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We describe the development of a label free method to analyze the interactions between Ca%* and the
porcine S100A12 protein immobilized on polyvinyl butyral (PVB). The modified gold electrodes were
characterized using cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), scanning
electron microscopy (SEM) and surface plasmon resonance (SPR) techniques. SEM analyses of PVB and
PVB-S100A12 showed a heterogeneous distribution of PVB spherules on gold surface. EIS and CV mea-
surements have shown that redox probe reactions on the modified gold electrodes were partially blocked
due the adsorption of PVB-S100A12, and confirm the existence of a positive response of the immobilized
S100A12 to the presence of calcium ions. The biosensor exhibited a wide linear response to Ca** concen-
trations ranging from 12.5 to 200 mM. The PVB-S100A12 seems to be bound to the gold electrode surface
by physical adsorption; we observed an increase of 1184.32 m° in the SPR angle after the adsorption of the
protein on the PVB surface (in an indication that 9.84 ng of S100A12 are adsorbed per mm? of the Au-PVB
electrode), followed by a further increase of 581.66 m° after attachment of the Ca?* ions. In addition, no
SPR response is obtained for non-specific ions. These studies might be useful as a platform for the design
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of new reusable and sensitive biosensing devices that could find use in the clinical applications.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Calcium ions regulate many biological processes through their
interactions with specific receptor binding proteins [1], several of
which have been identified in various cellular environments in
eukaryotic cells [2]. For instance, a recent report has examined how
the calcium concentration present in blood and saliva could be used
in the evaluation of dental development [3].

In addition, there are many methods for detection of cal-
cium such as biosensors [4-6], continuous flow analysis (CFA)
[7], HPLC [8], electrochemical methods [9-11], X-ray fluorescence
[12], ion-selective electrodes [13] and ion chromatography [14].
Today, calcium levels in human fluids are clinically determined
using either atomic adsorption spectroscopy or colorimetry. In fact,
titration methods are becoming gradually obsolete, and the ion-
selective electrode (ISE) method is nowadays commonly used for
the quantitative determination of calcium cations not bound to pro-
teins or other complexing agents, even though interferences from
accompanying ions, hydrogen ions and ionic strength differences
continue to be problematic. As illustrative examples, we note that
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Buckley and Russell [15] reviewed those techniques for assay of
serum calcium cation, including non-potential analyses (such as
spectrophotometry), potential techniques (such as ISE other elec-
trochemical studies), and some reference methods, for example,
colorimetric assay [16], while Freaney et al. [17] have described
an automatic method for determining calcium in blood, serum and
plasma.

Calcium-binding proteins (CaBPs) are involved in the regula-
tion of several biological processes [18,19].S100 proteins constitute
the largest subfamily of EF-hand proteins (i.e., those CaBPs that
present a helix-loop-helix structural domain) and interact either in
aCa%*-dependent or in an independent way with proteins involved
in cell proliferation and differentiation, cellular architecture, sig-
nal transduction, and intracellular metabolism [20,21]. Most S100
proteins occur as non-covalent homodimers [22] and are character-
ized by the presence of two EF-hand motifs per monomer, which
are ordered in N-terminal EF-hand (helix I-loop I-helix II) with
a flexible linker region that connects helix II to helix III of the
C-terminal EF-hand (helix IlI-loop II-helix IV). The linker region
and C-terminal extension show the least amount of sequence con-
servation among S100 proteins [23,24]. Different conformational
changes are triggered by calcium binding to S100 proteins in the
two EF-hands, and they exhibit distinctive affinities for calcium
[25].
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The C-terminal EF-hand contains the canonical Ca2*-binding
loop common to all CaBPs. Porcine S100A12 (also known as cal-
granulin c) is a member of the S100 protein subfamily that consists
of 91 amino acids (approximately 10.7 kDa and an acid pl of 5.8)
and is characterized by the presence of two EF-hands motifs and an
additional binding site (Lis-x-x-x-His), with high affinity for Zn2*
on the c-terminal region [26].

In the present study we describe the development of biosensor
that uses a porcine S100A12 modified polyvinyl butyral (PVB) elec-
trode that relies in the sensitiveness of electrochemical impedance
spectroscopy (EIS) and surface plasmon resonance (SPR) signals for
calcium detection. To determine the ability of the porcine S100A12
in recognizing calcium ions, our assay was based on registering
the differences of the biosensor responses in the absence and pres-
ence of these ions in the testing media. The modified electrodes
were characterized by use of cyclic voltammetry (CV), EIS, scanning
electron microscopy (SEM) and SPR techniques.

