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Abstract : Room temperature ionic liquid (RTIL) is used as a soft-template to organize a meso-macroporous material
constructed by self-assembled giant gold nanoparticles which are capped by L-cysteine. First, L-cysteine capped gold
nanoparticles can self-assembly to form nanowires and sub-micrometer spherical giant particles due to the static interac-
tion and/or the condensation reaction between the carboxyl and amino groups at the outer terminal of the ligand. Second,
the spherical assembled particles can form a quasi-solid gel when grinding with a hydrophobic RTIL, 1-octyl-3-metyllim-
idazolium hexafluorophosphate. Finally, when the composite gel is coated on a glassy carbon electrode and then polar-
ized by using cyclic voltammetry in phosphate buffer solution (PBS, pH = 7.4), a meso-macroporous structure is formed
due to the leakage of the surplus of RTIL in the gel. This meso-macroporous structured material has a good conductivity

and affinity to biological macromolecules. The faradaic current of cytochrome ¢ can be enhanced significantly due to

both the high outer surface area and the inner “thin-layer” effect. The experimental results indicate that this novel

meso-macroporous material has potential application for electrochemical devices including biosensors and biofuel cells.
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Porous materials have been intensively studied
with regard to technical applications from chemical
analysis to industrial catalysis. According to the 1U-
PAC definition, porous materials are divided into
three classes: microporous (pore size < 2 nm), meso-
porous (2 ~ 50 nm) and macroporous (> 50 nm) ma-
terials!. Microporous materials like zeolites have a
narrow and uniform micropore size distribution due
to their crystallographically defined pore system,
which limits the mass transfer of reactants in-and-out
of the micropores and leads to the stabilization of cat-
alysts with larger molecular size. The advantages of
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using meso-macroporous materials are the relatively
large pores which can facilitate mass transport and
very high surface area which allows a high concentra-
tion of active sites per mass of material. Thus, in the
last decade great efforts have been made for the syn-
thesis and application of mesoporous and macrop-
orous materials®. The encapsulation of enzymes and
other proteins into inorganic host materials has also
attracted considerable attention over the past few
years. This type of research has demonstrated that
biomolecules immobilized in inorganic matrixes can

retain their functional characteristics to a large extent,
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which makes the latter attractive for application as
biosensors and biocatalysts!®.

On the other hand, nanomaterials and nanostru-
tures have been found in many practical applications
due to their unique physical and chemical properties” ",
In terms of electrochemistry, metal nanoparticles can
be employed to roughen the conductive sensing inter-
face and enlarge the true reaction surface area of
electrode, make a more effective contact with the re-
dox center of large biomolecules, and enhance the di-
rect electrochemical reactions!"'?. Among the report-
ed nanomaterials, gold nanoparticles are the most
facile to be obtained by a two-phase synthesis method
developed by Schiffrin et al. ">, The authors also
predicted that the stable gold nanoparticles could be
protected by various ligands and could be functional-
ized at the stage of their formation. This work has
stimulated researchers to assemble nanoparticles into
an ensemble with controllable size, shape, and inter-
particle spatial properties so that the unique
nanoscale properties can be effectively exploited. A-
part from the immobilization of nanoparticles on dif-
ferent substrates using chemical assembly or LB
membrane, recently some attempts have been tried to
make gold nanoparticles self-assembly to reach con

[15-18

trollably shaped and larger size!''®., This provides def-
initely a new choice for synthesis of the mesoporous
and macroporous materials which are made of
self-assembled giant nanoparticles.

In general, the templates involved in the synthe-
sis of the mesoporous and macroporous materials are
the ionic surfactants, non-ionic surfactants, copoly-
mer and nanocasting™. RTILs are liquid salts of only
ions at around ambient temperature, one of which is
usually an ionic surfactant with a long hydrophobic
chain. RTILs have some unique physical and chemi-
cal properties, such as nonvolatility, thermo-stability,
good ionic conductivity and relatively wide electro-
chemical potential window. In recent years, signifi-
cant progress has been achieved in the application
of RTILs to electrochemistry™. Recently, A carbon
nanotube/RTILs composite gel has been found to be a

good material for the direct electrochemical investi

gation of biomolecules™ . Cytochrome ¢ is a heme
protein and consists of a single polypeptide chain of
104 amino acid residues that are covalently attached

24 The active heme center consists

to the heme group
of a porphyrin ring, where the four pyrrole nitrogens
are coordinated to the central Fe atom forming a
square planar complex. This protein is nearly spheri-
cal with a volume of 2.6 nm x 3.2 nm x 3.0 nm,
which makes it a suitable testing biomolecule to char-
acterize the electrochemical application of porous
material, and the work was fully reviewed®>.

