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HIGHLIGHTS

GRAPHICAL ABSTRACT

e Mesoporous ZnFe,04 prepared suc-
cessfully via a facial nanocasting

»

method.

e Mesoporous Fes04 showed excellent
detection of DA with a quick response
time of 5s, high sensitivity of
0.094nAnM~! and a lower detection
limit of 0.4 nM (S/N = 3).
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e Practical application of the sensor
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was demonstrated in PC12 cells.

e Mesoporous materials possess large
specific surface area, which facilitate
the mass transport and electron
transfer for detection.
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Accurate and sensitive detection of dopamine (DA) is fundamental to monitor and diagnose certain
neurological diseases. Herein, highly ordered mesoporous ZnFe,04 (OM-ZnFe,04) is prepared via a facile
nanocasting method and shows the highly sensitive in the electrochemical detection of DA. The opti-
mized OM-ZnFe,04-40 shows the most excellent activity for DA oxidation in a wide linear range from 2
to 600 nM with a quick response time of 5 s, high sensitivity of 0.094 nA nM~! and a lower detection limit

of 0.4 nM (S/N = 3). The electrode modified with OM-ZnFe,0y4 is further successfully used to monitor the
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biological systems.

increase of DA concentration induced by K*-stimulation of living PC12 cells in a neurological environ-
ment. This work offers a simple and powerful strategy for designing electrodes for detecting DA in
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1. Introduction

Dopamine (DA), as one of the neurotransmitters of inotropic
synapse, has played an important role in the function of central
nervous system [1]. In addition, it has critical impacts on several
vital movements, such as physiological functions and cardiovas-
cular systems, which is due to neurology disorders caused by the
decrease of DA [2]. Therefore, it is essential to maintain DA in a
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normal level for intracellular signaling transduction and normal
cell functions. Various efficient instrumental methods have been
developed to realize considerable sensitive detection for DA [3—5].
Compared with fluorescence spectrometry [6] and colorimetric
assay [7], electrochemical method has been considered to be one of
the most excellent detection methods due to its inherent advan-
tages, including detection simplicity, high stability and cost effec-
tiveness [8—11]. However, conventional electrochemical method is
not sufficient to sensitively detect DA at nanomolar (nM) levels.

Recent results show that the electrodes modified by catalytically
active nanomaterials can increase the active specific surface area,
improve effective mass transport, and achieve better control over a
local microenvironment, thus proposing a variety of modified
electrodes to attempt simultaneous determination of DA [12—14].
ZnFe;04 stands out from lots of classical metal or metal oxide
nanomaterials applied for biosensors due to the advantages of the
good catalytic activity, stability, easy separation and excellent
biocompatibility. ZnFe,0O4 nanoparticles have been developed for
the determination of 5-fluorouracile in drug samples with high
sensitivity, good detection limits and excellent reproducibility [15].
It is reported that ZnFe,;O4 nanoparticles modified carbon paste
electrode can simultaneously analyze acetaminophen, epinephrine
and melatonin in aqueous solution [16]. Zhao et al. [17] stated that
ZnFe;04 nanobelts prepared by coelectrospinning exhibited
excellent performance with high sensitivity and fast response in
the glucose detection. Compared with other nanomaterials, or-
dered mesoporous nanomaterials have large specific surface area,
interconnected pores, and regular texture, thus providing
numerous of active sites which facilitate the mass transport and
electron transfer for electrochemical detection [18—22]. In this re-
gard, it is highly desirable to prepare ZnFe,04 with a highly ordered
mesoporous structure to enhance the efficient mass and charge
transfer, but still remains a great challenge.

In this work, highly ordered mesoporous ZnFe;04 with hierar-
chical pore sizes and enlarged surface area was prepared by a facile
nanocasting method. The optimized ZnFe;04 shows the excellent
activity for DA oxidation in the concentration ranges of 2—600 nM
with a quick response time of 5's, high sensitivity of 0.094 nA nM~!
and a lower detection limit of 0.4nM(S/N=3). The electrode
modified by OM-ZnFe,04 is used successfully to monitor the DA
concentration increase induced by K'-stimulation of living
PC12 cells in a neurological environment. The results suggest that
OM-ZnFe;04 can be considered as a new type of high-efficiency
biosensor for selective, sensitive and rapid determine of DA.

