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A mechanochemically synthesized porous organic
polymer derived CQD/chitosan—graphene
composite film electrode for
electrochemiluminescence determination of
dopaminet
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Herein, we explore a new carbon source for preparation of carbon quantum dots (CQDs) with controllable
composition using a porous organic polymer (POP) derived porous carbon via a nitric acid oxidation
method. The POP used for the preparation of CQDs was synthesized by mechanochemical Friedel-
Crafts alkylation under solvent free conditions. Using the as-prepared CQDs, we develop a simple and
effective electrochemiluminescence (ECL) detection method for dopamine (DA) using a CQD/chitosan—
graphene composite modified glassy carbon electrode (GCE). Both the electrochemical and ECL
behaviors were studied in detail with ammonium persulfate as a coreactant. The complementary
structure and synergistic function of the composite give the ECL sensor special properties. Apart from
the high stability, it also presents good repeatability and high sensitivity to DA with a wide linear range
from 0.06 to 1.6 puM. And a satisfactory detection limit of 0.028 uM (S/N = 3) was achieved for the

Received 2nd September 2019 prepared sensor. Furthermore, the ECL also shows high selectivity toward DA with an excellent
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interference resistance ability at a high concentration ratio of 100 (Cinterference : Coa = 100). In addition,
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Introduction

As an important catecholamine neurotransmitter, dopamine
(DA) plays a critical role in hormonal, renal, cardiovascular and
central nervous system (CNS) functions of humans." An
abnormal level of DA in biological fluids is often associated with
neurological disorders. Hence, it is generally regarded as an
indicator for the diagnosis of several neurological diseases. And
it is useful to detect the levels of dopamine in biological fluids.

Hitherto, based on different principles, numerous DA assay
systems have been well-designed, such as high performance
liquid chromatography,” chemical fluorescence,® colorimetry,**
electrochemistry®® and ECL.™ And among the various che-
mosensory methods, due to their nondestructive nature and
high sensitivity, fluorescence techniques, including photo-
luminescence (PL) and electroluminescence (EL), have been
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the ECL sensor was successfully applied for effective detection and quantitative analysis of the actual
dopamine in human body fluids for disease diagnosis and pathological studies.

extensively studied. EL is electrically driven emission of light
from the fluorescent materials.”> Numerous EL materials have
been developed and considerable research interest have been
geared.” ™"

Carbon quantum dots (CQDs), as a new nanomaterial with
excellent stability, well biological compatibility and good
aqueous solubility, are regarded as new candidates for lumi-
nescent materials."** It have been anticipated to overtake
previous pioneers in many fields.*® Up to now, various carbon
source had been used for the preparation of CQDs, i.e., activated
carbon, carbon nanotubes (CNTs), biomass, organic molecular
and even metal organic frameworks (MOFs), but, preparing
CQDs with controllable element composition remains a huge
challenge.* It is desirable to explore a low-cost and eco-friendly
precursor for controllable preparation of CQDs.*

Porous organic polymers (POPs) are multifunctional mate-
rials composed by pure organic units via covalent bond.*® The
modular construction principle made the structure and
composition deterministic at atom level. Recent reports have
evidenced it an ideal candidates for accurate preparation of
carbonous materials with definite composition. Hence, it is also
a promising material for target synthesis of CQDs.*”*® In this
article, CQDs was prepared from a POP (TPE-HCP) derived

This journal is © The Royal Society of Chemistry 2019
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porous carbon (TPE-800) via the typical acidic oxidation
method. TPE-HCP was prepared via the mechanochemical
Friedel-Crafts alkylation reaction under the catalytic of FeCl; in
solvent free conditions.*

Chitosan is an amino and hydroxyl rich polysaccharide with
good biocompatibility. Furthermore, as a linear polymer, it also
presented excellent film-forming property which was extensively
applied in modified electrode.” Graphene is a two-dimensional
(2D) material with high BET surface areas, super electrical
conductivity and good film-processing ability."® The inherent
property make it easy to compound with other materials. Bear
that in mind, a novel chitosan-graphene (CG) composite
combining the characteristic of graphene and chitosan were
developed. The composite possessed large amount of amino
and hydroxyl which is more conducive to carrying CQDs.

In this article, we presented a simple but effective ECL
method for detection of DA based on an original electrode
modified by CQDs/CG composite film. The CQDs/CG electrode
showed a high selectivity to DA with a wide linear range (0.06 to
1.6 uM) and a satisfying detection limit (0.028 uM, S/N = 3). And
the composite electrode also presented an excellent interfer-
ence resistance ability towards both the organic (glucose,
ascorbic acid and uric acid) and inorganic (Na*, K') interfering
substance. Furthermore, it also exhibited excellent stability,
good reproducibility and high sensitivity to DA. Furthermore,
the prepared sensor could be applied for detection of DA in real
samples.

