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Dopamine is an important neurotransmitter in the body and closely related to many neurodegenerative diseases.
Therefore, the detection of dopamine is of great significance for the diagnosis and treatment of diseases,
screening of drugs and unraveling of relevant pathogenic mechanisms. However, the low concentration of
dopamine in the body and the complexity of the matrix make the accurate detection of dopamine challenging.
Herein, an electrochemical sensor is constructed based on ternary nanocomposites consisting of one-dimensional
Pt nanowires, two-dimensional MXene nanosheets, and three-dimensional porous carbon. The Pt nanowires
exhibit excellent catalytic activity due to the abundant grain boundaries and highly undercoordinated atoms;
MZXene nanosheets not only facilitate the growth of Pt nanowires, but also enhance the electrical conductivity
and hydrophilicity; and the porous carbon helps induce significant adsorption of dopamine on the electrode
surface. In electrochemical tests, the ternary nanocomposite-based sensor achieves an ultra-sensitive detection of
dopamine (S/N = 3) with a low limit of detection (LOD) of 28 nM, satisfactory selectivity and excellent stability.
Furthermore, the sensor can be used for the detection of dopamine in serum and in situ monitoring of dopamine
release from PC12 cells. Such a highly sensitive nanocomposite sensor can be exploited for in situ monitoring of
important neurotransmitters at the cellular level, which is of great significance for related drug screening and
mechanistic studies.

1. Introduction

depression, Huntington’s disease, Parkinson’s disease, and Alzheimer’s
disease [3], and may trigger HIV infection [4] and the occurrence of

Dopamine is the most abundant catecholamine neurotransmitter in
the brain and plays an important role in regulating various physiological
functions of the central nervous system [1]. It is synthesized by nerve
cells or synapses and transmits impulses between cells to convey sen-
sations (mainly excitement and pleasure). At the same time, it is also
closely related to the body’s important responses such as movement,
learning, cognition, memory, and so on [2]. Abnormal dopamine con-
centration can create dreaded neurological diseases like Schizophrenia,
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various cancers [5]. Additionally, dopamine is a biomarker for many
neurodegenerative diseases including neuroblastoma and pheochro-
mocytoma [6]. Therefore, rapid detection and real-time quantification
of dopamine in complex biofluid environments are important for eval-
uating neurological functions, performing relevant drug screening and
studying disease mechanisms. Currently, a range of technologies have
been developed for dopamine detection and analysis, such as
surface-enhanced Raman  spectroscopy  (SERS), fluorescence,
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spectrophotometry, gas chromatography-mass spectrometry, and so on
[7]. These methods often require sophisticated instrumentation and
delicate operations, are time-consuming, and greatly limits their appli-
cation in clinical testing. The detection can be further complicated by
the fact that dopamine can be easily polymerized or oxidized [8]. In
addition, the content of dopamine in the human body is very low (e.g.,
0.01-1 pM in healthy individuals, and in the nanomolar range in pa-
tients with Parkinson’s disease) [9], and there are interferences from
substances such as uric acid (UA) and ascorbic acid (AA), which makes
the accurate detection of dopamine even more difficult. Therefore, there
is an urgent need for the rational design and development of sensitive,
selective, rapid, and inexpensive dopamine assays.

