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Differential Pulse Voltammetry Detection of Dopamine and
Ascorbic Acid by Permselective Silica Mesochannels
Vertically Attached to the Electrode Surface

Wanzhen Li, Longhua Ding, Qiaochong Wang, Bin Su*

©CoO~NOUTA,WNPE

Silica mesochannels vertically aligned on the electrode surface has been employed for
12 permselective detection of dopamine and ascorbic acid.
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Differential Pulse Voltammetry Detection of
Dopamine and Ascorbic Acid by Permselective Silica
Mesochannels Vertically Attached to the Electrode
Surface

Wanzhen Li, Longhua Ding, Qiaohong Wang, Bin Su*

Thin film consisting of highly ordered and vertically oriented silica mesochannels (SMCs)
was prepared on the indium tin oxide (ITO) coated glass electrode surface by
chronopotentiometry. The mesochannel has a uniform pore size of 2 ~ 3 nm in diameter and
a positively charged surface due to grafted ammonium groups. The electrostatic and steric
effects resulted from control of the surface charge and the ionic buffer concentration make
the SMCs permselective, favoring the mass transport of oppositely charged species and
repelling that of similarly charged ones. By using differential plus voltammetry (DPV), the
SMCs with this charge selectivity can be employed for permselective detection of ascorbic
acid (AA) and dopamine (DA) that are oppositely charged compounds. The obtained linear
detection range was 49 ~ 2651 uM for AA and 20 ~ 226 uM for DA, respectively. AA and
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DA in real samples were also determined by the SMC film modified electrode.

Introduction

Ascorbic acid (AA) is a commonly used antioxidant and plays
an important role in many biological processes. Dopamine (DA)
is also a crucial neurotransmitter and its anomalous level
represents an indication of neurodegenerative disorders. The
determination of both molecules is thus of great importance in
the fields of clinical diagnosis and biomedical chemistry.’®
However, the electrochemical oxidation peak potentials of AA
and DA are close to each other, leading to the significant
overlap of respective voltammetric current responses.®® To
overcome this problem, abundant researches have been carried
out by modifying the electrode surface with different materials,
such as polymers,™®*® metal nanoparticles,*** carbon
nanomaterials?" and other composites.?® # The interaction
between the target and these materials mainly relies on the
electrocatalytic activity of the latter.

Understanding and control of transport processes at the
nanoscale enables the construction of novel devices for
molecular separation and chemical analysis,** 3! because of the
unique characteristics conveyed by nanostructures compared
with their larger counterparts, such as the high surface-to-
volume ratio and the confinement effect. Not only can the mass
transport be dramatically accelerated to enhance the signal-to-
noise ratio, but also the molecular characteristics such as size,
charge and shape can be sensed.®*® In addition, new physical
phenomena may come to play at the nanoscale, such as the
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gated and selective transport phenomenon in
nanopores/nanochannels of a size comparable to the Debye
length in ionic solutions.®*° Herein, we report an alternative
approach for the quantitative measurements of AA and DA
based on the charge permselectivity of silica nanoporous film
(50 nm in thickness; 2 ~ 3 nm in pore diameter) modified
electrode, given that AA and DA are oppositely charged species
existing in the biological environment.

In this work, thin film consisting of silica mesochannels
(SMCs) was prepared on the indium tin oxide (ITO) glass as
previously reported.** The SMCs are highly ordered and
vertically attached to the ITO surface, as shown in Scheme 1. A
key advantage of such 2-dimensional perpendicularly aligned
nanochannel structure, in comparison with 3-dimensional
structures, lies in that the mass transport of molecules from
solution to the underlyinge electrode surface is unobstructed
and even enhanced.*? In addition, due to the ultrasmall channel
size (2 ~ 3 nm in diameter) and the electrostatic effect exerted
by the channel wall surface, SMCs are permselective to charged
molecules. Although such a permselectivity has been observed
previously, e.g., under pH control,** ** their electroanalytical
applications remain rather unexplored.”® As we shall show in
this work, SMCs with wall surface modified by ammonium
groups (namely with a positively charged surface) can be
employed for permselective detection of AA and DA. AA (pKa
= 4.04, pK, = 11.7) and DA (pKa = 8.9, pKy, = 10.6) are
charged species and carry opposite charges in the appropriate
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buffer solution. Based on the permselectivity of SMCs
regulated by the buffer ionic strength, a wide linear detection
range of 49 ~ 2651 uM was obtained for AA and that of 20 ~
226 uM for DA. Furthermore, AA and DA in human serum
were also determined by the SMC film modified electrode.

