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In the present study we investigated the preparation of biofunctionalized surfaces using the direct elec-
trochemical grafting of maleimidophenyl molecules with subsequent covalent immobilization of specific
peptide to detect target antibody, thereby extending the application of the biosensing systems towards
immunodiagnostics. Para-maleimidophenyl (p-MP) functional groups were electrochemically grafted
on gold and silicon surfaces from solutions of the corresponding diazonium salt. A specially synthesized
peptide modified with cysteine (Cys-peptide) was then immobilized on the p-MP grafted substrates by
cross-linking between the maleimide groups and the sulfhydryl group of the cysteine residues. Accord-
ingly, the Cys-peptide worked as an antigen that was able to bind specifically the target antibody
(anti-GST antibody), while it was non-sensitive to a negative contrast antibody (i.e. anti-Flag b). The
immobilization of both specific and non-specific antibodies on the Cys-peptide-modified surfaces was
monitored by infrared spectroscopic ellipsometry, a quartz crystal microbalance integrated in flow injec-
tion analysis system and potentiometric response. The results obtained clearly demonstrated that the
direct modification of a surface with maleimidophenyl provides a very simple and reliable way of prepar-
ing biofunctionalized surfaces suitable for the construction of immunological biosensors.

� 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

In the materials and life sciences there is a great demand for
biofunctionalized surfaces, which offer a variety of innovative bio-
technological applications in the field of bioelectronics, biosensors
and drug delivery. A great number of surface modification tech-
niques have been developed, providing the possibility of specifi-
cally attaching biomolecules. The functionalization of metal and
glass surfaces with self-assembled monolayers (SAMs) [1,2] is used
extensively for the physical and chemical attachment of proteins
[3]. SAMs of alkenethiols are widely employed for the modification
of gold metal surfaces [4]. One drawback of this method is the
instability of the gold–thiolate bond at reductive potentials, which
causes the desorption of the layer [5]. Aryl diazonium salts are a
possible alternative to SAMs that has considerable promise due
to the high stability of the layers produced and the versatility of
the chemistry. Nowadays, electrochemical reduction of organic
diazonium salt is a well-known technique to graft organic
ia Inc. Published by Elsevier Ltd. A
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molecules [6–8], especially aromatic rings, onto metal [9–11], car-
bon [9,12] and semiconductor surfaces [13–15]. The organic layer
formed is covalently attached to a substrate, providing a stable
functionalized surface suitable for application in different research
areas, such as microelectronics [16] and sensors [10,17]. Different
functional groups can be introduced to the surface depending on
the substituent on the para-position of the aryldiazonium salt.
For this, electrochemical grafting of 4-carboxyphenyldiazonium
[10], 4-nitrophenyldiazonium [18] and 4-aminophenyldiazonium
salts [19] have been used. However, for the immobilization of bio-
molecules on carboxy-, nitro- and amino-derivatized surfaces, fur-
ther functionalization is needed, including: the activation of
carboxyl function through a carbodiimide route to allow subse-
quent covalent coupling with an amino group of the biomolecule
[20,21]; and chemical coupling reactions with a biomolecule-
reactive group, such as N-hydroxysuccinimide (NHS) or maleimide.
Considering that biomolecular coupling through the amino groups
of lysine residues in the case of NHS-modified surfaces leads to
additional heterogeneities in the population of molecules, the
site-specific immobilization of a biomolecule through thiol groups
(i.e. cysteines) on maleimide functionalities is the preferred
ll rights reserved.
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method [22]. Surface modification with maleimide is usually a
multistep process that includes the functionalization of the surface
with amino groups followed by the attachment of some heterobi-
functional crosslinker containing amine-reactive group on the one
end and thiol-reactive maleimide on the other [23,24]. Recently,
Harper et al. [9] reported the direct grafting of maleimide on Au
and glassy carbon electrodes from para-maleimidophenyl diazo-
nium tetrafluoroborate (p-MPDT). They showed the possibility of
immobilizing biomolecules such as ferrocene and the redox-active
protein cytochrome c on the maleimidophenyl-modified surface
for the development of bioelectronic devices, including biofuel
cells, biosensors, and DNA and protein microarrays.

In the present study we investigated the possibility of preparing
biofunctionalized surfaces using the direct electrochemical graft-
ing of maleimidophenyl molecules with subsequent covalent
immobilization of specific peptide to detect a target antibody,
thereby extending the application of the biosensing systems to-
wards immunodiagnostics. Fig. 1 presents the method used to con-
struct an immunological biosensor.

