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Dopamine (DA) detection is significant for the prevention of unfavorable neuronal illness. However, the de-
tection of DA with low concentration still face tremendous challenges. In this study, highly ordered mesoporous
Fe30,4 materials were synthesized as a biosensor by using mesoporous silica KIT-6 with different aging tem-
perature as hard template. The ordered mesoporous Fe;O4 with high surface area modified glassy carbon
electrode shows the high sensitivity for detecting DA. Fe304-40 mesoporous material modified electrode has the

highest catalytic activity to DA with a sensitivity of 0.053nAnM ™' and a detection limit of 0.8 nM (S/N = 3).
The results indicating that the mesoporous Fe;0, material modified electrode exhibits high sensitivity to de-
termine DA at low levels, which can be used for DA real-time monitoring in neutral biological media.

1. Introduction

Dopamine (DA) plays a vital role in the mammalian central nervous
system, whereas an abnormal concentration change of DA in biological
fluids tends to increase the risk of diseases, such as, Parkinson, schi-
zophrenia and drug addiction, which make accurate detection of DA in
living cells becomes very important [1-4]. Considerable efforts were
developed based on reliable methods for detection of DA [5-7]. How-
ever, the detection of DA in clinical analysis remain exist some con-
strains, including the low sensitivity, high detection limits and com-
plicated preparation process, which make DA sensors difficult to give an
accurate result [8,9]. Unlike other methods, electrochemical method
has the advantages of rapid detection, simple operation, real-time de-
tection and cost effectiveness [10].

A wide variety of materials such as polymer [11], metallic [12], and
hybrid nanostructures [13] have been proposed for detecting DA. Re-
cently, researches using noble metal materials exhibit high catalytic
activity owe to their good conductivity. Electrodes modified with noble
metal nanoparticles improve the sensitivity for DA detection [14].
However, the high cost of noble metal modified sensors hindered their
practical application. Compared to noble metal, Fe;0, attracted wide
attention due to their unique properties, such as excellent
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biocompatibility, magnetic properties and structure tunable [15].
Fe304 with different structure applied in DA detection have been re-
ported, such as nanoparticles [16,17], nanorod [18], nanoring [19] and
nanoflowers [20]. However, these Fe;O, nanostructures also show
some drawbacks, such as the low electronical conductivity and easy
agglomeration in the analysis process, leading to poor electrochemical
performance [21]. Particularly, ordered mesoporous nanomaterials
have their architectural advantages of large specific surface area, in-
terconnected pores, regular texture, and thus provide numerous of ac-
tive sites which facilitate the mass transport and electron transfer
[22-25]. Furthermore, Fe;0,4 with ordered mesoporous structure could
effectively avoid the agglomeration.

Herein, we constructed an ultrahigh sensitive ordered mesoporous
Fe304-based biosensor for detecting DA through a facile nanocasting
method. The ordered mesoporous Fe;04 with large surface area shows
ultrahigh sensitivity and perfect selectivity for detection of DA with low
detection limits and wide concentration ranges. As-prepared meso-
porous Fe304-based biosensor is successfully for detecting DA released
from living PC12 cells. The results show that ordered mesoporous
Fe304-based biosensor can apply as the probe which can offer a real-
time quantitative detection of DA during a neurological environment.
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2. Experiment section
2.1. Reagents

P123 (Triblock copolymer Pluronic, M,, = 5800,) was purchased
from sigma-Aldrich. Hydrochloric acid (HCl), buty alcohol,
Tetrathylorthosilicate (TEOS), ethanol, ferric nitrate (Fe(NO3)39H,0)
and sodium hydroxide (NaOH) for prepared mesoporous Fe;O4 were
purchased from Aladdin.

2.2. Apparatus

Transmission electron microscopy (TEM) was used for character-
izing the mesoporous structure on a JEOL JEM-1400. The X-ray dif-
fraction (XRD) patterns were recorded on PANanalytical X’Pert powder
using Cu Ka radiation (A = 1.5418 Z\). The surface areas and pore vo-
lume of the materials were characterized by a Beishide 3H-2000PS1 Gas
Sorption and Porosimetry system.

