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A novel voltammetric protein assay has been demonstrated using bovine serum albumin in the presence
of silver nanostructures (AgNs) formed electrochemically on gold substrates modified by self-assembled
monolayer of thioctic acid. It is shown that the prepared AgNs exhibit voltammetric response character-
istic of Ag and shows near Nernstian response at physiological pH. The advantages of the electrochemical
assay compared to conventional protein analysis are the wide linear concentration range (10�4–10�11 g/
mL) and trace level detection limits (50 pg/mL). The result of this electrochemical analysis agreed well
with an independent spectrophotometric method using Bradford reagent, but the detection limit is far
superior using the electrochemical method. Further, the modified electrode exhibits high sensitivity
and long term stability. We invoke a new concept of surface enhanced activity of Ag+ ions at the electro-
chemical interface by the negatively charged bovine serum molecules.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, there has an increasing interest in the design
and development of silver nanomaterial for biological and bioana-
lytical applications, since it possesses biocompatibility and low
toxicity. The size, shape, morphology and structure of nanomateri-
als play important roles in the modulation of electronic and optical
properties. Silver based nanomaterials have been prepared in
several shapes such as nanoparticles, nanoplates, and nanoprisms
[1–3]. Due to their unique physical, chemical, and mechanical
properties, silver nanomaterials hold much promise for applica-
tions in catalysis [4], surface-enhanced Raman scattering (SERS)
as excellent substrates [5–7], DNA sequencing [8], sensors
[9–11], etc. Recently, the electrocatalytic activity of Ag has been
investigated [12,13]. These nanostructured noble metal surfaces
and colloidal NPs have been employed for protein characterization
and detection [14–20]. The detection of proteins is critically impor-
tant in many fields due its application [21,22]. SERS based protein
detection using Coomassie brilliant blue G-250 (CBBG) dye has
been developed [23].

Protein assay is a basic biochemical method and often necessary
before processing protein samples. The most commonly used ways
to determine protein concentration are the Bradford, Lowry and
BCA methods. These methods, however, have definite limitations
ll rights reserved.
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with respect to sensitivity, dynamic range and compatibility with
reducing agents [24]. Amongst all methods, Bradford has been used
for its rapidness, convenience and relative sensitivity. This protein
assay is based on absorbance shift from 465 to 595 nm of a band
arising from CBBG when binding to proteins occurs in an acidic
solution. The disadvantage of the Bradford assay is, however, its
narrower linear concentration range (0.2–20 lg/mL), which pre-
sents a severe problem when the concentration of a target protein
is outside the range [25–27]. One of the way to overcome the
disadvantage of Bradford assay is the use of electrochemical meth-
od to determine protein concentration. Cyclic voltammetry is the
simplest electrochemical method used to detect various analytes
of interest [28–33] and to calculate extent of binding of substrate
to biomolecules [34,35]. As an ultrasensitive and promising analyt-
ical tool, this technique is widely applied to various quantitative
analyses, for instance, investigations of adsorption, orientation,
and electron transfer of molecules on a metal surface [36–39].
For the past decade, determination of proteins using cyclic voltam-
metry has been extensively studied [40,41]. Bovine Serum Albumin
(BSA) is one of the serum albumin proteins that has enormous bio-
chemical applications. The detection of BSA has become wide area
of research in immunology and bioanalytical studies [42,43].
Hence in the present study, we have developed a novel voltamme-
try-based method for the label-free detection of proteins using BSA
in presence of electrochemically formed silver nanostructures
(AgNs) on Au substrates modified by a self assembled monolayer
(SAM) of thioctic acid (TA).

http://dx.doi.org/10.1016/j.jelechem.2011.11.013
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2. Experimental

2.1. Materials and methods

AgNO3, CuSO4, thioctic acid and BSA were purchased from Sig-
ma Aldrich. All solutions were prepared using double distilled
water and experiments were carried out at ambient temperature.
Phosphate buffer (10 mM) was used to prepare BSA solution. Gold
slides (1000 Å Au coating on Si wafers with an intermediate
adhesion layer of 100 Å thick Ti, procured from Lance Goddard
Associates, USA) of size 1 � 1 cm2 were used in XPS and SEM mea-
surements. The geometric area of the working electrode was
15.07 � 10�2 cm2. It was washed thoroughly with distilled water
and immediately conditioned in H2SO4 (0.5 M) from E = 0.0–1.5 V
for at least ten complete scans at 50 mV s�1 until reproducible
cyclic voltammograms were established.