Towards this end, electrochemistry stands out as an attractive option
due to the ease of operation, simple instrumentation, no complex pre-
treatment, and low cost [10]. However, bare electrodes typically exhibit
only low electron-transfer kinetics and are prone to interference by
non-specific substances, which greatly compromises the detection
sensitivity. The performance can be improved by modifying the elec-
trode surface with active materials [11], such as magnetic nanoparticles
[12], carbon nanotubes [13], metal nanoparticles [14], carbon quantum
dots [15], as well as graphene [16]. For example, Huang et al. [17]
prepared an ultra-sensitive electrochemical sensor for dopamine detec-
tion based on graphene quantum dots/multi-walled carbon nanotubes
(GQDs-MWCNTs), whereby the GQDs significantly increased the spe-
cific surface area and improved the electrical conductivity of the elec-
trode. Ma et al. [18] developed an electrochemical sensor based on
self-rolled TiO2 microscroll/graphene composites, where the sensitivity
and selectivity for dopamine detection was significantly enhanced, due
to the porous surface of the TiO; nanomembranes and highly conductive
graphene. Other 2D nanomaterials, such as transition metal dichalco-
genides and MoS; [19], have also been used for electrochemical bio-
assays. Among these, MXenes [20] have emerged as a unique option,
due to good hydrophilicity and excellent mechanical properties, with
rich surface functional groups, such as -OH, -O, and -F [21]. Few-layer
or monolayer MXenes nanosheets are known to possess a large specific
surface area and adjustable interlayer gap, which not only effectively
improve the electrical conductivity but also reduce the aggregation and
accumulation of atoms [22]. Therefore, MXenes can be used as an ideal
support for loading other substances [23]. Since Zheng’ group experi-
mentally demonstrated dopamine detection by MXenes in 2018, MXenes
have been widely used for the electrochemical detection of dopamine
and other biomolecules [24]. The performance can be further enhanced
by the incorporation of three-dimensional porous carbon (PC) that is
known to markedly enhance the adsorption capacity and electron/mass
transfer kinetics [25].

Metal nanoparticles/nanostructures represent another class of active
materials due to their unique catalytic activity. He et al. [26] loaded
gold nanoparticles onto a graphene film and observed highly sensitive
and rapid detection of dopamine under optimal conditions. Sun et al.
[27] prepared a dopamine sensor based on BiOI and AuAg nanoparticles
modified indium tin oxide (ITO) electrodes, where the AuAg nano-
particles improved the surface conductivity of BiOI and significantly
increased the sensitivity and stability of the sensor. Platinum (Pt) is
another metal with excellent catalytic activity [28]. Yet, Pt-based cat-
alysts are mostly concentrated on Pt nanoparticles, which exhibit a high
surface energy, and are prone to dissolution, aggregation, and/or
Oswald ripening during catalytic reactions [29]. Such issues may be
mitigated with one-dimensional (1D) Pt nanostructures, such as nano-
wires (NWs) and nanotubes (NTs) [30], which feature unique structural
characteristics such as good flexibility, stable configuration, and
numerous high-coordination atoms. In particular, the rich grain
boundaries of Pt nanowires are favorable for enhancing the catalytic
activity by lowering the reaction activation energy [31].

In this study, ternary nanocomposites consisting of Pt nanowires/
MXene nanosheets/porous carbon (Pt/MX/PC) were prepared and used
as the active materials to construct a sensing platform for dopamine
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detection based on screen printed carbon electrodes (SPCEs) (Scheme 1).
Ti3CyTx MXene nanosheets were prepared by chemical etching with HC1
and LiF and uniformly dispersed in an organic solvent under sonication.
Subsequently, HoPtClg and KOH were co-incubated at high temperature
and pressure, where Pt atoms were anchored onto the surface of the
MXene nanosheets through amine species produced in the system, which
promoted the growth of Pt nanowires. Finally, porous carbon was added
to the Pt nanowires/MXene suspension, and the resulting Pt/MX/PC
ternary nanocomposites were dropcast onto the SPCE surfaces for
electrochemical detection of dopamine. Within the ternary nano-
composite, the MXene nanosheets loaded with Pt nanowires possessed
abundant active sites, the Pt nanowires inhibited the interlayer aggre-
gation of the MXene nanosheets and increased the surface area for
improved catalytic activity, while PC enhanced the adsorption of
dopamine on the electrode surface, and the porous mesh structure also
increased the specific surface area and facilitated charge and mass
transfer. The synergistic effects of these structural components led to a
remarkable performance in dopamine detection.

