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The flower-like gold nanoparticles together with spherical and convex polyhedron gold nanoparticles were
fabricated on boron-doped diamond (BDD) surface by one-step and simple electrochemical method through
easily controlling the applied potential and the concentration of HAuCl,. The recorded X-ray diffraction (XRD)
patterns confirmed that these three shapes of gold nanoparticles were dominated by different crystal facets.
The cyclic voltammetric results indicated that the morphology of gold nanoparticles plays big role in their
electrochemical behaviors. The direct electrochemistry of hemoglobin (Hb) was realized on all the three
different shapes of nanogold-attached BDD surface without the aid of any electron mediator. In pH 4.5
acetate buffer solutions (ABS), Hb showed a pair of well defined and quasi-reversible redox peaks. However,
the results obtained demonstrated that the redox peak potential, the average surface concentration of
electroactive heme, and the electron transfer rates of Hb are greatly dependent upon the surface morphology
of gold nanoparticles. The electron transfer rate constant of hemoglobin over flower-like nanogold/BDD
electrode was more than two times higher than that over spherical and convex polyhedron nanogold. The
observed differences may be ascribed to the difference in gold particle characteristics including surface
roughness, exposed surface area, and crystal structure.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

As a high performance material with many extreme properties,
conductive boron-doped diamond (BDD) is an alternative to tradi-
tional carbon electrodes that provides superior chemical and physical
features including a wide electrochemical potential window in either
aqueous or non-aqueous media, very low capacitance, low back-
ground currents, low adsorption of organic molecules, high electro-
chemical stability, and high resistance to fouling and insensitivity to
dissolved oxygen [1-3]. The properties mentioned above make BDD
an ideal substrate for biosensor. However, it is usually very difficult for
redox protein to realize direct electron transfer on as-grown BDD
electrode. Many methods have been developed to modify or
immobilize different biocompatible materials on BDD surface to
promote the electron transfer [4-7].

Metal nanoparticles are attracting increasing attention in recent
time and have been used in many electrochemical, electroanalytical
and bioelectrochemical applications owing to their interesting size
and large specific surface area and extraordinary electrocatalytic
activity which are entirely different from their bulk metal counter-
parts [8-12]. Gold nanoparticles, in particular, have been widely used
to bioanalytical applications and the construction of biosensor
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because of their excellent ability to immobilize biomolecules and at
the same time retain the biocatalytic activities of those biomolecules
[13-16].

Hemoglobin (Hb) is a kind of heme protein that contains four
polypeptide chains, each of which has one electroactive iron heme as a
prosthetic group. Hb stores in blood and functions as oxygen deliverer
which is of great help to living activities. Investigation of the
heterogeneous electron transfer process between electrode surface
and Hb is very important for the fundamental studies as well as the
impetus for the further developments of bioreactors and biosensors.
However, Hb displays poor redox kinetics at conventional electrodes
due to the sluggish electron transfer. As we know, the electroactive
center of Hb is usually buried deeply inside the non-conductive
peptide chains, resulting in inaccessibility of its electroactive center to
the electrode surface. On the other hand, this slow electron transfer
may be caused by the unfavorable orientation of Hb molecules on the
electrode surface, which increases the distance between its heme
center and electrode surface, and the adsorption of impurities, which
block the electron communication between heme and electrode and
make it denature. Thus, the investigation of the direct electrochem-
istry of Hb is of importance for the understanding of the structure-
function relationship of Hb. Many researchers have focused their
attentions on the enhancement of the electron transfer of Hb by using
nanostructured gold as mediators or promoters [17-22]. Gold
nanoparticles have been attached onto glassy carbon electrode surface
through sulfhydryl-terminated monolayer and a pair of well-defined
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Fig. 1. SEM images of the gold nanoparticles electrodeposited on BDD surface
(A) Flower-like nanogold prepared from 0.2 M H,SO, solution containing 2 mM
HAuCl, and (B) Spherical nanogold prepared from 0.2 M H,SO,4 solution containing
0.2 mM HAuCl, with the deposition potential at +0.5 V vs Ag/AgCl, (C) Convex
polyhedron nanogold prepared from 0.2 M H,SO4 solution containing 2 mM HAuCl,
with the deposition potential at 0.1 V vs Ag/AgCl, (D) bare BDD.

