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An affinity biosensor interface of a biosensor is the interface between the sample and the transducer
surface and is therefore of the utmost importance for the general performance of a biosensor. For
immunosensor applications the affinity biosensor interface consists of antibodies, which are preferably
covalently attached to the transducer surface. In this paper the properties and the enhanced performance
of an affinity biosensor interface based on mixed self-assembled monolayers (SAMs) on gold are discussed.
Mixed SAMs consist of two different functionalities, which allow attachment of bioreceptor molecules and
avoid nonspecific adsorption. In this work, mixed SAMs of thiols with carboxylic and hydroxyl or poly-
(ethylene glycol) groups are characterized with contact angle measurements, cyclic voltammetry, and
grazing-angle Fourier transform infrared spectroscopy. It is found that the various mixed SAMs exhibit
acceptable coverage and structural properties. Most importantly, surface plasmon resonance measurements
clearly show the enhanced performance of these mixed SAMs with regard to sensitivity, stability, and
selectivity compared to commercially available affinity biosensor interfaces. This superiority is experi-
mentally demonstrated by evaluating the amount of immobilized antibodies, the recognition of antigens
by the immobilized antibody, and the nonspecific adsorption of IgG molecules on the antibody-coated
surfaces.

Introduction

Biosensors provide a rapid and convenient alternative
to conventional analytical methods for monitoring (bio)-
chemical substances in various fields such as medicine,
environment, fermentation, and food processing.1-3 A
biosensor basically consists of two parts, i.e., an affinity
biosensor interface and a transducer. Since the affinity
biosensor interface constitutes the interface with the
sample, this component mainly determines the specificity,
the reproducibility, and the stability of the whole sensor.
In addition, nonspecific signals due to interferents con-
stitute a major problem in diagnostic applications, where
an analyte in a low concentration has to be detected in the
presence of a much larger concentration of nonspecific
molecules. The construction of a specific and stable affinity
biosensor interface is therefore mandatory for real bio-
sensor applications.

The development of techniques for immobilization of
the biomaterials plays a significant role in the biosensor
research.4 The immobilization process not only ensures
the intimate contact of the biological entities with the
transducer but also aids in the stabilization of the
biological system, enhancing its operational and storage
stability. A number of methods have been applied for the

immobilization of receptor biomolecules,5,6 e.g., adsorp-
tion,7 covalent attachment to silanes,8 embedding in
polymers,9,10 and membranes.11

We have recently developed an affinity biosensor
interface based on the use of mixed self-assembled
monolayers (SAMs) of thiols on gold. Thiol compounds
are known for their stable bond to gold and for their
reproducible behavior.12 They may be used in applications
such as electroanalytical chemistry,13,14 molecular elec-
tronics,15 corrosion research,16,17 biomaterial research,4,7,18

etc. In our approach, one of the thiols in the mixed SAM
carries a functional group to attach the probe molecule,
which is an antibody in immunosensor applications. The
other thiol compound used for the mixed SAM construction
is known to be adequate for limiting the nonspecific
adsorption of undesired biological entities.19-23 The latter
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thiol carries hydrophilic end groups such as hydroxyl or
poly(ethylene glycol). The incorporation of both thiols in
a mixed SAM enables the attachment of receptor molecules
and induces specific interaction of the immobilized
antibodies instead of a nonspecific adsorption of undesired
biospecies on the surface. In this study, the antibodies are
coupled by random, covalent coupling procedures in a
direct or an indirect way via streptavidin and biotin.6

The antibody-antigen system applied to demonstrate
the biosensor potential of these mixed SAMs is anti-human
serum albumin (anti-HSA)-human serum albumin (HSA).
It is well-known that the concentration of HSA in urine
increases up to several hundred µg/mL in the case of kidney
trouble. This implies that a urinary level in the order of
several tens of µg/mL can be a marker for the diagnosis
of diabetic nephrosis.24 In addition, this anti-HSA/HSA
system is chosen as a cost-effective reference system for
other antibody-antigen interactions.

