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A platinum disk nanoelectrode was prepared by sealing a platinum wire etched electrochemically in
epoxy resin. Its apparent capacitance density (ACD) increased exponentially with its decreasing
geometrical area. The adsorption of hemoglobin molecules on the nanoelectrode resulted in the
decrease of its effective area, leading to a significant change of its apparent capacitance. The
hemoglobin molecules adsorbed could be estimated according to the dimension of single hemoglobin
molecule. Thus, a new electrochemical method for highly sensitive sensing of some electroinactive
molecules could further be developed.
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1. INTRODUCTION

With development of analytical nanotechnology, detections of less and less amount of analytes were
achieved by a variety of analytical methods, and the detection limits were improved step by step, even
single-molecule detection had been realized [1,2]. Detection of single molecules labeled with
~100-fluorescein fluorophores was first reported by Hirschfeld in 1976 using laser-induced
fluorescence [3]. Shera et al began their quest to detect single-fluorophore molecules in flow in 1983
and progressed until they detected them in 1990 [4]. Bard et al realized the detection of single molecule
in 1995 with a nanoelectrode by the electrochemical method [5], and in 1997 they subsequently
explored the detection of single electron-transfer events at nanometer electrodes known as the
electrochemical “Coulomb Staircase” [6]. Collison et al have explored single molecule detection at
electrodes by electrochemical method, and single reaction events of reactants generated at electrodes
can be observed [7]. White et al have detected zeptomole of electroactive species adsorbed at a platinum
electrode of nanometer dimensions by the voltammetric method [8]. In the case, voltammetric peaks

corresponding to oxidation of as few as ~ 7000 adsorbed redox molecules ( ~ 11 zmol) at individual
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nanoelectrodes are reported, allowing precise measurement of electrode areas as small as ~10™° cm?.
Duyne et al investigated the localized surface plasmon resonance A, response of individual Ag
nanoparticles [9]. They found the adsorption of fewer than 60000 1-hexadecanethiol molecules (~100
zeptomole) on single Ag nanoparticles resulted in a localized surface plasmon resonance shift of 40.7
nm. Matsuya et al prepared a core-shell-type fluorescent nanosphere covalently conjugated with
antibody for zeptomole detection of protein in time-resolved fluorometric immunoassay [10]. Dore et al
reported the specific detection of a few hundred molecules of genetic material using a fluorescent
polythiophene biosensor based on simple electrostatic interactions between a cationic polymeric optical
transducer and the negatively charged nucleic acid target [11]. However, up to now, there has been no
paper reported about the sensitivity of hemoglobin molecules at a platinum disk nanoelectrode based on
a response of its apparent capacitance.

In the present report, we describe the characterization of platinum disk electrodes of nanometer
dimensions (radius 7.6-380 nm) prepared by sealing a platinum wire etched electrochemically in epoxy
resin. The goals of these experiments are to develop a novel electrochemical method for highly sensing
of electroinactive molecules adsorbed on the individual nanoelectrode surface using hemoglobin as an
example, steady-state voltammetric limiting currents (f;,) in determining the electrode area and its

apparent capacitance density (ACD).
2. EXPERIMENTAL PART
2.1 Apparatus

Cyclic voltammetry (CVs) was carried out with CHI660A electrochemical workstation (Chenhua
Instrument Limited Company, Shanghai) in conjunction with a computer. The high-sensitivity
preamplifier (1 pA/V) of the potentiostat was used in all experiments. A three-electrode system was
employed. A platinum disk nanoelectrode was used as a working electrode. A saturated calomel
electrode and a platinum plate were served as the reference and auxiliary electrode, respectively. XL-30
ESEM scanning Electron Microscope (Philips, Holland) was used for the surface characterization of the

etched electrodes.
2.2 Materials

Micro platinum wires with a radius of 10 um were purchased from Shanghai Chemicals Co.
(Shanghai, China). High pureness of bovine heart hemoglobin (crystal grade) was obtained from the
Institute of Shanghai Biochemistry (Shanghai, China). HAc-NaAc buffer solution (pH 5.5, 0.20 mol/L)
was used to prepare 0.1 mmol/L hemoglobin solution. All biochemical reagents and solutions were

stored in refrigerator below 5 °C, and the experiments were carried out at 26 °C. The other reagents
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were analytical grade. Doubly distilled water was obtained by purification through a Millipore Water

System and was used throughout.