redox peaks with formal potential of about -0.085 V for Hb was
obtained on this modified glass carbon electrode. The apparent
heterogeneous electron transfer rate constant was 1.05 s ! [19]. The
direct electrochemical behavior of Hb on gold nanoshells modified
indium tin oxide electrode has been investigated and the formal
potential obtained on this modified electrode was -0.265 V, and the
electron transfer rate constant was 2.39 s~ ! [21]. Hb was immobilized
successfully on nanometer-sized gold colloid particles associated with
a cysteamine monolayer on a gold electrode surface, and the direct
electron transfer between Hb and the modified electrode was
achieved; the formal potential of Hb was —0.051 V and the electron
transfer rate constant was 0.49 s~ ! [22]. As we can see, the size, shape
of the metal nanoparticles and the substrate on which nanostructured
gold modified play key role in the electrochemical behavior of Hb.
Therefore, in this work, different morphology of gold nanoparticles
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will be electrodeposited on BDD substrate and their electrocatalytical
activities to Hb will be investigated.

In our present researches, a simple way was introduced to prepare
the size, shape and crystallinity controlled gold nanoparticles, and the
flower-like, spherical, and convex polyhedron gold nanoparticles with
different dominant crystal facets have been easily fabricated by one
step and low cost electrochemical method under various conditions.
The different electrochemical behaviors of these three different
shapes of gold nanoparticles were compared. The three different
gold nanoparticles functioned as an electron transfer-bridge between
BDD and Hb was studied, and the different electrocatalytic behavior of
three different shapes of gold nanoparticles to Hb was obtained. The
effects of surface roughness, exposed surface area, and crystal
structure of gold nanoparticles on electrocatalytic activity to Hb
were investigated.

2. Experimental

Chloroauric acid and hemoglobin were purchased from sigma
chemicals and used as received. Sulfuric acid, ferrous potassium
cyanide and other chemicals from Shanghai Reagent Co., Ltd were of
analytical grade and used without further purification. Buffers were
acetate buffer solutions (ABS). Twice deionized water was used for
preparing electrolyte solutions. And the boron-doped diamond grew
with a microwave plasma chemical vapor deposition was obtained
from CSEM, Swiss.

The BDD was first anodized at +2.8 V in 1 M H,SO4 for 10 s to
remove any impurities on its surface. The gold nanoparticles was
electrochemically deposited on BDD by potentiostatic method from an
aqueous solution containing 2 mM, 0.2 mM HAuCl, and 0.2 M H,SO4
after the BDD was pretreated by scanning the potential from -2.8 V to
0V and then back to -2.8 V for 10 cycles at a sweep rate of 50 mV/s,
and the resulting Au/BDD was dipped into 0.2 M ABS containing 50 tM
hemoglobin (Hb) for 72 h to obtain Hb/Au/BDD modified electrode.

All electrochemical experiments were carried out on a CHI 660C
electrochemical workstation (CH Instrument CO., USA). Traditional
three-electrode system involving a platinum wire as counter-
electrode and a KCl-saturated Ag/AgCl electrode as a reference
electrode was employed for electrodeposition and electrochemical
characterization. Voltammetric experiments at modified electrodes
were performed in buffers containing no proteins. Buffers were
purged with highly purified nitrogen for at least 10 min prior to a
series of experiments. A nitrogen atmosphere was then maintained
during the whole experiment.

The scanning electron microscope (SEM) image was obtained using
Quanta 200 FEG (FEI Company, Japan). The XRD pattern was obtained
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Fig. 2. XRD patterns of (A) Flower-like gold nanoparticles (B) Spherical gold nanoparticles (C) Convex polyhedron gold nanoparticles.
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Table 1
The parameters obtained on different morphology of gold nanoparticles modified BDD

Flower-like Spherical Convex polyhedron
Diameter of nanogold/nm 100-150 70-100 100-150
Inu(i11)/Iau200) 2.82 143 0.87
Ret [Q (After adsorption of Hb) 6000 4100 2900
*/107'° mol cm™2 2.95 2.59 1.99
kefs™! 034 0.16 0.13

by a D/max2550VB3+/PC X-ray diffractometer using Cu (40 kV,
100 mA).

All the results in this paper represent the average over three
parallel experiments.