Due to the introduction of sensitive bench top instruments and
the expansion in the range of strategies for studying biological or
biochemical systems [27] in more recent times, SPR based tech-
niques have found expanded use and recently they have been
introduced in clinical studies [28]. The competitive advantages
of such techniques include the fact that SPR allows both real-
time qualitative and quantitative assessments of the prevailing
biomolecular interactions while eliminating the need of labeling
reagents; in addition, the SPR signal is highly sensitive to even small
changes in the refractive index at the interface with a thin noble
metal film [29].

Onits turn, EIS has long been established as a sensitive technique
to monitor the electrical response of a solid/liquid system subjected
to the application of a periodic small amplitude AC signal. Anal-
ysis of the system response provides information concerning the
solid/liquid interface and on the eventual occurrence of reactions
at this local region [29,30].

2. Experimental
2.1. Materials

S100A12 protein was obtained by synthetic gene assembly,
cloning and, subsequent recombinant S100A12 expression [31].
CaCl,, ethylenediamine tetraacetic acid (EDTA) and PVB were pur-
chased from Sigma Chemical (St. Louis, MO, USA). Potassium ferri-
and ferrocyanide were obtained from VETEC (Brazil). All chemicals
and solvents were of analytical grade and they have been used as
received, without further purification. Water used was obtained
from a Milli-Q plus (Billerica, USA) purification system.

2.2. Apparatus

Electrochemical measurements were carried out on a PGSTAT
302N potentiostat (Autolab, Eco Chemie, The Netherlands) inter-
faced with an analyzer controlled by a computer. A three-electrode
setup with an Ag/AgCl (saturated KCl) reference electrode was
employed throughout the investigation. All potentials are referred
to this electrode. A platinum wire and a modified gold disc
(d=2mm) were used as auxiliary and working electrodes, respec-
tively.

2.3. Porcine S100A12 immobilization

First, the gold disc electrode was mechanically polished with
0.05 pm a-Al,03 powder, and washed ultrasonically in distilled
water. A sol-gel method was employed to modify the electrode
[32]. Porcine S100A12 solution (200 pg/mL) was mixed with 300 L

of polyvinyl butyral (PVB)-ethanol solution (2%, v/v), quickly added
into a beaker (4°C) and kept under stirring for 10 min. After the
electrode was incubated into the above solution for 10 min and
air-dried, it was ready for use in the calcium detection investigation.

2.4. Calcium-S100A12 interaction

The porcine S100A12 modified electrode (Au-PVB-S100A12)
was rinsed with water to remove unbound protein and then
exposed for 10 min to different CaCl, solutions, which were pre-
viously diluted in 10 mM pH 7.4 PBS solution, so as to obtain final
calcium concentrations in the 12.5-200 mM range. All the above
procedures were performed at room temperature (ca. 26 °C).

2.5. Electrochemical measurements

The impedance spectra were recorded in the frequency range of
100 mHz to 100 kHz. The amplitude of the applied sine wave poten-
tial was 10 mV, while the direct current (dc) potential was limited
at the open circuit potential measured just before the application
of the sine wave potential. Cyclic voltammetry (CV) was performed
with a potential sweeping between +0.7 and —0.2V at a scan rate
of 50mVs~1. CV and EIS measurements, performed in the pres-
ence of a 10 mM K,[Fe(CN)g]/K3[Fe(CN)g] (1:1) solution used as a
redox probe in PBS (pH 7.4), were carried out at different stages
of the preparation of the modified electrode. All electrochemical
measurements were performed at room temperature and inside a
Faraday cage.

2.6. SPR instrumentation and measurements

All SPR measurements have been made by use of an Esprit dou-
ble channel SPRinstrument (Autolab, Eco Chemie, The Netherlands)
setup in the Kretschmann configuration [33]. Gold plated sensor
surfaces (Autolab, Eco Chemie, The Netherlands) were used for the
SPR measurements, and the corresponding signal was recorded as
a function of calcium concentration for the Au-PVB-S100A12 sys-
tem. The SPR signal was first recorded using a running solution to
stabilize the electrode and allow the setting up of the baseline. Dur-
ing each run, the first 200 s represent the base line, after which the
sample was added and allowed to interact with the electrode. The
response of the SPR sensor was automatically monitored in a PC by
a digital converter. For the quantitative assessment, the increase in
the value of SPR angle after the total process (i.e., the net increase
in the final baseline from the initial baseline) corresponds to the
amount of bound analyte as the other processing conditions are
kept constant.