2. Experimental section
2.1. Materials

Ti3AlCy MAX (>95 % purity) was purchased from Beike 2D materials
Co. Ltd. Hexachloroplatinic acid (HyPtCle-6H20, >99 % purity) was
purchased from Aladdin Co. Ltd. Potassium citrate was purchased from
Alfa Aesar. All other reagents were of analytical grade and used as
supplied. SPCEs were obtained from Zhejiang Nazhihui Biotechnology
Co.

2.2. Synthesis and characterization of Pt/MX/PC nanocomposites

TigCaTx MXene nanosheets were fabricated by traditional acid
etching with HCl and LiF from bulk Ti3AlCy; (MAX), and 60 mg was
dispersed in 15 mL of ethylene glycol and 20 mL of N,N-
dimethylformamide (DMF) under sonication for 2 h to obtain a black
suspension. Into this was then added 40 mg of HyPtClg and 2 g of KOH
under vigorous stirring overnight, before the mixture was transferred to
a Teflon autoclave and solvothermally treated at 170 °C for 8 h. In this
process, Pt was anchored onto the surface of the Ti3CoTx MXene nano-
sheets through the amine species produced in the system, leading to the
growth of abundant Pt nanowires assembled onto the MXene nano-
sheets. After the reaction, the product was cooled to room temperature,
collected by centrifugation, rinsed with ethanol and ultrapure water for
several times, and finally freeze-dried, affording Pt nanowires/MXene
nanosheets (Pt/MX) binary composites.

PC was synthesized by adopting a procedure reported previously
[32]. In brief, 8 mmol of potassium citrate (Alfa Aesar Co., Ltd.) was
placed in a tube furnace and pyrolyzed at 800 °C for 1 h in an Ar at-
mosphere. The resulting black solid was rinsed with a HoSO4 solution
(0.5 M) and water (18.2 MQ) to remove inorganic impurities, and dried
at 60 °C, to yield PC.

The obtained PC was mixed with the above Pt/MX at a 1:1 mass ratio
to produce ternary Pt/MX/PC nanocomposites. The structural charac-
terization was conducted with a field-emission transmission electron
microscope (TEM, FEI Talos F200S), scanning electron microscope
(SEM, Hitachi S-4800), PHI Quantera X-ray electron spectroscopy (XPS)
instrument, a Rigaku Ultima IV X-ray diffractometer (A = 0.15418 nm),
and PerkinElmer Spectrum One FTIR spectrometer. Dynamic light
scattering (DLS) and zeta potential studies were carried out by using a
Wyatt DynaPro NanoStar temperature-controlled microsampler.

2.3. Preparation of Pt/MX/PC sensors

SPCEs were used as the biosensor platform, where three electrodes
were printed with an external insulating layer and electrode leads,
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Scheme 1. Schematic illustrations of (a) the synthetic process of Pt nanowires/MXene nanosheets/porous carbon (Pt/MX/PC) ternary nanocomposites, and (b) the

detection of dopamine released from living PC12 cells.

namely, the working electrode (WE), the reference electrode (RE), and
the auxiliary electrode (AE). To prepare the catalyst ink, 1 mg of the Pt/
MX/PC ternary composites were dispersed into 1 mL of a 10 % Nafion
solution under sonication for 30 s and 10 pL of the ink was dropcast onto
the WE and allowed to dry at room temperature in a dustless environ-
ment. The resulting SPCEs were then used for electrochemical detection
of dopamine.

2.4. Electrochemistry

All electrochemical tests were run with a CHI 660E electrochemical
workstation (Shanghai CH Instrument, China) with the SPCEs at room
temperature. In real serum tests, the samples were diluted with 1x PBS
(phosphate buffer saline, pH 7.4) to obtain 5 % serum, into which was
added dopamine at different known concentrations. The recovery of the
samples was calculated from the current signals.