3. Results and discussion
3.1. Morphology and XRD patterns of gold nanoparticles on BDD

Gold nanoparticles were prepared by one-step potentiostatic
method under various experimental conditions and its surface
morphology was characterized by SEM (shown in Fig. 1A, B, and C
respectively). For comparison, the typical SEM image of as-grown BDD
film was shown in Fig. 1D, a columnar, randomly textured, polycrystal-
line film and grains of an average size of 300-500 nm are clearly
observed. As shown in Fig. 1A, deposition from 2 mM HAuCl4
solutions at the applied potential of +0.5 V gave the beautiful flower-
like nanostructure of gold particles. From the SEM image, we can see
that the particle size of the flower-like nanogold is ranging from
100 nm to 150 nm; the gold nanoparticles look very pretty, just like
many flowers blossom on BDD surface, and the keen-edged leaves
make the surface of nanostructured gold particles very rough and
numerous flower leaves possess large exposed surface area. When a
lower concentration of HAuCl, (0.2 mM) was used, a regular but
featureless spherical nanostructured-gold with the particle size of 70-
100 nm was obtained. We can see that the spherical gold nanopar-
ticles with large specific surface area were evenly distributed on BDD
surface. To investigate the effects of deposition potential on the
formation of gold particle, a comparative study was performed. A
more negative potential, 0.1 V, was applied to BDD electrode, another
shape of convex polyhedron nanoparticles with very irregular face
(Fig. 1C) which is far from flower and sphere can be obtained from
2 mM HAuCly solution. The grain size of this convex polyhedron is
ranging from 150 to 200 nm. As it can be seen, the convex polyhedron
gold nanoparticles cling tightly onto BDD surface; therefore, the
exposed surface area is relatively small.

The crystalline nature of the gold nanoparticles was confirmed by
the corresponding XRD patterns. The XRD diffraction peaks of the

200

electrodeposited flower-like, spherical, and convex polyhedron gold
particles are shown in Fig. 2 (A-C). The observed three sharp peaks in
Fig. 2 can be assigned to the (111), (200) and (220) facets of metal gold,
respectively, indicating that the nanoparticles are composed of pure
crystalline gold with the face-centered cubic structure. Fig. 2A shows
that the intensity of Au (111) peak obtained for the flower-like
particles is much higher than that of Au (200) and Au (220) peaks,
indicating that the flower-like gold nanoparticles is preferentially
dominated by Au (111) facet. From Fig. 2B and C, we can see that the
intensity of Au (111) peak for spherical gold particles is only a slightly
higher than that of Au (200) peaks, but for convex polyhedron gold
particles, the intensity of Au (111) peak is lower than that of Au (200)
peaks. The intensity ratio of Au (111) peak to Au (200) peak for three
kinds of gold nanoparticles is shown in Table 1.

3.2. Electrochemical characterization of different morphology of
nanogold

Fig. 3 depicts the cyclic voltammograms (CVs) obtained on
different gold nanoparticles modified BDD electrodes in 0.1 M
H,S0,. An interesting thing can be seen from Fig. 3A and B. Compared
with CV curve obtained on bare BDD (Fig. 3D), two obvious oxidation
peaks at about +1.4 V and +1.1 V can be observed on both flower-like
and spherical gold nanoparticles modified BDD electrode. However,
on flower-like gold nanoparticles modified BDD electrode, the peak
current at +1.4 V is much higher than that at +1.1 V, while the peak
currents of these two peaks equal to each other on spherical gold
nanoparticles modified BDD electrode. Meanwhile, we can see that
the oxidation peak current at about +1.4 V on flower-like gold
nanoparticles modified BDD electrode is evidently larger than that on
spherical gold. From Fig. 3C, we can see only one oxidation peak at
+1.1 V can be observed on convex polyhedron gold nanoparticles
modified BDD electrode and the oxidation peak near +1.4 V is very
unconspicuous and ill-defined. From the data mentioned above, it can
be deduced that the oxidation peak at +1.4 V is characteristic of the Au
(111) surface and the oxidation peak at +1.1 V is characteristic of the
Au (200) or Au (220) surface. The result agrees with the XRD pattern
very well.

