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In this work, we study the electrochemical properties of protein layer grafted on gold electrode for
C-reactive protein detection. Two CRP-antibody immobilization methods were used: the first method is
based on direct physisorption of CRP-antibody onto the gold surface and the second method is based on
oriented CRP-antibody with protein G intermediate layer. The two developed immunosensors were
tested against CRP antigen in phosphate buffer saline solution and in human plasma. The electrochemical
characterization of each immobilized layers was achieved by cyclic voltammetry and impedance
spectroscopy. The morphology of the deposited biomolecules was observed by Atomic Force Microscopy
and the roughness was measured. Moreover, contact angle measurement was used for wettability
studies. The response of the developed immunosensors was reproducible, rapid, and highly stable and a
detection limit of 100 fg/mL and 10 pg/mL antigenwas observed with and without protein G respectively.
The developed immunosensors was used for CRP detection in human plasma.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Over the last few years, sensors became increasingly developed for
detection and analysis of various chemical and biological compounds
in important areas such as environmental monitoring, clinical applica-
tions, security and food safety. Recently, important efforts in the field
of biosensors have been directed towards the use of new nanostruc-
tured materials for biomedical applications. In this work, we intend to
develop a new biosensor prototype for detection of C-reactive protein
(CRP), a widely used biomarker in cardiovascular diseases. CVD remain
a major cause of morbidity and mort-ality in the western world, and
atherothrombotic remodeling of vascular wall is one of the main
determinants of morbi-mortality, whether related to coronary artery
disease [1] peripheral arterial disease or ischemic stroke. An important
proportion of patients presenting acute coronary syndromes (ACS)
and/or cardiac death present no prior symptoms, underlying the
urgent medical need to diagnose asymptomatic patients early to
prevent more severe events.
ll rights reserved.
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CRP is the most widely studied biomarker in atherosclerosis in
general and particularly in coronary disease [2]. A small increase in
CRP levels, only detectable by high sensitive tests, is associated
with increased probability to undergo an acute coronary event in
apparently healthy subjects, but the predictive value is small after
adjustment for other classical risk factors [3]. Determination of
CRP levels, albeit informative when realized shortly after an acute
coronary event, is still a matter of debate as prognostic marker [4].
The Executive Summary of the Screening for Heart Attack Preven-
tion and Education task force was called for a non-invasive
screening of all asymptomatic men and women to detect and
treat those with subclinical atherosclerosis [5]. This proposal
highlights the importance of having biomarkers directly reflecting
arterial pathophysiology instead of common risk factors (LDL,
diabetes, obesity, etc.) for atherosclerosis screening.

Electrochemical impedance spectroscopy (EIS) is a powerful
technique capable of detecting small changes occurring at the
solution–electrode interface. Accordingly, EIS has been extensively
used for the characterization of materials and surface modification
procedures, as well as for the monitoring of binding events.
Impedance spectroscopy combines rapid response, low detection
limits, cost-effectiveness, and the possibility of performing real-
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time monitoring of the samples, in contrast to established strate-
gies for pathogen detection such as cell culture, polymerase chain
reaction (PCR), and enzyme linked immunosorbent assay (ELISA),
or those sensors based on sandwich assay formats. In our study,
the detection of CRP is based on the impedance spectroscopy
technique.

Different immobilization methods for proteins have been
reported in the literature [6–9] for biosensors applications, some
giving rise to a random orientation of the receptor molecules imm-
obilized on the sensor surface. In this work, we will study the
electrochemical properties of protein layers grafted on gold elec-
trode for immunosensor application. Two antibody immobilization
methods were used: (1) the simple and non time-consuming phy-
sical adsorption method and (2) the oriented immobilization anti-
body method, which were preferred for maintaining antibody
binding properties. The latter method is also simple and rapid due
to the addition of only one intermediate physisorption step of G
protein to orient antibodies for an optimal recognition of CRP.
2. Experimental set-up

2.1. Antibody and consumables

Bovine Serum Albumine (0.45 mg/L), Anti-CRP antibodies,
purified CRP and protein G were obtained from Sigma-Aldrich
(France). The buffer solution used for all experiments was phos-
phate buffered saline (PBS) containing 140 mM NaCl, 2.7 mM KCl,
0.1 mM Na2HPO4, 1.8 mM KH2PO4, pH¼7 and the redox couple
K4Fe CNð Þ63−=K4Fe CNð Þ64− at a 5 mM concentration. All reagents
were of analytical grade and ultrapure water (resistance
18.2 MΩ cm−1) produced by a MilliporeMilli-Q system was used.

