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Para-maleimidophenyl (p-MP) modified gold surfaces have been prepared by one-step electrochemical deposition
and used in surface plasmon resonance (SPR) studies. Therefore, a FITC mimotope peptide (MP1, 12 aa), a human
mucin 1 epitope peptide (MUC, 9 aa) and a protein with their specific antibodies were used as model systems. The
peptides were modified with an N-terminal cysteine for covalent and directed coupling to the maleimido function-
alized surface by means of Michael addition. The coupling yield of the peptide, the binding characteristics of anti-
body and the unspecific adsorption of the analytes were investigated. The results expand the spectrum of
biosensors usable with p-MP by widely used SPR and support its potential to be versatile for several electrochemical
and optical biosensors. This allows the combination of an electrochemical and optical read-out for a broad variety of
biomolecular interactions on the same chip. Copyright © 2014 John Wiley & Sons, Ltd.
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INTRODUCTION

The development of solid-phase modifications is very important
for many fields in life science like biocompatibility, cell cultiva-
tion and especially biosensors: for drug development, medical
diagnostics and food safety (Doshi and Mitragotri, 2009; Engel
et al., 2008; Gooding and Darwish, 2012; Jiang et al., 2012;
Pérez-López and Merkoçi, 2011; Qi et al., 2009; Variola et al.,
2011). It is a challenge to create precisely fitting properties of a
defined surface for each application. Additionally, in the last
few years in bioanalytical research, much effort was put into
combining different methods to obtain faster and even more
information about the investigated molecules or biochemical in-
teractions (Hsu et al., 2009; Lê et al., 2010; Visser and Heck, 2008).
Because of this fact, the requirements concerning the used func-
tional surfaces increased. There is a need to establish a uniform
surface modification for different intermolecular interaction stud-
ies, based on solid-phase applications, to avoid surface dependent
mismatches.
Today, surface plasmon resonance (SPR) is one of the most

popular optical methods to detect binding events in real time,
label free and on short timescales. Hence, it is possible to deter-
mine the amount of a coupled ligand or to investigate the kinet-
ics of binding reactions. Generally, gold surfaces are used for this
purpose, because of their superior optoelectronic and chemical
properties. Different methods are available to immobilize ligands
on gold surfaces by self-assembling thiol containing molecules.
Many commercial chips consist of self-assembled monolayers
(SAMs) of alkanethiols covered with dextran derivatives provid-
ing functional coupling groups to bind biomolecules (Löfås and
Johnsson, 1990). Although showing excellent biocompatibility,
these surfaces cannot be used for electrochemistry, because
they are instable under reductive potential. Therefore, several

efforts were undertaken to overcome this drawback, for example,
the use of combined SAMs or molecules with higher denticity
(Almeida et al., 2010; Phong et al., 2008; Siemeling et al., 2012;
Wang et al., 2009). Furthermore, it is necessary to identify opti-
mum conditions and especially to find the best platform for the
investigated interaction. For example, dextran chips reveal un-
specific binding using positively charged molecules or lectins as
analytes.

The majority of the coupling strategies for proteins are based
on undirected attachment to carboxyl or amino groups. These
methods often lead to a reduced binding capacity of the ligand
caused by its unfavourable orientation (Johnsson et al., 1995;
Kausaite-Minkstimiene et al., 2010). In particular, the correct
orientation is crucial for the solid-phase presentation of small
molecules like peptides (Wiedemann et al., 2004). Therefore,
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other, site-directed immobilization techniques exist, for example,
biotin-streptavidin, hydrazine and thiol coupling (Panicker et al.,
2004). A newpromising class for the biocompatible functionalization
of various surfaces is aryl diazonium salts (Chehimi, 2012;
Mahouche-Chergui et al., 2011), which can be electrochemically
reduced in aqueous and non-aqueous solutions to form thin
surface aryl layers with the functionality needed (Harper et al.,
2008; Zhang et al., 2013).