The first step is the modification of the electrode surfaces with
p-MP by the electrochemical reduction of p-MPDT (step 1 in Fig. 1).
p-MP is a very favourable reactive group in the cross-linking pro-
cess and reacts specifically with sulfhydryl (–HS) groups in aque-
ous solution at a pH value between 6.5 and 7.5 to form a stable
and non-reversible thioether linkage [25]. An HS group could be
introduced into a target peptide (antigen) by chemical modifica-
tion at its N-terminus with cysteine, so that the obtained Cys-
peptide could be covalently immobilized on a maleimide-modified
surface by cross-linking (as sketched for p-MP at step 2 in Fig. 1).
We prepared biofunctionalized electrodes by the covalent immobi-
lization of Cys-peptide on p-MP modified Au and/or Si substrates
and investigated their specificity to interact with the target anti-
body (anti-GST antibody) (step 3 in Fig. 1), identifying both the
specific infrared vibrational signature of amide bonds by infrared
spectroscopic ellipsometry (IRSE) [26] and the mass change upon
the antibody binding by the quartz crystal microbalance integrated
in flow injection analysis (QCM-FIA) technique [27]. IRSE was used
to characterize all the steps of the electrode modification process,
including the grafting of the maleimide group, Cys-peptide and tar-
get antibodies immobilization by their specific vibrational signa-
ture. Additionally, the interaction between Cys-peptide and the
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Fig. 1. Scheme of an antibody immobilization onto p-MP modified substrate: (1)
electrochemical modification by p-MP functional groups; (2) coupling of Cys-
peptide; and (3) target antibody immobilization.
antibody was monitored by zero current potential (UZ) measure-
ments between the biofunctionalized electrode (as a working elec-
trode) and the reference electrode during the anti-GST antibody
binding. Thus, the biosensing process was displayed in real time
via a simple electrochemical response.
2. Experimental section

2.1. Substrates

A 200 nm polycrystalline Au film deposited on the glass with a
3 nm Ti coadhesive layer and p-Si(111) substrates were used as
electrodes for the electrochemical grafting process. The Au surfaces
were cleaned using fresh piranha solution (97% H2SO4:30%
H2O2 = 1:1) for 20 s, then rinsed copiously with deionized water.
p-Si(111) wafers (0.5–2.5 X cm), covered by a 100 nm thick oxide
layer and polished on one side, were purchased from the Leibniz
Institute for Crystal Growth (IKZ). Before any modification, the
SiO2/Si samples were treated ultrasonically in 2-propanol for
10 min before being washed with deionized water. Then hydroge-
nated p-Si(111) surfaces were prepared in three steps. First, the Si
samples were immersed in 5% HF for 10 min to remove the oxide
layer. Second, the samples were reoxidized for 10 min in freshly
prepared piranha solution. Next, the Si samples were rinsed by
water and immersed in 40% NH4F for 6–8 min to obtain a flat
and hydrogen-terminated Si surface [15]. Finally, the samples were
washed with deionized water and dried by nitrogen. The HF, NH4F,
H2SO4 and H2O2 solutions used were supplied by Aldrich� with
grade Selectipure� (VLSI grade). The water used was purified by
a PURELAB� Ultra water system (618 MX cm at 25 �C).

2.2. Chemicals and materials

The p-MPDT used in this work was synthesized from N-(4-ami-
nophenyl)maleimide (TCI Europa) and identified by nuclear mag-
netic resonance spectroscopy in CD3-CN (8.55 dblt, 2H; 8.12 dblt,
2H; 7.07 singlet, 2H). The reagents and solvents employed were
used as received, and were as follows: anhydrous acetonitrile
(ACN, 99.8%, Sigma–Aldrich) and electrochemical grade tetrabutyl-
ammonium tetrafluoroborate (Bu4NBF4, P99.0%, Fluka). Phos-
phate-buffered saline powder (PBS, pH 7.4), and Tris-buffered
saline powder (TBS, pH 8.0) were bought from Sigma and dissolved
in deionized water to obtained 0.05 M buffer solution.