2.3. Preparation of SiO, template and mesoporous Fes0,

Ordered mesoporous KIT-6 was prepared as follows: 3 g P123 was
dissolved in 108 mL deionized water until form a homogeneous solu-
tion. 5mL HCl was added and stirred vigorously until P123 was com-
pletely dissolved. Then adding 3 g n-butanol to the solution and placed
it in a 35 °C oil bath. After 1 h stirring, 6.45 g TEOS was added into the
solution. The mixture is stirred for 24 h at 35 °C. Hydrothermal treat-
ment (40, 80, 120 °C) was applied for 24 h. After hydrothermal process,
the product was precipitated and collected using filtration. The solid
product was put into a crucible for calcination. The calcination tem-
perature is 550 °C and held for 6 h. KIT-6 aged at different temperature
were denoted as KIT-40, KIT-80 and KIT-120.

1 g of KIT-6 aged at 40 °C impregnated in ~0.8 M precursor solu-
tion, vigorous stirring was applied to make sure the composite can be
well mixed. After the solvent completely evaporated, the vessel was
placed on a hitting plate at 50 °C overnight. The dried powder was
transferred into a crucible for calcination. The powder was sintered at
500°C in the air for 5h (heating rate: 1°C/min). After calcination
process, the powder was transferred into 2M NaOH solution to leach
the SiO, template. The product was washed with distilled water and
collected by centrifugation for several times. Finally, the ordered me-
soporous a-Fe,O; was obtained by dried the products at 60 °C.
Mesoporous Fe;04 was achieved by annealing a-Fe,O3 under a 5% Ho-
95% Ar atmosphere at 450 °C for 1h. Finally, ordered mesoporous
Fe304-40, Fe304-80 and Fe304-120 were fabricated from KIT-40, KIT-
80 and KIT-120 [26]. The process for preparation of ordered meso-
porous Fe;O,4 was illustrate in Scheme 1.

2.4. Fabrication of electrode and electrochemical measurements

The 2mg/mL as-prepared materials mixed with 2mg/mL Ketjen
carbon and sonicated for 30 min. The mixture was washed by ethanol
three times. The products were dried under N, and redispersed in
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3.2mL deionized water, 0.8 mL isopropanol and 20 pL. 5% Nafion, the
concentration of mixture was 0.4 mg/mL. After sonicating the mixture
at least 30 min, a 3 mm diameter clean glassy carbon electrode (surface
area: 0.07 cm?) was modified with 10 uL mixture solution and dried
under ambient conditions. Electrochemical experiments were per-
formed on a CHI660C workstation under a three-electrode system.
Modified GCE, Ag/AgCl (in saturated KCl), and a platinum wire were
used as the working, reference, and counter electrodes, respectively.
The modified GCE were activated in 0.1 M PBS solution (pH 7.0) by
cyclic voltammetry scanning. Cyclic Voltammetry (CV) was employed
in a PBS solution with 0.1mM DA at a scan rate of 100mVs’.
Quantitative detection of the DA with different concentrations which
pulse width is 10 ms and the amplitude is 50 mV was performed by
differential pulse voltammetry (DPV). Amperometric current time (i-t)
curve was investigated in a stirred PBS solution with 0.23 V.

2.5. Measuring the flux of DA released from PC12 cells

PC12 cells were achieved from the Harbin Medical University. The
cells were washed with PBS solutions and then redispersed in 2 mL PBS.
Amperometric current time curves of the Fe304-40 electrodes were
investigated in cell dispersion solution. After activation, adding 105 uL
of KCI (2 M) solution to the cell dispersion. While stimulating with K™,
an obvious current response appears and quickly decrease to the
background. Same concentration of KCl were added to stimulate the
cells after PC12 cells were treated with 50 uM nifedipine solution for
30 min, but a weak current response will be obtained. The control ex-
periment which the detection solution stimulated by KCl without cells
was also carried out, no response was observed.