In the present study, the p-MP functionalized surface was
investigated for its utilization as substrate in SPR applications,
because primary surface properties have already been examined
by X-ray photoelectron spectroscopy, cyclic voltammetry and
infrared spectroscopic ellipsometry (Zhang et al., 2013).

The p-MP surface characteristics are (i) preparation by simple
and cheap one-step functionalization, (ii) covalent linking to
the surface and (iii) chemo-selective, site-directed immobiliza-
tion of the ligands by Michael addition of thiols. Thereby, it is
considered to be universally applicable for electrochemical and
optical biosensing applications.

The p-MP modified surfaces used in this study were produced
as described by Zhang et al. (2013). A mimotope peptide recog-
nized by the anti-FITC antibody and a human mucin 1 epitope
peptide were used as model systems (Böttger et al., 1999; Schenk
et al., 2007; Zvirbliene et al., 2006). The peptides were synthe-
sized with N-terminal cysteine for the covalent coupling to the
maleimido-group (Figure 1). Different essential parameters for
SPR chips were investigated, for example, coupling yield of the
peptide, unspecific binding of the antibody and maximum
amount of bound analyte. Furthermore, the p-MP modified sur-
face was tested for an exemplary protein–protein interaction
for kinetic analysis via SPR. In summary, we were able to transfer
the p-MP surface optimized for electrochemical read-out systems
to SPR as an optical biosensing method.

MATERIALS AND METHODS

Chemicals

N-Hydroxysuccinimide (NHS), N′-(3-dimethylaminopropyl)-N′-ethylcarbo
diimide hydrochloride (EDC), glycine, guanidine hydrochloride
and molecular biology grade buffer reagents were purchased
from Sigma-Aldrich (Munich, Germany) and used without further
purification. All buffers were filtrated using 0.2μm pore filters.
Peptides MP1 (C-SGSGGPPGMVGDWWDW-amide; Biosyntan,
Berlin, Germany) andMUC (C-GSSGSTAPPVHNV; GeneCust, Dudelange,
Luxembourg) had a purity of higher than 90%. Anti-FITC mono-
clonal antibody (clone B13-DE1) from mouse was provided by the
group of K. Hanack (University of Potsdam, Potsdam, Germany);
anti-MUC monoclonal antibody from mouse (clone 14G2) was pro-
vided by the group of A. Zvirbliene (Institute of Biotechnology, Vil-
nius, Lithuania); anti-GFP monoclonal antibody (clone GST-2)
from mouse (clone 7.1) and recombinant GFP were purchased
from Roche (Mannheim, Germany). Fluorescein sodium salt
was purchased from AppliChem (Darmstadt, Germany). The
p-maleimidophenyl diazonium tetrafluoroborate (p-MPDT) was
synthesized by S. Janietz (Fraunhofer IAP-Golm) via N-(4-Aminophenyl)
maleimide (TCI Europa) and identified by NMR spectroscopy in
CD3-CN (8.55 dblt, 2H; 8.12 dblt, 2H; 7.07 singlet, 2H).

Methods

Electrochemical grafting

A standard 10 × 12 × 0.3mm glass chip coated with gold and a
titanium intermediate layer from Ssens (Enschede, Netherlands)
were used for the electrochemical grafting. The p-MP layers were
electrochemically grafted on Au surface by the use of an

Figure 1. Schematic sensorgram for the immobilization of ligand and characterization of their functionality using surface plasmon resonance. (a)
Baseline corresponding to the degree of para-Maleimidophenyl (p-MP) functionalization, (b) immobilization of cysteine-modified peptide via Michael
reaction with maleimide backbone, (c) association phase: binding of peptide-specific antibody, (d) dissociation phase: washing out of antibody in a flow
of running buffer, (e) complete regeneration of the sensor surface by solving the noncovalent antibody–peptide interaction.
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electrochemical cell accommodating three electrodes, that is, the
gold-coated SPR chip as working electrode, gold wire counter elec-
trode and Ag/AgCl (3M KCl) reference electrode. All electrodes
were connected to a potentiostat/galvanostat (Ivium Technolo-
gies, CompactStat™), and the deposition of the p-MP layers was car-
ried out from acetonitrile solution containing 2mM p-MPDT and
0.1M Bu4NBF4 by cyclic voltammetry ramping the potential be-
tween +0.75 and�0.6 V at a rate of 50mV/s for several times. After
the deposition, the p-MP-functionalized Au surface was ultrasoni-
cally cleaned in acetonitrile for 2min and dried in N2 stream.