2.5. PC12 cells culture and dopamine detection

A PC12 cell line was cultivated and maintained in a cell culture flask
using a Roswell Park Memorial Institute (RPMI) Medium 1640 supple-
mented with 5 % heat-inactivated fetal bovine serum (FBS), 15 % heat-
inactivated horse serum (HS), and 1 % penicillin-streptomycin at 37 °C,
placed in a humidified atmosphere of 95 % air and 5 % carbon dioxide.
Cells were passaged every 4-5 d and the medium was changed 3-4 times
a week throughout the lifetime of all cultures. Cells were trypsinized and
subcultured when they grew to more than 80 % confluence in the T-
flask. All culture flasks used were washed with 0.01 % poly-i-lysine
solution for 2 h before inoculation, followed by fresh RPMI 1640 me-
dium (or 1 x PBS). Nerve growth factor (NGF) was added to the culture
flasks at a concentration of 50 ng/mL and incubated for 48 h prior to the
electrochemical experiments [33]. Then, PC12 cells were removed from
the bottom of the cell culture flasks by standard trypsinization, and the
cell density was determined to be approximately 1 x 10° cells/mL by
cell counting method, followed by resuspension in PBS after centrifu-
gation. A high K' solution was then added to the reaction system to
depolarize the living PC12 cells and induce dopamine release. After
co-incubation for 6 min, voltammetric measurements and mass spec-
trometry analysis (Instrument: AB SCIEX 6500+ Mass Spectrometer)
were performed to detect dopamine.

3. Results and discussion
3.1. Characterization of Pt/MX/PC ternary composites

The morphology and microstructure of the Pt/MX/PC composites
were first analyzed using SEM and TEM measurements. From the SEM
image in Fig. la, the sheet morphology of the MXene layers can be
clearly observed. From the TEM (Fig. 1b) and SEM (Fig. S1a) images of
the Pt/MX composites, the Pt nanowires (along with a small number of
nanoparticles) can be found to be dispersed on the MXene surface
forming an integrated network. In high-resolution transmission electron
microscopy (HRTEM) measurements of the Pt/MX composites (Fig. 1c),
the Pt nanowires can be seen to possess well-defined lattice fringes with
an interplanar spacing of 0.235 nm consistent with the (111) planes of
cubic platinum [34], and rich grain boundaries (yellow dashed lines).
Fig. S1b shows the SEM image of PC, which can be seen to contain a
number of pores of varying sizes (from a few tens to a few hundred nm),
forming an integrated network structure. Fig. 1d shows a SEM image of
the Pt/MX/PC ternary composites. A clear three-dimensional porous
structure can be observed due to the coverage of the Pt/MX surface by
PC with excellent adsorption property. Fig. 1e shows the high-angle
annular dark-field scanning TEM (HAADF—STEM) image of the
Pt/MX/PC ternary nanocomposites, where the Pt nano-
wires/nanoparticles can be readily resolved. In fact, in elemental map-
ping analysis based on energy-dispersive X-ray spectroscopy (Fig. 1f-i),
the elements of Pt, O, C and Ti can be clearly identified, where Pt can be
seen to be confined within the nanowires/nanoparticles, whereas the
others were homogeneously distributed across the entire sample.

XPS study was then carried out to examine the elemental composi-
tion and chemical valence of the samples. From the survey spectrum of
the Pt/MX sample in Fig. 2a, the C1 s, Ti 2p, O 1s and Pt 4f electrons can
be readily resolved at 284, 458, 530, and 71 eV, respectively (the F 1s
and K 2p electrons can also be observed at 687 and 378 eV, due to re-
sidual precursors). For PC, only the characteristic peaks of C 1s and O 1s
are visible at 284 and 530 eV, respectively. All these peaks can be clearly
resolved in the Pt/MX/PC ternary composite which was prepared by
mixing Pt/MX and PC at a 1:1 mass ratio. The high-resolution scan of the
O 1s electrons of Pt/MX/PC is shown in Fig. 2b, where deconvolution
yields four subpeaks at 529.6, 531.0, 531.8, and 532.8 eV, corre-
sponding to the O-metal, O—C, OH-metal, and O-F groups, respectively
[35]. The corresponding Pt 4f spectrum (Fig. 2¢) can be seen to consist of
two (4f7,9/4fs,2) doublets, metallic Pt at 70.1/73.5 eV and Pt (II) at
75.3/71.4 eV [36], confirming that most Pt of the precursors was
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Fig. 1. Morphological and structural analyses of the Pt/MX/PC. (a) SEM image of MXene. (b) TEM and (c) HRTEM images of Pt/MX binary composites. (d) SEM and
(e) HAADF-STEM images of Pt/MX/PC ternary composites and the corresponding elemental maps of (f) Pt, (g) O, (h) C, and (i) Ti.