positively

~2nm
charged surface

Nanochannels on ITO

Scheme 1. lllustration of the solid-state SMCs supported on the ITO glass and the
positively charged surface due to tethered ammonium groups.

Experimental

Chemicals and reagents

All chemicals and reagents were analytical grade or higher and
used as received without further purification.
Cetyltrimethylammonium bromide (CTAB, >98%),
tetraethoxysilane (TEOS, >99.0%) and hexaammineruthenium

(II) chloride (Ru(NH3)Cls, 98%) were purchased from Aldrich.

N-trimethoxysilylpropyl-N,N,N-trimethylammonium  chloride
(TMAC, 50% in methanol) was received from TCI. Alcohol,
sodium nitrate (NaNO3), hydrochloric acid (HCI) and
dichloromethane (CH,Cl,) were bought from SCRC. AA, DA,
potassium hexacyanoferrate (III) (KzFe(CN)g), acetic acid
(HAc) and sodium acetate (NaAc) were ordered from Aladdin.
All aqueous solutions were prepared with high purity water (18
MQ-cm). Human blood serum was obtained from the Zhejiang
University Hospital.

Preparation details of SMCs

SMCs were fabricated by the electro-assisted self-assembly
method on ITO plates (surface resistivity < 15 Q) as reported
previously.** Typically, a mixture of 20 mL of ethanol and 20
mL of water containing 0.1 M NaNO; with pH adjusted by HCI
to 2.6 was first prepared, to which 13.6 mmol TEOS and 4.35
mmol CTAB were then added under stirring. This obtained
precursor sol was further aged for 2.5 h. Then three electrodes
(ITO, stainless steel foil and Ag/AgCI/KCI as the working,
counter and reference electrodes, respectively) were immersed
into the sol. A constant cathodic current density of 0.5 mA cm™
was applied for a certain time to deposit the SMC film on the
ITO surface. For the SMC film utilized in this work, the
deposition time was 10 s. Subsequently, the ITO electrode was
quickly removed from the sol and rinsed with water. After
drying under an argon stream and further aging at 130 °C
overnight, the template surfactants were extracted from SMCs
by immersing the ITO electrodes in 0.1 M HCl/ethanol solution
under moderate stirring for 5 min.

Channel surface modification with TMAC
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The channel surface modification of SMC film was based on
silane coupling reaction.*® Firstly, the SMCs-coated ITO slide
was dried at 100°C for at least 2 h, then treated by 1% (v/v)
solution of TMAC in dry dichloromethane for 4 h at room
temperature in a Schlek flask under stirring. Finally, the slide
was washed in dichloromethane and ethanol sequentially under
vigorous stirring, and eventually dried at 80°C for 2 h. It should
be noted that the present post-modification method can
guarantee a monolayer grafting but not a uniform distribution
of the grafted ammonium groups. More groups maybe grafted
at the mesopore entrance and less inside the channels.

Instrumentation and measurements

All electrochemical measurements were carried out at room
temperature on a CHI 440D (Chenhua, Shanghai) workstation
or on an Autolab potentiostat/galvanostat (Eco Chemie,
Switzerland). A silver/silver chloride/sat. KCI electrode
(Ag/AgCl/sat. KCI) was used as the reference electrode. A
stainless steel foil and a platinum wire were used as the counter
electrodes for electro-deposition of SMCs and normal
electrochemical measurements, respectively. Real sample
analysis was performed directly for human blood serum without
pretreatment. The recovery value was estimated on the basis of
three determinations.