Surface plasmon resonance

The SPR measurements were performed using a Biacore
™
T100

device (T200 Sensitivity Enhanced, GE-Healthcare Bio-SciencesAB,
Uppsala, Sweden) at 25 °C with HBSP (10mMHEPES, 150mMNaCl,
0.05% Tween 20, pH7.4) running buffer. Immobilization of cysteine
containing peptide at 100μg/ml was carried out in phosphate
buffer (20mM Na2HPO4, 1M NaCl, pH7) at a flow rate of 10μl/min.
Blocking was performed in two steps. Firstly, 1M NaCl (pH4.0) with
50mM cysteine was injected for 20min (5μl/min), followed by an
overnight exposure of 1mg/ml BSA in HBSP. Binding experiments
were carried out by injection of several concentrations of antibody
at flow rates of 10–30μl/min. Inhibition experiments were per-
formed by mixing antibody with several concentrations of fluo-
rescein, allowing at least 30min for incubation before injection.
Concentration of free antibody was calculated using previously
obtained standard curves and normalized to injections of anti-
body without inhibitor. Binding of anti-FITC to immobilized MP1
was regenerated using 4M guanidine hydrochloride in 50mM
Tris/HCl, pH 7.5 for 30 s, whereas 50mM HCl was used for re-
generation of the MUC surface. Protein–protein interactions
were regenerated with 100mM glycine-HCl, pH 1.8. Sigmoidal
fits of inhibition curves were carried out using a standard
four-parameter logistic fit model. All curves were double ref-
erenced against an empty flow cell and an injection of buffer
to eliminate unspecific binding to the sensor surface and
bulk refractive index effects.
Anti-GFP was immobilized using an additional modification

step with mercaptopropionic acid, because direct immobiliza-
tion led to a low amount of active ligand on the surface and sig-
nificant unspecific binding. Mercaptopropionic acid (1mg/ml in
H2O) was injected for 30min at a flow rate of 10 μl/min,
followed by a 20min blocking step with 1M NaCl and 50mM
cysteine (pH 4.0). Activation of established carboxylic groups
was performed by injecting 0.4/0.1 M EDC/NHS for 5min,
followed by 20min injection of 40 μg/ml anti-GFP in 10mM ac-
etate buffer pH 5.0. Deactivation of reactive esters was carried
out by using 1.0M ethanolamine pH 8.5 for 7min. Kinetic data
were obtained using five successive injections of recombinant
GFP (single-cycle kinetics).
Loading of the chipwas calculated considering one resonance unit

(RU) corresponding to one pg/mm2 of bound protein (Karlsson et al.,
1993). Binding capacity of the ligand was calculated as quotient of
the total molar amount of bound antibody per immobilized peptide.
Further analysis of obtained sensorgrams was performed

using Biacore
™
T200 Evaluation Software v1.0.

RESULTS

The p-MP-modified gold surface is able to serve as a substrate for
the covalent attachment of cysteine containing peptides and

proteins (Zhang et al., 2013). In our study, we used the established
systems consisting of an anti-FITC antibody, and the mimotope
peptide MP1 and the anti-MUC antibody with the corresponding
MUC epitope peptide, respectively. The peptides were N-terminally
modified with a serine- and glycine-containing spacer and a
cysteine for covalent immobilization (Figure 1). MP1 additionally
competes with the antigen fluorescein for the same paratope
(Böttger et al., 1999).