3. Results and discussion
3.1. Characterization of mesoporous materials

Highly ordered mesoporous Fe;O4 was prepared by nanocasting
from a silica KIT-6 hard template, accompanying by a reduction process
with Hy (Scheme 1). The hard template KIT-6 with interconnected two
mesoporous channel systems was firstly characterized by TEM. As
shown in Fig. 1(a), (b) and (c), the KIT-6 silica templates prepared by
different aging temperature are the highly ordered mesoporous struc-
ture, which affect the structure of nanocast metal oxides replica [27].
After nanocasting process, the well-ordered mesoporous Fe3zO4 struc-
tures are clearly seen in Fig. 1(d), (e) and (f), which demonstrate that
mesoporous Fe3O, materials are replicated from KIT-6 template suc-
cessfully after removal of KIT-6 template. The slit-like pores are well
distributed in the entire mesoporous Fe3O,.

Crystalline structure of mesoporous Fe304 was characterized by X-
ray diffraction (XRD) measurements. The diffraction peaks at
26 = 30.09, 35.42, 43.05, 53.39, 56.94, 62.51 and 73.94 (Fig. 2(a)) can
be indexed to the (220), (311), (400), (422), (511), (440) and (533)
planes of cubic Fe30, (JPCDS Card No. 19-0629). The broad peak of
mesoporous FezO4 possibly derived from the pore walls which com-
posed by small particles [28]. No other impurity was observed. These

l \._ / 5% H, rcdiuctio

7

Mesoporous Fe,O, Mesoporous Fe;0,

Scheme 1. Schematic illustration of the preparation process of Fe;04.
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Fig. 1. TEM images of as-prepared mesoporous materials: (a) KIT-40, (b) KIT-80, (c) KIT-120, (d) Fe;04-40, (e) Fe304-80 and (f) Fe304-120.

results suggest that after the reduction process, the mesoporous Fez04
materials were successfully obtained [29]. In order to confirm the ex-
istence of each element, Fe304-40 was characterized by XPS. XPS
survey spectrum of Fe;04-40 in Fig. 2(b) show the coexistence of C, O
and Fe. As shown in Fe 2p (Fig. 2(c)), 710.5 eV and 724.3 eV are related
to the oxide state binding energy of Fe 2p;,, and Fe 2p;,, of Fe30,4
[30-32].

Texture parameters of mesoporous SiO, and Fe;O, were in-
vestigated by nitrogen physisorption. The nitrogen adsorption-deso-
rption isotherms for mesoporous SiO, with different aging temperature
are given in Fig. 3. The isotherms obtained from KIT-6 (Fig. 3(a)) with
different aging temperature exhibit type IV features with H1 hysteresis
loops according to the IUPAC classification, signifying the uniform
mesoporous structure. According to the calculated Brunauer-Emmett-
Teller (BET) surface area data were summarized in Table 1, KIT-40,

KIT-80 and KIT-120 have the similar surface areas of 660, 980 and
900 m? g~ !, respectively. The physicochemical parameters of KIT-6 are
influenced by aging temperature. It is reported that the wall thicknesses
of silica templates are reflected in the pore sizes of nanocast samples.
The large pore size of KIT-6-120 has the thinner wall thicknesses, so
that the smaller pore size will the nanocasted Fe;0,4-120 exhibits [33].
As can be seen from Table 1, the surface area, pore volume and pore
size of Fe30, increased, when decreasing the aging temperature of
template. Fe304-40 shows higher surface area of 136 m® g™~ !, larger
pore volume of 0.42m? g~ ! and pore size of 12.2 nm than Fe;04-80 and
Fe304-120. It is expected that the high surface area and large pore
volume of the mesostructure can facilitate the transport of DA and
shorten the transport path of electron, which can significantly enhance
the detection ability of DA [34].
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Fig. 2. (a) XRD patterns of ordered mesoporous Fe;O4, XPS spectra of Fe;04-40: (b) broad scan spectrum, and (c) Fe 2p.
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Fig. 3. Nitrogen adsorption-desorption isotherms of as-prepared materials.

