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Abstract

Heterostructures have potential to blend the advantages of each material, even exhibiting the evolutionary performance due to
synergistic effects. Herein, covalent organic polymers (NUF) are integrated with a TiO,/Ti;C, Ty nanocomposite (TiO,/TiCT) to
form TiO,/TiCT-NUF heterojunctions as an enlarged nonenzymatic biosensor for dopamine (DA) and uric acid (UA). Detection
is performed by differential pulse voltammetry (DPV). The TiO,/TiCT/NUF exhibits high sensing activity with low detection
limits of 0.2 and 0.18 nM (S/N = 3) in the concentration ranges from 0.002 to 100 M and 0.001 to 60 uM for simultaneous
determination of DA and UA, respectively. In addition, the TiO,/TiCT/NUF provides good selectivity and reproducibility for DA
and UA detection in urine and serum samples with recoveries of 98.4 to 100.9%. The proposed heterojunctions manifest an
intriguing potential as a candidate of an electrochemical sensor for sole and simultaneous detection of DA and UA.

Keywords Heterostructures - Covalent organic polymers - TiO,/Ti3C, biosensor - Dopamine - Uric acid

Introduction

Physiological fluids embrace biomolecules such as dopamine
(DA) and uric acid (UA), capable of regulating life functions
[1]. Concretely, DA participates in reconciling the function of
nervous system [2], and UA is generally reckoned as the ter-
mination product of purine circulation [3]. The deviant level
of DA and UA in bodily fluids would trigger certain disorders
and diseases, such as Parkinsonism, schizophrenia, and gout,
renal disease [4], respectively. Consequently, it is paramount
to quickly and accurately distinguish DA and UA in fluids.
Preferably, comparison to other apparatus mediums that re-
quire specialized large instruments [5—7], an electroanalytical
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technique is a highly striking method in monitoring DA and
UA [8]. Also, various materials have acquired an appreciable
focus for the sole or synchronous detection of DA and UA [9],
but each has its typical impediments. This originates from the
structural similarities of DA and UA, which lead to their ox-
idation potentials so similar that is difficult to distinguish their
voltammetric peaks [10], and coexistence of species in
biofluids may result in serious disturbance on the detection
of DA and UA (i.e., serum, urine) [11]. Thus, it is of emerging
concern to exploit new materials for the electrochemical de-
tection of DA and UA.

A branch of promising porous materials, covalent organic
polymers (COPs) assembling by strong covalent bonds with
light elements (C, N, O, and B) [12], have been applied in gas
storage/separation [13], photocatalytic [14], and
electrocatalysis [15]. Presently, only several COP-based sens-
ing platforms are developed to detect targets by predicating on
colorimetric [16], fluorescent feedbacks [17], instead of elec-
trochemical ones due to their intrinsically weak electrical con-
ductivity and low dispensability [18]. One strategy is to
support/combine COPs with conductive matrixes materials
[19, 20]. In this regard, a two-dimensional titanium carbide
(Ti5C,Ty) is a sane support due to its graphene-like peculiarity
with metallic, hydrophilic, and electroactive surface [21].
Interestingly, the partially oxidized Ti;C,Ty MXene (TiO,/
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Ti5C,) is conducive to enhancing the number of carriers [22],
resulting in more electrons to participate in redox reaction
[23]. To our survey, there remains in a budding stage on
COPs for DA and UA detection, and the sparse examples
are employed COPs to combine with TiO,/Ti;C, nanohybrid
as electrochemical sensors.

Impassioned by these hallmarks, we strived to what
would engender if an electroactive covalent organic poly-
mer (NUF) integrated with a conductive TiO,/TiCT
(TiO,/TiCT/NUF heterojunctions) for electrochemically
detecting DA and UA (Scheme 1). The porous NUF is
condensed by cyanuric chloride and melamine, where
the triazine units can function as electrochemical active
sites [24]; TiO,/TiCT can adjust and optimize the inter-
face microstructure and electron mobility. Herein, the bio-
sensing platform has been fabricated by pipetting TiO,/
TiCT-NUF heterostructures onto carbon cloth electrodes
(CCEs) (TiO,/TiCT/NUF/CCE), where the polar function-
al groups derived from TiO,/TiCT and NUF, such as -NH
and —OH, can improve the interaction with the CCE sur-
faces, allowing the materials to more tightly adhere onto
the CCE surfaces. Meanwhile, electrochemical techniques
such as cyclic voltammetry (CV), electrochemical imped-
ance spectroscopy (EIS), and differential pulse voltamm-
etry (DPV) are utilized to evaluate the performance of
different electrodes. Accordingly, the synergistic effects
render TiO,/TiCT/NUF heterostructures to produce an
ultra-low LOD coupled with excellent linear range, anti-
fouling property, and anti-interference ability,
outperforming the previous work.
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Scheme 1 Schematic representation of the fabrication process of TiO,/
TiCT/NUF/CCE
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Experimental
Materials and reagents