The specific peptide with the amino acid sequence LAKDLIVPRR
was specially synthesized for immobilization of the target antibody
– a murine anti-GST IgG (Sigma–Aldrich). The selectivity and sen-
sitivity of the synthesized peptides was verified by complete sub-
stitution analysis and affinity determinations with surface
plasmon resonance spectroscopy. These binding of these peptides
to other antibodies was also tested, including anti-p24 (HIV) CB
4-1 IgG, anti-TGFa-IgG, anti-Flag b antibody and anti-mouse IgG.
None of the antibodies showed any interaction with the peptide
used. Thus, the LAKDLIVPRR peptide and anti-GST IgG interaction
is very specific, and is very well suited as a model reaction for
the biosensor study. Anti-Flag ß antibody was taken as the nega-
tive contrast. A variant of peptide LAKDLIVPRR was produced then
with an N-terminal cysteine (Cys)-linker bAla in milligram
amounts by solid-phase synthesis.

2.3. Electrochemical grafting

The p-MP layers were electrochemically grafted onto either Au
or Si surfaces via the appropriate procedures described below. For
the Au surface grafting process, an electrochemical cell accommo-
dating three electrodes, i.e. a gold-coated glass slide as the working
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electrode, a gold wire counter electrode and an Ag/AgCl (3 M KCl)
reference electrode, was used. All the electrodes were connected
to a potentiostat/galvanostat (Ivium Technologies, CompactStat™)
and the deposition of the p-MP layers was carried out from ACN
solution containing 2 mM p-MPDT and 0.1 M Bu4NBF4 by cyclic
voltammetry, ramping the potential between +0.75 V and �0.6 V
at a rate of 50 mV s�1 several times. After the deposition, the p-
MP-functionalized Au surface was cleaned ultrasonically in ACN
for 2 min and dried in N2 stream.

For electrochemical grafting of the p-MP layer onto the Si sur-
face, chronoamperometry in combination with the injection tech-
nique was used [15]. The hydrogenated p-Si(111) surfaces were
immersed in 4 units of volume of the acetonitrile solution with
0.1 M tetrabutylammonium salt. The solution was stirred using a
magnet bar and a potential of �2 V was applied to prevent the Si
surface from oxidizing and to ensure the reduction of the diazo-
nium ions. After a short time period (about 20 s), 1 unit of volume
of 10 mM p-MPDT solution was injected into the electrochemical
cell. The total concentration of the diazonium ions in the cell was
quickly changed to 2 mM under stirring.
2.4. Biofunctionalization of the p-MP modified surfaces

The specific synthesized Cys-peptide was immobilized on the
maleimide-modified surface at room temperature by a cross-linking
reaction performed in PBS solution containing 0.5 mg ml�1 of
Cys-peptide for several hours. The Cys-peptide-modified surfaces
were then tested for biological recognition ability by immersing
them in the TBS solution containing 0.08–50 lg ml�1 of either spe-
cific (anti-GST) or non-specific (anti-Flag ß) antibodies. The biosen-
sing process was monitored by IRSE, QCM-FIA and potentiometric
response, as described below.
2.5. IRSE measurements

The IR ellipsometric measurements were performed with a pho-
tometric ellipsometer attached to a Bruker 55 or Vertex 70 Fourier
transform spectrometer as described in detail elsewhere [26,28].
The Kramers–Kronig-related ellipsometric parameters tanw and
D, which are defined through tanweiD = rp/rs, where rp and rs are
the complex reflection coefficients polarized in parallel and per-
pendicularly, respectively, with respect to the plane of incidence.
The spectra were obtained at an angle of incidence of 65� with a
resolution of 4 cm�1 using a mercury cadmium telluride detector
(KV104-1, Kolmar Technologies, Newburyport, MA, USA). All sam-
ples were purged for 0.5 h in a dry air environment before starting
the measurements to eliminate the influence of H2O and CO2. IRSE
was established recently for the characterization of electrochemi-
cally prepared organic films on Au and Si [29,30].
2.6. Electrochemical quartz crystal microbalance (EQCM)

The EQCM measurements were performed using the QCM100
system (Stanford Research Systems, Inc., Sunnyvale, CA, USA) con-
nected to a potentiostat/galvanostat (Reference 600™, Gamry
Instruments, Inc, Warminster, PA, USA) and a counter (PM6680B,
Fluke Corporation, Everett, WA, USA), as described in Ref. [27]. A
custom-made 8 ml Teflon electrochemical cell accommodated
three electrodes, where the liquid face of a one inch diameter, pol-
ished, gold-coated 5 MHz crystal (Maxtek, Inc.) served as the work-
ing electrode, a rectangular shaped platinum plate (4 � 1.5 cm2)
was used as the counter electrode and Ag/AgCl (3 M KCl) was used
as the reference electrode, respectively.
2.7. QCM-FIA measurements

The antibody binding to the Cys-peptide functionalized Au sur-
face was studied in a QCM-FIA system comprising two program-
mable precision syringe pumps (Cavro� XLP 6000, Tecan Nordic
AB, Mölndal, Sweden), a motorized six-way port injection valve
(C22-3186EH, VICI� Valco Instruments Company Inc., USA) con-
trolled by a microelectric actuator, and a small volume (150 ll) ax-
ial flow cell attached to the QCM sensor holder (Stanford Research
Systems, Inc.) [27]. All elements of the system were connected to a
PC and controlled by software written in Labview.