2. Experimental section
2.1. Synthesis of OM-ZnFe;04

The synthesis of ordered mesoporous SiO, hard template (KIT-6)
has been reported [23], as also described in Supporting informa-
tion. 1 g of KIT-6 was impregnated in a ~0.8 M precursor solution
with vigorous stirring to make sure that the template and precursor
solution can be well mixed. After the solvent completely evapo-
rated, the vessel was placed on a hitting plate at 50 °C overnight.
The dried powder was transferred into a crucible and sintered at
500 °Cin the air for 5 h. Then, 50 mL of 2 M NaOH solution was used
to leach the SiO; template for 24 h. The product was collected by
centrifugation and washed with distilled water for several times.
Finally, the OM-ZnFe,04 was obtained by dried the products at
60 °C. KIT-6 aged at different temperature were denoted as KIT-40,
KIT-70 and KIT-100, respectively, and OM-ZnFe;04-40, OM-
ZnFe;04-70 and OM-ZnFe,04-100 were fabricated from KIT-40,
KIT-70 and KIT-100.

2.2. Characterization

Transmission electron microscopy (TEM) was conducted on a
JEOL JEM-1400. High resolution transmission electron microscopy
(HRTEM) images were obtained using a Talos F200X instrument.
The X-ray diffraction (XRD) patterns were recorded using a PAN-
analytical X'Pert powder with Cu Ko, radiation (A = 1.5418 A). The
specific surface areas and pore diameter distributions of the cata-
lysts were calculated at 77 K in N on a Beishide 3H—2000 PS1 Gas
Sorption and Porosimetry system by Brunauner-Emmet-Teller
(BET) and Barrett-Joyner-Halenda (BJH) methods. X-ray photo-
electron spectroscopic (XPS) measurements were conducted on a
Perkin-Elmer PHI 5000C ESCA using twin anode Mg Ka (1253.6 eV)
radiation.

2.3. Electrode construction and electrochemical measurements

The 2mgmL~" as-prepared materials mixed with 2 mg mL™!
Ketjen carbon were sonicated for 30 min. The mixture was then
centrifuged and washed by ethanol for three times. The products
were dried under N, and redispersed in a mixture of deionized
water, isopropanol and 5% Nafion (v/v/v=4/1/0.020) to obtain a
concentration of 0.4mgmL~L. After sonication for 1h, 10 L of
dispersion was drop casted onto a clean glassy carbon electrode
(0.3 mm GCE) and dried under ambient conditions. Electrochemical
experiments were conducted on a CHI660C workstation (Shanghai
Chenhua, Shanghai) in a three-electrode system. Modified GCE, Ag/
Ag(l (in saturated KCl), and a platinum (Pt) wire were used as the
working, reference, and counter electrodes, respectively. The elec-
trodes were activated in 0.1 M phosphate buffer solution (PBS, pH
7.0) by cyclic voltammetry (CV) scanning between OmV and
500 mV (vs. Ag/AgCl) until a stable signal was obtained. CV was
performed in 0.1 mM DA (PBS, pH 7.0) at a scan rate of 100 mV s,
Differential Pulse Voltammetry (DPV) was performed at various
concentrations of the DA solution (PBS, pH 7.0) with a pulse width
of 10 ms and an amplitude of 50 mV. An amperometric current (i)-
time (t) curve was obtained at an applied potential of 0.23 V in the
stirred PBS (pH 7.0) solution. The process of preparing OM-ZnFe;04
modified electrode for DA determination was illustrated in Scheme
1.

2.4. Measuring the flux of DA released from PC12 cells

The cells were washed with phosphate buffer saline (PBS,
PH =7.0) and then dispersed in 2 mL of PBS. Amperometric-time
curves of the OM-ZnFe;04-40 electrodes were recorded in the
above cell dispersion solution at a working potential of 0.23V vs.
Ag/AgCl. Once the background reached a stable level, 105 pL of
2.0 M KCl solution was added to the above cell dispersion. With the
stimulation of KCl, PC12 cells exhibited a significant increase in
current and then decrease to the background in a short time. For
the inhibitory test, cells were pretreated with 50 uM of nifedipine
solution for 30 min prior to KCl stimulation. These cells were
stimulated with the same concentrations of KCl as normal cells,
while the KCl causes relatively minor changes in current. The
control experiment without cells was also carried out. Upon the
addition of KCl in the detection solution, no signal was observed.