2.2. Gold cleaning and functionalization

The gold electrodes (0.16 cm2) were produced at the LAAS of
Toulouse (France). Evaporated gold (�300 nm thickness) was
coated on silicon, using titanium under layer (�30 nm thickness)
as a substrate. Before modification, the gold electrodes were
cleaned in acetone solution for 10 min with ultrasound bath. After
that, they were dried under a nitrogen flow and then dipped for
10 min into “piranha solution” 7:3 (v/v) 96% H2SO4/30% H2O2.
Finally, the gold substrates were rinsed two to three times with
ultrapure water and stored in ethanol solution before use.

2.3. Physisorption and oriented antibody

Random physisorption is the easiest and fastest strategy for
biomolecule immobilization onto physical substrates. Among
others, physisorption does not require biocomponent biotinyla-
tion, chemical modification, or the utilization of cross-linkers, and
does not depend on multi-step and long experimental procedures.

For the antibody physisorption step, a 20 μg/mL Anti-CRP was
deposited on the cleaned electrode and kept overnight at 41.
Finally, the electrode was treated with 1% BSA solution for
30 min to block the free spaces.

For the oriented antibody, a drop of protein G (concentration
40 μg/mL) was deposited on the cleaned gold electrode for 2 h at
room temperature. The electrodes can be dried with nitrogen, then
a 20 μg/mL Anti-CRP was deposited on modified electrode and left
overnight at 41. Finally, the electrode was treated with 1% BSA
solution for 30 min to block the free spaces. For both cases, CRP-
antigen at different concentrations was incubated on immobilized
antibody for 15 min at room temperature and impedance mea-
surement was started.
The electrodes were submitted to extensive washing with PBS
after modification with the appropriate biocomponent.

2.3.1. Electrochemical set-up
2.3.1.1. Cyclic voltammetry. Cyclic voltammetry was performed at
room temperature in a conventional voltammetric cell (5 mL
volume) with a three electrode configuration using Voltalab40
impedance analyzer (Radiometer Analytica, France). The gold
electrode (0.16 cm2) was used as a working electrode, platinum
(1 cm2) and Ag/AgCl electrodes were used as counter and
reference electrodes respectively. All the electrochemical
measurements were carried out in PBS at pH 7.0 with 5 mM
K4Fe CNð Þ63−=K4Fe CNð Þ64− in Faraday cage [10–16] with a scan rate
of 25 mV/s.

2.3.1.2. Impedance spectroscopy. In a number of reports [10–16],
it has been shown that impedance spectroscopy is a useful tool to
characterize the compactness of amphiphilic films on solid state
surfaces. The frequency-dependent capacitance C of the complex
stratified surface is related to the absolute value of the complex
electric impedance Z (measured in Ohms) by the following
equation:

Zj j ¼ 1
2πf C

ð1Þ

where f is the frequency (in Hz) at which |Z| is measured.
The surface of the device with a supported film in contact with

the aqueous phase exhibits complex impedance. To fit the mea-
sured spectra with the impedance spectra out of ideal elements,
we replaced the ideal elements with the constant phase elements
(CPE):

ZCPE ¼ Kω−α ð2Þ

The frequency exponent is α¼1 and K¼1/C for an ideal
capacitance, and α¼0 and K¼R for an ideal resistance. The
exponent α could be obtained, when the membrane capacitance
(or layer capacitance) was replaced by a constant phase element
CPE. The deviation of the exponent α from the ideal values is
attributed to the inhomogeneities of the analyzed layer, like
defects or roughness. The measured spectra of the impedance
and phase were analyzed in terms of electrical equivalent circuits
using Zview software. The electric parameters of the system were
calculated with the computer program and the fit error was kept
under a maximum of 10%.

The impedance measurement was performed with the Volta-
bal40 impedance analyzer in the frequency range 0.05 Hz–
100 kHz, using a modulation voltage of 10 mV. More details on
electrochemical impedance spectroscopy can be found in Refs.
[13–16]. The detection of the antigen was performed with impe-
dance spectroscopy after 15 min of incubation with the final
functionalized electrode.