For the QCM-FIA measurements, the Cys-peptide functionalized
QCM sensor was placed into the flow cell and the working buffer
(TBS, pH 8.0) was pumped at 62.5 ll min�1 by the syringe pump
until a constant baseline of the QCM sensor resonant frequency
was reached. Subsequently, various concentrations of either anti-
GST IgG antibody (specific) or anti-Flag ß antibody (non-specific)
(8 � 10�5–5 � 10�2 mg ml�1) prepared in the same buffer were in-
jected into the flow stream via an injection loop (250 ll). The
amount of the antibodies adsorbed was calculated from the re-
corded resonant frequency change using the Sauerbrey equation.

2.8. Immunoelectrode potentiometric response measurement

The change in the potential difference between the immuno-
electrode and a reference electrode, UZ, was determined during gal-
vanostatic control so that no net current flow (I = 0) was observed,
thererby avoiding any electrochemical reduction/oxidation of the
solvent or surface molecules. Any change in potential should then
be due to the change in the surface potential caused by the ad-
sorbed and/or bonded surfaces species (i.e. antibodies). Thus, the
behaviour of UZ should follow the trend observed for the QCM-
FIA measurement.
3. Results and discussion

3.1. Electrochemical grafting of the p-MP layer

Fig. 2a shows the cyclic voltammograms of an Au surface in
contact with the electrolyte solution containing 2 mM p-MPDT
and 0.1 M Bu4NBF4 in ACN. The current peak, which occurred at
about 200 mV during the first potential scan, is attributed to the
reduction of the diazonium ions. The diazonium group of the
p-MPDT is reduced by an electron transfer from the Au electrode
followed by the separation of an N2 molecule from the aryl ring
(reaction 1). The aryl radical thus originated reacts with the Au sur-
face to form a stable covalent bond [19], and a p-MP layer is
formed.

p�MP� Nþ2 þ e� ! p�MP�þ N2 " ð1Þ

In the second potential scan, the current response is strongly re-
duced, indicating that the surface is already passivated by p-MP
groups. Therefore, additional scans show a further weak reduction
in current since the p-MP layer continues to grow and conse-
quently blocks the electron transfer at the solution/electrode inter-
face. Also, the mass response, recorded by the EQCM, reflects
relevant behaviour coincident with the effect of the growing MP
layers. The mass increases significantly in the first scan, by about
0.28 lg cm�2; thereafter, the mass increase is reduced by every
additional potential scan, from 0.06 down to about 0.03 lg cm�2,
respectively (Fig. 2a, top). Thus, the first scan generates a p-MP
layer with the thickness of about one monolayer, assuming the sur-
face area of maleimidobenzene to be 10.9 Å2 and close-packed
p-MP layer growth. After five potential scans, the p-MP layer
reaches a nominal thickness of about two monolayers.
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The cyclic voltammetry method is not applicable for deposition
of p-MP layer on Si surfaces, due to the oxidation of the hydroge-
nated Si(111) surface at potentials that are more anodic than the
reduction of the diazonium ion. To avoid the oxidation of Si–H sur-
faces, another method – the injection technique (chronoamperom-
etry plus the addition of the diazonium salt at a certain time) – was
used. The chronoamperometric curves for the electrochemical
grafting of p-MP molecules onto the hydrogenated p-Si(111) sur-
faces are shown in Fig. 2b. The cathodic current shows a rapid in-
crease when the diazonium compound is added to the solution,
followed by a strong decrease in current flow up to about 60 s
and a levelling out of the current at longer times. This sharp cur-
rent peak shows that the first monolayer of grafted p-MP mole-
cules is completed within 60 s, as confirmed by quantitative
calculation of the transferred electrons according to reaction (1).
The following current decrease after that turning point (t = 60 s)
is much slower because of the steric hindrance for the further reac-
tion of MP radicals by the organic layer. The thickness of the p-MP
layer on the Si surface is about two monolayers after 250 s deposi-
tion, as calculated from the charge consumed during the deposi-
tion considering a two-electron transfer reaction [14]. This very
thin layer is one reason for the steric hindrance of p-MP in the
ortho position [31]. Therefore, the typical polymer formation via
phenyl radical binding to this ortho position [7,8,32] is strongly
inhibited for maleimidobenzene due to the size of the maleimido
group. This layer thickness is in general agreement with the one
found for other thin layers, as obtained for binding of poly(n-butyl
methacrylate) via a –C6H4–CH(CH3)–Br aryl layer [33], 3,5-bis-
tert-butyl benzene [31] and nitrobiphenyl [34].