2.3 Fabrication of the platinum disk nanoelectrode

According to previous literature [12], a platinum wire of about 10 mm in length was combined with
one end of a copper wire by spot welding. After being rinsed with ethanol and water, the platinum wire
was immerged in an etching solution (saturated sodium nitrite aqueous solution). An AC voltage was
applied for the electrochemical etching between the platinum wire and a platinum foil electrode
(Figure 1). The etching process was not completed until the current dropped to zero, indicating the wire
was no longer in contact with the solution, and then the wire was carefully rinsed with water to remove

residual NaNO,. The SEM image of the etched platinum wire is shown in Figure 2.
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Figure 1. The schematics of the etching of platinum wire.
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Figure 2. Scanning electron microscopy image of the etched nanoelectrode

The etched platinum wire was sealed by the epoxy resin (Jiangnan Adheslve CO., LTD, Changshu,

China)in a plastic tube (2 mm in radius, 5 cm in length). The configuration of the platinum wire
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microelectrode is illustrated in Figure 3. The unfinished electrode was vertically placed and dried in air
at room temperature for 24 hours. Before we polished electrode, a line was drawn to mark the position
of platinum wire tip in the tube so as to facilitate the electrode polish treatment. The polish treatment of
the electrode with rough and fine sandpapers respectively did not stop till to the tube end approached the
marked line. And then it was polished with fine alumina slurry (particle size: 0.03 pm) on a piece of silk.
In the process of electrode polish, the electrode as a working electrode, a platinum wire as an auxiliary
electrode and a saturated calomel electrode as a reference electrode, were continually immersed in 0.01
mol/LL K3Fe(CN)g solution containing 0.5 mol/L KCI to record the response using steady-state cyclic
voltammetry. When a well-defined sigmoidal wave with picoamps current was obtained, the platinum

disk ultramicroelectrode was prepared.
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Figure 3. The schematics of the platinum disk nanoelectrode.

2.4 The adsorption of hemoglobin at the platinum disk nanoelectrode

The effective area of the bare platinum disc electrode was first determined by measuring limiting
plateau current in 0.01 mol/L K3;Fe(CN)g solution containing 0.5 mol/L KCI. Then, the proposed
electrode was immersed in 0.lmmol/L hemoglobin solution containing 0.20 mol/L acetate buffer for
certain times. Finally, the electrode adsorbed with hemoglobin was immersed again in 0.01 mol/L
K3Fe(CN)g solution containing 0.5 mol/L. KCI for determination of effective electrode area. The amount
of adsorbed hemoglobin could be calculated based on the electrode area occupied by hemoglobin
molecules (the decrease amounts of effective electrode areas after adsorption of hemoglobin) and the
size of single hemoglobin molecule. The apparent capacitance was measured by cyclic voltammetry
between -0.6 and 1.0 V in 0.2 mol/L acetate buffer (pH, 5.5) and the charging currents at 0.1 V were
recorded. The slope of a plot (the charging currents versus scan rates) was the value of apparent

capacitance

3. RESULTS AND DISCUSSION

3.1 Effect of the etching voltage

The employed voltage for the electrochemical etching process could affects the shape of the etched
platinum wire tip. When the voltage is higher than 1.3 V, the etching process within several seconds is
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too fast to obtain a regular acuminate shape. When the voltage is in the range of 1.1 - 1.3 V, the regular
tip is obtained. The SEM image of the etched platinum wire is shown in Figure 2. When the voltage is
less than 1.1 V, more than 1 hour is spent. So the etching voltage of 1.1 - 1.3 V was chosen.
Additionally, The Pt wire was etched to a sharp point by placing the wire in a saturated sodium nitrite
solution. The sharpest point of the etched Pt wire was obtained when the end of Pt wire was inclined to
be submerged in the electrochemical etching solution at a 30 - 60° angle rather than submerged

perpendicularly (Figure 1).
3.2 Effect of the concentration of sodium nitrite solution