3. Results and discussion
3.1. Characterization by SEM

In Fig. 1a we show a SEM image of a gold electrode coated with
PVB, where a heterogeneous distribution of PVB spherules can be
seen on top of a PVB film. An image of a gold electrode coated with
PVB and S100A2 is shown in Fig. 1b: the film covers the entire
surface, a fact that was confirmed by both EIS and CV analyses,
whichindicated the presence of a resistive layer at the gold/solution
interface.

3.2. Electrochemical detection of calcium at PVB-S100A12
modified electrode

In Fig. 2 we show CV curves of the K3[Fe(CN)g]/K4[Fe(CN)g]
redox probe, dissolved in phosphate buffer (pH 7.4), obtained by
use of a bare gold electrode and of a modified gold electrode.
When the electrode surface is modified, the electron transfer
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Fig. 1. SEM images of the gold electrode coated with PVB (a) and PVB-S100A12 (b).

kinetics of K3[Fe(CN)g]/K4[Fe(CN)g] redox probe is perturbed.
In Fig. 2 we can find cyclic voltammograms corresponding to
the cases of different electrodes (bare gold, PVB-modified, PVB-
S100A12-modified, PVB-S100A12-calcium modified electrode and
PVB-S100A12-calcium modified electrode incubated with EDTA
in a 10mM Ks[Fe(CN)g]/K4[Fe(CN)g] PBS solution), all of them
obtained by use of a scanning rate of 50 mVs~1.
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Fig. 2. Cyclic voltammograms (CVs) of the working electrode at different stages:
bare gold electrode (M), Au-PVB (O), Au-PVB-S100A12 (a), Au-PVB-S100A12-
Ca?* (=) and Au-PVB-S100A12-Ca?*-EDTA (+). Supporting electrolyte: 10 mM
K4[Fe(CN)s]/Ks[Fe(CN)g] 1:1+0.15M NaCl in 10mM pH 7.4 solution; scan rate of
50mVs-'.
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Fig. 3. Nyquist plots of the steps immobilization of ST00A12: bare gold electrode
(W), Au-PVB-S100A12 (®), the Au-PVB-S100A12-Ca%* (5 min) (A), Au-PVB-S100A12-
Ca?*(10min) (*) and Au-PVB-S100A12-Ca®* (15min) (#), Au-PVB-S100A12-Ca?* (20 min)
(—) and Au-PVB-S100A12-Ca?* 35 min) (x) modified electrode. The impedance spec-
tra were taken in 10 mM K4[Fe(CN)s]/K3[Fe(CN)s] 1:1+0.15M NaCl in 10 mM pH
7.4 in the frequency range from 100 mHz to 100 kHz.

As shown in Fig. 2, while the curve for the bare electrode has
the typical shape of a diffusion-controlled redox process, the step-
wise assembly of different materials on the gold electrode seems
to be accompanied by both a progressive decrease in the amper-
ometric response of the electrode and an increase in the peak to
peak separation between the cathodic and anodic waves of the
redox probe. However, after the ST00A12 molecules are coupled
to the calcium ions, an obvious disappearance of the anodic and
cathodic peaks occurs. This can be attributed to the fact that the
calgranulin-calcium complex can act as an inert electron and mass
transfer blocking layer that hinders the diffusion of ferricyanide
towards the electrode surface. To verify if this calcium binding pro-
cess would be reversible, the system was immersed in the EDTA
aqueous solution during 20 min. As shown in the corresponding
curve in Fig. 2, where an increase in the amperometric response
can be observed, the calcium is quelled in the presence of EDTA.

EIS is an effective method for examining the interfacial prop-
erties of the sensor surface during the process of successive
modifications. In EIS, the semicircle diameter of the spectrum
equals the charge transfer resistance, Rct. This resistance controls
the electron transfer kinetics of the redox-probe at the electrode
surface (Fig. 3). The EIS curve corresponding to the bare gold
electrode shows a very small semicircle domain, implying the
existence of a very low charge transfer resistance (Rcr) to the
K3[Fe(CN)g]/K4[Fe(CN)g] redox probe in the electrolyte solution.
However, after the gold electrode is immersed in the PVB solu-
tion, the EIS curve shows a high interfacial Rct, indicating that
the deposited PVB layers obstruct the charge transfer through the
electrochemical probe. Finally, the PVB-S100A12-modified gold
electrode was obtained by dipping the gold electrode into the
homogeneous mixing solution containing protein and PVB. After
immobilization of the S100A12 protein, the interfacial resistance
of the modified electrode increased again, reaching levels corre-
sponding to approximately three times those of the PVB-modified
gold electrode. The impedance change of the modification process
also showed that the protein had been immobilized to the electrode
surface. In Fig. 3 we also show additional curves representing the
S100A12 interaction with calcium the different incubation times
(5,10, 15, 20 and 25 min).