In this work, we report a novel meso-macrop-
orous material composite by RTILs and self-assem-
bled gold nanoparticles with its enhancement on the
direct electrochemistry of cytochrome c. We have ob-
served that the RTILs will leak out and a
meso-macroporous structure is formed during the po-
larization in the phosphate buffer solution. This pre-
dicts that the RTILs could be used as a soft template
to form the mesoporous and/or macroporous materi-

als for bioelectroanalysis.
1 Experimental
1.1 Chemicals

L-cysteine, sodium borohydride (NaBH,), hy-
(HAuCl, -3H,0), sodium
(Na,HPO, - 7H,0),

monobasic

drogen tetrachloroaurate
phosphate dibasic heptahydrate
sodium  phosphate monohydrate
(NaH,PO, -H,0) and sodium chloride (NaCl) were
purchased from Shanghai Chemicals Co., China.
Horse heart cytochrome ¢ was provided by Aldrich.
The RTILs, 1-octyl-3-metyllimidazolium hexafluo-
rophosphate ([Omin]|PF), were synthesized according
to the procedures described in the previous reports?->?
with very high purity being confirmed by 1H NMR,
and IR analyses. All chemicals were of analytical
grade or better. All the aqueous solutions were pre-
pared by twice-distilled water.
1.2 Synthesis and Characterization of Gold

Nanoparitcles

A homogenous phase synthesis method has been
adopted since all reactants including the ligand,

L-cysteine, sodium borohydride and hydrogen tetra
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chloroaurate are aqueous soluble. First, excess L-cys
teine was added into the solution of hydrogen tetra-
chloroaurate (the molar ratio of L-cysteine to hydro-
gen tetrachloroaurate was 10:1) under strong stirring.
A kind of light yellow gold cluster was formed and
deposited. Next, the newly prepared sodium borohy-
dride aqueous solution was added into the above
mentioned solution with strong stirring. The L-cys-
teine capped metal gold nanoparticles were formed
and the color of the solution changed into dark
brown. Excess sodium borohydride was added into
the solution to ensure complete reduction of the
formed gold cluster. After the aqueous dispersive
gold nanoparticles were centrifuged by using a high
speed centrifuge (Avanti J-25, Beckman Co.), and
washed thoroughly by twice-distilled water following
by methanol for at least three times to remove the im-
purities. To characterize the gold nanoparticles,
UV-Vis study was carried out with a CARY 1E spec-
trometer (Varian Co.). Transmission electron mi-
croscopy (TEM) was also performed by a JE-
OL-200CX (JEOL Co.) using the procedure reported
by Chen et al.®™?], The dry gold nanoparticles were
collected by a rotary evaporator (Shanghai Chemicals
Co.) at 30 °C.
1.3 Electrode Modification and Electro-

chemical Measurements

100 wL.  [Omin]PF, was mixed and ground with
180 g of L-cysteine capped gold nanoparticles using
an agate mortar for about 30 minutes, and then a
black gel was formed. This method is similar to the
preparation of composite gel by carbon nanotubes
and RTILs reported previously®*!, The newly prepared
meso-macroporous structure was characterized with
the Quanta 200 FEG Scanning Electron Microscope
(SEM, FEI Co.). A glassy carbon (GC) disk electrode
(diameter of 6 mm) was polished with alumina pow-
der, and then was sequentially washed in twice dis-
tilled water and ethanol. The GC electrode was char-
acterized by 0.1 mmol ‘L' potassium ferricyanide
with a peak potential difference of 60 mV under the
sweep rate of 20 ms. The gold nanoparticles/RTILs

composite gel was placed on a smooth glass slide.