Melamine (C3HgNg, 99%), 2, 4, 6-Trichloro-1, 3, 5-triazine
(C5CI3N3, 98%), and dimethyl sulfoxides (DMSO) were pur-
chased from Macklin Biochemical Co. Ltd. Methanol
(CH;0H, 99.5%) and ethanol (CH;CH,OH, 99.7%) were ob-
tained from Energy Chemical. MXene(Ti;C,Tx) was pur-
chased from Nanjing XFNANO Materials Tech Co. Ltd.
The TiO,/Ti3C, T, (TiO,/TiCT) nanocomposite was obtained
from the natural degradation and oxidation of Ti;C, in open
vials, placing MXene in air under gently stirring for 10 days at
room temperature. All chemicals were analytical grade and
used directly without further purification.

Preparation of the TiO,/Tiz;C,/NUF (TiO,/TiCT/NUF)

2, 4, 6-Trichloro-1, 3, 5-triazine (5 mmol) and melamine
(5 mmol) were dissolved in DMSO (30 mL) [24], respective-
ly, and refluxed in a flask at 423 K for 4 days. The generated
white precipitate was collected by centrifugation, and succes-
sively washed with DMSO, deionized water, and methanol for
several times, and then dried at 338 K for 12 h.

The NUF suspension (1.0 g L") was obtained by
suspending NUF (10 mg) in ethanol (95%, 10 mL) under
ultrasonic treatment for 2 h, and then TiO,/TiCT (5 g L
0.5 mL) was added. Subsequently, the mixture was sonicated
for 2 h to gain TiOy/TiCT/NUF.

The carbon cloth electrodes (CCEs) (8 x 8 mm?) were
washed with acetone, ethanol, and deionized water, respec-
tively, under ultrasound for 15 min. Then the CCEs were
refluxed in concentrated nitric acid for 3 h at 363 K, following
washed with deionized water to neutral. Subsequently, the
TiO,/TiCT/NUF dispersion (100 pL) was cast onto CCEs,
and dried at 333 K for 30 min, designed as TiO,/TiCT/NUF/
CCE.

Preliminary treatment of real samples

The urine was obtained from a healthy human volunteer, and
serum was purchased from KEJING Biology Co. Ltd. The
urine and serum samples were first centrifuged a speed of
5000 rpm for 10 min, and then the urine and serum supernatants
were diluted 500 and 100 times, respectively, using 0.1 M of
phosphate buffer (PB) (pH 7.4) from sodium dihydrogen phos-
phate and sodium monohydrogen phosphate solutions.

Anti-fouling measurement
Fetal bovine serum (FBS) was selected to evaluate the anti-

fouling capability of the electrode surface. Firstly, FBS was
diluted with 0.1 M PB (pH = 7.4) to different proportions (V/
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V). Then, the electrodes were immersed in FBS solution for
30 min. The variation of biosensing interface was monitored
by electrochemical impedance spectra (EIS) in PB (0.1 M,
pH =7.4) containing 0.1 M KCl and 5 mM [Fe(CN)e]> 7.

Apparatus and measurement

The powder X-ray diffraction (PXRD) analysis was conduct-
ed on an Ultima IV X-ray diffractometer with Cu K
(1.5418 A) radiation under 40 kV and 30 mA. Fourier trans-
form infrared (FT-IR) spectra were measured in the scope of
4000~400 cm™ ' (Bruker Tensor II spectrometer) with KBr
pellets. The morphology of the composites was characterized
by scanning electron microscopy (SEM) (Hitachi S-4800).
High-resolution transmission electron microscopy (HR-
TEM) was executed on FEI TF20 microscopy. Nitrogen
adsorption—desorption isotherms were gained through a
TriStar 11 3020 analyzer, and the samples were pretreated for
12 h at 423 K before the measurements. X-ray photoelectron
spectroscopies (XPS) were recorded on an ESCALAB 250Xi
spectrometer.