The concentration of the sodium nitrite solution also plays an important role in the shape of the
etched platinum wire tip and the etching time. When the concentration of sodium nitrite solution is less
than 1 mol/L, the etching rate is slow; the surface of the etched platinum wire tip is rough, and the tip is
easily broken. By the increasing the concentration of the sodium nitrite solution, the etching is quicker,
and the tip becomes sharp enough. Therefore a saturated sodium nitrite solution was the best choice for

etching platinum wire.
3.3 Determination of the geometric area of the platinum disk nanoelectrode

In characterization studies of ultramicroelectrodes (UMEs), steady-state voltammetry (SSV) can
provide an estimate of the exposed electroactive radius of the nanoelectrode. Figure 4 shows
voltammograms of two platinum wire electrodes in 0.01 mol/L. KsFe(CN)g with a supporting electrolyte
of 0.5 mol/L KCI. Assuming that the electrode is a d shape, the effective radii 7.4 of these electrodes can
be determined from the limiting plateau currents (/i) according to the following equation [21]:

I, =4nFDrc (D)
Where n is the number of electrons transferred during the electrochemical process, F is faraday’s
constant, D and c are the diffusion coefficient and concentration of the electroactive species. By using
the known value of the diffusion coefficient of ferricyanide, 7.2x10° cm? 57! [22], the effective radii of
the electrodes in Figure 4 is calculated as 7.6 nm, 30 nm, 75 nm, 134 nm and 380 nm, respectively.
White has pointed out that while the initial scan yielded a near-ideal response in K4Fe(CN)g solution
with a platinum nanoelectrode fabricated by electrophoretic paint method, the reverse and subsequent
scans were quite poorly defined with the current decreasing, which was explained as the adsorption of
Fe(CN)64' [23]. However, in this paper we used K;Fe(CN)g or K4Fe(CN)g as the probe for determining
the effective area of platinum disk nanoelectrode, and achieved good reproducibility and accuracy with

the relative standard deviation of 4.9 %. Figure 5 shows the cyclic voltammograms of the 42 nm-radius
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platinum nanoelectrode in K4Fe(CN)g solution. Solid line is the first scan, and dash line is curve after 10

cycle scans.
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Figure 4. The steady-state voltammograms of the platinum disk nanoelectrode in 0.5 mol/L KCl
containing 0.01 mol/L. K3Fe(CN)s. The effective radii of the nanoelectrodes were calculated from the

limited currents as 7.6 nm, 30 nm, 75 nm, 134 nm and 380 nm, respectively. A saturated calomel

electrode was served as the reference electrode and a platinum plate was served as the auxiliary

electrode. The scan rate was 5 mV/s.
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Figure 5. The steady-state voltammograms of 0.01 mol/L K4Fe(CN)g in 0.5 mol/L KCI using 42

nm-radius platinum disk nanoelectrodes. Solid line was the first scan, and dash line was the curve after

10 cycle scans.

3.5 Determination of the real surface areas of the Platinum disk nanoelectrode

The real surface areas of the platinum electrode can be determined by cyclic voltammetry using the
hydrogen adsorption peaks in 0.5 mol/L. H;SO4[16] or 0.2 mol/L acetate buffer solution[17]. Figure 6
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shows the cyclic voltammogram of the 134 nm-radius platinum disk nanoelectrode from - 0.6 V to 1.0
V in the 0.2 mol/L acetate buffer (pH 5.5, 26 °C). The real surface area of the platinum disk

nanoelectrode (S, ) could be calculated as follows [24]:

== 2)

where S, is the real surface area of the platinum disk nanoelectrode, Q,, is the hydrogen adsorption
charge associated with the formation of a monolayer, e is the electron charge, and d,, is the density of
the surface metal atom. The value of d, can be calculated using the Anderson criterion [25], which
proposes that for aged polycrystalline surfaces, the lower Miller index planes (100), (110), (111)
predominate, in a proportion of 33 % for each one. In this case, d,, is 1.3x10"° ¢cm™ [26]. So, e x d,, =
(1.602x10™" C) x (1.3x10" cm™) = 208 uClem?.

