acids,
bisphenol A, phenol, resorcinol, phloroglucinol, 2,4-chlorophenol,
bovine serum albumin, uric acid (UA), ascorbic acid (AA). As
depicted in Fig. S10 (Supporting information), it is obvious that all
species do not influence on the fluorescence intensity of COFs
without or with addition of DA in the presence of ACP. Especially,
UA and AA, as the common coexistence substances in human urine,
cannot polymerize with addition of ACP, so they do not interfere
with the detection of DA. Furthermore, phenolic compounds are
not oxidized under the catalysis of ACP due to absence of O-
dihydroxy group. Therefore, the proposed probe shows a high
selectivity toward DA.

Moreover, this method is compared with other strategies for DA
detection in Table S2 (Supporting information). At present, the
predominant methods for determining DA are electrochemical and
fluorescent analysis. In electrochemical analysis, the current
change generated by 2e/2H" redox reaction relies on the
concentration of DA [36]. The sensitivity of electrochemistry is
good, but the selectivity is not satisfactory. In real sample
detection, some coexistence substances, such as UA and AA,
interferes with the DA detection because their oxidation potentials
are close to DA [37]. Furthermore, fluorescent detection of DA is
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Fig. 3. (a) Fluorescence spectra of COFs in the presence of ACP and various
concentrations of DA. (b) The corresponding calibration curve and linear range
(inset) of DA. Fy and F; represent the fluorescence intensity of COFs before and after
addition of DA in the presence of ACP.
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Table 1
Detection of DA in urine samples.

DA Added (pmol/L) Proposed method ELISA Kit

Found (p.mol/L) Recovery (%) RSD Found (mol/L) Recovery (%) RSD
(n=3%)

0 1.61 - - 1.68 - -

5 6.64 100.60 2.5 6.59 98.21 2.0

10 11.73 101.20 23 11.83 101.50 14

30 31.70 100.30 3.0 31.87 100.60 1.7

usually realized by the oxidation of DA to dopaquinone. The strong
electron-withdrawing ability of dopaquinone makes it a good
quencher for various probes. However, tyrosine and some phenolic
substrates are also oxidized into quinones [29], so these substances
may also interfere with the detection of DA. In this work, a series of
evidences show that ACP accelerates the polymerization of DA, but
it cannot catalyze the oxidation of UA, AA and other phenolic
compounds. The results reveal that the selectivity of this new
method is superior to that of electrochemistry and other
fluorescent methods, and the sensitivity is not inferior to other
ways.

The precision and reproducibility of this method for the
detection of DA are studied. The intra-day and inter-day precisions
of the assay are determined by estimating the corresponding
response 3 times on the same day and on 3 different days over a
period of one week. As shown in Table S3 (Supporting informa-
tion), the relative standard deviation (RSD) of intra-day precision
(CV%) ranges from 1.2% to 2.3%, and the RSD of inter-day (CV%) is in
the range from 2.1%-3.9%, suggesting a good stability and precision
of this method. Subsequently, the proposed method is applied to
the determination of DA in human urine samples. The detected
concentration of DA in the 2-fold diluted human urine sample is
about 0.805 pmol/L, which is corresponding to 1.61 umol/L of DA
in the urine sample (without dilution). The result is in agreement
with the normal range of 0.3-2.18 umol/L [38]. Then, the standard
DA solutions with three different concentrations are spiked into
urine samples, and the recoveries in the range of 100.3%-101.2% are
satisfactory (Table 1). ELISA is chosen as a reference method for DA
detection. There is no significant difference between the results of
ELISA and those of this strategy, demonstrating the reliability and
accuracy of this proposed strategy for determination of DA.
Besides, the detection of DA is also performed in cell lysate
(Table S4 in Supporting information), and the satisfactory
recoveries are obtained. Hence, this method has the potential
for applications in complex biological samples.

In summary, this assay provides the first case that the detection
of DA is realized by employing in situ growth of pDA on the surface
of COFs under the catalysis of ACP. The advantages of this strategy
lie on two aspects. One is that ACP-mediated oxidation shortens
the time remarkably for the polymerization of DA, so it provides a
feasible strategy for DA detection. The other one is the good
selectivity toward DA because the common coexistence substances
cannot be oxidized under the catalysis of ACP. Thus, the findings
not only have the potential to monitor DA in clinical diagnosis but
also expand the applications of COFs.
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