solvothermally reduced to metallic Pt in ethylene glycol. It is note-
worthy that the Pt 4f binding energy of Pt/MX/PC was shifted negatively
by approximately 0.8 eV in comparison with those of conventional Pt/C
[37]. Such electron enrichment most likely arose from strong electronic
interactions between the Pt nanowires and TigC,Tx. Fig. 2d depicts the
Ti 2p spectrum, which contained three (2ps,2/2p;,2) doublets, C-Ti-Tx
(456.9/462.7 eV), TiO, (457.7/463.6 V), and Ti-O-X (458.3/464.4 eV)
[38]. The formation of TiO, was likely due to surface oxidation of
TigCaTx nanosheets during the solvothermal synthesis. Three species
were resolved from the C 1s scan (Fig 2e), C-C (284.9 eV), C-O (286 eV)
and C=O0 (287.6 eV) [39].

The X-ray diffraction (XRD) patterns are shown in Fig. 2f. One can
see that PC possessed a broad diffraction peak centered at 20 ~ 25° and a
minor one at ca. 44° corresponding to the (002) and (100) crystalline
facets of graphitic carbon (the series of sharp peaks were likely due to
the aluminum substrate in XRD measurements) [40]. For Pt/MX, the
characteristic diffraction peaks of MXenes can be found at ca. 19°, 42°,
and 55° for the (002), (210) and (211) crystalline facets, respectively
[41]; whereas the diffraction patterns at 20 ~ 38°, 47°, 68° and 82° can
be indexed to the (111), (200), (220) and (311) crystal planes of

face-centered-cubic Pt, respectively [42] (the weak peaks at 45° and 55°
can be assigned to the (210) and (211) crystal facets of TiO5, which was
likely produced by the unavoidable surface oxidation of Ti3CyTx during
the solvothermal process [43]). All these diffraction features can be
resolved with Pt/MX/PC, which possessed an additional diffraction peak
at ca. 60°, corresponding to the (110) facets of the Ti3C,Tx nanosheets
[44]. This observation confirmed the successful production of the
ternary composite.

Consistent results were obtained from the FITR measurements. From
Fig. 2g, a series of vibrational features can be resolved for the sample
series, O—H stretch at 3428 cm’l, C=0 stretch at 1630 cm’l, Ti-O vi-
bration at 950 cm™! and Ti-C vibration at 590 cm™'. In DLS measure-
ments (Fig. 2h), the average hydrodynamic radius of Pt/MX/PC can be
seen to be markedly larger than those of PC and Pt/MX, and the Zeta
potential (¢) of Pt/MX/PC (—26 mV) can be found to be in the inter-
mediate between those of PC(-22.9 mV) and Pt/MX (—28 mV) (Fig. 52).
Taken together, these results further confirmed the successful produc-
tion of ternary Pt/MX/PC composites.
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Fig. 2. Structural characterizations of the Pt/MX/PC ternary composites. (a) XPS survey spectra of Pt/MX, PC, and Pt/MX/PC. High-resolution scans of the (b) O 1s,
(c) Pt 4f, (d) Ti 2p and (e) C 1s electrons of Pt/MX/PC. (f) XRD patterns, (g) FTIR spectra, and (h) average size of PC, Pt/MX and Pt/MX/PC.