The morphology and oxidation state of AgNs were characterized
using Hitachi S3000-H scanning electron microscope (SEM) and
Omicron nanotechnology X-ray Photoelectron Spectrometer
(XPS). Voltammograms were recorded using PARSTAT 2263. A
conventional three-electrode cell was used, with a gold slide, as
the working electrode, Hg|Hg2SO4|0.5MH2SO4 (MMS) or Hg|Hg2

Cl2|1NKCl (NCE) as reference electrode and a Pt wire as the counter
electrode.
2.2. Preparation of silver nanostructure

AgNs was prepared by using Au (111) substrate immersed in a
saturated solution of TA in ethanol for 30–36 h [44]. After incuba-
tion in TA solution, Au slides were washed with ethanol, air-dried,
and then immersed in a 1 mM CuSO4 solution for 20 min for chem-
ical pre-concentration of Cu2+ ions on the SAM of TA. After the pre-
concentration, the substrate was taken out of the solution, washed
with water, and then introduced into a cell containing 0.5 M H2SO4

for electrochemically reducing the Cu2+ ions trapped by the mono-
layer of TA. The working electrode was clamped at a potential of
�600 mV that is sufficient to reduce the Cu2+ ions. The Cu adlayer
formed was then galvanically replaced by Ag by immersion in an
aqueous solution of AgNO3 (1 mM) for 20 min. The prepared film
was cycled in the potential range of �0.6 to 0.6 V in 0.5 M H2SO4

[45].
Fig. 1. EDAX of AgNs deposited on the modified elec
3. Results and discussion

3.1. Characterization of AgNs-modified Au electrode

AgNs was characterized using EDAX, XPS and SEM. EDAX anal-
ysis (Fig. 1) proved that surface coated nanostructures were silver.
Furthermore, XPS was used to confirm the oxidation state of Ag
that was deposited on modified electrode. XPS spectrum of AgNs
was illustrated in Fig. 2. The peaks centered at binding energy of
368 and 374 eV can be ascribed to Ag 3d5/2 and Ag 3d3/2, respec-
tively. These binding energy values were in agreement with the
metallic silver [46]. This ensured that the prepared AgNs possess
zero oxidation state in the absence of applied potential.

The morphology of AgNs was studied using scanning electron
microscope (SEM). Fig. 3 shows a typical SEM image of AgNs/Au.
From the micrograph, it was observed that AgNs deposited with
the size range 90–160 nm and histogram of the nanostructure with
respect to size was reported.

The formation of AgNs on the electrode surface was verified by
recording cyclic voltammogram (CV) of the modified electrode
(AgNs/Au) in 0.5 M H2SO4 (Fig. S1). A sharp oxidation peak at
0.075 V vs. MMS confirms the formation of AgNs, which can be
attributed to the oxidation of Ag(0) to Ag1+. AgNs thus deposited
exhibits irreversible nature in acid medium. According to Laviron
theory, the transfer coefficient (a) and electron transfer rate con-
stant (k) can be estimated by measuring variation of peak potential
with the scan rate [47].

log k ¼ a logð1� aÞ þ ð1� aÞ log a� logðRT=nFvÞ
� að1� aÞnFDEp=2:3RT ð1Þ

where k heterogenous electron transfer rate constant, a transfer
coefficient, F Faraday constant, m scan rate, R gas constant. From
Eq. (1), k of AgNs was calculated to be 1.33 s�1 and the electron
transfer was found to be diffusion-controlled.

CV of AgNs/Au in 0.01 M phosphate buffer (PB) at different scan
rates was shown in Fig. 4. A pair of redox peak was observed at
0.19 and �0.032 V vs. NCE, which was ascribed to the redox of sil-
ver. The peak potential (Ep) was proportional to logarithm of scan
rate in the range 30–200 mV/s and the peak current increased with
increase in scan rate (inset a of Fig. 4). The separation of anodic to
cathodic peak potential (DEp) was >200 mV and the ratio of ipa/ipc
trode (Au and Si peaks correspond to substrate).