Cyclic voltammetry (CV), differential pulse voltammetry
(DPV), and electrochemical impedance spectroscopy (EIS)
measurements were performed on a PARSTAT 4000 electro-
chemical analyzer (Princeton Applied Research, USA). All
electrochemical tests were conducted by a traditional three-
electrode system, involving a platinum wire counter electrode
and a saturated calomel electrode (SCE) reference electrode.

The working electrode was TiO,/TiCT/NUF-modified CCE,
and CCE, NUF/CCE, TiCT/NUF/CCE, and TiO,/NUF/CCE
were adapted for comparison. The oxygen in solutions was
eliminated by continuously sparging with nitrogen for at least
20 min.

Results and discussion
Choice of materials

The NUF with triazine ring has a potential for redox reaction,
but is limited by the faint electrical conductivity. Thus, TiO,/
TiCT is chosen to combine with NUF for increasing the num-
ber of carriers, bringing about a good electrocatalytic ability to
DA and UA for TiO,/TiCT/NUF heterojunctions.

Structural and morphological characterization

The structure and composition of NUF, TiCT, TiO,/TiCT,
and TiO,/TiCT/NUF are investigated by PXRD. As illustrated
in Fig. la, the diffraction signals of anatase TiO, gradually
strengthen, and those of TiCT appear to weakened after TiCT
is partially oxidized to TiO,; while there is no obvious pattern
in the amorphous NUF ranging from 10 to 35° [24]. When
TiO,/TiCT integrated with NUF, a lower content brings about
an unobvious pattern of TiCT observed in the XRD of TiO,/
TiCT/NUF. The FT-IR spectrum is also applied to monitor the
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groups in TiO,/TiCT/NUF (Fig. 1b). The TiO,/TiCT-doped
NUF composite exhibits the H-N vibration at 3394, 2941, and
1705 cm ', and the C—N vibrations at 1203, 1045, and
813 c¢cm ' together with O—H (1640 ¢cm '), C=0
(1402 cm™ '), and wide O-Ti—O bands at 400 ~900 cm '
[25]. These groups generate relatively strong vibration signals,
despite NUF and TiCT show the weak or low crystallinity.
The morphology of materials is measured by SEM and TEM.
As displayed in the SEM images (Fig. S1), NUF is loose
block, and TiO,/TiCT appears as fusiform shapes with a few
sheets. Furthermore, the blocky-shaped NUF particles, ac-
companied by fusiform TiO, and lamellar TiCT can be sensi-
bly observed from the SEM and TEM images of TiO,/TiCT/
NUF (Fig. 1c, 1d), indicating the successful combination of
the two materials, consistent with the PXRD results.

The N, absorption/desorption isotherms of the NUF and
TiO,/TiCT/NUF are displayed in Fig. S2. The N, uptake of
NUF raises as P/P, increases from 0.44 to 0.9. Also, the iso-
therm of NUF presents an obvious hysteresis loop, belonging
to a typical IV type adsorption curve, revealing the existence
of mesoporous structure in NUF. The pore size of the NUF
structure mainly distributes at 14.1 and 29.4 A (Fig. S2b).
Upon integrating with TiO,/TiCT, TiO,/TiCT/NUF has a
similar adsorption curve and pore size distribution, and a rel-
atively smaller Brunauer-Emmett-Teller surface (Sggt=
326.1 m? gfl) when referred to NUF (444.4 m? g ). In accor-
dance with SEM image, the reduction of Sggt is probably due

to the addition of TiO,/TiCT occupies part of the pores in
NUF, small Sger with large electrocatalytic activity, illustrat-
ing BET surface area is not the only factor that affects elec-
trocatalytic performance.