Homogeneity of the unmodified and modified sensor chips

First of all, we tested the homogeneity of the pure gold substrates
and the p-MP modification. We evaluated the baseline signals of
two chips on all four flow cells before and after modification with
p-MP (Figure 2). The mean response for pure gold was about
35.000RU; the modification with p-MP resulted in an increase by
averaged 15.000 RU. The overall standard deviation was 3.2% for
the unmodified gold surface and 1.7% after p-MP modification.
This indicates negligible impacts of inhomogeneneity of the
surfacemodification on the choice of the flow cell for the following
interaction analysis. The electrochemical modification can be
tracked in real time by cyclic voltammetry and adjusted by varia-
tion of the reaction time. Furthermore, the maximum amount of
immobilized peptide was determined by calculating the difference
of the SPR response before and after immobilization took place.
Around 2500 RU of cysteine-modified peptide MP1 corresponding
to 1.4 pmol/mm2 could be bound to the surface (Figure 2). The
calculated average surface area per peptide was 1.1 nm2,
representing a dense packaging of the peptides. The standard
deviation for this immobilization was about 11%. A systematic
correlation between the amount of immobilized peptide and the
aforementioned deviations in the individual degree of p-MP
modification could not be detected. Obviously, other influences
play a role as well, for example, storing issues, ageing processes
and individual handling of each chip and flow cell.

Figure 2. Surface plasmon resonance (SPR) responses for successive
surface modifications on gold. The first column represents the SPR signal
in HBSP running buffer of eight flow cells on two bare gold chips. The
SPR signal in the second column was taken after electrochemical grafting
of the gold surface with p-MP. The amount of MP1 immobilized repre-
sents the individual difference to the p-MP functionalized surface. Error
bars represent the standard deviation (n=8).
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Antibody binding to immobilized peptides

The functionality of the peptide-modified sensor surfaces
was verified by the injection of peptide-specific antibody at
various concentrations (Figure 3). For both peptide-antibody
binding systems, the highest injected concentration approached
saturation as indicated by the exponential fit of the binding data
(Figure 3, insets). All curves of one showed uniform dissociation
behaviour. While the anti-FITC antibody dissociates apparently
fast, the anti-MUC antibody showed no significant dissociation
within the observed time-scale. A maximum of 1650 RU
(11 fmol/mm2) anti-FITC could be bound to 1600 RU of
immobilized MP1 (892 fmol/mm2). For the anti-MUC/MUC inter-
action, 1900 RU (13 fmol/mm2) of antibody is bound to 370 RU
(282 fmol/mm2) MUC peptide.

For further verification of the reproducibility of the SPR re-
sponse, 10 consecutive injections of the antibody were per-
formed (Figure 4). Repeated injections of anti-FITC antibody did
not result in loss of binding capacity as indicated by low varia-
tion of the maximum binding response. The maximum binding
signal increased slightly during the first cycles, staying stable
during the following injections. Overall, the absolute maximum
binding response varied by less than 5%. The good reproducibil-
ity is provided and reflected by complete regeneration of
the sensor surface. A stable baseline could be observed just after
injection of the regeneration solution. Obviously, the underlying
p-MP modification and the immobilized cysteine-functionalized
peptide are not affected by the chosen regeneration conditions
(4M guanidine hydrochloride in 50mM Tris/HCl, pH 7.5).
Other conditions were also tested for regeneration. HCl at
concentrations of 30–100mM, or 100mM glycine-HCl pH 1.8,
is sufficient for regeneration of MP1 immobilized onto
dextran-based sensor chips, but here, regeneration remained
incomplete. NaOH at 20mM or higher and 0.5% SDS led to
strong decreases of the baseline signal, while the binding
signal was not affected, indicating desorption of material,
and to increased unspecific binding in following injections.
Except basic conditions (20mM NaOH or higher) and SDS,
no substantial effects on the immobilized peptide and on
the p-MP modification have been observed; the surface
remained stable. Additionally, unspecific binding to the
unmodified reference flow cell was very low (40 RU at 2 μM
of anti-FITC antibody). In the case of anti-MUC/MUC binding,
regeneration with 50mM HCl was satisfactory.