Experimental Section

Materials and Methods. All materials and reagents were
used as commercially received. Anti-human serum albumin (A-
0433), human serum albumin (A-1653), human IgG reagent (I-
2511), streptavidin (S-4762), 1-ethyl-3-(3-(dimethylamino)-
propyl)carbodiimide (EDC), and N-hydroxysuccinimide (NHS)
were obtained from Sigma. Biotinylated anti-human serum
albumin was obtained from Biotrend Chemicalien Gmbh, while
11-mercapto-1-undecanol (11-MUOH) (>97%) and 16-mercapto-
1-hexadecanoic acid (16-MHA) (>90%) were purchased from
Aldrich. Ultrapure ethanol was purchased from Riedel-DeHaën.
Gold substrates mounted in chip (J1-chip) and the dextran-coated
gold substrates (CM5-chip) were purchased from Biacore. NMR
spectra were acquired on a Bruker Avance 300 MHz spectrometer.
Chemical shifts (δ) are reported in parts per million referenced
to internal residual solvent protons (1H) or the carbon signal of
deuterated solvents (13C). Mass spectroscopy data were obtained
with an HP MS apparatus 5989A (chemical ionization (CI), CH4)
and with a MSSOTC KRATOS double focusing mass spectrometer
in electron impact with perfluorokerosene as a reference com-
pound under full magnetic scan mode.

Preparation of Gold Substrates and Mixed SAMs. J1
chips were used as received and were immersed in the appropriate
mixtures (v/v) of thiol solutions of 1 mM in ethanol immediately
after opening. The reported mixtures are the percentages of thiols
withcarboxylicgroups in the mixedthiol solution.Afterdeposition
for 3 h, the substrates were thoroughly rinsed with ethanol and
dried under a stream of nitrogen. Initially, the deposition time
was varied between 10 min and 24 h and a duration of 3 h was
found to be optimal. The gold films for grazing angle Fourier
transform infrared, contact angle, and cyclic voltammetry
measurements were deposited by electron beam evaporation of
10 nm Ti and 100 nm Au on a polished 6′ Si wafer with 1.2 µm
thermally grown SiO2.

Surface Plasmon Resonance Spectroscopy. The surface
plasmon resonance instrument was a Biacore 2000,25,26 provided
with a J1-chip or CM5-chip. The immobilization degree of proteins

in a Biacore surface plasmon resonance system is given in
refractive units (RU). RU corresponds to a shift in resonance
angle of approximately 0.1 millidegree.26 Immobilization of
antibodies was accomplished via coupling to their primary
amines. A continuous flow of Hepes buffered saline or HBS (10
mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid, 150 mM
NaCl,3.4mMethylenediaminetetraacetate,and0.005%Tween20
(pH 7.4)) at 5 µL/min was maintained during the immobilization
period. All experiments were carried out at 25 °C. In detail, the
carboxylic groups of the mixed SAMs were activated by injection
of a solution containing different concentrations of NHS and
EDC in deionized water. Next, 132 µL of the antibody solution
(500 µg/mL in 10 mM acetate buffer pH 5.0) was injected, followed
by injection of 50 µL of 1.0 M ethanolamine in order to block
remaining NHS ester groups and by two 10 µL injections of 10
mM glycine (pH 2.2) in order to remove nonspecifically bound
molecules from the surface.

Antigens were diluted in HBS buffer to the concentrations
applied and were then perfused over the antibody-immobilized
surface at a flow rate of 20 µL/min. After 6.5 min of association,
the sample solution was replaced by a HBS buffer flow for 7 min,
allowing the complex to dissociate. Regeneration of the surfaces
was performed by two pulses of 10 mM glycine (pH 2.2) between
each analyte injection. The degree of binding was calculated by
measuring the response signal at the end of the dissociation
phase. The occurrence of nonspecific binding was measured by
using 10 µg/mL IgG as the analyte.