X-ray photoelectron spectroscopies (XPS) is also carried
out for investigating the combination of TiO,/TiCT and
NUF (Fig. 2). As monitored in Fig. 2a, the broad peak in N
1 s species (397~401 eV) from NUF is deconvoluted to three
peaks at 399.4, 398.6, and 397.8 eV, respectively, correspond-
ing to C-NH-C, dangling —-NH, and C=N in the triazine ring,
which also appears in TiO,/TiCT/NUF. The TiO,/TiCT has
two pairs of Ti signals, occurring to Ti—C (459.8 and 455 eV)
and TiO, (464.5 and 458.4 eV), respectively [26], disclosing
that the TiCT has been partially oxidized to TiO, (Fig. 2b);
meanwhile, there is a characteristic peak of Ti?* (456.3 eV),
possibly originating from an intermediate phase before the
MXene converts to TiO, [27]. When TiO,/TiCT merged with
NUF, TiO,/TiCT/NUF exhibits the similar Ti 2p signals [26],
and the peak of the instable Ti** intermediate appeared weak.
The TiO,/TiCT holds the distinctive peaks in C 1 s, corre-
sponding to C-O (286.2 e¢V), C-C (284.6 e¢V), O—C=0
(288.6 eV), and C-Ti (282 eV), respectively (Fig. 2c) [28].
With respect to TiO,/TiCT/NUF, the additional C=N
(285.4 eV) and C-N (286.7 eV) are assigned to the NUF
backbone, and the C-Ti signal is obviously weakened, indi-
cating that the TiO,/TiCT has been successfully doped into
the NUF.
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Electrochemical behaviors of modified CCEs
Electrochemical behavior of TiO,/TiCT/NUF/CCE electrode

Electrochemically active surface area (SA) is calculated by
recording CV response of [Fe(CN)6]3_/ 4 (0.5 mM) with var-
ious scan rates (v, 20 to 300 mV s_l). As observed in Fig. S3,
the currents of anodic and cathodic peaks and peak-to-peak
potential distance gradually enlarge with an increase of scan-
ning rate at all modified electrodes, illustrating quasi-
reversible electron-transfer behavior. Further, the 1./, ratio
lies in the range of 1.10~1.17 confirms the quasi-reversible
behavior [29]. The SA is determined using the Randles—
Sevcik equation (Egs. (1)).
1, = 269n*>AD!/?0!/%¢ (1)
where 1, is the peak current, A(cm?) is the effective area of the
modified electrode, D is the diffusion coefficient and C(mol
dm™) is the concentration of the redox probe [Fe(CN)e]>
undergoing one-electron transfer reaction (n = 1). The SA for
CCE, NUF/CCE, TiCT/NUF/CCE, TiO,/NUF/CCE, and
TiO,/TiCT/NUF/CCE is estimated to be 0.81, 4.69, 13.34,
10.62, and 21.65 cm?, respectively (Fig. S3a-S31i).
Therefore, the existence of TiO,/TiCT immensely enhances
the SA of the TiO,/TiCT/NUF-modified CCE.

We analyzed the electrochemical properties of the elec-
trodes measured by cyclic voltammetry (CV) at a fixed scan
rate of 50 mV s ' and electrochemical impedance spectrosco-
py (EIS) under 0.1 M KCI solution containing 5 mM
[Fe(CN)]** probe. As displayed in Fig. 3a, the redox peak
current of the TiO,/TiCT/NUF-modified CCE towards
[Fe(CN)s]* ™ probe is 1.4-, 1.5-, 13.2-, and 270-fold higher
than those of TiO,/NUF/CCE, TiCT/NUF/CCE, NUF/CCE,
and CCE, respectively; its CV area is the largest, illustrating
excellent electrocatalytic activity. Regarding the EIS in Fig.
3b, the semicircle diameter of the Nyquist plot from CCE is
magnified up to 29.9 Q) (R, than that of the NUF/CCE
(22.7 Q), TiCT/NUF/CCE (20.65 ), TiO,/NUF/CCE
(17.89 ), indicating elevated charge transfer kinetics on the
material modified electrodes. Besides, TiO,/TiCT/NUF/CCE
shows minimal R (15.66 (), ascribed to the improved con-
ductivity. The large electrode effective area, catalytic ability,
superior conductivity, and charge transfer ability could accel-
erate electron transfer capability and have potential as sensing
platform.

Electrocatalytic properties of TiO,/TiCT/NUF/CCE
CVs are recorded in the absence and presence of DA (10 uM)

and UA (10 uM) in PB (pH 7.4) at the bare CCE, NUF/CCE,
TiCT/NUF/CCE, TiO,/NUF/CCE, and TiO,/TiCT/NUF/
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CCE under the scan rate of 50 mV's ! (Fig. 3 and S4). There is
no discernible oxidation response in all electrodes without DA
and UA. Under the potential range of — 0.6~0.2 V (versus
SCE), the decomposition of the water brings about the sharply
elevated current of TiICT/NUF/CCE in PB solution (Fig. S4b).
However, a lower amount of TiCT in TiO,/TiCT/NUF/CCE
fails to rouse the oxygen evolution (Fig. 3d) [30]. After DA
and UA addition, the oxidation peaks towards DA and UA
occur on the modified CCE electrodes. As depicted in Fig. 3c,
the associated peaks linking to the oxidation of DA (0.144 V
versus SCE) and UA (0.275 V versus SCE) exist in NUF/CCE
due to the catalytic activity of NUF towards DA and UA.
Contrasted with those of TiCT/NUF/CCE and TiO,/NUF/
CCE (Fig. S4), the largest current intensity figures in the de-
tection curves of DA and UA on TiO,/TiCT/NUF/CCE.