3. Results and discussion
3.1. Characterization of materials
We first prepared three kind of KIT-6 with different hydro-

thermal synthesis temperature (40, 70 and 100°C), and then
characterized their morphology utilizing TEM images (Fig. S1). It is
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Scheme 1. Illustration for the reaction process of OM-ZnFe,04 modified GCE to dopamine.

clearly seen the channels connected to each other through smaller
pores and the slit-like pores which are well distributed in the KIT-6.
After immersion, calcination and leaching, the OM-ZnFe,04 whose
ordered mesoporous structure is well preserved can be obtained
(Fig. 1(a)-(d)). The typical HRTEM image (Fig. 1(e)) of OM-ZnFe,04-
40 shows clearly resolved lattice fringes with an interplanar
spacing of 0.254 nm, which matches well with the interplanar
spacing of (311) plane of ZnFe;04 phase [24,25]. The corresponding
selected area electron diffraction (SAED) pattern (Fig. 1(f)) reveals a
well-defined polycrystalline structure of the as-prepared OM-
ZnFe,04-40 [26].

The crystal structure of as-prepared OM-ZnFe;O4 was also
examined by XRD (Fig. 2(a)). The diffraction peaks located at 29.96°,
35.74°, 56.62° and 62.77° are well correlated with the (220), (311),
(400), (511) and (440) lattice planes of the spinel phase ZnFe,04
(JCPDS no. 89—1009). No other phases or impurities are observed,
suggesting that the spinel structure of ZnFe,04 have been suc-
cessfully prepared from different hard templates. The texture pa-
rameters of mesoporous ZnFe,04 were further investigated by
nitrogen physisorption and the nitrogen adsorption-desorption
isotherms of mesoporous ZnFe;0O4 are given in Fig. 2(b). All iso-
therms exhibit typical type IV features with H3 hysteresis loops in
the relative pressure range of 0.6—1.0 P/Pg according to the ITUPAC
classification, signifying the uniform mesoporous structure [27].

The calculated Brunauer-Emmett-Teller (BET) surface area and pore
volume are summarized in Table 1. Obviously, the lower the aging
temperature of the template, the larger the surface area and pore
volume of ZnFe;04. It is expected that the higher surface area and
larger pore volume of the mesostructure can significantly enhance
the catalytic activity of DA detection.

In order to confirm the existence and valence states of Zn, Fe and
0O in OM-ZnFe;04-40, XPS measurements were further conducted.
As shown in Fig. 3(a), the full spectrum reveals the co-exist of Zn, Fe
and O, and the signal of C may result from the air contamination.
More specifically, the peaks around 1022.5 and 1045.5eV are
related to Zn 2p3; and 2pq 2, which can be attributed to the Zn**
(Fig. 3(b)) [28]. In addition, the binding energies of Fe 2p3; and Fe
2p12 are located at 714.0 and 727.6 eV, respectively (Fig. 3(c)). The
results are consistent with the Zn 2p and Fe 2p binding energy for
ZnFe04.

3.2. Electrochemical biosensor for detection of DA

Cyclic Voltammetry (CV) was tested to determine the electro-
chemical properties of bare GCE, OM-ZnFe;04-40-GCE, OM-
ZnFe;04-70-GCE and OM-ZnFe;04-100-GCE in PBS electrolyte
(pH =7.0) under a three-electrode system. As shown in Fig. 4(a),
each CV curve has a pair of redox peaks with the peak separation

S nm

Fig. 1. TEM images of (a, d) OM-ZnFe,04-40 with different magnification, (b) OM-ZnFe,04-70 and (c) OM-ZnFe,04-100. (e) HRTEM image and (f) the corresponding SAED pattern of

OM-ZnFe;04-40.
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Fig. 2. (a) XRD patterns and (b) N, adsorption-desorption isotherms of different OM-ZnFe,05.

