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Abstract 

 

Introduction 
The intense research in the field of nanoparticles by chem-
ists, physicists, and materials scientists is motivated by the 
search for new materials in order to further miniaturize 
electronic devices as well as by the fundamental question 
of how molecular electronic properties evolve with  
increasing size in this intermediate region between molec-
ular and solid-state physics. Also metal nanostructures 
attract much interest because of their unique properties, 
including large optical field enhancements resulting in the 
strong scattering and absorption of light. Alloy nanoparti-
cles, on the other hand, have mainly been studied because 
of their catalytic effects [1]. Nanoparticle colloidal solu-
tions of the noble metals copper, silver, and gold show a 
very intense color, which is absent in the bulk material as 
well as for the individual atoms. Their origin is attributed 
to the collective oscillation of the free conduction electrons 
induced by an interacting electromagnetic field. These 
resonances are also denoted as surface plasmon. The elec-
tric field intensity and the scattering and absorption cross-
sections are all strongly enhanced at the LSPR frequency, 
which for gold, silver, and copper lies in the visible region. 
Since copper is easily oxidized, gold and silver nanostruc-
tures are most attractive for optical applications [2].  
Also noteworthy is that Silver is the most nearly perfect 
conductor and silver mirrors are the best reflectors of light. 
Gold, however, is more chemically inert as it does not tar-
nish in air, and still exhibits excellent electrical conduction 
and light scatter properties [3].  

Due to their large specific surface area and high surface 
free energy, nanoparticles can adsorb biomolecules strong-
ly and play an important role in the immobilization of  
biomolecules in biosensor construction. Generally, the 
adsorption of biomolecules directly onto naked surfaces of 
bulk materials may frequently result in their denaturation 
and loss of bioactivity. However, the adsorption of such 
biomolecules onto the surfaces of nanoparticles can retain 
their bioactivity because of the biocompatibility of nano-
particles. Since most of the nanoparticles carry charges, 
they can electrostatically adsorb biomolecules with differ-
ent charges. Besides the common electrostatic interaction, 
some nanoparticles can also immobilize biomolecules by 
other interactions. For example, it is reported that gold 
nanoparticles can immobilize proteins through the covalent 
bonds formed between the gold atoms and the amine 
groups and cysteine residues of proteins [4].  
In this study the noble metal and their hybrid were com-
pared to revealing of conductivity and electron transferring 
for redox proteins (GOx, HRP and Hb). Our experiments 
show that these Ag–Au nanoparticles can significantly 
enhance the current sensitivity of protein electrodes. 
 