The GC electrode was rubbed over the gel, and the
gel was mechanically attached to the surface. The gel
on the electrode surface was further smoothed with a
spatula to form a thin and uniform gel film on the GC
electrode surface (ca. 50 ~ 100 wmol - L™ thick esti-
mated by the optical microscopy, BX-51, Olympus).
Then, the gel modified GC electrode was ready for
electrochemical experiments. A platinum wire was
employed as the counter electrode and a saturated
calomel electrode was adopted as the reference elec-
trode. The solutions were purged with highly purified
nitrogen for at least 20 minutes prior to the experi-
ments. Nitrogen atmosphere was maintained over the
solutions during the experiments. All the electro-
chemical experiments were carried out by using a
CHI 660A electrochemical workstation (CH Instru-
ments Co.) at room temperature ((20 = 2) °C).
2 Results and Discussion
2.1 Self-Assembly of the L-Cysteine Capped

Capped Gold Nanoparticles

To obtain the size-controllable and uniform gold
nanoparticles, a ligand is usually adopted to stabilize
the nanoparticles through either the covalent or static
interactions. For further modification or assembly of
the gold nanoparticles, it is also essential to use
bi-functional thiolether-containing molecules which
have another functional group on the other terminal.
L-cysteine is chosen here as the protection ligand be-
cause it contains a thiol group and can be chemically
adsorbed on the surface of gold nanoparticles without
congregation. Under our experimental conditions, the
uniform sized gold nanoparticles can be obtained. On
the other hand, it also has two other functional
groups: carboxyl and amino groups. The gold
nanoparticles are aqueous soluble due to its tiny size
and the strong hydrophilicity of the both outward
groups. It takes several weeks to observe the deposi-
tion in the aqueous solution of the gold nanoparticles
when stored in a freezer at 4 °C. Generally, the two
groups which are adsorbed on different particles can
combine with each other through the electrostatic in-
teraction and further chemical reaction. As a result,
the L-cysteine capped nanoparticles are self-assem



+326- W,

= 2014 4

bled and appeared as grainy, linear and sphere forms
as depicted in Fig. 1. The UV-Vis spectrum (Fig. 1A)
shows an adsorption peak at 520 nm for the newly
synthesized nanoparticles after strong sonicated,
which is the characteristic peak of the single gold
nanoparticle!™, Fig. 1B shows the TEM image of the
newly prepared nanoparticles which appear as single
granules and also some congregating features. The
average size of the gold nanoparticles is less than 10
nm. If the aqueous dispersible gold nanoparticles are
reserved for 12 hours at room temperature, a linear
cross-linking feature can be observed in the TEM im-
age (see Fig. 1C). Even larger sphere assemblies with
an average diameter of 100 nm can be observed as a
deposition after reserved for three days at room tem-
(Fig. 1D). When the self-assembled gold

nanoparticles are strongly sonicated for several hours,

perature

the deposition in aqueous solution disappears and the
cross-linking behavior similarly to the case shown in
Fig. 1C can be seen again. We have also changed the
depositing time and the molar ratio between L-cys-
teine and hydrogen tetrachloroaurate from 10 :1 to
100:1, the sizes of the assembled larger particles are
of (100 £ 20) nm and no obvious change is observed.
The results show that the size is mainly dependent
upon the surface charges of the gold nanoparticles
and their interactions. The value of 100 nm might be
the most stable size when the molar ratio between
L-cysteine and hydrogen tetrachloroaurate is more
than 10 :1. It can also conclude that the spherical
structure is much stable than the cross-linking one
due to the distribution of the surface charges. In other
words, the surface Gibbs energy might be minimized
in the case of spherical assembly. These phenomena
are in accordance with the recently work by Zhong et
al. They reported that the nanoparticles could form
the cross-linking assembly through the hydrogen
bonding between the carboxyl acid groups or form the
sphere structure through multidentate thiolethers!>'"”,
The same system as ours was also reported and gave
a preliminary explanation for the giant spherical as-
sembly. They considered that the terminal amino

