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a b s t r a c t

We have successfully constructed a novel gold film with open interconnected macroporous walls of
nanoparticles by combining the hydrogen bubble dynamic template synthesis with galvanic replacement
reaction. After modified by a self-assembled monolayer (SAM) of 11-mercaptoundecanoic acid (MUA),
the three-dimensionally (3D) interconnected macroporous Au film has been used as a biocompatible sub-
strate for the immobilization of cytochrome c. The morphology, structure and electrochemical features of
eywords:
irect electrochemistry
ytochrome c
acroporous gold
ydrogen bubble template
alvanic replacement reaction

the modified and unmodified macroporous Au films were characterized by field-emission scanning elec-
tron microscopy (FESEM), energy-dispersive X-ray (EDX), cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS). The results reveal that the resultant films had a large electroactive sur-
face area for high protein loading, enhanced electron transfer of cytochrome c, retained electrochemical
activity, good stability and repeatability. And the excellent electrochemical behaviors could be attributed
to the hierarchical structure of the macroporous Au film constructed by nanoparticles.
elf-assembled monolayer

. Introduction

Cytochrome c (cyt c), a heme-containing redox protein, plays the
pecial physiological function by transferring electrons between
yt c reductase and cyt c oxidase both embedded in the mito-
hondrial membrane [1–3]. Due to its electron transfer capability,
yt c has potentially electroanalytical application as the third-
eneration protein-based electrochemical biosensors to detect
ome small molecules or relative substrates including hydrogen
eroxide (H2O2) [2], nitrite salt [3], nitric oxide [4], superoxide
adical anion [5], halogen oxyanions, ascorbic acid (AA) and l-
ysteine (LC) [6]. Compared with other analytical methods, such
s spectrometry [7], fluorescence [8], chemiluminscence [9], elec-
rochemical biosensors are promising tools due to their accurate,
eal-time measurements and practical applications in food, clinical
nd environmental analyses [10–14].
As is well known, direct electron transfer of proteins is a key
lement for their application in third-generation protein-based
lectrochemical biosensors. However, it is difficult for cyt c to
ndergo a facile electron transfer process at bare electrodes, such
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as Pt, Hg, Au, Ag, Ni, glassy carbon and p-type silicon, because
cyt c adsorbs strongly on the conventional electrodes [10–16].
This strong adsorption process often results in protein denatu-
ration and inhibited electron transfer between protein and the
electrodes due to the insulation of the redox group of the pro-
tein from the electrodes by electrochemically inactive polypeptide
chain in cyt c molecule [3,17]. A successful approach to increas-
ing the electron transfer rate of cyt c on the metal electrodes
is to create biocompatible environments on the electrode sur-
faces by modifying promoters. The most promising promoters
are self-assembled monolayers (SAMs) of bifunctional alkanethi-
olate molecules [18,19]. This type of alkanethiolate molecules
contains thiol functional groups which covalently bind the pro-
moters to the electrode surfaces and carboxylic functional groups
which are available to covalently bind to the –NH2 of lysine
residues surrounding the partially exposed heme in cyt c molecule.
Covalent binding method can easily retain the bioactivity, elec-
trochemical activity and stability of the immobilized proteins
compared with physical adsorption or entrapment [2,16,20,21]. 11-
Mercaptoundecanoic acid (MUA) is a typical alkanethiol molecule
and can form a stable, tightly packed, low dielectric and ordered
hydrocarbon monolayer for the immobilization of cyt c on electrode

surface via covalently bound [18,22].

With the development of nanotechnology, many nanostruc-
tured Au materials [11,13–15] were used as electrodes for
promoting electron transfer of the hemeproteins, and consequently
for constructing a third-generation biosensor with high sensitiv-
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ty and selectivity, because Au nanomaterials have many excellent
haracters, such as good conductivity, large surface area-to-volume
atio and compatibility with protein. Brown et al. [23] obtained
eversible electrochemistry of cyt c at Au colloid-modified SnO2
lectrodes. Murata et al. [24] constructed an electrode by casting
itrate-reduced Au nanoparticles onto a polycrystalline Au elec-
rode, and obtained the direct electrochemistry of cyt c. Zhu et
l. [25] prepared nanoporous Au film materials on transparent ITO
ubstrates by alternatively assembling Au and Ag nanoparticles fol-
owed by dissolving Ag nanoparticles in HAuCl4 solution. And the
anoporous Au film showed a fast electron transfer of cyt c.