Materials and Methods 
Materials  
GOx, HRP, Hb and HAuCl4·3H2O and multi-wall carbon 
nanotubes were obtained from Sigma. Hydrogen tetrachlo-
roaurate (HAuCl4· 3H2O), silver nitrate (AgNO3), trisodi-
um citrate Potassium, dihydrogen phosphate (KH2PO4) and 
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dipotassium hydrogen phosphate (K2HPO4) solution were 
purchased from Merck and were used without further puri-
fication. 
Apparatus and measurements 
All electrochemical experiments were carried out using a 
computerized Potentiostat/Galvanostat (model 263-A, 
EG&G, USA) equipped with power suite software pack-
age. Electrochemical studies were performed using a sin-
gle-compartment conventional three-electrode cell at room 
temperature. A working modified glassy carbon (GC) elec-
trode with a diameter of 3 mm, a saturated silver/silver 
chloride (Ag/AgCl) reference electrode, containing 3 M 
KCl and a platinum rod auxiliary electrode (from Azar 
electrode Co, Iran) were used. All potentials were meas-
ured and reported versus the Ag/AgCl reference electrode. 
Circular dichroism spectroscopy was analyzed by an Aviv 
model 215 Spectropolarimeter (Lakewood, NJ, USA), For 
Zeta sizer measurement, Zeta potential analyzer was used 
(Zeta Plus, Brookhaven Instruments Corporation, USA) 
and the UV-Vis spectroscopy made by Cary spectropho-
tometer, 100 Bio-model, LCR meter (from HAMEG In-
struments, model HM8118). 
Nanoparticles preparation 
For preparation of gold colloidal nanoparticles (GNPs), 20 
ml (36 µM) HAuCl4·3H2O were heated up to 60◦C, then 2 
ml of 5 % (w/v) sodium citrate added to it. The final red 
color was stored in dark glass bottles at 4◦C [5]. Also the 
silver colloidal nanoparticles (SNPs) were prepared in 
same procedure by AgNO3. Gold-Silver hybrid nanoparti-
cle (HNPs) was synthesis in of ratio 1:1, 1:2 and 2:1 gold 
to silver. Thus for the predetermined mix ratio of 
HAuCl4·3H2O (36 µM) and AgNO3 (36 µM) solutions 
were heated up to 60◦C and similar above method the sodi-
um citrate was used as a reduction.  
Conductivity measurements of nanoparticles 
A LCR meter was used for nanoparticles conductivity 
measurements. Two gold electrodes were placed in pure 
water and after, the LCR meter was set on zero, nanoparti-
cles solution was added to it, and the conductivity of na-
noparticles was measured. 
Preparation of protein electrode for electrochemical 
method 
For investigation of proteincyclic voltammograms, 2 µl 
carbon nanotubes (CNTs) dropped on GC electrode and 
after drying, it immersed in 100 µl nanoparticles and 30 µl 
(3 mg/ml) proteins in 50 mM PBS, pH 7.4. All potentials 
were measured and reported versus the Ag/AgCl reference 
electrode. 
 

Results and Discussion 
Nanoparticles characterization  
Gold and silver nanoparticles have strong surface plasmon 
giving an absorption peak in the visible region of the elec-
tromagnetic spectrum [6]. The absorption peak of GNPs is 
in red area, 500-600 nm and according to the calculated 
absorption spectrum to nano-sized metallic silver particles 
a surface plasmon peak characterized by a maximum cen-
tered at 400 nm is observed [7]. As shown in Fig.1 the 
maximum absorption peak of GNPs and SNPs are 524 and 
392 nm. Also HNPs with the ratio of at 1:1, 1:2 and 2:1 
gold to silver exhibit maximum absorption band at 465, 

431, and 496 nm respectively. The optical absorption spec-
tra HNPs show only one plasmon absorption it is demon-
strate that mixing of gold and silver leads to a homogene-
ous formation of alloy nanoparticles. So the absorption 
peak became broad and shifted to longer wavelength, with 
increasing molar ratio of HAuCl4. 
 

 

 
Figure 1. UV–Vis absorption spectra of GNPs, SNPs and HNPs 
(with ratio of 1:1, 1:2 and 2:1 gold to silver). 

 
Size and surface charge analysis 
The hydrodynamic size and the surface charge (zetapoten-
tial) was investigated by dynamic light scattering (DLS) 
and electrophoretic light scattering (ELS), respectively [8]. 
The average hydrodynamic size of GNPs, SNPs, and 
HNPs are 42, 66, and 59 nm and their surface charges are -
15.1, -15.8 and -16.1 mV respectively.  
Conductivity measurements of nanoparticles 
The conductivity change of GNPs, SNPs and HNPs in 
different days was shown in Fig. 2. These results demon-
strated that the SNPs have a significant conductivity 
change, because silver is prone to oxidation. In fact the 
equilibrium electrode potential of silver is +0.799 V. This 
value is only 0.01 V more negative than the equilibrium 
potential of an oxygen electrode in natural environments, 
so silver is susceptible to giving electrons to oxygen. Sil-
ver can still be thermodynamically oxidized by atmospher-
ic oxygen at normal temperatures. At standard tempera-
tures and pressures (STP), this thermodynamically equilib-
rium was occurred [9]: 

2Ag + O2 → 2AgO                        (1) 
 
Moreover, although the conductivity of GNPs is 1.8 time 
less than of SNPs, but it is almost constant with time. This 
results show the HNPs with the ratio of 1:1 has a less con-
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ductivity change and in finally has a highest conductivity, 
so it selected for next test.   
 