Transmission electron microscopy (TEM) measurement was
performed on a HT7700 microscope (HITACHI, Japan) at an
acceleration voltage of 120 kV. The samples were prepared by
mechanically removing (scraping) some pieces of the SMC film
from the ITO surface, which were dispersed in ethanol and then
dropped onto the carbon film coated Cu grid. Scanning electron
microscopy (SEM) measurement was carried out on a SU-70
(HITACHI, Japan) field emission scanning electronic
microscope operating at an accelerating voltage of 3 kV.
Quantitative element analysis was done on the basis of x-ray
photoelectron spectroscopy (XPS) measurement on the VG
ESCALAB MARK IT spectrometer (CAE mode, 50 eV, anodes
of Mg Ka with radiation at 1253.6 eV).

Results and discussion

SMC films were prepared on the surface of ITO glasses by the
electro-assisted self-assembly method as reported previously.*"
4648 The preparation is facile and can be finished in seconds. As
confirmed by the transmission electron microscopy (TEM)
images, electro-deposition of SMCs was successful with highly
ordered close-packed nanopores (see top view in Figure la)
and regularly oriented mesochannels (see cross-sectional view
in Figure 1b). In the high magnification TEM images,
mesochannels can be clearly identified with the pore size of 2 ~
3 nm and a uniform pore density of about 81,000 um2. The
SMC film is highly organized, mechanically stable, and more
importantly it is crack free in terms of electrochemistry data
(see Figure S1). In addition, the thickness of SMC film can be
easily controlled by adjusting the electro-deposition time (see
Figures S2).The SMC surface has an isoelectric point (IEP) of
about 2 ~ 3 and thereby bears negative charges at pH above

This journal is © The Royal Society of Chemistry 2012
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IEP.*2 After chemical modification by TMAC (see Figure S3),
the surface charge was converted from negative to positive (see
Scheme 1), and meanwhile the channel size decreased by 0.5
nm in diameter.*> **%° To discriminate, the SMCs after TMAC
modification is designated as TMAC-SMCs.

ARTICLE

signal of Ru(NHs;)s*" was completely suppressed. Moreover, the
current suppression of Ru(NHs)¢®* by TMAC-SMCs is much
more remarkable than that of Fe(CN)¢>~ by SMCs, indicating
that the electrostatic shielding is much stronger in a smaller
mesochennel.

Figure 1. The top (a) and cross-sectional view (b) of TEM images of the SMCs
peeled off from ITO surface. The insets correspond to the magnified images
showing the nanopores (inset of a) and mesochannels (inset of b).
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Figure 2. Electrochemical investigation of the permselectivity and permeability of
SMCs in 0.1 M acetate buffer (pH 4.5) containing 0.5 mM Fe(CN)¢*~ (a) and 0.5
mM Ru(NHs)s>* (b): a bare ITO electrode (black), ITO electrodes of the same size
covered with the SMCs (red) and TMAC-SMCs (blue). The scan rate was 0.05 V s~
in all cases.

Electrochemical experiments were performed to examine
the surface charge and size of mesochannels. Two eletroactive
species bearing opposite charges, Fe(CN)¢>~ and Ru(NH3)g,
but having almost the same size, were used for this purpose. A
comparison between the black and red lines in Figure 2
suggests that the mass transport of both species from the bulk
solution to the underlying electrode through the vertically
aligned SMCs was effective. The cyclic voltammogram (CV)
of RU(NH,)¢** at the SMC film was very similar to that at a
bare 1TO, whereas the CV of Fe(CN)s>~ was suppressed
significantly. This difference reflects the electrostatic shielding
effect of SMCs, favoring the transport of oppositely charged
counterions and repelling that of co-ions. However, this
situation was completely reversed at the TMAC-SMC film. As
shown by the blue curves, the current response of Fe(CN)¢~
turned comparable with that at a bare ITO, while the current