3.2. Dopamine detection by Pt/MC/PC-modified SPCE

The electrochemical activity of the Pt/MC/PC-modified SPCE was
first tested in a [Fe(CN)g] 3-/4- solution. From the cyclic voltammograms
in Fig. 3a, a pair of voltametric peaks with a formal potential (E°*) of
+0.127 V can be clearly seen at bare SPCE, Pt/MX-modified SPCE and

order of bare SPCE < Pt/MX-modified SPCE < Pt/MX/PC-modified
SPCE, most likely due to enhanced electrochemically active surface area
arising from the three-dimensional PC scaffold (Fig. S1b). Fig. 3b depicts
the corresponding Nyquist plots at the open-circuit potential (+0.19 V),
where the charge-transfer resistance (R¢y) [45] can be seen to diminish in
the order of bare SPCE (1032 Q) > Pt/MX-modified SPCE (856 Q) >

Pt/MX/PC-modified SPCE, with the peak current (I,) increasing in the Pt/MX/PC-modified @SPCE (577 ), suggesting enhanced
a b c
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Fig. 3. (a) CV curves in 5 mM Fe(CN)2 /4" solution at bare SPCE, Pt/MX-modified SPCE and Pt/MX/PC-modified SPCE. Scan rate: 100 mV/s. (b) Nyquist plots at
open circuit potential in 5 mM Fe(CN)~/#~solution at bare SPCE, Pt/MX-modified SPCE and Pt/MX/PGC-modified SPCE. Frequency range from 0.01 Hz to 100 kHz.
AC amplitude 5 mV. Inset is the equivalent circuit, where R is charge-transfer resistance, C; is double-layer capacitance, and Ry is serial resistance. (c) DPV
measurements of PC SPCE, Pt/MX SPCE and Pt/MX/PC SPCE after electrodeposition at 0 V for 60 s in 1 x PBS containing 100 uM DA.
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electron-transfer kinetics most likely due to the rich grain boundaries of
the Pt nanowires and the excellent electrical conductivity of PC.

We then examined the performance of the modified electrode to-
wards dopamine detection. From Fig. 3c, one can see that after elec-
trodeposition at 0 V for 60 s in 100 pM dopamine, all PC-, Pt/MX- and
Pt/MX/PC-modified SPCEs exhibited an oxidation peak at +0.12 V in
differential pulse voltammetry (DPV) measurements, and the peak cur-
rent increased in the order of PC-modified SPCE < Pt/MX-modified
SPCE < Pt/MX/PC-modified SPCE, suggesting the unique potential of
the Pt/MX/PC ternary composites in dopamine detection. Note that 60 s
was the optimal electrodeposition time, as the DPV peak current mostly
levelled off at prolonged electrodeposition (Fig. S3). In addition, to
identify the optimal pH, cyclic voltammograms (CVs) were collected
with the Pt/MX/PC-modified SPCE in 100 pM dopamine with the solu-
tion pH varied from 4 to 9 (Fig. 4a), and the voltametric peak current can
be seen to reach the maximum at pH = 7 (Fig. 4b, blue curve), which was
therefore identified as the optimal pH. Also, one can see a good linear
relationship between the oxidation peak potential and pH, E, (V) =
—0.0614 pH + 0.6980 (R% = 0.991, red curve in Fig. 4b), where the slope
of —0.0614 V/pH is close to the theoretical value (—59.2 mV/pH) [46],
suggesting participation of an equal number protons and electrons in the
overall redox reaction.

Fig. S4a shows the CVs of the Pt/MX/PC-modified SPCE in 1x PBS
solution (pH = 7.4) containing 100 pM of dopamine at different po-
tential scan rates (from 10 to 200 mV/s). One can see a good linear
relationship between the peak current (Ip) and scan rate (Fig. S4b),
suggesting that the current signals were from surface-adsorbed dopa-
mine [47]. DPV measurements were then carried out with the addition
of dopamine at different concentrations in PBS (pH = 7.4) (Fig. 4c),
where one can see that the peak current (Ip) increased linearly with the
dopamine concentration (C) within the wide concentration range of
0.1-200 pM (Fig. 4d), I, (pA) = 3.012 + 0.051C (M) (R? =0.991), with
a limit of detection (LOD; S/N = 3) of 28 nM. Such a performance was
highly comparable to leading results reported in the literature with
relevant electrochemical sensors (Table 1).
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Performance comparison for dopamine detection between the Pt/MX/PC-
modified SPCE and other relevant sensors in the literature.