It is well known that an increase in protein loading on the
lectrode surface could promise a significant improvement in sen-
itivity. However, by covalent immobilization, the coverage of
rotein on sensor surface is limited to a monolayer. Macrop-
rous materials as electrodes exhibit higher electroactive surfaces
hich are addressable to protein, thus, higher protein loading can

e achieved. Moreover, three-dimensional macroporous materials
ould also act as scaffolds for the immobilization of biomolecules
nd functionalization of various functional groups, and also provide
acroporous channels favorable to the diffusion of electroactive
aterials. The pore walls of macroporous materials are composed

f nanoparticles which could act as electron relay centers to facil-
tate electron communication between the hemeprotein and the
lectrode [15].

In our previously work [26], we have developed an approach to
abricating 3D macroporous Au films by combining the hydrogen
ubble dynamic template synthesis [27,28] with galvanic replace-
ent reaction. Because Au has the high equilibrium potential for

lectrodeposition and the low overpotential for hydrogen evolu-
ion, electrodeposition of Au using the dynamic hydrogen bubble
emplate approach will result in evolution of hydrogen with rela-
ively high speed simultaneously on the newly electrodeposited Au
urface and the substrate. Therefore, it is impossible to form a stable
ydrogen bubble flow as dynamic template to prepare macro-
orous Au films with ordered macroporous structure. In order
o prepare 3D ordered macroporous Au films, we firstly adopted
ydrogen dynamic template method to prepare macroporous Cu
lms, and then converted the Cu films to Au films by a galvanic
eplacement. In this galvanic replacement process, the 3D macrop-
rous structure can be retained. The resultant 3D Au films showed
n enhanced electrocatalytic activity towards the oxidation of glu-
ose [26]. Compared with other template methods, this method
ossesses several advantages: low cost, facile control of structure,
nd easy preparation including preparation of the template, metal
eposition, and elimination of the template [26,29]. In addition, the
acroporous Au films have outstanding properties, such as macro-

orous structures and large surface areas, which could be ideal
osts for biomolecules immobilization [30,31]. Herein, this type of
he macroporous Au films was firstly employed as biocompatible

atrix and efficient electron communication centers for hemopro-
eins. Cyt c was covalently immobilized on a MUA SAM modified

acroporous Au film. Electrochemical characterizations show that
he macroporous Au film electrode modified with MUA SAM pro-
ides a favorable microenvironment for cyt c to maintain its native
lectrochemical activity and realize the direct electrochemistry.

. Experimental

.1. Materials
KAu(CN)2 was obtained from Special Chemical Reagent Com-
any of Soochow University (Soochow, China). MUA, cyt c from
orse heart and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
EDC) were purchased from Sigma–Aldrich (St. Louis, USA). H2O2
010) 1164–1169 1165

(30%, w/v), CuSO4, KCl, H2SO4, K2HPO4, KH2PO4, K3[Fe(CN)6],
K4[Fe(CN)6]·3H2O and anhydrous ethanol were received from
Shanghai Chemical Reagent Corporation (Shanghai, China). All
chemicals used in this investigation were of analytical grade and
without further purification. In all the experiments, deionized
water (>18 M�) from a Milli-Q purification system (Billerica, USA)
was used. Phosphate buffer solution (PBS, pH 7.0) was prepared
with KH2PO4 and K2HPO4.

2.2. Electrodeposition of macroporous Cu films using the
hydrogen dynamic template

An Au disk electrode (diameter 8 mm, 99.99%) was used as the
substrate (cathode) for Cu electrodeposition. Prior to use, the Au
electrode was mechanically polished to a mirror-like surface with
1.0, 0.3 and 0.05 �m Al2O3 slurry consecutively. After utrasonicated
in alcohol and water, the well-polished electrode was electro-
chemically pretreated by cycling the potential between −0.25 and
+1.55 V in 0.5 M H2SO4 at a scan rate of 100 mV s−1 until a stable
voltammogram was obtained. Then the gold electrode was rinsed
with water. For fabrication of macroporous Cu films, constant cur-
rent (as high as −0.2 A) was applied in a stationary solution of 0.5 M
H2SO4 + 0.05 M CuSO4 (without stirring or N2 bubbling).