Grazing Angle Fourier Transform Infrared Spectros-
copy. The mixed SAMs on gold were analyzed with grazing angle
Fourier transform infrared spectroscopy (GA-FTIR) on a Mattson
Galaxy series FTIR 7000, using a Spectra-Tech FT 85 accessory,
over a wavenumber range of 5000-600 cm-1. The spectra are
the result of a Fourier transform of 8960 interferometric scans
at a resolution of 2 cm-1 on three different samples, which are
subsequently averaged. The background sample was a SAM of
HS-(CD2)17-CD3 on gold. This deuterated thiol, which is
mandatory to perform this kind of FTIR measurement,19 was
kindly supplied by the research group of Professor M. Grunze,
Heidelberg, Germany.

Contact Angle Measurements. Contact angle measure-
ments (CA) were performed on 1 µL sessile drops of ultrapure
water with an OCA 20 system from Dataphysics using SCA 20
software. Reported CA values are averaged over at least nine
measurements, and the reported errors are 1 standard deviation.

Cyclic Voltammetry. The cyclic voltammetry (CV) experi-
ments were performed with a homemade electrochemical cell
with a Pt counter electrode and an Ag/AgCl micro reference
electrode from Microelectrodes, Inc. The setup uses a Gamry
Instruments potentiostat with Framework software. All experi-
ments were performed in a 6 mM K3Fe(CN)6 solution with 1 M
KCl as the background electrolyte.

Synthesis of 2-(2-(2-(6-Mercaptohexyloxy)ethoxy)ethoxy)-
ethanol. 2-(2-(2-(6-Bromohexyloxy)ethoxy)ethoxy)ethanol was
synthesized using the procedure described by Flink.27 Fifteen
grams of tri(ethylene glycol) (Aldrich, 99%) and 1.45 g of NaH
(Acros, 60% in mineral oil) were dissolved in dry DMF and stirred
for 50 min. The resulting solution was treated with 100 g of
dibromohexane (Aldrich, 96%) and subsequently stirred for 36
h. This mixture was quenched with methanol. After evaporation
of the solvent, the resulting oil was dissolved in 250 mL of CH2-
Cl2, washed four times with water, and dried over MgSO4.
Subsequently, the solvent was evaporated and the residue was
purified by column chromatography (SiO2, 2:1 EtOAc/hexane)
yielding 2-(2-(2-(6-bromohexyloxy)ethoxy)ethoxy)ethanol (9.624
g, 85%) as verified with 1H NMR and mass spectroscopy.

2-(2-(2-(6-Mercaptohexyloxy)ethoxy)ethoxy)ethanol was syn-
thesized from the previous compound using the method described
by Bader.28 2-(2-(2-(6-Bromohexyloxy)ethoxy)ethoxy)ethanol and
13.8 g of thioureum (Aldrich, 99%) were dissolved in ethanol and
refluxed for 22 h under a N2 atmosphere. The resulting solution
was treated with 2 g of NaOH in a few mL of water and refluxed
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(26) Jönsson, U.; Fägerstam, L.; Ivarsson, B.; Johnsson, B.; Karlsson,
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for an additional 20 h under a N2 atmosphere. The mixture was
then treated with HCl in ice-cold water, dissolved in 100 mL of
CH2Cl2, and washed with water. The solvent was evaporated,
and the oil-like residue was purified by column chromatography
(SiO2, 15:1 CH2Cl2/MeOH) giving rise to 2-(2-(2-(6-mercapto-
hexyloxy)ethoxy)ethoxy)ethanol or 6-PEO (4.16 g, 52%). 1H NMR
(300 MHz, CDCl3): δ ) 1.38 (m, 4H), 1.60 (m, 4H), 2.52 (q, 2H),
3.09 (br, 1H), 3.45 (t, 2H), 3.65 (m, 12H). 13C NMR (75 MHz,
CDCl3): δ ) 24.3, 25.3, 27.9, 29.2, 33.7, 61.4, 69.8, 70.1, 70.3,
70.3, 71.1, 72.3. MS (CI): 267.4 (MH+), 151, 117. MS (EI) (M +
H) ) 267.16317 with an elemental composition of C12H27O4S and
an error of -0.2 mmu.