 

 
 

Figure 2. The conductivity of GNPs, SNPs and HNPs (with ratio 
of 1:1, 1:2 and 2:1 gold to silver) in different days. 

Electrochemical investigation 
The cyclic voltammograms (CVs) of homogenous, HNPs, 
SPNs+GOx, GPNs+GOx and HPNs+GOx on CNT/GC 
electrode in 50 mM pH 7.4 PBS were shown in Fig. 3. It’s 
obviously that the only GOx without nanoparticle and na-
noparticle without GOx have no response and SPNs+GOx 
is also.  
 

 

 
Figure 3. Cyclic voltammograms of homogenous GOx (a). 
SNPs+GOx (b). GNPs+GOx (c). HNPs+GOx (d) and HNPs (e) 
on CNT/GC electrode in 50 mM/L PBS (pH 7.4) at 50 mVs-1. 

 

In fact a nanoparticle as an electron-transporting shuttle 
was caused to facilitate of electron passing between redox 
active site and electrode. Thus the GOx have a direct elec-
tron transfer in presence of GNPs and HNPs. but as can be 
seen in Fig. 3, the redox response of HPNs+GOxis strong-
er than of GPNs+GOx, due to of high conductivity shown 
by LCR meter result. On the other hand Although silver is 
best conductor among the metals [10], but the ESR study 
of Ag nanoparticles indicates the existence of free radicals 
from Ag nanoparticles [11], thus it can be said that the 
oxidation pathway is associated with the production of 
radicals which are causing to protein oxidation.  
It can lead to hydroxylation of aromatic groups and  
aliphatic amino acid sidechains, nitration of aromatic ami-
no acid residues, nitrosylation of sulfhydryl groups,  
sulfoxidation of methionine residues, chlorination of aro-
matic groups and primary amino groups, and to conversion 
of some amino acid residues to carbonyl derivatives. Oxi-
dation can lead also to cleavage of the polypeptide chain 
and to formation of cross-linked protein aggregates. Fur-
thermore, functional groups of proteins can react with  
oxidation products of polyunsaturated fatty acids and with 
carbohydrate derivatives (glycation/glycoxidation) to pro-
duce inactive derivatives [12]. Therefore the GOx no have 
electrochemical response in presence of SPNs.  However, 
it was reported that gold GNPs could adsorb redox  
proteins (proteins) without loss of their biological activi-
ties [13], but its weak conductive in compare of silver, that 
causing to low electrochemical response as shown in Fig. 
2. The HNPs has a highest conductivity, so HNPs has been 
used for study of the direct electron transfer of proteins, 
because in HNPs, gold sector with having a good biocom-
patibility and capability of protein absorption was caused 
to safety of proteins structure and its concentrates in nano-
particles surface and moreover the silver sector facilitate 
electron transfer and in result amplification of electro-
chemical response. 
The formal potential of GNPs+GOx and HNPs+GOx  
is -477 and -479 mV respectively, similar to the reported 
result [14]. The formal potential (E0) has been calculated 
by average of the cathodic and anodic peak potential. It 
was obvious that GOx in presence of HNPs is exhibited 
excellent redox properties for high conductivity of HNPs. 
Therefore, the HNPs with having of highest conductivity 
and electrochemical response are best substrate for elec-
tron transferring of redox proteins. The current density 
(ΔI) of GOx is 3 µA was larger than GOx immobilized on 
Nafion-CNTs-CdTe-GC electrode [15] and NH2-TiO2-
CNT/GC electrode [16]. 
Fig. 4A shows the cyclic voltammograms of GOx/NH2-
Fe@Au/Au electrode in PBS (50 mM, pH 7.4) at different 
scan rates. Fig. 4B shows the plot of cathodic and anodic 
peaks current (Ip) against the scan rate (n). Both the anodic 
and cathodic peak currents increased linearly with scan 
rate in the region of 10-500 mVs−1 indicating surface-
confined electrode reaction. The kinetic parameters of 
electron transfer coefficient (α) and apparent charge trans-
fer rate constant (ks) can be calculated using Laviron’s 
model [17]. Laviron derived general expressions for the 
linear potential sweep voltammetric response for the case 
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of surface-confined electroactive at small concentration 
Eqs. (2)- (5): 
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where, m= (RT/F) (ks/nυ), ks is the apparent charge trans-
fer rate constant, α is the charge transfer coefficient, n is 
the number of electron transferred in the rate-determining 
reaction, ΔEp is the peak potential seperation; R, T, and F 
have their usual meanings (R = 8.314 Jmol−1 K−1, T = 298 
K, F = 96485 C mol−1) and υ is the scan rate. It can be cal-
culated using the plot of peak potentials (Ep) vs. logarithm 
of scan rate (logυ). 