The general equivalent electric circuit (Randles) [32] includes
the ohmic resistance of the electrolyte solution (Rg), the Warburg
impedance (W) resulting from ion diffusion from the bulk elec-
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Fig. 4. Equivalent circuit adopted to fit the impedance data in the presence of redox
pair of K4[Fe(CN)s]/K3[Fe(CN)s]: Rg; is the ohmic resistance of the electrolyte solu-
tion, Cq the double layer capacitance, Zyw the Warburg impedance, and Rcr the
electron-transfer resistance.

trolyte to the electrode interface, the double layer (Cy;), and the
charge-transfer resistance (Rct), which are admitted to exist when
the electrolyte solution contains aredox probe. In the PVB-S100A12
system, R and W denote, respectively, the bulk properties of the
electrolyte solution and the diffusion features of the redox probe in
the solution. When a Randles model (Fig. 4) [32] is used as an equiv-
alent circuit to describe the data of electrochemical impedance
measurements, the fitting of the measured spectra is shown in
Fig. 5, where a good agreement can be observed over the entire
measurement frequency range.

The best EIS parameters for this system were calculated from
the data shown in Fig. 3 and are presented in Table 1. As discussed
before, the stepwise increase of the electron-transfer resistance
(Rcr) for PVB, PVB-S100A12 and PVB-S100A12-CaZ* indicate the
formation of insulating films of PVB and protein on the gold elec-
trode. Our results show the occurrence of a high Rct value for the
PVB-S100A12-Ca%* system. Since it is well known that high Rt val-
ues are usually associated to the blockage of the electrode surface
[32], we can assume that we have identified that a specific binding
of Ca2* exists in our system. Conversely, the low R¢y value obtained
for the PVB-S100A12-Mg2* seems to be due to unspecific binding
(Fig. 5). Finally, when the PVB-S100A12-Ca%* system is taken in con-
tact with the EDTA, it was observed a decrease in the R¢r, which is
probably due to the quelling of the ions, in agreement to what we
had previously noticed in the cyclic voltammetry measurements.

In summary, the sequence of measurements for the pure PVB,
PVB-S100A12, and PVB-S100A12-ion electrodes are consistent
with the occurrence of progressive blockage of the interface, con-
firming that the amount of material immobilized and/or adsorbed
on the electrode surface directly correlates with the impedance.

The results presented in Fig. 5 clearly show that ST00A12 remain
capable to recognize the calcium ion, as revealed by the increase
of charge transfer resistance, Rcr. Hence, the performance of the
modified electrode for detection of ions may be evaluated through
the relative variation of this parameter (ARct), according to the

Table 1

Fitted impedance results to modified electrodes.
Modified electrode Rer/k€22 Cal/LF?
With PVB 1.22 1.18
With PVB-S100A12 3.21 3.98
With PVB-5100A12-Ca?* (5 min) 5.59 3.28
With PVB-S100A12-Ca?* (19 min) 6.80 3.39
With PVB-S100A12-Ca?* (15 min) 7.98 2.25
With PVB-$100A12-Ca?* (30 min) 10.82 2.66
With PVB-S100A12-Ca?* (35 min) 10.90 2.56
With PVB-S100A12-Ca%*-EDTA 5.33 3.42
With PVB-S100A12-Mg?* 3.72 3.54

2 Values of the equivalent circuit elements from fitted impedance results.
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Fig.5. Nyquist plots of the steps immobilization of ST00A12: bare gold electrode (W),
Au-PVB-S100A12 (a), Au-PVB-S100A12-Mg2* (O), Au-PVB-S100A12-Ca%*-EDTA (@)
and Au-PVB-S100A12-Ca?* (4). Solid lines correspond to the fitting using the
obtained Randles parameters.

equation:

Rcr(S100A12-ion) — Rer(S100A12)

ARer(%) = Rcr(S100A12)

here, while Rcr(S100A12) is the value of the charge-transfer resis-
tance of the PVB-S100A12 modified electrode, Rcr(S100A12-ion)
is the value of the charge-transfer resistance of the PVB-S100A12
after exposing it to solution containing calcium.