2.3. Conversion of the macroporous Cu films into macroporous Au
films

The chemical conversion of the macroporous Cu films into
macroporous Au films was achieved using a template-engaged
replacement reaction between the macroporous Cu films and an
aqueous KAu(CN)2 solution. In a typical replacement reaction, a
macroporous Cu film electrode was immersed in a 50 mM KAu(CN)2
aqueous solution for 2 h, resulting in a macroporous Au film.
Accompanying the galvanic replacement, a small amount of Cu
impurity remained in the porous structures. In order to selec-
tively remove Cu impurity from the macroporous gold film, cyclic
potential scan was performed in 0.5 M H2SO4 solution until no
other peak appeared except the characteristics of the Au in the
cyclic voltammograms, which demonstrated a macroporous pure
Au film electrode was obtained. Finally, the macroporous Au film
was washed by water and dried under a high-purity N2 atmosphere.

2.4. Modification of the macroporous Au film electrodes

The prepared macroporous Au film electrodes were immersed
in 10 mM MUA ethanolic solution for approximately 12 h. Then,
the resulting electrodes were thoroughly rinsed with ethanol and
water to remove the physically adsorbed MUA molecules. In the
process of immobilization of cyt c, EDC was selected as a cou-
pling agent to activate the reaction between the –COOH groups
of MUA and the lysine residues around the heme cavity of cyt c by
immersing the MUA SAM modified gold film electrodes in 20.0 mM
EDC solution for 12 h [32]. Thereafter, the EDC-activated electrodes
were washed and subsequently incubated in a 10 mM PBS contain-
ing cyt c (2.0 mg mL−1) at 4 ◦C for 12 h to form a covalent bond
via the carboxylic groups in MUA and amines of lysine in cyt c. To
remove any loosely bound cyt c from electrode surface, the elec-
trodes were rinsed with 10 mM PBS (pH 7.0). By this procedure, cyt
c has been successfully immobilized onto the MUA SAM modified
macroporous Au electrodes. The electrodes were stored in 0.01 M
PBS at 4 ◦C when not in use.
2.5. Instruments

Electrochemical experiments were performed on a CHI 660C
electrochemical workstation (CH Instruments, USA). All elec-
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ig. 1. SEM images (at different magnifications) of the macroporous Cu film elec
lectrolyte of 0.05 M CuSO4 + 0.5 M H2SO4 for 120 s.

rochemical experiments were carried out with a conventional
hree-electrode system. A platinum mesh and a saturated calomel
lectrode (SCE) were used as the auxiliary electrode and the
eference, respectively. The modified or unmodified macrop-
rous Au film electrodes were used as the work electrodes.
o assess the direct electrochemistry of cyt c, cyclic voltam-
etry (CV) and electrochemical impedance spectroscopy (EIS)
ere carried out. EIS was performed in the presence of 5 mM

3[Fe(CN)6]/K4[Fe(CN)6] (1:1) and 0.1 M KCl with a 5 mV ac ampli-
ude in a frequency range from 0.1 Hz to 100 kHz at the formal
otential of K3[Fe(CN)6]/K4[Fe(CN)6] redox couple. Before elec-
rochemical experiments, the electrolyte was deoxygenated by
ubbling highly pure nitrogen for at least 20 min and a nitro-
en atmosphere was maintained over the solutions during the
easurements. In these experiments, all the potentials referred

o the SCE. Field-emission scanning electron microscope (FESEM)
S-5000, Hitach, Japan) equipped with an energy-dispersive X-ray
EDX) system was used to characterize the morphology of the as-
repared electrodes. All electrochemical experiments were carried
ut at room temperature.

. Results and discussion

Fig. 1 displays the typical SEM images of the macroporous Cu
lm electrodeposited at a 0.2 A cathodic current in a 0.05 M CuSO4
nd 0.5 M H2SO4 solution for 120 s. It is clear that the Cu film is
f 3D interconnected macroporous structures and the pore wall
onsisted of numerous dendrites in all directions. The feature size
f the pores in the Cu film is about 70 �m.