Fig. 2. XPS spectrum of AgNs on the modified electrode.

Fig. 3. SEM image of AgNs on the modified electrode.

Fig. 4. CV of AgNs/Au in 0.01 M PB (pH 7) at different scan rates. Curve nos. (1–5):
30, 70, 100, 150 and 200 mV/s respectively. Inset (a) is plot of Ep vs. ln m. Inset (b) is
linear relationship of ip and (m)1/2.
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was found to be unity. This indicates that AgNs undergoes a quasi-
reversible redox process. The irreversible behavior of AgNs in the
presence of H2SO4 might be due to the interaction of Ag ions with
sulfate anions which is absent in the case of phosphate buffer.
Therefore, it was clearly seen from CV that AgNs/Au exhibits irre-
versible nature in acid medium while it undergoes quasi-reversible
process in physiological pH. Also physiological pH is compatible for
the determination of biological analytes and will not induce any
adverse effect in protein.

To obtain the kinetic parameters of AgNs/Au, scan rate effect
was investigated. The inset of Fig. 4b shows that the cathodic
and anodic peak currents were proportional to m1/2, suggest that
the electrochemical reaction of Ag modified electrode is a diffu-
sion-controlled process. The heterogeneous electron transfer rate
constant was calculated to be 0.6054 s�1. The observed k0 was
higher than the reported value of 8.4 � 10�6 s�1 [48]. This
enhanced value shows that the electron transfer at AgNs/Au is
more facile.

In order to calculate the surface concentration (Cc) of Ag on
AgNs/Au Eq. (2) was used. From the plot of peak current vs. scan
rate, Cc was determined.

Ip ¼ n2F2ACt=4RT ð2Þ

where n is the number of electrons, F Faraday constant, A is the
effective surface area, m is the sweep rate, C surface concentration
of the electroactive species, R gas constant. The calculated surface
concentration of Ag was found to be 2.54 � 10�10 mol/cm2, indicat-
ing monolayer formation of Ag on modified Au electrode.

3.2. Stability of AgNs modified film

Long term stability is one of the most important properties for
sensors. The peak height and peak potential of the surface immobi-
lized film remained nearly unchanged when subjected to potential
cycling over the range of �0.4 to 0.4 V. The amount of Ag remain-
ing on the electrode surface was almost 99% of its initial value after
been used for 100 repetitive cycles with fresh solution. Thus, high
stability of modified electrode was related to the chemical stability
of Ag film. Therefore, AgNs/Au electrode can be used as a sensing
matrix due to its long term stability and excellent electron transfer
rate constant.

3.3. Determination of BSA using AgNs/Au

As an application of AgNs in bioanalytical techniques, the mod-
ified electrode was used for the determination of proteins using
BSA. Herein, we have investigated the ability of AgNs to determine
the concentration of BSA over a wide range.

Fig. 5 shows the comparison of CV of bare Au electrode and
AgNs/Au in the presence of BSA. From Fig. 5 it was seen that there
was significant increase in peak current with the addition of BSA in
the case of AgNs rather than bare Au electrode. The addition of BSA
to the PB solution resulted in a change in voltammetric response.
However, the profile of CV remains unaltered but the resulting cur-
rent, i.e. charge, increased considerably. This proves the interaction
of protein molecules with Ag surface. Oxidation of the proteins
could be excluded as a reason for the observed increase of the
charge, since the measurements were done in a low cathodic po-
tential region. Since the shape of the voltammogram remained
essentially the same after addition of BSA, the observed increase
in charge could be due to strong electrostatic attraction between
positively charged AgNs and negatively charged BSA at the applied
potential.

At pH 7, which is greater than isoelectric point of BSA, the car-
boxyl groups in BSA molecule carry a negative charge. In addition,
Ag surface has a net positive charge in the investigated potential
region, which facilitates the involvement of these negatively
charged carboxyl groups of the proteins as anchoring sites in the



Fig. 5. CVs of AgNs/Au in PB (pH 7) in the (a) absence of BSA and (b) presence of
BSA; scan rate 50 mV/s; [BSA] = 0.5 nM.