2.3.2. Contact angle measurements
Measurements of static contact angle were made by the sessile

drop method (goniometer). The measurement system was a
DSA10, Krüss GmbH. Drops of 2 μL of distilled water were
deposited on each sample surface using an adapted syringe. The
drop images were captured and the contact angle measured using
the Krüss software “Drop Shape Analysis”. Before measurement,
samples were rinsed in distilled water and dried under N2. Contact
angles were measured in air at room temperature.

The statistical analysis used for contact angle measurements
was performed with the Student test (t-test with Excel software),
n¼10 (samples in duplicate). The probability of correlation is
based on the Pearson coefficient (p), which value, when less than



Fig. 2. Nyquist impedance plots of gold electrode after Anti-CRP physisorption and
after BSA immobilization. Applied potential 200 mV, PBS solution with redox
couple.

Table 1
Electric parameters obtained from fitting of the experimental results for biosensor
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0.01, corresponds to a statistically significant difference between
the two populations of values that are compared.

2.3.3. Plasma samples and determination of CRP concentration
by ELISA

Plasma samples were obtained from patients enrolled in the
Biomarkers of Coronary Events (BIOCORE)-1 study (ClincalTrials.
gov identifier: NCT00430820), a monocentric study aimed at
discovering biomarkers of coronary artery disease. Blood was
sampled on EDTA-containing tubes and plasma was obtained after
double centrifugation (2000g, 10 min, 20 1C and 2500g, 15 min,
20 1C) as previously described [17].

2.3.4. Atomic force microscopy
AFM was used to perform topographic images of samples. The

AFM machine was a nanoscope 5 (Bruker-Nano) and the cantilever
was a silicon probe with aluminum reflex coating (resonant
frequency: 300 kHz) and with a constant force of 40 N/m. Images
were made in air, at room temperatures, and using the tapping
mode. Surface morphology and roughness parameters were deter-
mined by the AFM software program. The images of topography
and deflection were obtained simultaneously with a resolution of
256�256 pixels. Roughness surface was then evaluated from
10 μm�10 μm images.
without protein G.

Layers Rs (Ω cm2) Rm (Ω cm2) CPE (F cm2) W (Ω cm2) αCPE Χ2

Gold 78,910 130,800 9139�10−5 1,740,000 0.92 0.0020
Antibody 76,510 656,500 3631�10−5 1,342,000 0.91 0.0017
BSA 75,350 5506 3200�10−5 2124 0.93 0.0018
3. Results and discussions

3.1. Biosensors based on antibody physisorption

3.1.1. Cyclic voltammetry
Cyclic voltammetry is an electrochemical technique which can

be used to study the kinetic of redox reactions of materials, their
insulating and conducting properties. Fig. 1 shows the cyclic
voltammogram of the gold/electrolyte interface (Fig. 1a) with
redox couple. Fig. 1b and c shows the cyclic voltammogram of
the electrode with physisorbed antibody (Anti-CRP) and (Anti-
CRP) with BSA respectively. After antibody immobilization
(respectively BSA) onto the gold surface, the current decrease
and the oxido-reduction peaks disappear.

3.1.2. Impedance spectroscopy
Electrochemical Impedance Spectroscopy (EIS) is an effective

tool for probing the featured surface-modified electrode while
controlling its electrical properties and this technique was used for
Fig. 1. Cyclic voltammograms of: (a) gold electrode; (b) gold electrode after Anti-
CRP physisorption and (c) gold electrode with Anti-CRP and BSA. Scan rate of
25 mV/s, PBS solution with redox couple.
example for the characterization of impedance behavior of Self
Assembled Monolayers (SAMs) modified gold electrode [11–13].
Fig. 2 shows Nyquist plots for the gold electrode (Fig. 2a) after the
antibody physisorption (Fig. 2b) and BSA (Fig. 2c) immobilization
at 200 mV with redox couple, where Re(z) is the real part and Im
(z) is the imaginary part of the complex impedance Z. The
diameter of semi-circle corresponds to the charge transfer resis-
tance of the electrode/electrolyte interface and can be fitted using
the same electric model in Refs [14–17]. The CPE is the Constant
Phase Element impedance of the gold/electrolyte interface, Rch is
the charge transfer resistance in low frequency range and W is the
Warburg impedance. The resistance in high frequency ranges Rs is
the resistance of the electrolyte, the contacts and connections [14–
17]. All of the values of the electrical parameters are presented in
Table 1. The increase of the charge transfer resistance after the
antibody immobilization (respectively BSA) is due to the conduc-
tivity decreases at the gold–electrolyte interface. This confirms the
results obtained with cyclic voltammetry.
3.1.3. Antigen-CRP detection
Fig. 3 shows the impedance spectra of the gold electrode