For the determination of the specificity of the observed anti-
body–peptide interactions, inhibition assays were performed.
MP1 is recognized by the same antibody paratope as fluorescein,
but with much lower affinity (27μM vs 0.3μM) (Messerschmidt,
2007; Messerschmidt et al., 2011). Therefore, the pre-incubation
of antibody with fluorescein should lead to an inhibition of the
antibody-MP1 interaction. Results of the inhibition experiment
with 200 nM anti-FITC antibody and different concentrations of
fluorescein as an inhibitor are shown in Figure 5. Fluorescein in-
hibits the antibody binding to the surface in a dose-dependent
manner. From the sigmoidal fit, an IC50 value of 226 nM was
calculated. The complete inhibition proves the specificity of the
observed binding event. The binding of anti-MUC antibody at
10 nM was inhibited by the use of the MUC peptide in the same
manner as fluorescein before (Figure 5). Full inhibition of anti-
body binding was obtained above 100 nM peptide concentra-
tion in the solution, an IC50 value of 6 nM was calculated from
the sigmoidal fit. Both binding examples demonstrate the
specific binding of the antibody to the immobilized peptide, as
shown by the saturation behaviour of the binding curves and
the complete binding inhibition by free antigen in solution.
Additionally, the cross-reactivity of the MP1-modified chip sur-

face with other proteins was investigated, using a protein library
covering various molecular weights, glycosylation patterns and
isoelectric points (Figure 6). Most of the proteins showed no
cross-reactivity with peptide MP1 on p-MP. Remarkably, the

Figure 3. Injections of different concentrations of anti-FITC (left, 0–2000nM) and anti-MUC (right, 0–400 nM) antibody over a MP1/MUC-modified p-MP
surface and subsequent regeneration. Insets: correlation between antibody concentration and maximum binding signal obtained 5 s after injection
stopped. The concentration-dependent curves were split up into total binding to measuring flow cell, binding to reference flow cell without
immobilized peptide (unspecific) and referenced specific signal.

Figure 4. Overlapping surface plasmon resonance (SPR) sensorgrams of
10 consecutive injections of 74 nM anti-FITC antibody and regeneration
solution over MP1-modified (1600 RU immobilized) p-MP surface.
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lectin concanavalin A causing high binding response on standard
dextran-based SPR surfaces did not show significant unspecific
binding. The positively charged proteins cytochrome C (pI 10.0)
and RNase (pI 9.6) showed the highest binding signals to the un-
modified surface. This indicates that the overall surface potential
of the p-MP chip is negative, causing unspecific interactions due
to electrostatic attraction of positively charged molecules. Never-
theless, for the investigated MP1/anti-FITC test system, this issue
can be corrected by referencing the binding with a non-modified
flow cell, while unspecific binding was generally low (Figure 3).
Major cross-reactivity for MP1-modified p-MP was observed for
anti-Strep antibody and neutravidin. Anti-Strep binding to MP1
is also observed for this peptide immobilized to other surfaces
and relies not on the specific immobilization method to p-MP.
As on other surfaces, this anti-Strep/MP1 interaction cannot be
inhibited with fluorescein (data not shown). Only neutravidin
showed a cross-reactivity, which relies on the specific immobiliza-
tion of MP1 to p-MP, because there was no cross-reaction with
p-MP itself and with MP1 immobilized on dextran-based standard
SPR surfaces. Overall, MP1 immobilized to p-MP showed no cross-
reaction except to neutravidin. As observed by the very low
unspecific binding of ConA, the p-MP modification appears to

be especially suitable for the use of lectins, which cause unspe-
cific binding to standard dextran-based SPR sensor surfaces.