group would adsorb on the neighbor gold nanoparti-

cle if an appropriate pH value is controlled, which is
the same mechanism as the case of assembly through
the dithiol ligands"®. However, the cysteine molecule
is so small that there are only four atoms in the car-
bon chain. It is suspect that the adsorptive energy is
enough to balance the repulsive force between the
two negatively recharged gold nanoparticles based on
the previous report that the length of the carbon chain
is no less than 6 can form a stable gold nanoparticle!?.
In this work, the pH of the solution during the whole
experiment was not controlled, but the linear
cross-link and spherical self-assembly of L-cysteine
capped gold nanoparticles can still be observed. Here
we propose that the driving force of the self-assembly
of L-cyteine capped gold nanoparticles is due to the
chemical interaction between the outer terminal
groups as depicted in Fig. 2. It is well known that the
thiol has stronger adsorptive capability than amino
groups with Au. Although the L-cyteine can dimerize
to form systin, only the interactions between the car-
boxylic acid groups and/or amino groups are focused
in the case of self-assembly: (i) the hydrogen bond
between the carboxylic acid groups on the neighbor
gold nanoparticles. Under certain circumstance the
two molecules may lose a H,O to produce ester. (ii)
the condensation reaction between the carboxylic
acid and the amino group to form the oligomer of
peptides. And the product has a hydrogen bond with-
in the molecule which makes it very stable. (iii) the
condensation reaction between the carboxylic acid
and the amino group to form a hexacyclic structure.
The simulation by ChemSketch shows that it is stable
and has proved by the synthetic chemistry of cyclic
peptides®™*2. When an aqueous solution of L-cysteine
was sealed and placed in room environment for a few
days, a white insoluble mixed product can be ob-
tained. The organic spectrum results show that the re-
action II gives the main products (see the supporting
materials). The L-cysteine adsorbed on the nanoparti-
cles acts as a thread to link the pears into a necklace.
And it finally becomes a sub-mirometer ball due to
the minimization of the surface energy. The results

are in accordance with the routine from linear to



%5 4 ] 7%

B2 B T WA G OB T 1A AL A FLA R R I A AR N (2 R c AR L LR - 327
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spherical assembly as reported by Zhong et al.
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which is also reviewed by Nayak and lyon!
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Fig. 1 Characterization of the L-cysteine capped nanoparti-
cles: the UV-vis spectrum of the newly prepared
gold nanoparticles (A); the respective TEM images
of the newly prepared (B), 12 hours deposited (C)
and three days deposited gold nanoparticles (D) at

room temperature
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Fig. 2 The interaction between L-cycteine on the neighbor
gold nanoparticles (A) and the schematic routine of
the formation of the giant self-assembled gold
nanoparticles and the meso-macroporous structure
templated by RTILs (B)

2.2 Formation of the Meso-Macroporous
Structure Templated by [Omin]PF;
When the dry capped gold nanoparticles were

grounded with [Omin]PF,, a black quasi-solid gel was

formed. The fully-ground gel was coated on a glassy
carbon electrode. Then, the newly prepared electrode
was immersed in the phosphate buffer solution (pH =
7.4) and polarized in a certain potential region by
cyclic voltammetry repeatedly until the double-layer
charging/discharging voltammograms became stable
and no longer changed with time. In contrast to a
conventional electrode/solution interface, this gel
modified electrode is composed of a high charge-den-
sity quasi-solid soft material, which contains both hy-
drophilic and hydrophobic domains. When the com-
posite gel electrode contacts with the aqueous elec-
trolyte, the electrode/solution interface will be reor-
ganized inevitably during the continuous polarization.
At the beginning of the scan, the double-layer charg-
ing/discharging voltammograms were distorted which
show an obviously big IR drop and a relatively small
double-layer capacity. After scan for more than 10
minutes, the voltammogram was not changed any
more and showed a less IR drop but a bigger capaci-
ty. It means that the high dielectric RTILs leaked out
during the continuous scan and the gel was trans-
ferred into a meso-macroporous structure. As a result,
the electric resistance of the modified layer was re-
duced. At the same time the double layer capacity of
the electrode/solution interface was enlarged due to
the enlarged specific surface. Experimentally, the
double layer will be charged/discharged continuously
until a steady state of the electrode/solution interface
is achieved, which has essentially the smallest IR
drop voltammetrically.

The meso-macroporous structure of giant
self-assembly gold nanoparticles templated by RTILs
could be proved by the SEM micrograph as shown in
Fig. 3. The bright regions represent the nonleaky ion-
ic liquids and the tiny granules are the self-assembled
gold nanoparticles. The ionic liquids provide a pure
ionic strength atmosphere to disperse the assembled
gold nanoparticles. Accordingly, the surface charge
of the giant particles is optimized and the surface en-
ergy of the particles is minimized. It can be observed
that the giant particles are surrounded by a tiny thin
layer of the RTILs and the stable size of which is e-



+328. W,

= 2014 4

qual to (100 + 20) nm. The RTILs leak away from the
gel during the polarization. As a result, the giant
self-assembled gold nanoparticles have formed a
three-dimensional porous structure as shown in the
Fig. 3. The diameters of the pores vary from 30 nm to
600 nm, which is the hybrid of mesoporous and
macroporous, and defined as meso-macroporous
structure. A more homogeneous porous structure
would be expected if the technique of gel fabrication
had been optimized, which includes the optimized
parameters such as the ratio of the RTILs to gold par-
ticles, the time of grinding, and so forth.