Electrode Material Methods  Linear Range Low references
Detection
Limit
TizCaTyx (MXene)/Au DPV 2.0-500.0 pM 0.670 M [47]
NPs
IL (1-methyl DPV 10.0-2000.0 0.702 pM [48]
imidazolium M
acetate)/MXene
(Ti5CxCl,)/GPE
MOF-MXene(Ti3Cs) DPV 90.0-300.0 nM 0.110 pM [49]
Nb,C MXene/ZnS DPV 0.09-0.82 mM 1.390 pM [50]
NS-Nb,C MXene DPV 0.4-90.0 M 0.120 M [51]
Perylene diimide/ DPV 100.0-1000.0 0.240 pM [52]
MXene M
Au-Pd/MXene DPV 12.0-240.0 pM 0.130 pM [53]
Pt NWs/MXene/ DPV 0.1-200.0 pM 0.028 uM This work

porous carbon

3.3. Selectivity, reproducibility, and stability of Pt/MX/PC SPCE for
dopamine detection

To examine the practical reliability of the Pt/MX/PC-modified SPCE
electrochemical sensing platform, the performance was evaluated
within the context of selectivity, reproducibility, and stability. DPV
measurements were carried out in a PBS solution (pH = 7.4) where a
series of interferents, which are commonly found with dopamine in the
real organism environment, such as uric acid (UA), ascorbic acid (AA),
glucose, citric acid, urea and various amino acids, were added separately
into the reaction system. The current response at +0.12 V was plotted in
Fig. 5a. One can see a significant current signal upon the addition of 100
uM of dopamine, while no obvious current response was observed with
the addition of these interferents even at 10 times excess [42]. This in-
dicates good selectivity of the electrochemical sensor for dopamine and
great potential for practical applications, likely due to the unique af-
finity of the amine moiety of dopamine to the Pt surface.

Subsequently, the reproducibility and stability of Pt/MX/PC-based
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Fig. 4. (a) Cyclic voltammograms of Pt/MX/PC-modified SPCE in 100 pM dopamine at different pH (from 4 to 9). Scan rate 10 mV/s. (b) Effect of pH on peak
currents (blue curve) and the linear relationship between peak potential and pH (red curve). (c) DPV profiles of dopamine at different concentrations (200, 150, 100,
50, 10, 5, 1, and 0.1 pM) in 1 x PBS (pH 7.4) at the Pt/MX/PC-modified SPCE, and (d) the corresponding linear curve of DPV peak current and dopamine.
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Fig. 5. (a) DPV peak current of 100 pM DA and 1 mM UA, AA, glucose, citric acid, urea, cysteine, lysine, glycine at Pt/MX/PC-modified SPCE in 1 x PBS (pH = 7.4).
(b) DPV peak currents of five Pt/MX/PC-modified SPCEs prepared independently in a 1 x PBS solution containing 100 pM DA. (c) DPV peak currents of Pt/MX/PC-

modified SPCE in 1 x PBS solution containing 100 pM DA in 7 days.

sensors were investigated in PBS solution (pH = 7.4). The DPV profiles
of five electrodes fabricated separately were recorded in the presence of
100 pM dopamine under the same conditions, and each electrode was
repeated 3 times to evaluate the reproducibility. The difference of the
current signals between the 5 electrodes did not exceed 3 %, and the
relative standard deviation (RSD) of the three repeated tests was within
5 % (Fig. 5b), indicating satisfactory reproducibility and stability.
Finally, the stability was also assessed by evaluating the ratio of the
current signal to the initial value for 7 d, which showed a retention rate
over 95 % (Fig. 5¢).