Nitrogen adsorption desorption isotherm results of as-prepared materials.

Sample Surface area (m®>g~')  Pore volume (cm®g~')  Pore size (nm)
KIT-40 660 0.5 3.1
KIT-80 980 1.05 5.4
KIT-120 900 1.67 9.8
Fes04-40 136 0.42 12.2
Fe;04-80 ) 0.31 9.1
Fe304-120 76 0.26 7.1
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3.2. Electrochemical biosensor for detection of DA

Electrochemical properties of mesoporous Fez0, electrode modified
GCE were characterized by CV. Fig. 4(a) shows the CV curves of Fe30,-
40-GCE, Fe304-80-GCE, Fe304-120-GCE, and bare GCE in a 0.1 mM PBS
solution. Compare to the bare GCE electrode, a pair of well-defined
redox peaks was observed in CV curves of Fe;04-40-GCE, Fe30,4-80-GCE
and Fe304-120-GCE. In addition, Fe304-40 modified GCE shows a
higher peak current than Fe30,4-80-GCE and Fe30,4-120-GCE, indicating
that Fe304-40 has the higher ability in the DA electrochemical
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Fig. 4. (a) CV curves of PBS (pH 7.0) with 0.1 mM DA on a bare GCE, Fe304-40-GCE, Fe304-80-GCE and Fe30,4-120-GCE respectively, scan rate: 100 mV s~ *. (b)-(d)
CV curves of Fe;0,4-40-GCE, Fe304-80-GCE and Fe;0,4-120-GCE at various rates from 10, 20, 40, 60, 80, 100, 150 mV s ™}, respectively. (Inset: Plot of peak current vs.

square root of scan rates.).
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Fig. 5. (a) The plots of Ey, (black) and I,,(red) with different pH values, Inset: CV curves of PBS for 0.1 mM DA on Fe304-40-GCE with different pH (pH = 3, 5, 7, 9,
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concentration of DA for the Fe304-40-GCE, Fe304-80-GCE, Fe304-120-GCE.

oxidation. Mesoporous structure with high surface area can make ion
and electron transport efficiently. Fig. 4(b)-(d) shows the CV curves of
Fe304-40-GCE, Fe304-80-GCE and Fe304-120-GCE under different scan
rates. The oxidative peak currents increased linearly with the square
root of scan rate with a square of regression coefficient (R?) of 0.99,
0.991 and 0.99 (Inset of Fig. 4(b)-(d)), which indicate that the electro-
redox of DA on the Fe;04-GCE was a typical diffusion-controlled pro-
cess. Salamon et al. have reported the mechanism of dopamine detec-
tion on the Fe;0,4-modified electrode, Fe>™ originated from Fe304 can
make DA oxidized into dopamine-o-quinone, and the Fe** and Fe?™*
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can transformed and regenerated through the reaction process [18].
The influence of pH in detection of DA is shown in new Fig. 5(a).
The influence of pH on the Fe304-40 modified electrode was studied by
cyclic voltammetry. In Fig. 5(a), Fe304-40 modified electrode was
employed in a PBS solution (pH = 3, 5, 7, 9) with 0.1 mM DA at
a scan rate of 50mVs~'. The slope value of —54.9mV/pH
(y = —0.0549 + 0.5929x, R* = 0.9991) is close to the reported theo-
retical slope value (—59mV/pH), which confirms that the electro-
chemical redox process of DA is a two electrons and two protons pro-
cess. Before amperometric current-time measurement, we also tested
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partial enlargement from 0 s to 500 s) (b) The plot of mesoporous Fe;04 materials-modified electrodes between the current response and DA concentration. (¢c) DPV
responses of Fe304-40-GCE interfered with 100 uM various species (UA, AA) and 10 uM of DA, 0.1 M PBS. (d) An obvious i-t response recorded for released dopamine
from living PC12 cells at Fe304-40-GCE upon stimulated by 100 mM KCl (black). After being treated with nifedipine (50 uM) for 30 min, same concentration of K*
solutions were added to stimulate the cells (red). PC12 cells dispersed in PBS solution without K* stimulation upon Fe304-40-GCE (blue). The arrow shows the time

when adding high K™ buffer into the PBS.

the effect of different potential for Fe;04-40 modified electrode, the
result is shown in the Fig. 5(b). When the potential is 0.23, the current
values in i-t curves is largest.