Fig. 3 The SEM image of the gold nanoparticles/ionic lig-
uid composite gel (scale bar is 2 wmol-L", and the

accelerating voltage is 10.0 kV)

Similar to our previous work on the meso-macro-
porous structure composite by the multiwall carbon
nanotubes (MWNTSs) templated by RTILs 2", the
double layer charging currents of meso-macroporous
electrode of giant gold nanoparticles templated by
RTILs are much higher than those of the bare GC
electrode. This may be contributed to the following
factors: (i) the gold nanoparticles are capped by a lay-
er organic molecules of L-cyteine, which is similar to
(i) the
non-electron conductivity and high dielectric coeffi-

the conventional thin film capacitors;

cient of the ionic liquid will significantly increase the
capacitance; (iii) the high specific surface of the
meso-macrporous material will definitely enhance the
double layer capacity. However, the following exper-
imental results prove that the large double layer ca-
pacity will not disturb the measurement of faradaic
current of cytochrome ¢ due to the enhancement ef-

fect.

2.3 Enhancement on Direct Electrochem-
ical Reaction of Cytochrome c

A conventional three-electrode system is em-
ployed to investigate the electrochemical behavior of
cytochrome ¢ on the composite modified electrode.
When the pre-treated electrode is moved into the so-
lution with cytochrome c, the typical cyclic voltam-
mograms are shown in Fig. 4. It is clearly that the an-
odic current is approximately equal to the cathodic
one. The peak currents are proportional to the square
roots of the sweep rates in a certain range. The differ-
ence of the peak potentials is slightly increased with
the sweep rate. These results show phenomenally that
the redox reaction of cychrome ¢ on this composite
modified electrode seems to be a quasi-reversible pro-
cess. When the sweep rate is faster than 200 mV -s”,
the voltammogram will be distorted due to the high
value of double layer capacitance and the uncompen-
sated IR drop. From Fig. 4 we notice that the influ-
ence of the double-layer capacitance is not so large.
As demonstrated previously, the composite electrode
has a meso-macroporous structure. When a redox
couples are added and penetrate into the inner porous
structure, the dielectric coefficient of solution will be
changed, which results in a change of double layer
capacity. On the other hand, the faradaic current will
be enhanced due to large specific surface of the
porous structure. As a matter of fact, the ratio in
charging current of double layer to faradaic current
apparently decreases.

If the surface of the electrode is supposed to be
uniformed, the relationship among the peak currents,
the concentrations and the square roots of the sweep
rate should follow the Randles-Sevcik equa tion,
which is suitable for the case of semi-infinite diffu-
sion controlled system®,

i,=0.4463 x 10°(nF*A(RT)'"*D"Cv"? (1)

where i, is the anodic peak current, n is the
transferred electron numbers of the reaction, F is the
Faraday constant, A is the area of the electrode, R is
the gas constant, 7 is the absolute temperature, D is
the diffusion coefficient of cytochrome c, C is the

concentration of cytochrome c, » is the sweep rate.



%5 4 ] 7%

B2 B T WA G OB T 1A AL A FLA R R I A AR N (2 R c AR L LR 329

20 -

10 - 7

0.00 0.12
VI(V-s )2

TV

-10 +

_20 1 A 1 " L A A " 1 A 1
-0.6 -0.4 -0.2 0.0 0.2 0.4

E/V (vs. SCE)

Fig. 4 The cyclic voltammograms of 0.2 mmol -L' cy-
tochrome c¢ in 25 mmol - L' phosphate buffer solu-
tion (pH = 7.4) with the sweep rates of 1, 2, 5, 10,
20, 30, 40, 50 mV -s (the insert is the linear rela-
tionship between the anodic peak current and the

square root of the sweep rate)