The steric effect of the p-MP group is a crucial point for the
whole deposition process, leading to its low efficiency (�20%), as
obtained from the in situ EQCM experiment correlating the mass
and charge responses.
3.2. IR spectroscopy of the p-MP layer

The presence of the p-MP layer on the Au and Si surfaces was
confirmed by its characteristic molecular vibrational signature as
measured by the IRSE technique (Fig. 3). The curves represent
the tanW spectra of the maleimidophenyl-modified Au and Si sur-
faces, respectively. The strong peak at 1728 cm�1 and the weak
peak at 1785 cm�1 are assigned to the symmetric and antisymmet-
ric stretching vibrations of two C@O groups from the maleimide
ring, respectively [35,36]. The peaks at 1418 and 1383 cm�1 are as-
signed to the symmetric vibration of C–N–C from maleimide and
the vibration of the aryl C–N bond, respectively [35,36]. The peak
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chronoamperometry during the electrochemical grafting of p-MP molecules on hydrogen
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at 2083 cm�1 for the Si sample is a result of the loss of Si–H bonds
by the grafting of the maleimidophenyl group.
3.3. IR spectroscopy for the Cys-peptide and antibody-modified p-MP
layer

Biofunctionalization of p-MP modified surfaces by the covalent
attachment of the specially synthesized Cys-peptide and the sub-
sequent affinity binding of the specific (Fig. 4a) or non-specific
(Fig. 4b) antibody were also investigated by the IRSE technique.
To highlight the changes during every recognition process, the IRSE
spectra after modification by Cys-peptide were normalized to the
spectra of the surfaces modified with p-MP. After coupling with
antibodies, the IRSE spectra were normalized to the spectra of
the surfaces modified with Cys-peptide. Because all of the peptide
and antibodies are identified by the amide I and II bands [37], only
the amide bands and C@O vibration are discussed to show the
modification process.

The curves 1 in Fig. 4a and b show the p-MP modified Si surfaces
as identified by C@O vibration at 1728 cm�1 and other small bands
(discussed above). The successful modification with the Cys-peptide
was confirmed by the strong amide I and II peaks at 1676 and
1538 cm�1 in curves 2, respectively. The peak upwards at about
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1728 cm�1 reflects the decoupling of the C@O vibration in the malei-
mide group by losing the C@C double bond through Cys-peptide
binding. The amide peaks in curve 3 of Fig. 4a show the successful
binding of specific antibody onto the surface since there is still a
strong increase in the amide I and II peaks after the deduction of
the peptide signal. The small peaks at 1661 and 1538 cm�1 in curve
3 of Fig. 4b indicate that non-specific antibody was not adsorbed on
the Cys-peptide surface and a small amount of physically adsorbed
peptide was removed. This difference shows the selectivity of the
biosensing process. This measurement could also be considered as
an ex situ biosensing technique using Si- and Au-based biosensors.

3.4. Application for biological sensors

Because the Cys-peptide could work as a binding site for an
antigen, the above-mentioned Cys-peptide-modified surfaces were
investigated for their biosensing capabilities with respect to their
selective interaction (step 3 in Fig. 1) with the target antibody
(anti-GST). We used a QCM-FIA technique to demonstrate the po-
tential analytical efficiency of such Cys-peptide-modified surfaces
for the development of biochemical sensors feasible for label-free
detection in antigen antibody immunoassays.