Results and discussion

As shown in Fig. 1, TPE-HCP was prepared via the mechano-
chemical Friedel-Crafts alkylation reaction with the catalytic of
FeCl; in a planet ball mill under solvent free conditions. In
brief, to a 50 mL zirconium oxide milling vessel, 1,3,5-tri-
formylbenzene (TBM, 713.8 mg, 1.5 mmol), 1,1,2,2-tetrapheny-
lethene (TPE, 498.7 mg, 2 mmol) and anhydrous iron(m)
chloride (2.92 g, 18 mmol) were added. Consequently, the vessel
was milled at 500 rpm for 35 minutes. After, the resulting
polymers were washed with hydrochloric acid solution (1 M
HCI) and methanol to remove the catalysts adequately. Then the
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Fig. 1 The typical route for the preparation of TPE-HCP and corre-
sponding porous carbon (TPE-800) together with the synthesis of
CQDs. (Red atom is oxygen and the grey is carbon).
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obtained solid was dried at a vacuum oven at 80 °C for 12 hours.
And the corresponding porous carbon (TPE-HCP-800) were ob-
tained via direct carbonization of as-synthesized polymer under
Ar at 800 °C. The CQDs were synthesized through the HNO; acid
oxidation of TPE-800. The detail was given in the ESLf

The construction of porous skeletons and the formation of
CQDs was initially validated by Fourier infrared spectrometer
(FTIR). As shown in Fig. S1a,} the bromine methyl vibration (C-
Br) at 680 cm ™" has completely vanished and typical vibrations
assignable to the aliphatic connections appeared.'® Both proved
the formation of polymer skeleton. The CQDs used for the FTIR
tests was obtained by rotary evaporators at 70 °C. Fig. Sict
presents the FTIR spectrum of as-prepared CQDs. Different with
the spectrum of TPE-800 (Fig. Sibt), a wide peak around
3324 em ' assigned to the O-H stretching vibration could be
clearly observed. Furthermore, the peak located at 1334 cm ™"
attributed to the C-OH vibration could also be detected. Other
characteristic absorption signals at 1574 cm ™" and 1423 cm™*
are assigned to the vibration of C=0 and the -COO- in -COOH
groups.®® Therefore, the as-synthesized CQDs are rich in C-OH
and COOH groups. Solid-state *C cross polarization magic
angle spinning (CP/MAS) NMR were also performed to investi-
gate the covalent linkage of the building units of prepared
porous polymers. As exhibited in Fig. S1d,T resonance peaks
near 35 ppm ascribed to the methylene could be clearly detec-
ted, indicating the formation of methylene linker in the poly-
mer networks after the mechanochemical Friedel-Crafts
reaction. In addition, UV absorption and fluorescence spectra
were also conducted to testify the formation of CQDs. As shown
in Fig. S2,T a obvious absorption peak at 229 nm belonging to
the characteristic peak of CQDs could be observed. And the
fluorescence emission peak (excited at the wavelength of 400
nm) appeared at 567 nm.

Low temperature N, uptake measurements and pore width
distribution curves (Fig. S3a and bft) testified the inherent
porosity of synthesized polymer and corresponding porous
carbon. The detail was listed in the Table S1.t Like the reported
works, almost no clear peaks could be detected form the powder
XRD (Fig. S4at), proving the amorphous structure of as-
synthesized samples. TG curve are given in the Fig. S3c,t one
could observe clearly that the weight could keep at 60% even at
the temperature of 800 °C, implying excellent thermal stability
of prepared polymer. Raman spectrum (Fig. S4b¥) validated the
high degree of graphitization of TPE-800 with a intensity ratio of
0.948 (Ip:Ig = 0.948). However, the target CQDs shows
a intensity ratio of 0.991. Furthermore, XPS was performed to
investigate the element composition of prepared porous carbon
(Fig. S5). The survey spectrum identified the coexistence of C
and O in the porous skeletons (Fig. S5at).

In order to investigate the morphology of prepared mate-
rials, scanning electron microscope (SEM) and high-resolution
transmission electron microscope (HR-TEM) were performed
(Fig. 2). Fig. 2a and b present the SEM of synthesized polymer
and corresponding porous carbon in a scale bar of 500 nm.
Intergrown spherical particles stacked in a bulk could be clearly
observed (Fig. 2a). Just like the morphology of polymer, bulk
stacked by spherical particles could be detected from the SEM of
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Fig. 2 SEM and TEM of prepared samples: (a) SEM of TPE-HCP; (b)
SEM of TPE-800; (c) high-resolution TEM of TPE-HCP; (d) high-
resolution TEM of TPE-800; (e) TEM of single CQDs; (f) SEM of chi-
tosan—graphene composite film; (g) SEM of CQDs/chitosan—gra-
phene composite film; (h) EDS of a single CQD obtained form the high
resolution TEM.