 
 

Figure 4. Cyclic voltammograms of HNPs/GOx electrode in 50 
mM/L PBS (pH 7.4) at various scan rates (A) plot of Ip vs ν (B) 
plot of Ep vs. logν (C). 

The slope of the linear section in cathodic and anodic 
peaks in Fig. 5C is equal to −2.303RT/ αcF and 2.303RT/ 
αanF, respectively (Linear regression equations: 
ya=262.43x - 996.37, R² = 0.9932 and yc = -249.25x - 
15.84, R² = 0.9901). As seen in Fig. 5C, it was found that 

for scan rates above 200mVs−1, ΔE was proportional to the 
logυ, as indicated by Laviron. Therefore, we extracted the 
average value of 0.22 and 0.47 s-1 for α and ks, respectively 
[18]. Also, α and ks were extracted for HRP+HNPs and 
Hb+HNPs in same method, that was 0.28 and 0.48 for α 
and 0.25 and 0.36 s−1, respectively (Fig. 5 and 6). 
 

 
 
 

Figure 5. Cyclic voltammograms of HNPs/HRP electrode in 50 
mM/L PBS (pH 7.4) at various scan rates (A) plot of Ip vs ν (B) 
plot of Ep vs. logν (C). 
 

 
 
Figure 6. Cyclic voltammograms of HNPs/Hb electrode in 50 
mM/L PBS (pH 7.4) at various scan rates (A) plot of Ip vs ν (B) 
plot of Ep vs. logν (C). 
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Conclusion 
In this paper different noble metal nanoparticles synthe-
sized and investigated for redox protein immobilization. In 
first, conductivity change of GNPs, SNPs and HNPs was 
studied by LCR meter measurement. The LCR meter data 
shows the HNPs have highly conductivity and so in elec-
trochemical study, its best electron transferring for redox 
proteins. In fact the silver sector was caused to high con-
ductive property of HNPs and also the gold sector was led 
to good biocompatibility and high absorption of protein to 
concentrates of proteins in electrode surface. Thus these 
advantages caused to the HNPs have a highest current in-
tensity, as shown in cyclic voltammograms. So it is clearly 
shows in hybrid nanoparticles we used advantage of multi-
ple nanoparticles. Also it shows although the SNPs have a 
highest conductivity in first, but the process of decreasing 
of its conductivity is high too. Moreover unlike SNPs, the 
conductivity of GNPs is least but it has a minimal change 
in time. Finally HNPs was selected for direct electrochem-
istry investigation of GOx, HRP and Hb and to obtain of 
apparent charge transfer rate constant and the charge trans-
fer coefficient. 
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