Influence on pH and electrochemical kinetics

The CV current responses of UA and DA at TiO,/TiCT/NUF/
CCE depend upon the pH of buffer medium (pH 5.0~9.0). As
presented in Fig. S5, the E,,, values of DA and UA stick out an
opposite direction as the pH of PB magnifies. The linear rela-

tionship of £, versus pH is accorded with the following equa-
tion:

Epa(V) = —0.065pH + 0.62 (R2 = 0.994) (2)
Epa(V) = —0.069pH + 0.82  (R* = 0.992) (3)

The derived slopes border on the theoretical value figured
from the Nernst eq. (0.0598 V pH "), demonstrating that the
number of the electron and proton associated with electrode
reaction is equal [31]. Besides, it can be discovered that the
larger anodic current of TiO,/TiCT/NUF/CCE towards DA
and UA is located at pH 6 and 5, respectively. While, we
chose a pH 7.4 PB as suitable electrolyte for further experi-
ments, proceeding from feasibility and practicability.

The reaction kinetics of DA (10 uM) and UA (20 uM) at
TiO,/TiCT/NUF/CCE is also contemplated by CV measure-
ments, and the effect of scan rate (v) on peak current (/,) and
peak potential (£,) in PB (0.1 M, pH 7.4) are presented in Fig.
S6. The positive shift in 7, of DA (Ipa) and UA (Iya) depends
on the square root of scan rate (’Ul/ 2, 20 to 200 mV sfl). The
good linear correlation generates between /,, versus 0", illus-
trating that the oxidation of DA and UA (Egs. (4) and (5)) at
TiO,/TiCT/NUF/CCE are regulated by a typical diffusion-
controlled process. [32]

Ipa (uA) = 38492 0/2(vs)'P-448 (R =0.997)
4)

1/2

Tua(RA) = 506.49 v'/2(V's1)/"=458  (R* =0.997)
(

5)

@ Springer

Moreover, an irreversible reaction can be described by
Laviron’s equation (Egs. (6)):

2.3RT RTK. 2.3RT
E, = E’- 1 s
’ noF 8 noF + n«F

logv (6)

where E° is the formal potential (V), n is the number of trans-
ferred electrons, « is the charge-transfer coefficient, K is the
standard heterogeneous electron transfer rate constant and oth-
er parameters represent conventional meanings. Accordingly,
oxidation peak potentials (£,) of DA and UA (Egs. (7) and
(8)) as function of the logarithm of scan rates (log v) are
plotted in Fig. S6:

Epa(V) =0.050 logu(V's™') +0.19 (R*=0.995) (7)

Eua(V) =0.052logu(V's™') +0.33 (R*=0.998) (8)

According to the slopes of E, — log(v) curves (2.303RT/
anF), the an value is 1.18 (DA) and 1.13 (UA), respectively.
Also, the linear equation (Egs. (9)) is adopted to estimate n
(approximately 2) [33], where D is assumed to be 6.2 x 10°°
(DA) [34] and 2.75 x 10°® cm® s ' (UA). [3] The calculated
results vote two electrons transfer processes of electrocatalytic
reactions emerged at the TiO,/TiCT/NUF/CCE electrode.
Then, K, value of 0.92 and 1.1 s~ ! is obtained for TiO,/
TiCT/NUF/CCE towards DA and UA oxidation, respectively

(Egs. (6)).
= (0.4958 x 10)nF*2(RT)"/*(an)'AcD' /20172 (9)

Based on the relationship between £, and pH, the number
of electrons and protons involved in the reaction is equal, and
thus, it can be speculated that two electrons and two protons
involve in the DA and UA oxidation. The mechanism is de-
scribed as follows:

o o NH,
-2e" -2H*
NH,
OH o
Dopamine oxidation
Y- == 17
O)\N
H Uric acid oxldatlon
The triazine units redox-activated in the NUF can function
as electrochemical active sites, and the blend of conductive
TiO,/TiCT would increase the number of carriers, and further
employ abundant electrons to involve into the reaction, which
could improve the conductivity of TiO,/TiCT/NUF compos-

ite. The heterojunctions formed in TiO,, TiCT, and NUF
make the composite possess large effective active area, and

-29 -2
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optimized electron transfer capability, which is beneficial to
the oxidation of DA and UA.