This journal is © The Royal Society of Chemistry 2012

At any charged solid-electrolyte interface, counterions tend
to accumulate near the charged surface whereas co-ions are
electrostatically repelled. The spatial distribution of ions
generates an electric potential profile, which decays to its bulk
value over a characteristic length known as the Debye length,
Ap, or called the thickness of electrical double layer (EDL). Ap
is determined by the ionic strength of the electrolyte and can be
estimated by the Debye-H kel approximation:®°

&k T
= 1
& \/ 2?1, @)
where | is the ionic strength, & the dielectric permittivity of
vacuum, ¢ the dielectric constant of the solvent, kg the
Boltzman constant, T the absolute temperature and e the
electron charge. Using eq. 1, Ap is calculated to be 0.3 nm, 1.0

nm and 3.1 nm, respectively, for an acetate buffer solution at a
concentration of 1.0 M, 0.1 M and 0.01 M.

Therefore, in the case of a cylindrical TMAC-SMC of ~2
nm in diameter, the EDL tends to overlap when the buffer
concentration is less than 0.1 M, because the electrostatic
surface potential cannot decay completely and remains nonzero
even in the centre of the channel (as shown in Scheme 2a). In
this case, the TMAC-SMCs were forced to be permselective in
order to fully compensate the surface charges, thereby
attracting the counter-anions and meanwhile repelling the co-
cations. This effect accounts for the different cyclic
voltammetric behavior of Fe(CN)¢>~ and Ru(NH,)¢>* displayed
at the TMAC-SMCs (blue curves in Figure 2), because only
negatively charged Fe(CN)¢>~ was allowed to enter the channels
whereas the access of positively charged Ru(NHj)s®" was
strongly hindered. Indeed, this permselective effect has been
investigated in nanofluidic separation and analysis with a
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phenomenon of counterion enrichment and co-ion depletion,®*
39, 42, 50,

5 as well as at nanoporous or mesochannel electrodes.
55-58
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Scheme 2. Schematic comparison of the permselective transport of ions across a
positively charged TMAC-SMC modulated by the ionic strength. The gray zone
represents the electrical double layer (EDL) and the red curve denotes the
imaginary electrostatic potential profile. a) and b) represent the situations under
a low and high ionic strength, respectively.

Upon increasing the buffer electrolyte concentration, the
EDL thickness decreases and free transport zone in the centre
of mesochannel comes to play (see Scheme 2b). For example,
when the acetate buffer concentration was increased to a value
higher than 0.5 M, the TMAC-SMCs became permeable to
Ru(NH3)e>" and its current response was observed, as shown in
Figure 3a. It should be noted that the current response of
Fe(CN)g>~ remained unaffected by the ionic strength (as seen in
Figure 3b, a very low buffer concentration produced a high
uncompensated solution resistance, thereby leading to a big
peak-to-peak separation).

Similar permeselective behaviour was also displayed by the
unmodified SMCs bearing negative surface charges, as shown
by CVs in Figure 1 (red curves) and Figure S4. However,
given that its diameter is larger than TMAC-SMCs by ca. 0.5
nm, an even lower buffer concentration, namely 0.01 M, was
required to achieve permselectivity.
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Figure 3. Voltammetric responses of TMA-SMC electrode in aqueous solutions
containing 30 uM Ru(NH;)¢" (a) and 30 um Fe(CN)¢~ (b) at various
concentrations of acetate buffer. All measurements were done at a scan rate of
0.05Vs™.