From the linear relationship between the peak current
and the square roots of the sweep rate (the insert of
Fig. 4), the diffusion coefficient of cytochrome c in the
aqueous solution can be calculated to be (9.1 + 0.3) x
10° cm?+s™. This value is more than ten times larger
in magnitude than the one reported previously™3 .
Generally, the diffusion coefficient is a thermody-
namic parameter, which should keep constant in the
chosen solution. The result can only be explained by
the meso-macroporous structure of the composite
electrode. First, the true active area of the composite
electrode should be much larger than its geometrical
area. During the pre-polarization, the specific surface
of the composite electrode is enlarged significantly
because of the leakage of the ionic liquids (as shown
in Fig. 3). Since the calculation is based on the geo-
metric surface area of the elec trode regardless the
porous ratio and thickness of the modified layer, defi-
nitely the resulted diffusion coefficient is much larger
than the reported value. Second, the reported diffu-
sion coefficient is obtained from one dimensional dif-
fusion process at a conventional electrode. On this
composite electrodes, cytochrome ¢ can diffuse onto
the reaction centers of the sub-micrometer sized par-

ticles, which is a 3-dimensional nanoscale process

and can significantly enhance the unit mass transport
rate. This phenomenon has been theoretically ana-
lyzed for the enhancement of mass transport at ultra
microelectrodes”!. Furthermore, since the diffusion
layers of the neighbor particles are overlapped each
other, it could be considered that the process in the
porous structure just as electrolysis in a thin layer.
The faradaic current of inner thin layer is in propor-
tion to the scan rate and has a narrower peak poten-
tial difference. This is why the current peaks are
rather nice and the difference in the peak potentials is
even less than 60 mV at a scan rate slower than 1
mV-s™.

This composite modified electrode is sensitive
to cytochrome ¢ and the amount as low as 1 pmol-L"
can be determined when the differential pulse
voltammetry is employed (see Fig. 5). The peak cur-
rent shows good linearity to the concentration of cy-
tochrome ¢ from 1 to 200 wmol - L. Another advan-
tage of this composite gel modified electrode is the
good stability. Fig. 6 shows the voltammograms of
the initial cycle and the cycles scanned after three
hours, in which no significant changes are observed.
This is because [Omim]PF; is very hydrophobic and
viscous, which covers on the surface of giant gold
nanoparticles and binds them each other to form a
stable meso-macroporous structure. In our previous
work on MWNTs/RTILs

hemoglobin absorbs on the porous structure and a pair

composite electrode,
of redox current peaks can be observed even after the
electrode is rinsed by PBS and then polarized in PBS.
In the present work no such phenomenon is observed.
When the electrode is rinsed by PBS and polarized in
PBS, no faradaic current can be observed. It can be
concluded that the molecules of cytochrome ¢ can dif-
fusion to-and-from the meso-macroporous structure
and the enhanced faradaic current is due to the thin
layer effect rather than absorption. This is different
from those reported by Mckenzie et al.®**! who have
demonstrated ambiguously that the enhancement was
attributed to the absorption of cytochrome ¢ as an
“ideal” thin layer. Since no special absorption occurs

in our experiment, the electrode could be recovered
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and used repeatedly. The results show that the unique

gel modified electrode is suitable for the development

of electrochemical devices .
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Fig. 5 The relationship between the faradaic current mea-
sured by differential pulse voltammetry and the con-
centration of cytochrome c (the insert shows the dif-
ferential pulse voltammograms at the low concentra-
tions of cytochrome c: 2, 4, 6, 8 pwmol- L")

Sweep rate: 20 mV -s”; Pulse amplitude: 50 mV;
Sample width: 20 ms; Pulse width: 50 ms; Pulse pe-
riod: 200 ms
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Fig. 6 The cyclic voltammograms of 0.2 mmol-L" cytochr-
ome ¢ in 25 mmol- L phosphate buffer solution (pH
= 7.0) (the solid line is the initial scanning cycle and
the dot line is the one after three hours) Sweep rate:

5mV:s!

3 Conclusions
This paper reports that (i) The L-cysteine capped

gold nanoparticles can self-assembled from linear to
spherical sub-micrometer beads, the driving force is
the interaction between the outward carboxyl acid
and/or amino groups; (ii) The room temperature ionic
liquids can disperse and stabilize the self-assembled
spherical giant gold particles to form a soft quasi-sol-
id gel through the mechanic grinding; (iii) When the
gel modified electrode is polarized in phosphate
buffer solution, the excess room temperature ionic
liquids will leak out from the gel to form a
meso-macroporous structure; (iv) This meso-macrop-
orous material has a good affinity and stability for
biomolecules. The direct electrochemical reaction of
cytochrome ¢ can be significantly enhanced due to
the naon-scale roughness of the outer surface and the
inner thin layer effect. The results show that this type
of material is a good candidate for fabrication of elec-
trochemical devices from sensors to biofuel cells.
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