Differential pulse voltammetry (DPV), which has the advantages of
improving sensitivity and better analytical applications characteristics,
was used to detect different concentration additions of DA (Fig. 6). A
series of anode current responses were obtained at about 0.17 V in the
presence of DA, which was attributed to the DA oxidation. The anodic
peak current (I,,) increases with the DA concentration in the range from
0.04 uM to 13 uM for each electrode (Fig. 6(a)-(c)), which exhibits an
excellent linear relationship with the DA concentration (Fig. 6(d)). The
linear regression equation was used to calculate the sensitivity of DPV,
Fe;04-40 exhibit a much higher sensitivity of 1.003pApM ™' (I,
(uA) = 1.003c¢ (uM) + 0.206 (R? = 0.996)) than either the Fe304-80
(Ioa (MA) = 0.609c (UM) + 0.138 (R? = 0.991)) or the Fe304-120 (I,
(RA) = 0.468 ¢ (uUM) + 0.053 (R> = 0.996)).

Amperometric current-time technique (i-t) was used for detecting
low concentration of DA in 0.1 M PBS (the potential: 0.23 V vs. Ag/
AgCl). In Fig. 7(a), a well-defined, stable and steeply increased am-
perometric current response was obtained after each addition of DA
solution, response time is within 5s, the calibration plot was linearly
proportional to the concentration of dopamine increased ranging from
2nM to 600 nM (Fig. 7(b)). An obvious response signal can be detected
even when 2 nM DA solution was added. This rapid oxidation response
can be attributed to the mesoporous structure. In the mesoporous
Fe304, not only DA can rapidly absorb and transport on the surface or
pore of Fe3z0y4, but also the electron can transfer rapidly. This unique
structure improved the electrocatalytic activity of mesoporous Fe;O4
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toward DA oxidation. The detection sensitivity of modified electrode
calculated through the linear regression equation, the Fe304-40-GCE
exhibit a sensitivity of 0.053nAnM™!, which is much higher than
either the Fe30,-80-GCE (0.043nAnM™!) or the Fe;04-120-GCE
(0.027 nAnM ~1). Moreover, based on signal-to-noise ratio (S/N) of 3,
the detection limit of Fe;04-40-GCE was estimated to be 0.8 nM, which
is more sensitive than the Fe304-80-GCE (1.6 nM) and Fe304-120-GCE
(2.2nM). In fact, the excellent electrocatalytic activity of the Fe304-40-
GCE can be attributed to the higher surface area and larger pore vo-
lume, which indicates that mesoporous FezO4 can enable fast adsorp-
tion and activation of DA molecules and has capable of detecting DA
with extremely low concentration. The detection limit of the Fe30, for
DA detection is superior to most of other reported DA sensors (Table 2).
The selectivity is another key factor to determine the practical appli-
cation of electrochemical sensors. Among organisms containing DA,
uric acid (UA) and ascorbic acid (AA) usually coexist and have an
oxidation potential similar to DA, which will make a confusion among
selectively detect DA. In this work, the effects on the DA response of UA
and AA were investigated. Fig. 7(c) shows the typical differential pulse
voltammetry responses upon addition of 10 uM DA, 100 uM UA and AA
into 0.1 M PBS. It is found that only DA exhibit an obvious anodic
current response while other interferences have not been observed any
well-defined signals even if their concentration reach ten times of DA.
This result suggested that the as-prepared mesoporous Fe;O4-based
sensor exhibited an excellent selectivity towards DA. In order to eval-
uate the reproducibility of Fe304-40-GCE, CV was employed for test.
The reproducibility of 4 different Fe;0,4-40-GCE are found with an RSD
(relative standard deviation) of 2.6% for detection of 0.1 mM DA. There
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Table 2