In the following, permselective TMAC-SMCs were applied

to distinguish and detect dopamine (DA, pKy = 8.9, pKy =
10.6) and ascorbic acid (AA, pK,; = 4.04, pK,, = 11.7). DA and
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AA usually coexist in physiological samples and their
electrochemical responses are always convoluted (as shown in
Figure S5). In acetate buffer solutions with a pH of 4.5, DA and
AA are positively and negatively charged, respectively. It was
found that when the buffer concentration was 0.1 M, the
TMAC-SMCs are only permeable to AA (see Figure 4a). By
increasing the buffer concentration to 1.0 M, DA can also
access the TMAC-SMCs while its electrochemical oxidation
takes place at a more positive potential than that of AA by 0.36
V (see Figure 4d). In both cases, we observed that the current
responses of DA and AA increased with increasing their
respective concentrations, whereas the co-existed AA and DA
did not display apparent interference, as shown in Figure 4b
and 4e. The peak current of AA oxidation was proportional to
its concentration in a rather wide range from 49 uM to 2651
pM when 0.1 mM DA was present (Figure 4c). The linear
regression equation is calibrated as Ipaa (WA) = 2.47 +
0.024Can (M) (R? = 0.9996) and the detection limits (S/N = 3)
is 11 uM. Also, it can be seen from Figure 4f that the peak
current of DA oxidation was linear with its concentration in the

range from 20 uM to 226 uM when 0.1 mM AA was present
and the linear regression equation is expressed as I, pa (WA) =
1.00 + 0.030Cpa (M) (R? = 0.9988) with a detction limit (S/N
=3) of 9 uM.

Cap/ MM
T T i
00 05 10 00 05 1.0 0 100 200
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Figure 4. (a, d) DPV responses of TMAC-SMCs in acetate buffer solutions (pH 4.5)
of 0.1 M (a) and 1.0 M (d) containing 0.1 mM AA (red), 0.1 mM DA (blue) and
both (black), respectively. (b) DPV responses of TMAC-SMCs in 0.1 M acetate
buffer (pH 4.5) containing 0.1 mM DA and various concentrations of AA. (e) DPV
responses of TMAC-SMCs in 1.0 M acetate buffer (pH 4.5) containing 0.1 mM AA
and various concentrations of DA. (c, f) The linear dependence of DPV peak
current on the DA, AA concentration, respectively.

To investigate the possibility of the sensor for practical
appalications, the TMAC-SMC modified electrode was
empolyed for the detection of AA and DA in human blood
serum. The human blood serum sample was only diluted 100
times with acetate buffer (pH 4.5) without any other
pretreatment. Then various amount of AA or DA stock solution
were added into the diluted blood serum solution for
electrochemical measurements. The obtained results are

This journal is © The Royal Society of Chemistry 2012



P OO~NOUILAWNPE

Analyst

summarized in Table 1. The recoveries indicate that the
TMAC-SMC modified electrode can be potentially used for the
determination of AA and DA in real samples.

Table 1. Recovery of AA and DA in human blood serum (n = 3).

Samples Added Found Recovery
(mM) (mM) (%)
AA 1.00 1.06 105.8
2.00 1.98 98.9
DA 0.120 0.104 86.7

# Average of three determinations.

Conclusions

In summary, we report the selective detection of ascorbic acid
and dopamine based on the ionically permselective nature of
thin film consisting of silica mesochannels. These silica
mesochannels are highly ordered and perpendicularly attached
to the electrode surface, and the channel surface is positively
charged after modification with ammonium groups. Due to the
ultrasmall channel size (diameter of 2 ~ 3 nm) and the surface
charge effect, the silica mesochannel film displays clear
permselectivity towards ionic species, which can be easily
regulated by the buffer electrolyte concentration. Such a
property can be employed for selective detection of ascorbic
acid and dopamine that carry opposite charges. We believe that
this silica mesochannel film consisting of regularly
mesochannels, by rationally modulating the surface charge, as
well as the steric and hydrophobic effect, will provide a unique
platform for designing highly sensitive electrochemical sensors
and molecular devices.
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