Results and Discussion

Surface Characterization of the Mixed SAMs. A
schematic presentation of the two mixed monolayers
studied, 16-MHA and 11-MUOH (SAM1) or 16-MHA and
6-PEO (SAM2), is shown in Figure 1. The structural
characterization of the monolayers was performed using
CV, CA, and GA-FTIR.

The CV results illustrated in Figure 2 demonstrate that
mixed SAMs of 16-MHA and 11-MUOH form densely
packed monolayers after 3 h of deposition time. In addition
it is observed that the oxidation/reduction peak separation
increases with increasing concentrations of 16-MHA in
the mixed SAM1. The higher alkyl chain length of the
latter thiol compound probably allows the mixed SAM to
become more densely packed, i.e., the redox couple K3-
Fe(CN)6 is further away from the working electrode, which

gives rise to a larger peak separation (Figure 2).29 Similar
voltammograms have been observed for SAM2.

CA measurements give additional information on the
physical properties of the mixed SAM surfaces. The water
contact angle of mixed SAM1 with 5% of 16-MHA is very
small, i.e., <15°, while the contact angle of mixed SAM2
(5%) is found to be 33 ( 1°. Both contact angle values are
indicative for a hydrophilic surface and correspond very
well to reported values for densely packed mixed mono-
layers with these kinds of end groups.19,30 The contact
angle for a blank gold sample immersed in ethanol for the
same duration was 86 ( 7°, which is due to the fast
recontamination of gold in ambient atmosphere.31 The
contact angle values for the mixed monolayers have also
been calculated by the formula proposed by Bain et al.32

and fit perfectly the experimental values for the mixed
SAMs.

It is well-known that the CH stretching vibration modes
of the alkyl chains in the SAM are very sensitive to the
packing density and to the presence of gauche defects,
which makes them ideally suited as probes to determine
the SAM quality.12 In particular, the antisymmetric CH2
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Figure 1. Schematic representation of the mixed SAMs consisting of 16-mercapto-1-hexadecanoic acid and 11-mercapto-1-undecanol,
i.e., SAM1 (a), and of 16-mercapto-1-hexadecanoic acid and 2-(2-(2-(6-mercaptohexyloxy)ethoxy)ethoxy)ethanol, i.e., SAM2 (b).

Figure 2. Cyclic voltammograms for different ratios of 16-mercapto-1-hexadecanoic acid and 11-mercapto-1-undecanol in the
mixed SAM1 on the gold electrodes. Measurements were performed in 6 mM K3Fe(CN)6 in 1 M KCl with a scan rate of 0.1 V s-1.
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stretching vibration (νa(C-H)) is a useful indicator, since
its position varies from 2916 to 2917 cm-1 for SAMs of
exceptional quality or cooled below room temperature,
via 2918 cm-1 which is the normal value for a high-quality
SAM, to ∼2926 cm-1, which is indicative of a heavily
disordered, “spaghetti-like” SAM. In this study, νa(C-H)
values of 2920, 2920, and 2923 cm-1 are observed for the
homogeneous SAMs of 16-MHA, 11-MUOH, and 6-PEO,
respectively. These values indicate that the homogeneous
SAMs of 16-MHA and 11-MUOH exhibit an acceptable
quality while the homogeneous SAM of 6-PEO is of minor
quality, probably due to the shorter alkyl length (6 C
atoms). The νa(C-H) values observed for mixed SAM1
and mixed SAM2 are 2921 and 2924 cm-1, respectively.
Mixed SAM1 still exhibits an acceptable quality, while
SAM2 is rather disordered.