Table 1
N, adsorption desorption isotherm data of as-prepared materials.
Samples Surface area (m? g~ ') Pore volume (cm> g~ ')
OM-ZnFe;04-40 180 0.64
OM-ZnFe;04-70 135 0.42
OM-ZnFe;04-100 88 0.28

AEp at 0.108 V (on the GCE), 0.046 V (on the OM-ZnFe,04-40-GCE),
0.067V (on the OM-ZnFe;04-70-GCE) and 0.095V (on the OM-
ZnFe;04-100-GCE), respectively. In contrast, OM-ZnFe;04-40-GCE
exhibits the much smaller peak separation and higher redox cur-
rent than those of bare GCE and other OM-ZnFe;04-GCE, indicating
that the DA redox reversibility of OM-ZnFe;04-40-GCE surface is
significantly improved, which is because the optimized meso-
porous structure not only effectively prevents the aggregation of
nanomaterials, but also promotes the exposure of more accessible
active sites. As can be seen from Fig. 4(b), the anode and cathode
currents increase gradually as the scan rate increases from 10 to
80mVs~! and the cathodic peak currents increases linearly with
the square root of scan rate, where the square of regression coef-
ficient (R?) is 0.994 (Inset of Fig. 4 (b)), indicating the diffusion-
controlled electrode process, which is an ideal case for quantita-
tive analysis. The influence effect of pH on the detection of DA by
OM-ZnFe;04-40-GCE was further investigated via the CV tests in
different PBS solution (pH =3, 5, 7, 9) containing 0.1 mM DA at a
scan rate of 100 mV s~! (Fig. 4(c)). With the increase of pH value,
the oxidation peak potential shifts negatively, indicating that

protons participated in the electrode reaction as the pH increases
from 3 to 9. The calculated slope value of —55mV pH™! is close to
the reported theoretical slope value (—59 mV pH~!), which con-
firms that the electrochemical redox process of DA is a two elec-
trons and two protons process (Fig. 4(d)) [29].

Differential pulse voltammetry (DPV), which has the advantages
of improving sensitivity and better analytical applications charac-
teristics, was applied to detect various DA concentration in PBS
solution (Fig. 5). The well-defined anode current responses of
different OM-ZnFe;04-GCE can be observed in the presence of DA
(Fig. 5(a)—(c)). The oxidation peak current increases with the DA
concentration in the range from 0 to 13 uM for each of the three
electrodes. The DPV detection sensitivity can be derived from the
linear regression equation (Fig. 5(d)), and the OM-ZnFe;04-40-GCE
exhibits a much higher sensitivity of 1.455puApuM! (Ipa
(uA) = 1.455 C(uM) - 0.342 (R?=0.996)) compared to either the
OM-ZnFe304-70-GCE (Ipa (pA) = 1.195 C(pM) — 0.060 (R? =0.998))
or the OM-ZnFe;04-100-GCE (Ipa (pA) = 1.065 C (uM) + 0.051
(R?=0.990)). All the modified electrodes exhibit a leaner rela-
tionship with DA concentration.

The amperometric current-time responses of OM-ZnFe;04-40-
GCE, OM-ZnFe;04-70-GCE and OM-ZnFe;04-100-GCE for the
addition of different concentrations of DA in 0.1 M PBS at an applied
potential of 0.23 V (vs. Ag/AgCl) are given in Fig. 6(a). A well-defined
amoperometric response was observed upon each addition of DA
solution, and the response time is within 5s. When the addition
concentration of DA is 2 nM, the obvious signal also can be pro-
duced, which can be clearly seen in Fig. 6(b). The calibration plot
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Fig. 3. XPS spectra of (a) full spectrum, (b) Zn 2p and (c) Fe 2p regions of OM-ZnFe,04-40.
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(Fig. 6(c)) was linearly proportional to the dopamine amount over
the range of 2nM—600nM. The linear regression equation was
expressed as: I, (nA) = 0.094 C (nM) + 0.813 (R?> =0.998)) (OM-
ZnFe;04-40-GCE), I, (nA) = 0.071 C(nM) + 0.56 (R? =0.999)) (OM-
ZnFe;04-70-GCE) and Ipa (nA) = 0.044 C (nM) + 0.171 (R? = 0.999))
(OM-ZnFe,04-100-GCE). Moreover, based on a signal-to-noise ratio
(S/N) of 3, the detection limit of 0.4 nM can be obtained from OM-
ZnFe;04-40-GCE, which is lower than that of OM-ZnFe;04-70-GCE
(0.5nM) and OM-ZnFe;04-100-GCE (1 nM). The excellent proper-
ties of OM-ZnFe,04 for DA detection can be attribute to the ability
of mesoporous structures to rapidly adsorb and activate DA mole-
cules, as well as their high surface area and large pore volume.
Table 2 summarizes the analytical performance of the proposed
sensor and the other reported sensors for DA detection. Further-
more, 10-fold concentration of NaCl, uric acid and ascorbic acid