Comparison of mesoporous Fe;0, dopamine sensors with other electrochemical sensors used for detection of dopamine.
Electrode material Method Dynamic range(uM) Detection potential window in Detection potential in CV  Detection limit Ref

CV (V) W) (mM)

Fe304-40 Amperometry 0.002-0.6 0-0.5 0.223 0.8 This work
PANI-Fe304 DPV 0.2-2.4 —-0.2-0.8 0.2 17.6 [7]
H-Fe;0,@C/GNS DPV 0.1-150 —0.2-0.6 0.14 53 [17]
1GO/Fe304 Amperometry 0.01-100.55 -0.2-0.6 0.25 7 [18]
Fe304 NRs DPV 0.01-1 -0.2-0.8 ~0.3 10 [19]
Fe30,4/rGO/GCE Amperometry 0.01-0.27 —0.2-0.6 0.3 5 [20]
GO/Fe3;04@SiO, nanocomposite DPV 0.1-600 —-0.2-0.6 0.21 89 [40]
dumbbell-like FePt-Fe30,4 Amperometry 0.005-0.11 0-0.5 ~0.23 1 [41]
doped-PPy/Fe304/r1GO DPV 0.007-1.2 -0.2-0.8 0.4 2.33 [42]
Silica-coated nanoparticles of Fe;0, DPV 1-30.6 -0.2-1 — 12 [43]

were no obvious changes detected from CV curves after comparing the
10 days stability test. Finally, we investigated the potential application
of Fe304-40-GCE electrode by analyzing the released DA from living
PC12 cells. Amperometric current-time trace recorded during po-
tassium-induced DA exocytosis from a population of PC12 cells. In
Fig. 7(d) (black), a well-defined current response was observed after
adding 100 mM KCl, the response originated from DA oxidation, which
confirms that the traced amounts of released DA from a living cell can
be determined rapidly by Fe304-40. The number of dopamine released
from PC 12 cells can be calculated by using amperometric current time
(i-t) curve. It is reported that the numbers of released DA calculated
according the equation: N = Q/nQ., where N is number of moles of DA,
Q is obtained from the integration of amperometric spikes from the DA
release in a PC12 cell (9.235 x 10® C), n is the two electrons that
donated by DA and Q. is the charge of a single electron (1.602 x 10~ *°
C) [35-37]. The number of detected DA is about 2.88 x 10'!. The K*
stimulation which can be defined as a trigger that make cells exocytosis
and release DA in the PC12 cells causes depolarization of the cell
membrane and induces an influx of Ca®* through opening of voltage-
sensitive Ca2* channels [38]. To determine whether the observed re-
sponse was attributed to the stimulation to proposed sensor by K*, PBS
solution only contain the PC12 cells solution sample without K* sti-
mulation was prepared to perform control experiments (Fig. 7(d), blue),
no current response was observed in the experiments. This indicated
that nifidipine have the ability to inhibit the K* stimulation [39].
Therefore, we treated the PC12 cells with 50 uM nifidipine for 30 min,
and then added 100 mM KCl for stimulation, a weak current response
was observed (Fig. 7(d), red). Collectively, mesoporous Fe30, have the
potential to be an efficient sensor for detecting DA in biological solu-
tion.

4. Conclusions

In summary, highly ordered mesoporous Fe;0, materials have been
prepared successfully by a facile hard template nanocasting method.
The effects of mesoporous Fe;O,4 with high surface area and large pore
volume on detecting DA were systematically researched. Mesoporous
Fe304-40-GCE with highest surface area and largest pore volume dis-
plays a lowest detection limit of 0.8 nM (S/N = 3) with a linear range
between 2nM and 600 nM. The fabricated mesoporous Fe;0,4-40-GCE
sensor can be applied in the real-time detection of released DA from
living PC12 cells. This work suggests that ordered mesoporous Fe3z04
materials are a new type of high-efficiency biosensor for selective,
sensitive and rapid determine of DA.
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