functionalized with Anti-CRP (with BSA as blocking layer) before
and after antigen CRP injections. The semicircle diameter in the
Nyquist plot seems to decrease with the antigen concentration,
implying that more amount of antigen was linked to the interface.
The Anti-CRP and the CRP antigen recognition were based on Van
der Waals forces of interaction. When the concentration of antigen
was increased over to 100 pg/mL, the change of impedance spectra
become gradually slow, showing that the immobilization of the
antibody on a gold electrode tends to be saturated. A limit
detection of 10 pg/mL was obtained, which was calculated accord-
ing to Ref. [18].



Fig. 3. Nyquist impedance plots of modified gold electrode with Anti-CRP under
various concentrations of CRP antigen. Applied potential 200 mV, PBS solution with
redox couple.

Fig. 4. Cyclic voltammograms of: (a) gold electrode; (b) gold electrode with PG;
(c) gold electrode with PG and with immobilized Anti-CRP; and (d) gold electrode
with PG, Anti-CRP and BSA. Scan rate of 25 mV/s, PBS solution with redox couple.

Fig. 5. Nyquist impedance plots of: (a) gold electrode; (b) gold electrode with PG;
(c) gold electrode with PG and with immobilized Anti-CRP; and (d) gold electrode
with PG, Anti-CRP and BSA. Applied potential 200 mV, PBS solution with redox
couple.

Table 2
Electric parameters obtained from fitting of the experimental results for biosensor
with protein G.

Layers Rs (Ω cm2) Rm (Ω cm2) CPE (F cm2) W (Ω cm2) αCPE Χ2

Gold 58,570 88,050 6656�10−5 1,589,000 0.91 0.0012
PG 62,880 899,600 5122�10−5 136,900 0.90 0.0019
Antibody 66,820 2217 201�10−5 950,650 0.91 0.0014
BSA 59,600 3484 1733�10−5 1,581,120 0.92 0.0012
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3.2. Biosensors based on oriented antibody with protein G

3.2.1. Cyclic voltammetry
Fig. 4 shows the voltammograms of the gold electrode after

protein G deposition, antibody Anti-CRP and BSA immobilization
in PBS buffer with 5 mM redox couple. The current decreases due
to the low conductivity properties of the deposited molecules
(Fig. 1b–d).
Fig. 6. Nyquist impedance plots of modified gold electrode with PG and with Anti-
CRP under various concentrations of CRP-antigen. Applied potential 200 mV, PBS
solution with redox couple.
3.2.2. Impedance spectroscopy
Fig. 5 shows Nyquist plots for gold electrode after the immo-

bilization of protein G (Fig. 5a), antibody Anti-CRP (Fig. 5b) and
BSA (Fig. 5c) layers at 200 mV in PBS buffer with redox couple. The
impedance spectra should be fitted using the same electric model.
All of the values of the electrical parameters are presented in
Table 2.

The increase of the charge transfer resistance after protein G
immobilization (respectively antibody and BSA) is due to the
conductivity decreases at the gold–electrolyte interface. This con-
firms the results obtained by cyclic voltammetry. The CPE
decreases were due to the thickness increases after each step of
bimolecular immobilization.
3.2.3. Antigen CRP detection
Fig. 6 shows the impedance spectra of the gold electrode

(modified with protein G) functionalized with Anti-CRP (with



Fig. 7. Calibration curves of immunosensor with protein G (a), without protein G
(b) and for specific and negative test (c).
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BSA as blocking layer) before and after injection of antigen CRP
concentrations. The semicircle diameter in the Nyquist plot seems
to decrease with the antigen concentration, implying that more
amount of antigen was linked to the interface. When the concen-
tration of antigen was increased over 100 pg/mL, the impedance
becomes gradually slow and reaches a saturated region.