Fig. 6. CV curves of AgNs in 0.01 M PB (pH 7) at different scan rates on AgNs/Au in
the presence of BSA. Scan rate: 30, 70, 100, 150 and 200 mV/s respectively. Inset (a)
is plot of Ep vs. ln m. Inset (b) is linear relationship of ip and m at AgNs/Au.
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contact region [49]. Further, in the presence of BSA the activity of
Ag ion increases. This increase is mainly due to the oxidation cur-
rent of Ag and the strong interaction between Ag ion and BSA. In
the absence of BSA, the activity of Ag0 that can undergo oxidation
is less since it is strongly bound to the interface. In the presence of
negatively charged BSA, the activity of Ag0 that can get oxidized
Fig. 7. A&B SEM images of BSA/AgNs/Au high concentr
increases and therefore, the current proportionally increases with
the addition of BSA. We can call this effect as ‘‘surface enhanced
activity’’ of Ag induced by BSA.

The CVs for BSA/Ag were studied at different scan rates in the
range of 30–200 mV/s shown in Fig. 6. The cathodic current was
slightly perturbed while anodic current was enhanced and ipa/ipc

was greater than unity. Plot of Ep vs. ln m (Fig. 6a) shows that peak
potential was proportional to scan rate. But the wave was shifted
positively from the reversible value and was distorted from its
symmetrical shape, representing a decrease in dissolved BSA near
the electrode surface because of adsorption. The peak current var-
ies linearly with m as shown in inset b of Fig. 6 with correlation
coefficient 0.9943. The peak current value is given by Eq. (3) from
which heterogenous rate constant, k can be calculated [50].

Ip ¼ 0:227 FAC�0ke�afDEp;1=2 ð3Þ

Using Eq. (3), the rate constant value was estimated as
1.14 � 10�3 s�1 which was less than that of AgNs/Au. This decrease
in k proves that electro-inactive complex was formed as a result of
interaction of BSA with AgNs. Further plot of ip vs. m shows that
interaction of BSA with AgNs was surface controlled process.

Fig. 7 shows micrograph obtained from AgNs in the presence of
BSA. From the SEM images, we can observe that the aggregate for-
mation was distinctly different. The negatively charged BSA forms
aggregates at high concentration (10�4 g/mL), which may be due to
their interactions with positively charged AgNs, while aggregation
was not favoured at low concentration.

Voltammogram of AgNs with increasing [BSA] for two different
ranges (5 � 10�6–10�4 g/mL (Fig. 8) and 10�11–5 � 10�6 g/mL
(Fig. 9)) indicate that peak current increased linearly with increase
in [BSA] and the calibration plot was linear (r2 = 0.9991) for a wide
range of concentration. The detection limit of the assay towards
BSA detection was found to be 50 pg/mL. The proposed method
was applied to determine unknown protein concentration and
the results were compared with that obtained by Bradford method
(inset b of Fig 8). The result shows that detection using CV provides
better sensitivity. When compared to Bradford method, the values
obtained by this method are within 1�2% error. Therefore, the
detection method of proteins by this new electrochemical method
is reliable, practical and reproducible with high sensitivity.

3.4. Kinetics of albumin adsorption

A number of studies have been made on the interaction of pro-
teins with metal surfaces to determine the molecular conformation
or orientation of the adsorbed molecules. The surface charge
density resulting from protein adsorption was found to be sensitive
to the conformational behavior of the proteins. In this work, to
identify the adsorption characteristics of BSA on AgNs, we have
determined saturated surface coverages and thermodynamic
adsorption values of BSA on AgNs. Langmuir Equation provides a
ation 10�4 g/mL and low concentration 10�8 g/mL.



Fig. 8. CV of AgNs/Au in 0.01 M PB in the presence of BSA, Scan rate: 50 mV/s, pH
7.0;Curve nos. (a–g): [BSA] = 0.05, 0.075, 0.1, 0.25, 0.5, 0.75 and 1 � 10�4 g/mL,
respectively. Insets plot (a) ip vs. log[BSA] and (b) Bradford method: A vs. [BSA].

Fig. 9. CV of AgNs/Au in 0.01 M PB in the presence of BSA (pH 7), Scan rate 50 mV/s,
Curve nos. (a–f): [BSA] = 10�11, 10�10, 10�9, 10�8, 10�7 and 5 � 10�6 g/mL,
respectively.