TPE-800 (Fig. 2b). High resolution TEM of TPE-HCP and TPE-
800 are delivered in Fig. 2c and d, respectively, from which,
widely distributed micropore could be found. Different with the
polymer precursor, obvious graphitic stripe could be detected
from Fig. 2d. Fig. 2e exhibits a single CQD taken by casting the
newly acquired CQDs solution. A regular spherical shape with
a diameter of about 15 nm could be observed. Fig. 2f exhibits
the SEM image of the chitosan-graphene membrane. A rough
and large surface could be detected. The immobilization of
CQDs on the surface of chitosan-graphene membrane film
could be validated by SEM image of the CQDs/CG composite
film. Large amounts of CQDs distributed homogeneously on the
surface of chitosan-graphene complex membrane could be
clearly observed (Fig. 2g). And that may be attributed to the
plentiful amino (-NH,) and hydroxyl (-OH) in the chitosan—
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graphene membrane contributing to the immobilization of
CQDs (hydroxyl and carboxyl groups rich). Fig. 2h shows the
EDS of synthesized CQDs obtained form the high-resolution
TEM. In accordance with the results obtained from the XPS
given in Fig. S5a,1 only carbon and oxygen element could be
detected.

To investigate the surface property of modified electrode,
electrochemical impedance spectroscopy (EIS) was imple-
mented in 0.1 M phosphate buffer solution (PBS) containing
5 mM [Fe(CN)¢]*/*". As shown in Fig. 3, the electrochemical
impedance (EIS) of the modified electrodes presents a semi-
circle at high frequencies (electron transfer resistance) and
a linear part at low frequencies (solution diffusion resistance),
simultaneously.*® The bare glassy carbon electrode had the
lowest electron transfer resistance (Fig. 3a) with a smallest
semicircle diameter among all the tested samples (Fig. 3b-d).
The greatly increased semicircle diameter of chitosan
membrane modified electrode (Fig. 3b) indicates the electron
transfer between redox probe and electrode was impeded.
Fig. 3c and d represent the electron transmission capacity of CG
composite membrane and CQDs/CG composite, respectively,
from which, a reduced diameter (less than the chitosan
membrane modified electrode) could be detected, indicative the
existence of CQDs can optimize the electron transfer capability.

The ECL experiment of the CQDs/CG composite modified
electrode was carried out in 0.1 M PBS containing 0.1 M
(NH,4),S,05 and 0.1 M KCI. And a cyclic voltammetry curve was
recorded at the potential from 0 to —1.4 V at the same time
(Fig. 4). An obvious ECL emission could be detected, implying
the successfully binding of CQDs with the chitosan-graphene
membrane matrix.

Fig. 5 shows the ECL behaviors of different electrodes con-
ducted in 0.1 M PBS solutions containing 0.1 M (NH,),S,0s and
0.1 M KCI. Almost no obvious ECL signal could be detected for
both the bare glassy carbon electrode (Fig. 5a) and chitosan-
graphene modified electrode (Fig. 5b). However, a distinct ECL
peak could be observed for the CQDs/CG modified electrode
(Fig. 5¢). It demonstrates that the CQDs had been immobilized
on the chitosan-graphene modified electrode and excellent
photo-electricity properties could be maintained.
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Fig. 3 Electrochemical impedance spectroscopy of bare or modified
electrode: (a) EIS of bare glassy carbon electrode; (b) EIS of chitosan
modified electrode; (c) EIS of chitosan—graphene modified electrode;
(d) EIS of carbon quantum dots/chitosan—graphene modified
electrode.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Electrochemiluminescence and cyclic voltammetry behaviors
of CQDs/chitosan—graphene composite modified electrode in 0.1 M
PBS.
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Fig. 5 ECL behaviors of bare or modified electrode: (a) ECL behavior
of bare electrode, (b) ECL behavior of chitosan—graphene modified
electrode; (c) ECL behavior of CQDs/chitosan—graphene modified
electrode.

The ECL mechanism of CQDs in the presence of (NH,4),S,04
might be as follows:

CQDs +e~ — CQDs"™
S,0¢%" + e~ — SO + S0, ™
CQDs'™ + SO, ~ — CQDs* + SO,>~

CQDs* — CQDs + hy

Previous reports have demonstrated that CQDs is a valuable
ECL emitter. However, DA could act as a quencher preventing
the reaction between CQDs and the coreactant (NH,),S,0g.>>
Hence, the CQDs/CG composite electrode could be used for the
detection of dopamine. The measurement was performed in
0.1 M PBS containing 0.1 M (NH,),S,0g and 0.1 M KCl. As
delivered in Fig. 6, with the increase of dopamine concentra-
tion, the ECL intensity decreased continuously. A satisfying
linear relationship between ECL signal and the concentration of
dopamine (0.06 to 1.6 uM) was obtained. Furthermore, the
detection limit could reach 0.028 uM (S/N = 3). The insert part
in Fig. 6 shows the calibration curve of dopamine determina-
tion. The linear regression equation was I = —6111.32¢ (uM) +
7946 (R* = 0.9582).
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Fig. 6 Effect of dopamine concentration on ECL intensity of CQDs/
CG composite electrode in 0.1 M PBS containing 0.1 M (NH4),S,0g and
0.1 MKCland (a) 0.5, (b) 0.9, (c) 1.1 and (d) 1.2 uM dopamine at 50 mV
s~ Inset: (A) calibration curve of dopamine detection; (B) ECL intensity
change with the injection of dopamine.

A high selectivity is prerequisite for the real application of an
electrode. Hence, an interference test was carried out in the
solution contained 0.5 pM DA together with the interfering
substance, for example, ascorbic acid (AA), uric acid (UA),
glucose, K* or Na'. And the concentration of the interfering
particles are 100 times more concentrated than dopamine
(Cinterference : Cpa = 100). According to previous report,® as
a cationic exchanger, chitosan has an excellent selectivity for
DA. However, ascorbic acid (AA) and uric acid (UA) all carried
a negative charge in neutral environment. Therefore, the CQDs/
chitosan-graphene film could hinder the reaching of ascorbic
acid and uric acid to the electrode surface. As shown in Fig. 7,
after the addition of ascorbic acid and uric acid, a decrease of
about 12% and 10% could be detected for the AA and UA,
respectively. While different with AA and UA, the interference of
glucose, Na* and K' could be omitted. All these indicated the
high-selectivity of the composite film for the DA.

To evaluate the stability of as-prepared CQDs, we measured
the ECL behavior which had been kept refrigerated and pro-
tected from light for three months. The ECL intensity was
remained approximately 100% after three months. Further-
more, the modified electrode was used once a week to detect the
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Fig.7 Interference study of the CQDs/chitosan—graphene composite
modified electrode towards glucose, Na*, K*, ascorbic acid (AA) and
uric acid (UA) in 0.1 M PBS containing 0.5 uM dopamine.
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Fig. 8 The reproducibility of CQDs/chitosan—graphene composite
modified electrode under continuous scanning for 8 circles in 0.1 M
PBS containing 0.5 uM dopamine and 0.1 M KCL

Table 1 Detection of dopamine in serum samples

Recovery RSD (%)
Sample Spiked (M) Found (uM) (%) (n=23)
Serum 1 0.20 0.191 95.1 4.0
Serum 2 0.40 0.386 96.5 3.1
Serum 3 0.60 0.561 93.5 4.1

dopamine. Compared with the initial value, the intensity could
be maintained at 80% after one month. All these validated the
excellent stability of the as-prepared CQDs. Fig. 8 shows the
reproducibility of the CQDs/chitosan-graphene composite
modified electrode proceeded with a continuously potential
scanning for 8 cycles. A stable ECL signal was received with
a low relative-standard-deviation (RSD) of 0.6% after a long
cycle of 8 times, further indicating the excellent stability of
prepared composite sample.

The effective detection and quantitative analysis of the actual
dopamine in human body fluids is of great significance to
human health. The feasibility of the prepared CQDs/CG
composite modified electrode for practical application was
investigated by detecting the concentration of DA in human
serum samples. These samples offered by student volunteers
were centrifuged and the supernatant liquors were immediately
used to the recoveries test without further treatment. Every
sample was parallel tested three times and the results are shown
in Table 1. As listed in Table 1, the recoveries and RSD (n = 3)
were in the range of 93.5-96.5% and 3.1-4.1%, respectively. The
obtained results demonstrated that the performance of
prepared composite electrode was comparable to other reported
methods and applicable for the determination of DA in real
sample with adequate accuracy. The detail was given in the
Table S2.}

Conclusions

We explore a new carbon source for preparation of CQDs using
a POP derived porous carbon via nitric acid oxidation method.
The POP was synthesized by mechanochemical Friedel-Crafts
alkylation in solvent free conditions. Using the as-prepared
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CQDs, we develop a simple and effective ECL detection
method to DA based on CQDs/CG composite modified GCE. The
complementary structure and synergistic function of CQDs and
CG composite film endowed the composite electrode special
properties. The ECL showed high selectivity to DA with an
excellent interference resistance ability in a high concentration
ratio of 100 (Cingerference : Cpa = 100). In addition, the sensor was
applied for detection and quantitative analysis of the actual
dopamine in human body fluids. And other novel porous
organic polymer based precursors could be prepared for the
preparation of CQDs with controllable structure and
composition.
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