The minimum CRP-antigen concentration detected was 0.1 pg/mL
(100 fg/mL) with the immunosensor using protein G which con-
tributes to specific sites orientation of the antibody. This limit
detection (which was calculated according to Ref. [18]) is 100 times
lower than the immunosensor without protein G. This detection
limit is better than those obtained by other authors [6–8].
Fig. 8. Calibration curves of: (a) immunosensor with protein G for CRP-antigen
detected in PBS and (b) immunosensor with protein G for CRP-antigen detected in
human plasma for three patients.
3.3. Calibration curves

In order to obtain the calibration data set, the values of
electrode resistance variation ΔRch versus the antigen concentra-
tion of the two developed biosensors (with and without protein G)
are plotted in Fig. 7a and b. The change of the charge transfer
resistance is calculated following the equation:

DRch ¼ jRchðAbÞ–RchðAb−AgÞj

where Rch(Ab) is the value of electrode resistance as antibody
immobilized on the electrode, Rch(Ab−Ag) is the value of the
electrode resistance after antigen binding to antibody. As shown
in Fig. 7, the plot is linear and reaches a plateau for higher
concentrations (saturation). A detection limit of 100 fg/mL and
10 pg/mL antigen was observed with and without protein G
respectively. The reproducibility was tested against five substrates
prepared in the same conditions at room temperature. The error
bars which represent the standard deviation was less than 10% for
the five substrates used. The stability of the immunosensor was
tested against CRP antigen over 5 h. Indeed, overall measurements
have been performed during 5 h and each detected concentration
reached the stability in 10 min remaining stable during at least 1 h
for the final measurement.

The negative control was obtained after different injection of
CRP-antigen to the immunosensor coated with protein G (without
the immobilized antibody, Fig. 7c). The curve shows that the
charge transfer resistance remains constant due to no interaction
between protein G and antigen.
3.4. Detection of CRP in human plasma from patients

Different plasma samples from three patients with coronary
artery disease (Bichat Hospital, Paris, France) containing known
concentrations of CRP antigen were used for impedance spectro-
scopy measurement (three different initial concentrations,
assessed by classical particle-enhanced immunonephelometry:
patient #1: 5.2 mg/L, patient #2: 2.08 mg/L and patient #3:
0.52 mg/L).

Each plasma sample was diluted to different concentrations
(C1¼100 fg/mL, C2¼200 fg/mL, C3¼300 fg/mL, C4¼400 fg/mL and
C5¼500 fg/mL) in order to improve detection in the linear range
(at low concentration, Fig. 8a). All these concentrations from
different patients were tested and compared with those detected
in PBS (Fig. 8b) using the immunosensor with protein G. The
obtained curves (Fig. 8b) show linear response of the immuno-
sensor in human plasma as compared to the results obtained in
PBS. The sensitivity for each calibration curves is shown in Table 3.
The sensitivity of the immunosensor was nearly the same as
compared to those obtained in PBS (with error bar less than 5%)
with a good correlation coefficient. EIS was found to be quantita-
tive because one should have to dilute 10 times more the sample
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at 5 mg/mL than for the sample at 0.5 mg/mL to find the same EIS
response in order to find the concentrations obtained by
immunonephelometry.

The developed immunosensor was more sensitive than the
commercially available ELISA assays (CRP) with a detection limit of
2 μg/mL in blood serum [19]. The main advantage of the
impedance-based CRP immunosensor is the speed of analysis,
whereas a typical ELISA needs about 4–5 h incubation time.
This speed advantage is useful for quick-time measurement and
analysis in emergency cases.
Table 3
Sensitivity, and correlation coefficient of immunosensor responses for CRP detected
in PBS and CRP detected in plasma for each patient.

Layers S
(%/fg mL−1)

Correlation coefficient:
R

Ag-CRP detection in PBS 469�10−2 0.99
Ag-CRP in plasma detection: 5.2 mg/L 545�10−2 0.99
Ag-CRP in plasma detection: 2.08 mg/L 598�10−2 0.99
Ag-CRP in plasma detection: 0.45 mg/L 518�10−2 0.99

Fig. 9. AFM images in phase mode: (a) Gol
3.5. Contact angle measurements

Fig. 1 supplement summarizes contact angle values of the
surfaces corresponding to each step of gold electrode functiona-
lization. It can be seen (see n) that contact angles for Gold/Anti-
CRP and Gold/G are not significantly different whereas they are
both significantly different from Gold/G/Anti-CRP contact angle.
Thus, immunoglobulins have been oriented by protein G, com-
pared to immunoglobulins directly physisorbed on gold.