The real surface area is always larger than the geometric area, and the roughness factor p is the ratio
of the two [16]:

p=5,15, 3)

where S, and S, are the real surface area and the geometric area, respectively. From equation (2) and (3),
the roughness factor p of 380 nm, 134 nm and 75 nm-radii platinum disk nanoelectrode resulted in 2.23,
1.31 and 1.10, respectively in the 0.2 mol/L acetate buffer solution. These results were consistent with
those resulted from 0.5 mol/L. H,SO4 solution. The roughness factor p will approach 1 when the radius
of the platinum disk nanoelectrode was close to 30 nm. So the adsorption of hemoglobin took place just

on the plane of platinum surface rather than on the roughness surface.
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Figure 6. The cyclic voltammograms of the platinum disk nanoelectrode with the effective radius of
134 nm in the 0.2 mol/L acetate buffer solution, pH 5.5, at 26 °C. The scan rate was 10 V/s. The

arrowheads show the hydrogen adsorption and desorption peaks.
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The platinum disk nanoelectrode fabricated by using the electrophoretic paint suffered from large
capacitive current associated with the polymer coating [8]. So it was difficult to observe the adsorption
peak when the radius of the platinum disk nanoelectrode was smaller than 170 nm, even based on using
Apiezon wax. But in our experiments, hydrogen adsorption peaks of 134 nm platinum disk
nanoelectrode fabricated by sealing coat of epoxy resin could be observed clearly (Figure 6). However,
the hydrogen absorption current approached to the capacitive current when the radius of platinum disk
nanoelectrode was close to 30 nm, which disturbed accurate determination of electric charge of

hydrogen absorption.
3.6 Estimation of the Amount of hemoglobin adsorbed

The amount of the hemoglobin adsorbed at the platinum disk nanoelectrode surfaces can be

calculated based on below equation:

:AO_Aa 4)

where n;, is the molecular number of hemoglobin adsorbed at the electrode surface. Apand A, are the
effective areas of the bare electrode and the electrodes adsorbed with hemoglobin respectively. Ay, is the
area occupied by single hemoglobin molecule. Each hemoglobin molecule is considered as a similar
ball with the diameter of 5.5 nm [27], so, A is 23.8 nm-. Apand A, could be determined from the
steady-state diffusion-limited current of the platinum disk nanoelectrode in 0.01 mol/L. K3Fe(CN)g
solution containing 0.5 mol/L KCI. Figure 7 shows the cyclic voltammograms of the platinum disk
nanoelectrode with the radii of 96 nm (A) and 24 nm (B) which adsorbed with different amounts of
hemoglobin within different times. The limited currents decreased with the increase of hemoglobin
adsorbed. The amount of the hemoglobin adsorbed at the platinum disk nanoelectrode was caculated

and shown in Table 1.

Table 1. The number of hemoglobin molecules adsorbed at the platinum disk nanoelectrodes

Electrode Absorption time in The amount of The increments of adsorbed

effective radius ~ hemoglobin solution  adsorbed hemoglobin hemoglobin molecules compared

(nm) (min) molecules with previous adsorption
96 10 195 195
96 30 963 768
96 60 1155 192
96 120 1218 63
24 10 35 35

24 30 68 33
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Figure 7. The steady-state voltammograms of 0.01 mol/L. K3Fe(CN)¢ in 0.5 mol/L KCI using the
platinum disk nanoelectrodes. (A) The apparent radius was 96 nm, a - e were the bare electrode
immersed in 0.1 mmol/L. hemoglobin solution for 0, 10, 30, 60 and 120 min respectively. (B) The
effective radius was 24 nm, A and B were the bare electrode immersed in 0.lmmol/L hemoglobin

solution for 0, 10 and 30 min respectively. Scan rate: 5 mV/s.
3.7 Effect of hemoglobin adsorbed on the apparent capacitance of the platinum disk nanoelectrode