The macroporous Cu film has been successfully proved to be an
acrificial template for generating macroporous Au film through a
alvanic replacement between the macroporous Cu film and the

Au(CN)2 in solution [26]. In this experiment, the macroporous Cu
lm was immersed in an aqueous KAu(CN)2 solution, it was then
eplaced by Au atoms that are deposited epitaxially on the sur-
ace of the Cu template, because Cu is more active than Au. Since
ery stable Au cyanide complex was used, the galvanic replace-
osited using hydrogen bubble as dynamic template at a current of −0.2 A in the

ment reaction occurred very slowly, therefore, the final Au film
had essentially the same structure as the porous Cu film. After
2 h galvanic replacement reaction, 93 wt% Cu was converted to Au
according to the EDX results [26]. Through an electrochemical clean
procedure, the remaining Cu impurity was selectively and gradually
dissolved, leaving behind the interconnected macroporous pure Au
film. As shown in Fig. 2, the macroporous Au film electrode shows
the similar fine structure as the macroporous Cu film, even after
the electrochemical purification process for removal of Cu impu-
rity. The as-prepared macroporous Au film shows a hierarchical
structure with macropores and nanoparticles. The macropore size
is about 30 �m which is restricted compared to the Cu film. The
pore wall consists of numerous dendrites in all directions, and its
thickness is about 10 �m.

Fig. 3 shows the cyclic voltammograms (CVs) of a smooth Au
electrode (a) and a macroporous Au film electrode (b) prepared
using the hydrogen dynamic template followed by chemical dis-
placement reaction. The anodic oxidation current starting at about
1.0 V is due to the formation of Au oxide which is subsequently
reduced in the negative potential scan, as indicated by the reduc-
tion peak at 0.85 V [26]. As shown in Fig. 3, both the porous Au film
and the smooth Au electrode show the similar characteristics for a
pure Au electrode, suggesting that no Cu impurity remains in the
macroporous Au film electrode, in agreement with the EDX data.
Electroactive surface area of the macroporous Au film electrode was
estimated from the integration of charge required for the reduc-
tion of the Au oxide formed in the positive scan in a 0.5 M H2SO4,
assuming that the reduction of a monolayer of Au oxide requires
386 �C cm−2 [26,33]. The electroactive surface areas of the smooth
Au and the as-prepared macroporous Au film electrode were calcu-
lated to be 2.2 and 43.5 cm2, respectively, and their corresponding
roughness factors (a ratio of the real surface area to the geomet-

ric area of 0.5 cm2) were 4.4 and 87.0, respectively. The roughness
factor of the macroporous Au film is higher than those of porous
Au films obtained by other methods in the literatures such as tem-
plate synthesis method [33], dealloying [34], oxidation-reduction
[35] and direct hydrogen bubble template method [36].
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Fig. 2. SEM images (at different magnifications) of the macroporous Au film after galv
electrochemical cleaning process.

Fig. 3. Cyclic voltammograms (CVs) of a smooth Au electrode (a) and a macroporous
Au film electrode (b) in a solution of 0.5 M H2SO4 at a scan rate of 10 mV s−1.

Fig. 4. (A) Nyquist plots obtained at a smooth Au electrode and a macroporous Au film el
and a cyt c/MUA/macroporous Au electrode. Insert of (A): Randle’s equivalent circuit.
anic replacement between the porous Cu film and the KAu(CN)2 in solution and

Electrochemical impedance spectroscopy (EIS) can provide use-
ful information to characterize interface properties of an electrode
surface during the modification process. Using [Fe(CN)6]3−/4−

redox couples as the electrochemical probe, EIS of different layers
of the modified electrode was collected. The Randles circuit (insert
of Fig. 4A) was chosen to fit the impedance data. It includes the
ohmic resistance of the electrolyte solution (Rs), the double-layer
interfacial capacitance (Cdl) corresponding to the electrochemi-
cal charging/discharging process, the electron transfer resistance
(Ret) corresponding to the electron transfer kinetics of the redox
probe at the electrode interface and the diffusion impedance (W)
[21,37]. The parallel combination of Ret and Cdl gives rise to a
semicircle. Fig. 4A and B shows the complex-plane impedance spec-
tra (Z′′ vs. Z′, Nyquist plot) of the EIS obtained at a smooth Au

electrode, a porous Au and modified macroporous Au film elec-
trodes. The EIS of the porous Au film electrode (Fig. 4A) shows an
almost straight line at all frequencies, which suggests that Ret for
the electrochemical probe at the macroporous Au film electrode

ectrode; (B) Nyquist plots obtained at an MUA modified macroporous Au electrode
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ig. 5. CVs of cyt c/MUA/macroporous Au at different scan rates in a 0.01 M PBS (pH
.0). Scan rate from (a) to (m) was 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09,
.1, 0.2, 0.3 and 0.4 V s−1, respectively.