BSA (see £) has been homogeneously fixed onto Gold/G/Anti-
CRP and exhibits a significantly higher value of contact angle for
Gold/G/Anti-CRP/BSA (781) compared to the previous surface
Gold/G/Anti-CRP with a contact angle of 701.

In a same way (see nn), contact angle of Gold/G/Anti-CRP/BSA/
antigen is significantly different than that of Gold/G/Anti-CRP/BSA.
This indicates that the antigen is well fixed on Gold/G/Anti-CRP/BSA.

Finally, concerning antigen recognition by antibodies, (see §),
if the antigen is loaded on gold surfaces with G/Anti-CRP/BSA or
without (similar wettabillities before Ag deposition), the similar
hydrophobicity (Gold and Gold/G/Anti-CRP/BSA), most signifi-
cantly hydrophobic surface is that with antibodies. Thus, it can
be concluded that interactions between Ag and initial surfaces are
not only conditioned by hydrophobic interactions but also by
d, (b) Gold/G, and (c) Gold/G/Anti-CRP.



Table 4
AFM roughness of the surfaces for each step of electrode functionalization (Ra in
nm) calculated with 10�10 images.

Gold Gold/
G

Gold/G/Anti-
CRP/BSA

Gold/
BSA

Gold/
Anti-
CRP

Gold/G/Anti-
CRP/BSA/Ag

Gold/
Ag

Gold/G/
Anti-CRP

1.90 3.16 2.29 2.48 3.86 1.60 1.97 2.04
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specific interactions in the case of Anti-CRP containing surface that
orients the Ag after specific recognition.

3.6. Atomic force microscopy

Phase AFM images of substrates treated without and with
protein G are shown in Fig. 2 supplement and Fig. 9. Atomic force
microscopy roughness measurements were performed for each
step of functionnalization (Table 4).

The Gold/Anti-CRP (Fig. 2c supplement) and Gold/G (Fig. 9b)
images show the same type of morphology with coalescence of
proteins with many spaces between nodules whereas no space is
observed in Gold/G/Anti-CRP image (Fig. 9c). This is in agreement
with wettability observations (see n).

Roughness measurements (Table 4) show that Anti-CRP has
been oriented when loaded on G protein. Indeed, the Ra for Gold/
G/Anti-CRP was found lower (2.04 nm) than for Gold/G (3.16 nm)
and Gold/Anti-CRP (3.86 nm), confirming that when Anti-CRP are
oriented, this leads to a lower roughness (2.04 nm) than in case of
simple physisorption on Gold (3.86 nm).

Ag fixation onto the Gold/G/Anti-CRP/BSA surface is confirmed
by roughness measurements: results in Table 4 show that Gold/G/
Anti-CRP/BSA has an Ra of 2.29 nm and Gold/G/Anti-CRP/BSA/Ag
an Ra of 1.60 nm. In a same way (see nn in Fig. 1 supplement),
contact angle of Gold/G/Anti-CRP/BSA/Ag is significantly different
than that of Gold/G/Anti-CRP/BSA. This indicates that Ag is well
fixed on Gold/G/Anti-CRP/BSA.
4. Conclusion

In this work, we used two immobilization methods for detec-
tion of CRP by EIS-based immunosensor technology. The first
method is based on oriented CRP antibodies with protein G
intermediate layer. The second method is based on physisorption
of CRP antibodies onto the gold surface. The electrochemical
characterization of each immobilized layers was achieved with
cyclic voltammetry and impedance spectroscopy. The morphology
of the deposited biomolecules was evaluated by Atomic Force
Microscopy and the roughness was measured. Moreover, contact
angle measurement was used for analysis of wettability. A detec-
tion limit of 100 fg/mL and 10 pg/mL antigen was observed with
and without protein G respectively. The developed biosensor
was used for quantitative CRP detection in human plasma of
healthy patients, in agreement with immunonephelometry con-
centrations. For future work, integrated gold microelectrodes
arrays in microfluidic flow cell will be used for real time analysis.
Appendix A. Supporting information

Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.talanta.2013.04.059.
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