To further test the accuracy of the prepared dopamine electro-
chemical sensor, recovery tests were performed in serum by standard
addition method. Dopamine was added to a 20-fold dilution of serum
under optimal reaction conditions. The measured amount and recovery
rate were calculated according to the linear equation, and the samples
were measured three times in parallel. The results are shown in Table 2.
The recovery of the samples was between 92.30 % and 95.80 %, indi-
cating that the modified electrode can be applied to the determination of
actual samples.

3.4. Detection of dopamine released from live PC12 cells

Notably, the Pt/MX/PC-modified SPCE also demonstrated a
remarkable performance towards the detection of dopamine generated
in situ by live PC12 cells. It is known that stimulation of high-
concentration K" promotes depolarization of PC12 cells and induces
the release of dopamine [54]. Experimentally, we cultured PC12 neural
cells and recorded changes in cell growth morphology. As shown in
Fig. 6a and b, without the addition of NGF that stimulates cell differ-
entiation, the PC12 cells exhibited a spherical morphology and tended to
grow in clusters. After the addition of NGF, the cells became pike-shaped
and polygonal, and grew elongated synapses step by step, a typical
morphological feature of nerve cells [33]. This indicated that the PC12
cells were successfully cultured. Then, we explored the biosafety of
Pt/MX/PC by CCK8 assays. As shown in Fig. 6¢, upon the co-incubation
of the ternary composites at a high (5 pg/mL) or low (1 pg/mL) con-
centrations with live PC12 cells for 8, 16 and 24 h, the cellular activity
remained above 85 %, indicating that the material had no obvious

Table 2
Recovery measurements of dopamine in serum by the Pt/MX/PC-modified SPCE
(n=3).

Sample Added (pm) Found (pm) Recovery (%) RSD (%)
1 1.0 0.923 92.30 4.29
2 10.0 9.490 94.90 4.58
3 100.0 95.810 95.80 3.65

killing of the cells, which confirmed good biocompatibility.

PC12 cells will gradually release dopamine under high-concentration
K* stimulation, and an increasing amount of dopamine will be accu-
mulated in the solution with time. Three different concentrations of K"
ions were chosen (30, 20, and 10 mM, corresponding to curves A, B, and
C, respectively, in Fig. 6d). After 6 min of incubation, the amount of
dopamine in the solution was detected by DPV measurements, where the
higher the K" concentration, the stronger the current signals, in contrast
to the control groups (Fig. 6d, E and F curves) which exhibited a largely
featureless response. Remarkably, the dopamine contents obtained from
the Pt/MX/PC-modified SPCE were consistent with those from mass
spectrometry measurements (Fig. S5), which suggests high potential of
the electrochemical sensor for clinical application.

The excellent performance of the Pt/MX/PC-based sensor can be
ascribed to the unique ternary composite structure. The sensor was able
to detect dopamine sensitively and rapidly even at low concentrations.
This is of particular significance due to the low content of dopamine in
the body. In addition, the excellent selectivity to dopamine makes it free
from the interference of other substances in the complex body fluids.
Successful real-time monitoring of dopamine in PC12 cells opens up a
new way for in situ monitoring of neurotransmitters in nerve cells. Such
unique properties can be exploited for the development of new effective
technologies for drug screening and mechanistic studies.

4. Conclusions

In this work, an electrochemical biosensing platform was constructed
based on Pt/MX/PC ternary nanocomposites for highly sensitive and
rapid detection of dopamine, which featured a low detection limit of 28
nM and a linear range of 0.1-200 pM, as well as excellent selectivity,
reproducibility and stability. Importantly, the Pt/MX/PC-based
biosensor could also be used to detect dopamine released from living
cells after treatment with stimulants, as manifested in situ monitoring of
dopamine released from PC12 cells. Results from the work highlight the
unique potential of Pt/MX/PC ternary nanocomposites as active mate-
rials for the rapid and accurate detection of biomarkers.
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