e almost zero. This value is smaller than that of the smooth Au
lectrode, indicating that electron transfer of the probe is faster at
he macroporous Au film electrode than at the smooth Au elec-
rode.

From Fig. 4B, it is apparent that when the macroporous Au
lm electrode is covered by a monolayer of MUA via Au–S bond,
he Ret increases dramatically to about 4000 �. This phenomenon
ndicates that the modification of MUA on the electrode surface
locks the electrochemical reaction by an electrostatic repulsion
etween the negatively charged carboxylic group of MUA and
he negatively charged probe ions ([Fe(CN)6]3−/4−) [37]. After the
mmobilization of cyt c, the Ret increases further, demonstrat-
ng that cyt c was successfully immobilized on the surface of the

UA modified electrode. The immobilized cyt c further inhib-
ted the electron communication between the electron transfer
ndicator [Fe(CN)6]3−/4− and the macroporous Au film electrode
urface [38,39]. Cyclic voltammetry was performed to investigate
he direct electron transfer of cyt c. Fig. 5 shows the cyclic voltam-

ograms of cyt c immobilized on MUA SAM modified macroporous
old film electrode in a PBS (pH 7.0) at different scan rates. A
air of well-defined and symmetric redox peaks appears, corre-
ponding to the oxidation and reduction of the iron in the heme
roup. The separation of the redox peak potentials (�Ep) is only

−1
mV, close to 0 mV, at the scan rate of 10 mV s , indicating a
ast and reversible surface-controlled electron transfer reaction
40]. The formal potential (E0 ′) for the cyt c immobilized on the

UA SAM modified macroporous Au film electrode, being esti-
ated by averaging the redox peak potentials (E0 ′ = (Epa + Epc)/2),

Fig. 6. (A) Plot of the cathodic and anodic peak currents vs. scan rate; (B) Variatio
010) 1164–1169

is around 0.010 V. This value is in agreement with the for-
mal potential of native cyt c reported as 17 mV in a neutral
solution of pH 7.0 [30]. These results clearly demonstrate that
MUA SAM plays an important role in the immobilization of cyt
c, namely, the proteins chemisorbed on the MUA/macroporous
Au film electrode maintain their native electrochemical activ-
ity and realizes the direct electrochemistry, which is often very
slow at most of the unmodified electrodes [15,16]. MUA is a
long-chain thiol which can be chemisorbed on the macroporous
Au film surface forming an SAM and give a negatively charged
–COOH group for covalent immobilization of cyt c [22]. Such
interactions should ensure a largely proper orientation of the
immobilization of cyt c and maintain the native properties and
reactivity of the protein as it has in its physiological environment
[1,15].

As shown in Fig. 6A, both the anodic and the cathodic peak cur-
rents increase linearly in the range from 10 to 400 mV s−1 with
a correlation coefficient of 0.999. These phenomena indicate that
the electrode reaction corresponds to a surface-controlled pro-
cess [20,37,40], verifying that cyt c was stably immobilized on
the electrode surface. The redox peak currents (Ip) of the immobi-
lized cyt c on SAM vary with scan rate (v) following the expression
[2,20,21]:

Ip = n2F2A� v(4RT)−1 = nFQv(4RT)−1 (1)

where Ip represents the peak current of the anodic or cathodic
peak, Q is the quantity of charge calculated from the peak area of
the voltammograms, A is the geometric surface area of the macro-
porous Au film electrode and � is the surface coverage of the
electroactive substance. The surface coverage (� ) of cyt c immo-
bilized on the MUA/Au film electrodes can be estimated to be
1.3 × 10−12 mol cm−2, which is in agreement with the theoretical
monolayer coverage of 1.4 × 10−12 mol cm−2 [21]. Therefore, we
can deduce from the results that cyt c is of monolayer modifica-
tion at the macroporous Au film electrode surface. The number of
electron transferred (n) is calculated to be 1.07, close to 1, indicat-
ing that all the immobilized cyt c molecules are electroactive and
have the favorable orientation [41,42].