Table 1
Adsorption data of BSA on AgNs.

Parameter Data

Molecular weight (kDa) 66,000
BADS (l/mol) 8.6 � 106

DGADS (kJ/mol) �49.5
CMAX (mol/cm2) 3.75 � 10�10

CMAX (mg/m2) 247
QMAX (C/cm2) 3.85 � 10�5

Fig. 10. Increase in the integrated charge (reduction peak) as a function of
concentration of BSA (experimental condition same as Fig. 8 and 9) Inset is
linearized adsorption isotherm of BSA binding to AgNs based on the Langmuir
model. The line is the best linear fit to the experimental data.
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relationship between the concentration of the protein in solution,
c, and the amount of material adsorbed on the surface:

c=C ¼ 1=BADSCMAX þ c=CMAX ð4Þ

where BADS is the adsorption coefficient which reflects the affinity of
the adsorbate molecules towards adsorption sites at a constant
temperature and CMAX represents the maximum amount of mate-
rial that can adsorb on the surface. Plotting c/C vs. c yields a straight
line and CMAX and BADS can be derived from the slope and intercept,
respectively. This value can be related to the Gibbs energy of
adsorption, DGADS through

BADS ¼
1

55:5
exp

�DGADS

RT

� �
ð5Þ

where 55.5 represents the molar concentration of water (mol/L),
which was used as the solvent. From the analysis of the kinetics
of albumin adsorption, we can conclude that full coverage of BSA
was attainable on AgNs. The data obtained for adsorption of BSA
on AgNs/Au from 8 � 10�5 M BSA solution was presented in Table
1. The total mass of BSA adsorbed on Ag modified electrode was
found to be 247 mg m�2 or 3.74 � 10�10 mol/cm2 which was higher
than that of the theoretical monolayer surface coverage of BSA
(6.7 mg/m2) [51]. This indicates multilayer formation of BSA film
on AgNs/Au at the concentration 8 � 10�5 M BSA. In addition,
�DG0 confirmed the spontaneous adsorption of negatively charged
BSA onto positively charged AgNs.

To calculate how efficient the adsorption of BSA to AgNs, Lang-
muir adsorption isotherm was used. It is well known that the
adsorption isotherm of BSA binding to AgNs can be regarded as
arising from electrostatic interaction of proteins with AgNs. Based
on the classical Langmuir model, a linearized form of the adsorp-
tion isotherm is shown:

c
DQ=Q

¼ c
ðDQ=QÞsat

þ KD

ðDQ=QÞsat
ð6Þ

in which c is the concentration of BSA in solution, DQ/Q is the sen-
sor signal, (DQ/Q)sat is the saturated sensor signal, and KD is the dis-
sociation constant. The dependence of the relative increase in the
charges obtained by integration of the oxidation peak of AgNs in
the CVs before and after the addition of BSA is given by, DQ/
Q = |(Q � Qi)|/Q (where Q and Qi denote, respectively, the charges
obtained before and after addition of different concentration of
BSA). As shown in Fig. 10 inset, the experimental results for c/
(DQ/Q) are in an almost perfect linear relationship over the range
10�11–10�4 g/L BSA with r2 = 0.9999. Based on the linear fit of the
above equation, the KD of AgNs and BSA can be calculated as
6.2 � 10�3 M which indicates the adsorption of protein onto the
surface of AgNs. Additionally, this AgNs-modified sensor has a very
low detection limit of 50 pg/mL.
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4. Conclusion

We have developed a CV-based method for the determination of
protein concentration using cyclic voltammetry rather than the
absorbance measurements like Bradford protein assay. The pre-
pared AgNs possess high electron transfer rate constant of almost
five orders of magnitude than the reported value and hence it
may be used as excellent SERS substrate. The differences in peak
current are significant even for low concentration such as 0.1 pM.
The proposed method facilitates one to determine protein concen-
trations over a much wider linear concentration range with a lower
limit of detection than currently used protein assays. This voltam-
metric based protein assay exhibits high sensitivity, good repro-
ducibility, and long-tem stability which may have potential
applications in future.
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