Kinetics of a protein–protein interaction

In addition to interactions with peptidic ligands, an exemplary pro-
tein–protein interaction was kinetically characterized (Figure 7). A
1:1 binding system consisting of immobilized anti-GFP antibody
from mouse and recombinant GFP as binding analyte was used.
The binding constant for the chosen antibody-antigen
interaction was in the low nanomolar range (3.54± 0.06 nM) as
determined by single-cycle kinetics (Table 1). No substantial
unspecific binding to the reference flow cell was observed. A max-
imum of 26 RU of analyte could be bound, meaning that there was
approximately 10% functional ligand on the surface, which is not
unusual for proteins immobilized in a random orientation.

DISCUSSION

The arguablymost commonmethod for the immobilization of pro-
teins and peptides onto SPR chips is the amine coupling proce-
dure. Usually, carboxylic groups on the surface (planar or gel)
have to be activated first. Proteins are then bound by their free
amino groups to the succinimide-ester activated surface. Although

Figure 5. Inhibition of anti-FITC binding to MP1-modified surface by fluorescein (left) and inhibition of anti-MUC binding to MUC-modified surface by
MUC peptide (right). Insets: correlation between inhibitor concentration and normalized SPR response with sigmoidal fit of the data.

Figure 6. Determination of p-MP-dependent cross-reactivity by binding
of different proteins to non-modified p-MP as well as after MP1 immobi-
lization. All proteins were injected at same concentration of 10μg/ml, di-
luted in running buffer.

Figure 7. Kinetic analysis of a protein–protein interaction. Anti-GFP an-
tibody was immobilized (1600 RU). GFP was injected at concentrations of
0.46, 1.37, 4.11, 12.4 and 37 nM (grey curves) and fitted (black curves)
using the 1:1 binding model.
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this procedure is less laborious than other methods involving
surface activation, it is of limited value for the immobilization of
peptides. As preconcentration is necessary for effective coupling,
neutral or acidic peptides can hardly be immobilized onto such
chips, as the chip surface still is negatively charged, and
preconcentration fails. On the other hand, positively charged pep-
tides are readily immobilized. However, any free amine within the
sequence can react with the surface, leading to a heterogeneous
surface, containing only a fraction of properly oriented peptides.
Therefore, there is need for sensors that contain reactive groups
for oriented one-step immobilization of peptides independent on
their charge.

We tested a maleimido functionalized surface, which is highly
reactive for thiol coupling. The only requirement for peptides is
that they must contain a cysteine at the C- or N-terminus. The
mimotope peptide Cys-MP1, which is negatively charged (pI 3.9)
and resists to amine coupling, could be coupled at high ligand
density in a defined orientation. This was also possible for neutral
cysteine-modified MUC peptide (pI 7.7). The functionality of the
immobilized peptides was shown by the binding of their specific
antibodies. This antibody showed highly specific binding to the
flowcell containing the peptide, compared with the control
flowcell without peptide and by the use of other proteins as
analytes. A further proof of specificity was the complete inhibi-
tion of the binding in the presence of fluorescein (anti-FITC)
and MUC peptide (anti-MUC), the peptide itself. The inhibition
curve for anti-FITC/MP1 is in accordance with the published affin-
ities, considering bivalent binding and active antibody concen-
tration lower than the concentration measured by absorbance
at 280 nm. The KD value for the antibody binding to immobilized
FITC-BSA is 0.7 nM (Schenk et al., 2007); the affinity of the single
chain variable fragment derived from this antibody for fluores-
cein in solution is 1.1 nM (Stech et al., 2012).