Simultaneous determination of DA and UA

The differential pulse voltammetry (DPV) technique is
harnessed to appraise the determination of DA and UA using
TiO,/TiCT/NUF/CCE. Figure 4 depicts the DPV curves of
TiO,/TiCT/NUF/CCE towards DA (0.002 to 100 uM) and
UA (0.001 to 120 uM) under the optimized conditions. The
peak current of TiO,/TiCT/NUF/CCE steadily increases with
an increase of detected compound concentrations (Cp, and
Cya), respectively. Similarly, the linear and exponential fittings
of Cpa (Egs. (10) and (11)) and Cya (Egs. (12) and (13)) versus
the current response can be obtained over low and high con-
centration regions, respectively, as stated in the function below:

1,(DA) = 7.69Cpa + 3.27 (R* =0.998) (10)
I1,(DA) = 250.31(1-0.96>)  (R* = 0.995) (11)
1,(UA) = 8.58Cya +12.33  (R* =0.991) (12)
1,(UA) = 449.64-574.49 x 0.96“* (R* =0.994) (13)

Figure 5 illustrates the DPV curves that Cy, (1.0 to 10.0 uM)
and Cpa (4.0 to 13.0 uM) accompanying by DA (15.0 uM) and
UA (10 uM) for simultaneous detection, respectively, indicating

that there is little effect on the determination of UA in the pres-
ence of DA. The 1, is proportional to Cya and Cpy, following
the linear equations ((Egs. (14)) and (15)):

I,(RA) = 8.2Cya + 17.66 (R* = 0.997)
I,(HA) = 7.44Cpa + 12.58(R* = 0.999)

Additionally, the simultaneous detections of DA and UA
are also performed by DPV technique (Fig. Se). As seen, DPV
curves reflect two well-separated anodic peaks, pertaining to
the oxidation of DA (£p, =0.144 V) and UA (E,,=0.275 V)
on the TiO,/TiCT/NUF/CCE, respectively. The synchronous
additions of DA (0.002~100 uM) and UA (0.001~60 puM)
unfold a variation in /,, versus concentrations. According to
the signal-to-noise (S/N=3), the limit of detection (LOD) is
estimated to be 0.2 nM (DA) and 0.18 nM (UA), with the
sensitivity 0f9.2x 10> and 8.3 x 10> uAnM ' cm 2, respec-
tively. The results testify that the TiO,/TiCT/NUF/CCE bio-
sensor can cooperatively detect DA and UA, with no notice-
able interference from each other. It can be noted that the
proposed biosensor has a better performance for the detection
of DA and UA particularly over that of other sensors in terms
of limit of detection and detection range (Table S1).
Meanwhile, we also compared the proposed electrochemical
sensor with other previous methods (Table S2), the detection
limit of which is superior to fluorometry and colorimetry.

Fig.4 DPVsof TiOo/TiICT/NUF/ @ b
CCE applied at the potential range -500 -400
0f 0.0 t0 0.5V in 0.1 M PB N L
. . . 550 - -500
solution (pH 7.4) with various N
concentrations of a DA -600 = 600
(0.002~100 M) (Illustration is < <
0.002~0.02 M) and b UA z %0 £ 100
(0.001~120 uM) (Illustration is 2 700l 5
0.001~0.01 M) the 3 S 800
corresponding plots of ¢ 7, vs -750 -
CDA7 SD (ﬂ: 064, n= 3) and d Ipa 800 -900
vs Cua, SD (1.2, n=3) el P —
-850 . . . . -1000 M . .
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 04 0.5
Potential (V) Potential (V)
c d 50
250
400 +
200
2 150 I (WA) = 246.9 (1 - 0.96 Cov) j‘; 300
3 , 5 | (uA) = 447.76 - 549.92 x 0.96 Cu4
3 100l R?=0.996 200}
R? =0.997
50| | (uA) =3.28 + 7.86 Cpp, 100 | (uA) = 11.91 +8.36 Cy,
ol R2=0.999 ol R? = 0.994
0 20 40 60 80 100 0 20 40 60 80 100 120
Coa (MM) Cua (BM)
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Fig. 5 DPV profiles of TiO,/ a