Fig. 5a shows the massogram obtained with the Cys-peptide-
modified QCM sensors upon consecutive additions of antibody
solutions with concentration increasing from 0.08 to 50 lg ml�1.
In particular, curves 1 and 2 represent cases for solutions contain-
ing the specific (anti-GST) and non-specific (anti-flag b) antibodies,
respectively. As expected, the Cys-peptide-modified surface clearly
demonstrates its significantly higher affinity for anti-GST than for
anti-Flag b. Remarkably, the QCM sensor reveals an increase bind-
ing activity at anti-GST concentrations exceeding 10 lg ml�1, with
the greatest mass change occurring at 50 lg ml�1. However, in
anti-Flag b solutions the sensor reaches the binding saturation
value at 10 lg ml�1, with no further increase occurring at higher
concentrations. Obviously, some non-specific binding sites still
exist on the p-MP/Cys-peptide-modified Au surface.

Since the interaction between an antigen and an antibody is a
pure biochemical reaction that occurs without any electron trans-
fer, the charge of the Cys-peptide-modified electrode will strongly
depend on the amount of antibody specifically bound to its surface
and thus will shift the Fermi level of the electrode with respect to
the solution. Consequently, potentiometry could be used as a
method for detecting antibody [38–40] directly, without the need
of labels or indicators. The surface charge caused by immobilized
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biological species will be changed after coupling with
corresponding species in the sample. Therefore, we measured the
changes in the potential at zero current condition (UZ) of the
Cys-peptide-modified Si electrode (the so-called immunoelectrode
sensor) upon exposing it to the buffer solution with different
concentrations of the antibodies. The plots in Fig. 5b show the dif-
ference in DUZ = UZ � UZ(t = 150 s) after the addition of a solution
containing either the specific or the non-specific antibody (curves
1 and 2, respectively). In the first 120 s, before the injection of
100 ll of anti-GST antibody, the potential drops down and stabi-
lizes at about UZ(t = 150 s) = �0.4 V. After injection of the specific
antibody (to give a concentration in the cell of 4.5 lg ml�1), DUZ

increases slowly and becomes slightly noisy.
The increase in DUZ is more pronounced after injection of addi-

tional 300 ll of anti-GST antibody (concentration in the
cell = 22.5 lg ml�1) after about 1000 s. The potential change is
caused by the coupling of the antibody to the Cys-peptide and
amounts to about 40 mV, as shown by curve 1 in Fig. 5b. As a neg-
ative contrast, a second Si sample modified with Cys-peptide was
fixed in the same environment (I = 0, in 10 ml of TBS buffer). In
the first 100 s, no antibody was injected into the cell (curve 2 in
Fig. 5b) and the potentiometric response was noisy but did not
change as much as observed for the specific antibody in the cell.
After injection of 100 and 300 ll of non-specific antibody (concen-
trations in the cell of 4.5 and 22.5 lg ml�1, respectively), the po-
tential changed only slightly. The noise of the electrical response
is possibly influenced by the light in the laboratory, which induced
a charge carrier in the Si substrate.
4. Conclusions

Biofunctionalization of Au or Si surfaces with the specific Cys-
peptide based on the direct electrochemical grafting of maleimide
group was demonstrated. The electrochemical deposition of
maleimidobenzene led to an ultra thin layer with a thickness of
about two monolayers after five scans in the case of the Au elec-
trode and after 250 s of deposition on the Si electrode. IRSE spectra
confirmed the multilayer formation on the electrode surface.

Each stage of the surface modification was proved qualitatively
by IRSE spectra. The biosensing capabilities of the obtained Cys-
peptide functionalized surfaces was clearly demonstrated ex situ
by an increase in the absorption due to amide I and II bands in
the IRSE spectra, as well as in situ by the identification of target
antibody specific binding by the QCM-FIA technique and by poten-
tiometric measurements. It was found that the electrical sensing
process at zero current (chronopotentiometry) was very sensitive
to the coupling of the target antibody on the modified Si surface,
and a change in potential of about 40 mV was observed at a con-
centration of 22.5 lg ml�1 whereas no distinct change in potential
was visible for the non-specific antibody. QCM-FIA measurements
showed the selectivity of the functionalized Au surface towards the
target antibody, while a slight affinity to the non-specific antibody
was also observed. More tests are required for this type of sensing
system. Nevertheless, the results obtained clearly demonstrate
that the direct modification of a surface with maleimidophenyl
provides a very simple and reliable way to prepare biofunctional-
ized surfaces suitable for the construction of immunological bio-
sensors. Furthermore, other kinds of biomolecules (DNA, protein,
etc.) could be connected to such an electrochemically modified
surface to provide a way to construct biosensing devices.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figs. 1, 2 and 4, are
difficult to interpret in black and white. The full colour images
can be found in the on-line version, at http://dx.doi.org/10.1016/
j.actbio.2012.10.022.
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