A more detailed study was carried out for different calcium
concentrations (12.5mM, 25 mM, 50 mM, 100 mM and 200 mM),
which suggest that the interaction between S100A12 and ion can
be quantitatively assessed by the modified electrode. As expected,
the ARcr increases linearly with calcium concentration, in an indi-
cation that the interactions between S100A12 protein and calcium
can be detected by the modified electrode (Fig. 6). The performance
of PVB-S100A12 system is shown in Table 2, for fixed Ca2* and
Mg2* concentrations, where once more is confirmed the capabil-
ity of ST00A12 in recognizing calcium ions after adsorption. We
call attention to the fact that only a small increase in the Rcr
value (to 3.8kS2) is observed when the S100 protein is exposed
to magnesium ions, a value to be compared to the charge transfer
resistance (~11.0k€2) estimated when Ca** ions are used instead.
These results are a strong indication that this system could be appli-
cable to the construction of a biosensor for calcium levels at human
blood serum.
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Fig. 6. Diagrams show ARct% for the Au-PVB-S100A12 case after exposing the elec-
trode to different concentrations of calcium ions dissolved in H,0.
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Table 2
Fitted impedance results to ST00A12-Ca?* interaction from Fig. 5.

Modified electrode S100A12-ion interaction

ARcr(%)(calcium) ARct(%)(magnesium)

Before?(Rcr/R2) After?

After®

Au-PVB-S100A12 3.21 7.98

3.72 149.0 16.0

2 Before contact to ions.
b After contact to calcium.
¢ After contact to magnesium.

3.3. SPR characterization of S100A12-PVB modified electrode

Fig. 7 shows an illustrative sensorgram for PVB, PVB-S100A12
and PVB-S100A12-Ca2*, PVB-S100A12-Mg2* modified gold elec-
trodes. When the solution of 0.1% PVB was injected in a flow cell
during approximately 2.5 min, the resonance angle shifted about
287.06 m° with a low coefficient of variation (CV =10.87%). The use
of ethanol instead of water or buffers to dilute PVB promoted a
more homogeneous layer. The PVB layer can act like an immobi-
lization matrix. In this assay, the incubation time was controlled
at 6 min and the reproducibility achieved in three assays showed a
good value of CV (7.23%). Subsequently, the adsorption of ST00A12
protein on Au-PVB array was accomplished by changing the reso-
nance angle under continuous monitoring through the SPR system,
in three replicates analyses. As a result of the fact that the PVB-
S100A12 was attached to the gold electrode surface, we observed
anincrease of 1184.32 m° in the SPR angle after modification of PVB
with S100A12, and a further increase of 581.66 m° after Ca%* attach-
ment. The S100A12 protein binds the calcium ions through linking
by the aminoacid groups. A variation of 120 me° represents a change
in the quantity of surface protein of approximately 1 ng/mm? or in
the bulk refractive index of approximately 10~3 [33],indicating that
9.84 ng of S100A12 had adsorbed per mm? of the Au-PVB electrode.
Finally, when EDTA was added to the system to sequestrate the cal-
cium ions, a shift of 590.66 m° in the angle was observed. Also, in
agreement to the CV and EIS measurements, the association with
Mg2* did not produce any modification in the optical response of
PVB-S100A12 system.

InFig. 8 we carried out a SPR study for different concentrations of
calcium. Our results suggest that the interaction between S100A12
and CaZ* ions can be quantitatively assessed by the SPR technique.
Similar to the ARcr results, SPR increases linearly with calcium
concentration.
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Fig. 7. Typical sensorgram to Au-PVB-S100A12-Ca?*. Inset: SPR response of PVB-
S100A12 system (position 1, base line immobilization), injection of Mg?* ions
(position 2, negative control) and PBS buffer (position 3).
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Fig. 8. SPRresponse for PVB-S100A12 system at different concentrations of calcium
ions.

4. Conclusions

The PVB-S100A12 system was capable to detect Ca2* exhibit-
ing a relatively rapid response. EIS and CV were applied to evaluate
the protein-ion reactionin the presence of K3[Fe(CN)g]/K4[Fe(CN)s]
redox probe. EIS and CV measurements showed that redox probe
reactions on the modified gold electrodes were partially blocked
due the adsorption of PVB-S100A12. This system exhibited a wide
linear response to Ca2* concentrations in the 12.5mM-200mM
range. The results confirm the positive responses of the S100A12
to the presence of calcium ions and therefore the capacity of cal-
granulin to retain its biological activity even upon adsorption to a
solid substrate. In the PVB-S100A12 electrode this protein is bound
to the gold electrode surface, and an increase of 1184.32 m® in SPR
angle after modification of PVB with S100A12 is observed, indi-
cating that 9.84 ng/mm? of S100A12 adsorbs on Au-PVB electrode,
with a further increase of 581.66 m° found after Ca%* attachment.
We believe that the fabrication of this Au-PVB-S100A12 calcium
biosensor is of considerable interest due to the simplicity of its
operation and the possibility of further optimization under prac-
tical applications. Efforts are in progress to increase the detection
range and to estimate the amount of Ca2* ions in blood serum.
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