TiCT/NUF/CCE in 0.1 M PB
(pH 7.4) containing a 15 uM DA
with 1.0~10.0 uM of UA, ¢ )
10 uM UA with 4.0~13 uM of -500
DA, and e 0.002~100 uM of DA
and 0.001~60 uM of UA; the
corresponding linear plots of /, vs
concentration towards the sole 600
UA b (SD (£ 1.13)), the sole DA

d (SD (+ 1.24)), and the mixture

-450 -

-550

Current (nA)

I (uA) = 8.31 Cy, + 16.71
R2=0.998

of DA f(SD (+2.88)) and UA g 650 I
(SD (+0.61)) 0.0 0.1 0.2 0.3 0.4 0.5 0 2 4 6 8 10
Potential (V) Cua (M)
¢ -500
550 1 SN |
g
S 600
g L
3 -650 |
r 1 (uA) =7.48 Cpp+ 9.3
700 | R? =0.997
[
-750 L L L " 1 . . . .
0.0 0.1 0.2 0.3 0.4 0.5 4 6 8 10 12 14
Potential (V) Cos (M)
f
200}
e
-500 |- k== 150
< | (nA) = 184.7 (1 - 0.94 Cov)
3 100}
3 R?=0.998
-600 50 |
I (LA) =3.28 +8.07 Cp,
3 ol R? = 0.992
H 700 0 20 40 60 80 100
g - i Cpa (uM)
o g
200 |
-800 | 150 |
=z o/ =203.17-186.7 x 0.9 Cn
< 100} oA
S R? = 0.999
-900 L L . L 50
00 01 02 03 04 05 I (uA) =13.1+8.55C
Potential (V) ol R? = 0.999

Repeatability, reproducibility, and stability

Repeatability, reproducibility, and stability are important pa-
rameters to evaluate the performance of biosensor. The TiO,/
TiCT/NUF/CCE is continuously measured the response of
DA (5.0 uM) and UA (5.0 uM) for five successive

@ Springer
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Cya (uM)

measurements; the relative standard derivation (RSDs, n=15)
for DA and UA is 1.4% and 0.42%, respectively (Fig. S7).
The reproducibility of the sensor is obtained by using five
modified electrodes, and the calculated RSD is 0.69% for
DA and 0.89% for UA (Figure S7). The stability of TiO,/
TiCT/NUF/CCE is evaluated after exposing the electrode into
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the refrigerator at 277 K, where the response remains ca.
98.5% and 97.0% for DA and UA, respectively, after 4 days
(Fig. S8). Besides, as illustrated in SEM imagines (Fig. S9),
the TiO,/TiCT/NUF is still retained on the CCE surface after
electrochemical measurement, testifying its robustness on
CCE surface. These results verify that the fabricated biosensor
has excellent reversibility, repeatability, reproducibility, and
stability for the electrochemical detection of DA and UA.

Interference and antifouling property

The anti-interference performance is a critical property indi-
cator for nonenzymatic biosensor. Some possible interfer-
ences coexist with DA and UA in real samples. Figure 6
shows the current responses of DA (20 uM) and UA
(10 uM) in the presence of 10-fold interferes including inor-
ganic salt ions (NaCl) and bioactive molecules (urea, glucose,

a 250
Analyte AT(pA) Interferent AT Selectivity
200 (nA) tocﬂ.icit-m
B I K.y
DA 197.902 - - -
DA+AA  201.659 AA 3.757 0.019
DA+Gly  205.647 Gly 7.745 0.039
2 150 - DA+Glu  210.707 Glu 12.805 0.065
3. DA+Urea 208.867 Urea 10.965 0.055
hed DA+NaCl 200,969 NaCl 3.067 0.015
g DA+H,0, 194835 H,0, 3067 0015
100 | DA+FA 191155  Falicacid 6.747 0035
50+
- = =
015 . —F—F
DA AA Gly Glu Urea NaCl H,0, FA
b
200
Analyte Al (uA) Interferent Al  Selectivity
160 - I (uA)  coefficient
l\.ul
TA 163.168 = -
UA+AA  166.158 AA 2.990 0.018
_ 120 | UA+Gly  167.922 Gly 4.754 0.029
< UA+Glu  166.925 Glu 3.757 0.023
3 UA+Urea 167539  Urea 4.371 0.027
— UA+NaCl 164548  NaCl 1.380  0.008
< 80} UA+H,0, 162631 H,0, 0537  0.003
UA+FA 154810 Falic acid  8.358 0.051
40}
x
|| EENS- S SRS SSE . - R N N