3.3. Electrocatalysis of different morphology of nanogold to Hb

Alternative current (AC) impedance spectroscopy on BDD elec-
trode after the modification of different morphologies of gold
nanoparticles and the adsorption of Hb was further measured in the
presence of equimolar [Fe(CN)6]>7/47, as shown in Fig. 4. Fig. 4D shows
the impedance spectrum of the bare BDD electrode. We can see that
the charge transfer resistance (R.) of [Fe(CN)6]>74~ obtained on bare
BDD is very large and the calculated Rct for the [Fe(CN)6]>7*~ redox
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Fig. 3. Cvs of (A) flower-like gold nanoparticles (B) spherical gold nanoparticles (C) convex polyhedron gold nanoparticles modified BDD electrode (D) bare BDD in 0.1 M H,SO4.
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Fig. 4. Electrochemical impedance spectroscopy of (A) Hb/flower-like nanogold/BDD
(B) Hb/spherical gold/BDD (C) Hb/convex polyhedron gold/BDD (D) Bare BDD (E)
Flower-like gold/BDD electrode in 5 mM KsFe(CN)s/K4Fe(CN)g (1:1) containing 0.10 M
KCI. Applied potential: 0.20 V; frequency range: 0.1 Hz to 100 kHz.

couple was 7800 Q. R, was decreased to 260  when gold
nanoparticles were modified onto BDD electrode surface and then
greatly increased to higher than 2500 Q after the incubation of Hb on
Au/BDD electrode. An interesting thing can be observed from Fig. 4:
the Rct value of [Fe(CN)6]>7/*" obtained on flower-like gold/BDD
almost equals that obtained on spherical and convex polyhedron gold/
BDD owing to the excellent electrical conductivity of gold. However,
when Hb was trapped on Au/BDD surface, the Rct values differ greatly
from each other, as was shown in Table 1. We can see that the charge
transfer resistance increased in the following order: Hb/flower-like
nanogold /BDD>Hb/spherical nanogold /BDD>Hb/convex polyhedron
nanogold /BDD. This order is consistent with the order of exposed
surface area for three different shapes of gold nanoparticles.

CVs of different electrodes were measured in 0.2 M ABS (pH 4.5) at
a sweep rate of 100 mV/s, as shown in Fig. 5. Compared with Au/BDD
electrode, the Hb/Au/BDD electrode gave a couple of well-defined
redox peaks with formal potential of +0.251 V, +0.261 V, +0.283 V for
Hb/flower-like nanogold /BDD, Hb/spherical nanogold/BDD and Hb/
convex polyhedron nanogold/BDD electrodes, respectively, confirm-
ing that the redox peaks on Hb/nanoAu/BDD electrode were attributed
to the electroactive heme center in Hb molecules. But a difference still
can be seen. At Hb/flower-like gold/BDD electrode, the oxidation peak
for heme center is at +0.339 V with the reduction peak potential near
+0.164 V, and the peak-to-peak separation (AEp) is 0.175 V. while at
Hb/spherical gold/BDD and Hb/convex polyhedron gold/BDD electro-
des, the oxidation peak is positively shifted and the reduction peak
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Fig. 6. Plot of the cathodic and anodic peak currents vs. sweep rate (A)
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pH 4.5 ABS.
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shifted negatively, and AEp was widened to 0.262 V and 0.290 V
respectively.

More measurements were made to further understand the direct
electrochemistry of hemoglobin on these three different electrodes.
Fig. 5 shows the CVs obtained on Hb/flower-like/BDD, Hb/spherical
gold/BDD, and Hb/convex polyhedron gold/BDD electrodes in ABS
solutions at different sweep rates. It is can be seen, both the peak
currents and the peak potential separation (AEp) between the
cathodic and anodic peaks increase as the scan rate increases. The
linear relationship between the cathodic peak current and scan rate in
the range of 0.05-0.1 V/s (Fig. 6) indicates that the electron transfer
between Hb and three gold nanoparticles modified BDD electrodes is a
surface-controlled quasi-reversible process.