(Fig. S2), indicating that the OM-ZnFe;04-40-GCE possess the
excellent selectivity towards DA. In addition, CV was employed to
evaluate the reproducibility of OM-ZnFe;04-40-GCE and the
reproducibility of 5 different OM-ZnFe;04-40-GCE is found with an
RSD (relative standard deviation) of 3.1% for detection of 0.1 mM
DA. There are no obvious changes after comparing the 7 days sta-
bility tests. Finally, we investigated the potential application of OM-
ZnFe,04-40-GCE electrode in real sample analysis by analyzing the
DA released from PC12 cells in living states. Amperometric current-
time trace was recorded during potassium-induced DA exocytosis
from a population of PC12 cells. As shown in Fig. 6(d) (black), an
obvious current response originated from DA oxidation was
observed after adding 100 mM KCl, confirming that the traced
amounts of DA released from a living cell can be detected rapidly by
the OM-ZnFe;04-40-GCE. The number of detected DA is calculated

were injected as interferences, no DPV response was observed to be 6.65x 10" according the equation: N=Q/nQ.. The

Table 2

Comparison of OM-ZnFe,0,4 DA sensors with other electrochemical sensors for detection of DA.
Electrode materials Methods Dynamic ranges (uM) Detection limits (nM) Refs
TiC/CNFs DPV 0.05—45 20 [30]
dumbbell-like FePt—Fe3;04 Amperometry 0.005-0.11 1 [31]
AuNPs@MoS;-NSs DPV 5.0—-200 1000 [32]
NiO—CuO/GR/GCE DPV 0.3—40 100 [33]
NCCNPsgoo/GCE DPV 2-69.5 340 [34]
Flower shaped ZnO DPV 0.1-16 40 [35]
OM-ZnFe;04-40 Amperometry 0.002-0.6 0.4 This work
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stimulation of K* make PC12 cells exocytosis and release DA, which
causes depolarization of the cell membrane and induces an influx of
Ca’* through opening of voltage-sensitive Ca®* channels [36]. In
order to validate the observed signal was not caused by the
response of the proposed sensor to K* stimulation, only PBS solu-
tion contain the PC12 cells solution sample that was no K" stimu-
lation was prepared to perform control experiments (Fig. 6(d),
blue), no current response was observed in the control experi-
ments. It is reported that nifidipine have the ability to inhibit the K*
stimulation. Therefore, we treated the PC12 cells with 50 uM nifi-
dipine for 30 min, and then added 100 mM KCl for stimulation. A
weak current spike was observed (Fig. 6(d), red), which indicates
that the current response is not caused by K* or only the cells.
These results suggest that OM-ZnFe,04-40-GCE has the potential to
be an efficient sensor for detecting DA in biological solution.

4. Conclusions

A highly sensitive DA sensor has been synthesized successfully
by a facial hard template nanocasting method. The OM-ZnFe;04
sensor with high surface area and large pore volume for DA
detection was investigated systematically. OM-ZnFe;04 modified
GCE shows highly sensitive and selective for detecting DA at a low
concentration owe to the mesoporous structure which can enable
fast adsorption, activation of DA molecules and efficient electron
transport. OM-ZnFe;04-40-GCE displays the lowest detection limit
of 0.4nM (S/N =3) with a large linear range between 2nM and
600 nM, which is good enough for analyzing DA levels in clinical
applications. The fabricated sensor also shows excellent perfor-
mance for real-time detection of DA released from PC12 cells. This
work gives a new route for designing highly sensitive and selective
electrochemical sensors for practical applications based on ordered
mesoporous nanomaterials.
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