Ligand density is a big issue for sensing low concentrations of
weakly binding analytes, and even more, if the analyte binds
bivalent or multivalent. High ligand density causes increased
mass transfer limited binding and rebinding effects, resulting
generally in higher observed binding affinities, especially if the
analyte binds bivalent like IgG-type antibodies or multivalent,
for example viruses. However, the results shown here for the
anti-FITC/MP1 system reflect proper binding. As saturation was
observed at an antibody concentration of less than 1μM, the
binding avidity is in the sub-micromolar range, whereas the 1:1
affinity was 27μM (Messerschmidt et al., 2011). As for anti-FITC/
MP1, a comparable Rmax of around 2000 RU for antibody binding
in the anti-MUC/MUC system was obtained, corresponding to
one antibody per 125nm2 or roughly a monolayer. This indicates
that this is themaximumbinding signal achievable with antibodies
on p-MP surfaces. In both cases, evaluation of true binding kinetics
was not pursued, because of the high ligand density effects
described above. Kinetics were demonstrated in the third example
for protein–protein interactions.

For the observation of protein–protein interactions, a different
immobilization procedure including an additional modification

step with mercaptopropionic acid was used. This was necessary
because direct immobilization of proteins via their thiol-/amino
groups resulted in a low amount of active ligand on the surface
(<1%) and significant unspecific binding (~50%). This was observed
for two test systems and made quantitative kinetic evaluation
difficult. To obtain a higher amount of active ligand using direct
coupling of proteins to the maleimido-surface, a more directed
immobilization approach, that is, by the introduction of artificial
thiols in the ligand, could also be used. Additionally, further
chemical modifications with hydrophilic functionalities of the
hydrophobic p-MP backbone could reduce sticky interactions
between hydrophobic parts of the ligand and the surface. For
further reduction of unspecific binding, the simple phenyl-
backbone of p-MP could also be modified with hydrophilic
groups, which is mandatory for antifouling, biocompatible sur-
faces. Nevertheless, the kinetic experiment shows that the p-MP
chip is principally also suitable for the characterization of
protein–protein interactions after additional modification with
mercaptopropionic acid and subsequent amine coupling.

CONCLUSIONS

Our results show the capability of p-MP-modified gold surfaces to
be used as SPR sensor chips. In summary, the new maleimide-
functionalization method has considerable advantages over other
methods especially for immobilization of small molecules: it is a
one-step procedure, leading to a covalent carbon–Au linkage. Fur-
thermore, Cys-containing peptides can be directly immobilized via
Michael addition to the functionalized surface. Modification of
peptides and other biomolecules with cysteine is straightforward
and allows an oriented immobilization, in contrast to methods
based, for example, on amine coupling, where a random coupling
can reduce the number of molecules in the proper orientation for
further binding reactions. High ligand density close to a mono-
molecular layer of the peptide could be obtained. This could also
enable sensitive interaction analysis of multivalent binding
partners, for example, nanoparticles, viruses or cells.
The p-MP modification on gold and related aryl diazonium

salts are suitable for various kinds of electrochemical and optical
approaches. This fact is very prominent for the combined use of
different measurement systems by avoiding surface dependent
deviations. The suitability for SPR, one of the most popular quan-
titative biomolecular interaction analysis methods, is therefore
an important aspect for further development of functional
biomaterials based on these electrochemically grafted aryl
diazonium salts. Cysteine-modified functional peptides could
be immobilized directly, without the need of chip activation,
and in a defined orientation. High ligand densities of covalently
immobilized peptide could be achieved, allowing sensitive ana-
lyte detection. The p-MP chip could also be used to immobilize
proteins via an additionalmodification stepwithmercaptopropionic
acid. Protein–protein interactions could be examined kinetically.
For the first time, our results extend the spectrum of application

Table 1. Interaction kinetic data (1:1 binding fit) obtained for the binding of recombinant GFP to
immobilized anti-GFP antibody (mean values from triplicate experiments and standard deviation)

KD (M) ka (1/M·s) kd (1/s) Rmax (RU) Chi2

(3.54 ± 0.06) 10�9 (2.44 ± 0.02) 106 (8.64 ± 0.08) 10�3 26.0 ± 1.3 0.68 ± 0.18
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of electrochemically grafted aryl diazonium salts to SPR-based
biosensors and show the suitability of these surfaces for the
quantitative evaluation of binding properties for peptide–protein
and protein–protein interactions.
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