For Hb on flower-like/BDD electrode, the peak-to-peak separations
of the cyclic voltammograms at 50, 60, 70, 80, 90 and 100 mV/s were
138, 145, 152, 159, 169, and 175 mV, respectively (see Fig. 5A).
Supposing the charge transfer coefficient was between 0.3 and 0.7, the
electron transfer rate constant (k) was estimated to be 0.34 s™!
according to Laviron's model with the formula

ks = mnFu/RT (1)

where m is a parameter related to the peak-to-peak separation [23].
The anodic and cathodic peak potentials are linearly dependent on
the logarithm of scan rates (v) when AEp>200/n (Fig. 5B and C),
which is in agreement with the Laviron theory [23]: a plot of Ep versus
log v yields two straight lines with slopes, for the cathodic peak, the
slope is —2.3RT/anF and for the anodic peak, the slope is 2.3RT/(1-)
nF. The electron transfer rate constant (ks) can be estimated to be 0.16
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Fig. 5. Cvs of (A) Hb/flower-like nanogold/BDD (B
0.08, 0.09, 0.1 V/s (from inner to outer).

) Hb/spherical nanogold/BDD (C)Hb/convex polyhedron nanogold/BDD electrodes in pH 4.5 ABS at the sweep rates of 0.05, 0.06, 0.07,



M. Li et al. / Bioelectrochemistry 74 (2008) 217-221 221

and 0.13 s°' for Hb on spherical and convex polyhedron gold
nanoparticles modified BDD electrode, respectively, according to the
following equation developed by Laviron.

Igks = alg(1-a) + (1-or)lga-1g(RT /nFv)-a(1-a)nFAE, /2.3RT (2)

With the results forementioned, it can be concluded that the
electron transfer rate constant of electrode reaction increases in the
following order: Hb/flower-like nanogold/BDD>Hb/spherical nano-
gold/BDD>Hb/convex polyhedron nanogold/BDD, indicating that the
electrocatalysis of flower-like nanogold to Hb is the strongest, then the
spherical nanogold, and that of convex polyhedron nanogold is the
weakest.

To further understand the different electrocatalysis of different
morphology of nanogold to Hb, the average surface concentration of
electroactive species was calculated. According to Q=nFAT* [24], the
amount of electroactive species adsorbed on electrode surface can be
easily obtained by integration of CV peaks. Here Q is the charge, n is
the number of electrons transferred, F is Faraday's constant and A is
the working electrode area. From the data in Fig. 5, the surface
concentration (I'*) of Hb on the flower-like gold/BDD, spherical gold/
BDD, and convex polyhedron gold/BDD were estimated to be 2.95,
2.59, and 1.99x107° mol cm™2, respectively.

As is known to us, the chemical properties of the nano-structured
metal are tuned with its size, shape, and crystallinity, and then the
electrocatalytical activity of metal particles is evidently determined by
their physical and chemical properties. Firstly, we can assume that the
topography of gold nanoparticles plays a very significant role and has a
substantial impact on the adsorption and electrochemistry of Hb. As
shown in Fig. 1, the flower-like gold nanoparticles displays the
roughest surface and the largest exposed surface area and exhibits a
surface texture that appears more optimal for Hb adsorption and
electrochemical response, so we can obtain the fastest direct electron
transfer process between Hb and flower-like gold/BDD. The topo-
graphy of convex polyhedron gold nanoparticles is relatively smooth-
est and flattest with the smallest exposed surface area; the
morphology of this style is poor for the adsorption and electro-
chemistry of biomacromolecules. Then the slowest electron transfer
rate constant of electrode reaction is obtained on Hb/convex
polyhedron gold/BDD. The crystallinity of the resulting gold nano-
particles plays another crucial role in its electrocatalysis to Hb. From
the XRD results and electrochemical characterization in 0.1 M H,SO,,
we know that the intensity of the Au (111) peak for the flower-like
particles is much higher than that for spherical and convex
polyhedron gold particles. The experimental results indicate that the
more highly the surface is dominated by Au (111), the faster the
electron transfer rate of Hb is observed. We can presume that the Au
(111) of gold nanoparticle is more active to redox of Hb than that of Au
(200) and Au(220) facets.

4. Conclusions

The flower-like, spherical, and convex polyhedron gold nanopar-
ticles were fabricated on BDD surface by easily manipulating the
electrodeposition potential and the concentration of HAuCl,. Experi-
mental results show that the electrochemical properties of these gold
nanoparticles with different morphologies are quite distinct from each
other. The gold nanoparticles attached on BDD electrode can function
as an electron transfer bridge between Hb and BDD surface. The redox
of hemoglobin immobilized on three different structures of gold
particles shows a surface controlled process with the apparent
heterogeneous electron transfer rate constant of 0.34 s™!, 0.16 5™,
and 0.13 s~ ', respectively.
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