As shown in Fig. 6B, with increasing of scan rate, the anodic
peaks shift to more positive potentials, while the cathodic peaks
shift to more negative potentials. The anodic and cathodic peak
potentials are linearly dependent on the logarithm of scan rate (v)
when n�Ep > 200 mV, which is in agreement with the Laviron the-
n of the anodic and cathodic peak potentials vs. the logarithm of scan rate.

ory [43]. For the cathodic peaks, the slope value is −2.3RT/˛nF, and
for anode peaks, 2.3RT/(1-˛)nF, where n is the number of electrons
transferred in the rate determining reaction, F, R and T have their
usual significances. The electron transfer coefficient, ˛, is estimated
to be 0.53. From the peak-to-peak separation in Fig. 6B, the hetero-
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eneous electron transfer rate constant (ks) is determined based on
he Laviron’s equation.

og ks=˛ log(1 − ˛)+(1 − ˛)log ˛ − log
(

RT

nFv

)
− ˛(1 − ˛)nF�Ep

2.3RT
(2)

here �Ep is the peak-to-peak separation. The heterogeneous elec-
ron transfer rate constant (ks) is estimated to be 1.73 s−1. The
ate constant ks is higher than those of cyt c modified electrodes
n the literature such as colloidal Au (1.2 s−1) [44], Au nanopar-
icle (1.06 s−1) [45], Au/Ti (0.142 s−1) [46], Au/TiO2 (1.04 s−1)
46], Au nanoparticles/chitosan/carbon nanotubes (0.97 s−1) [30],
sDNA/Au (1.4 s−1) [47] and humic acid/Au (1.0 s−1) [48]. The high
alue of ks suggests that the MUA SAM modified macroporous Au
lms act as a good platform for the immobilization of cyt c, and
he modified electrode can provide a favorable microenvironment
or cyt c to undergo easy and fast electron transfer reaction even at
igh scan rates.

In addition, it was found that less than 10% of the immobilized
roteins desorbed from the cyt c/MUA/macroporous Au film elec-
rode when stored at 4 ◦C for 15 days. Consecutive potential scan up
o 100 cycles of the cyt c-monolayer-modified electrodes in 0.01 M
BS yielded a good repeatable signal with a relative standard devi-
tion of 5.0%, indicating that cyt c was stably immobilized on the
acroporous Au film surfaces.
The excellent electrochemical behaviors of the cyt c immobi-

ized on the MUA SAM modified macroporous Au film electrode
ould be interpreted as follows. First, highly dispersed macrop-
rous Au films provide a larger surface area for the immobilization.
econd, the Au nanoparticles on the pore wall may be fit for the
rientation of cyt c, and thus make the active center of cyt c
loser to the active site of the electrode [46] and facilitate electron
ransfer between cyt c and the macroporous Au film electrode. In
onclusion, the hierarchical structure of the macroporous Au film
lectrode provides a favorable microenvironment for the immobi-
ization of cyt c and the direct electron transfer between cyt c and
lectrode.

. Conclusions

We have successfully fabricated macroporous Au films by com-
ination of hydrogen bubble template with galvanic replacement
eaction. On the basis of multiple microstructures and high elec-
roactive surface area, the resulting Au film after modified with

UA is propitious to the covalent immobilization of cyt c and
aintains the native bioactivity and electrochemical activity of

yt c. Moreover, MUA SAM modified macroporous Au film elec-
rode can realize the direct electrochemistry of cyt c and ensure
he highly stability of the immobilized cyt c. The excellent elec-
rochemical behaviors of the cyt c immobilized on the MUA SAM

odified macroporous Au film electrode can be attributed to the

ierarchical structure of the macroporous Au film electrodes. This
ork provides a general method to realize direct electron transfer

f electroactive proteins, which promises to develop high per-
ormance bioelectronics devices such as biosensors and biofuel
ells.
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