UA AA Gly Glu Urea NaCl H,0, FA

Fig. 6 The graphs of DPV current responses of TiO,/TiCT/NUF/CCE
towards DA (20 uM) and UA (10 uM) in the presence of 10-fold co-
existing substances: ascorbic acid (AA), glycine (Gly), glucose (Glu),
urea, NaCl, H,O,, and folic acid (FA)

glycine, H,O,, folic acid, and ascorbic acid). The interferences
of these possible coexisting substances are calculated by the
selectivity coefficient (ks.) (Eqs. (16)). In any case, the kg
values are inferior to 0.07, illustrating excellent selectivity of
Ti0,/TiCT/NUF/CCE. Furthermore, for ascorbic acid (AA)
likely to affect the electrochemical detection of DA and UA,
additional CV and DPV measurements are carried out for the
simultaneous detection of AA, DA, and UA. As shown in Fig.
S10, there is no marked redox peak of AA either in single AA
or in the three mixtures. Furthermore, the high concentration
of AA observably no interferes with the detection of DA and
UA, and displays in Fig. S11.

k sel — ( S ignal) interferent / ( Slgnal) analyte ( 1 6)

In complex biological samples, the presence of non-specific
protein would affect the practical application of electrodes [35].
Here, electrochemical impedance spectroscopy (EIS) is per-
formed to monitor the interface variation of the electrode with
and without incubating in different dilution ratios (V/V) of FBS
solution. As shown in Fig. S12, there is no significant change in
the EIS signal (R,,) when the FBS concentration is below 10%.
The R shows the 7.3% and 40% increases after immersing in
20% and 100% FBS, respectively, indicating that the proposed
biosensor shows considerable anti-fouling ability.

Analysis of real samples

The applicability of the developed biosensor in real samples is
evaluated by measuring DA and UA in urine and serum
(10 mL) by DPV analysis (Fig. S13 and S14). The known
DA and UA concentrations are added to the diluted samples
(supporting information). As displayed in Table 1, the satis-
factory recoveries of the spiked samples for DA and UA rang-
ing from 98.4 to 100.9%, with RSD values below 1.0%. These
analytical results demonstrate that TiO,/TiCT/NUF/CCE has
great practicability and validity for the routine analysis of DA
and UA in real samples.

Table 1 Recoveries of DA and UA using TiO,/TiCT/NUF/CCE in
urine and serum samples
Sample  Analytes  Determined  Added Found  Recovery
(M) (M) (M) (%)
Urine DA 5.7 5.0 10.72 100.2
7.0 12.70 100.0
UA 6.7 1.0 7.74 100.5
5.0 11.80 100.9
Serum DA 0.3 2.0 2.30 100.0
5.0 5.30 100.0
UA 34 3.0 6.30 98.4

13.0 16.25 99.1
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Conclusion

In this study, a novel biomimetic non-enzyme sensor for si-
multaneous detection of dopamine (DA) and uric acid (UA) is
constructed based on covalent organic polymer (NUF) and
Ti0,/Ti3C, Ty (TiOy/TiCT), which can effectively solve the
problems of low electroconductivity of NUF and weak bioca-
talysis activity of Ti3C,Ty. Due to the advantages of abundant
redox sites, large electroactive area, and enhanced electron
transfer capacity along with heterostructures, wide linear
ranges and ultra-low detection limits for simultaneous mea-
surement of DA and UA are reflected. Furthermore, TiO,/
TiCT/NUF/CCE is not only immune to co-existing interfer-
ence under the presence of 10-fold glycine, glucose, urea,
NaCl, H,0,, and folic acid along with 25-fold ascorbic acid,
but also directly applicable to determine DA and UA concen-
trations in urine and serum samples with satisfactory results.
Moreover, the proposed biosensor could effectively prevent
the non-specific adsorption of protein on the electrode surface.
Predominantly, the TiO,/TiCT/NUF can validate a candidate
of biosensor for active biomolecules in medical diagnosis and
food supervision.
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