The apparent capacitance of the electrode was measured by cyclic voltammetry between - 0.6 and 1.0
V in 0.2 mol/L acetate buffer (pH, 5.5) and the charging currents at 0.1 V were recorded. The slope of a
plot (the charging currents versus scan rates) was the value of apparent capacitance [18-20]. The region
of cyclic voltammetric curve from 0 to 0.3 V is known as the double-layer region where the dominating
current is the capacitive current with the smallest Faraday current. The ACDs of the different size
electrodes before and after saturated adsorption of hemoglobin were shown in Figure 8 and Table 2, and
it was surprising that the ACDs grew exponentially with the decrease of the nanoelectrode areas. The
maximum was 7.6x10* uF/cm2 when the effective radius of platinum disk nanoelectrode was 7.6 nm.

The equation (5) was obtained by Non-linear Curve Fit as follows:
C,=1+616.8¢""""+2208 .6¢"'*° (5)

Where C, is the apparent capacitance density with the unit of x10? pF/cm?, r is the effective radius of
platinum disk nanoelectrode. According to Table 2, it is clear that the ACD of the platinum disk
nanoelectrode adsorbed with hemoglobin was smaller than that of the bare electrodes. This relationship
was probably caused by the edge effect of the nanoelectrode. The decrease percent of ACD after
adsorption of hemoglobin increased when the size of the platinum disk nanoelectrode decreased, which
it facilitates the calculation of fewer molecules. The ACDs of the electrodes adsorbed with hemoglobin
were smaller than those of the bare electrodes, owing to the ACD in inverse proportion to the thickness

of adsorbed molecules according to below equation (6):
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— 8r 80

C, 7

(6)
where C; is the ACD, & is the permittivity of molecules adsorbed, & is the permittivity of the free

space, d is the thickness of molecules adsorbed. According to above equations (1, 4 and 5), the relation

between the ACD change and the amount of adsorbed hemoglobin could be deduced as follows:

Cd=1+616.86xp(—L rO—nA")+2208_6exp(_L ro_”AJ (7)
12.1 T 4.6

Where Cy is the apparent capacitance density with the unit of x10? p,LF/cmz; ro is the effective radius of
bare platinum disk nanoelectrode; » is the amount of adsorbed hemoglobin; A, is the area occupied with
single hemoglobin molecule.
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Figure 8. The apparent capacitance density as a functional of (a) the radius of the electrodes (triangle),

(b) the area of the electrodes (square).

Table 2. The apparent capacitance density (ACD) of the platinum disk nanoelectrodes before and after
adsorption of hemoglobin molecules

ACD after saturated Decrease amounts of Changing rate of the

Effective ACD adsorption of ACD after saturated apparent  capacitance
radius hem(r)p lobin adsorption of after adsorption of
() (x10°uF/em?) £ hemoglobin hemoglobin
2 2
(X107 pF/em’) (x10°uF/cm?) (%)

380 1.00 0.96 -0.04 -4.61

134 4.27 4.00 -0.27 -6.22

75 9.55 8.87 -0.68 -7.10

30 53.70 43.40 -10.30 -19.1

7.6 760.75 - - -
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4. CONCLUSIONS

In this paper, a platinum disk nanoelectrode was prepared by sealing a platinum wire etched
electrochemically in epoxy resin for the adsorption of hemoglobin molecule in 0.2 mol/L acetate buffer.
Its apparent capacitance density (ACD) increased exponentially with its decreasing geometrical area.
The adsorption of hemoglobin molecules on the nanoelectrode resulted in the decrease of its effective
area, leading to a significant change of its apparent capacitance. The hemoglobin molecules adsorbed
could be estimated according to the dimension of single hemoglobin molecule. The determination of the
apparent capacitance was comparatively easy and simple. Thus, a new electrochemical method for
highly sensitive sensing of some electroinactive molecules, even single molecule, could further be

developed.
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