Surface Plasmon Resonance Characterization.
The aim of the surface plasmon resonance (SPR) experi-
ments is to show the advantage of the use of mixed SAMs
compared to homogeneous SAMs. To this end, we deposited
SAMs consisting of 100% 16-MHA, a 1/9 ratio of 16-MHA/
11-MUOH (SAM1), and a 1/9 ratio of 16-MHA/6-PEO
(SAM2). The SPR signal for anti-HSA before and after
immobilization on the homogeneous and the mixed SAMs
is evaluated. In addition, we also checked the adsorption
of 10 µg/mL of a nonspecific human IgG reagent in order
to evaluate the performance of the SAMs with regard to
nonspecific adsorption. The activation step was performed
with 0.2 M EDC and 50 mM NHS.

The anti-HSA immobilization degree is found to be
1376 ( 5 RU on the homogeneous 16-MHA SAM, 1506 (
32 on the mixed SAM1, and 1403 ( 79 on the mixed SAM2.
The immobilization is higher on mixed SAM1 compared
to the homogeneous 16-MHA SAM. The level of nonspecific
adsorption, which is the adsorption (of IgG reagent) on a
SAM surface without antibodies, is less than 3 RU on the
mixed SAM1 and mixed SAM2, which is undetectable
above the baseline noise. The increase in antibody
immobilization on the mixed SAMs is probably due to
steric hindrance on the homogeneous SAMs.33,34 The longer
“spacer arm” of the carboxylic group of 16-MHA in the
mixed SAM1 makes this carboxylic group more accessible,
and as a consequence it can bind more antibodies than a
homogeneous SAM. In the homogeneous SAM, the car-
boxylic group is imbedded in a two-dimensional structure
and therefore less accessible for activation via the EDC/
NHS method and/or for immobilization of antibodies.

Phase separation is often seen in mixed SAMs. The
dimensions of the separated phases differ a lot depending
on the headgroup and the length difference between the
thiols in the mixed SAMs. Our atomic force microscopy
measurements could not reveal any phase separation of
the mixed SAMs on the evaporated J1 gold surface (not
atomically flat). However the reported phase separation
dimensions are mainly small.35-40 Therefore we expect
that the antibodies with a diameter of 14 nm are not

affected by the possible phase separation of the two thiols.
Moreover, possible phase separation causes no significant
variation in immobilization degree; i.e., the standard
deviations on the different measurements on mixed SAM1
is small (see further).

In a next step, we varied the amount of thiols with
carboxylic groups compared to the thiols against non-
specific adsorption for SAM1. It is clear that all antibody/
antigen binding processes at the surface must be specific
ones only and should occur with maximum efficiency. This
implies that the quantity of antibodies bound to the surface
should be maximized, while the extent of nonspecific
adsorption is minimized. Only SAM1 was chosen for this
optimization process because it has a higher structural
quality than SAM2, because it consists of commercial
thiols, and because there is no significant difference in
the performance of SAM1 and SAM2 with regard to
antibody immobilization and nonspecific adsorption (see
above). The anti-HSA immobilization degree, the recogni-
tion signals for different concentrations of HSA, and the
nonspecific signals for IgG were evaluated. The SPR signal
for the antibody immobilization and the recognition of
one of the HSA concentrations (10 µg/mL) are shown in
Figure 3. The optimization process was started with 100%
16-MHA, followed by 10%, 1%, and 5%. The optimization
was performed on two lines on two different samples with
the given standard deviation as a result. It is observed
that both the immobilization of anti-HSA and the rec-
ognition of 10 µg/mL of HSA appear to be the highest for
the 5% mixed SAM1. The nonspecific adsorption of IgG
on the 5% SAM is always lower than 5 RU and therefore
insignificant. In conclusion, a mixture consisting of 5% of
16-MHA in a matrix of 95% of 11-MUOH can be considered
as optimal for obtaining the highest degree of antibody
immobilization. In addition, the 5% SAM1 appears to be
ideal to prevent nonspecific adsorption, since it represents
the largest amount of thiols with OH end groups without
loss of antibody binding capacity.

In a further stage, we applied two types of random
coupling procedures to homogeneous and mixed SAM1.
The first one is a one-step covalent coupling based on an
EDC-NHS activation, which couples the NH2 groups of
lysine moieties in the antibody to the activated carboxylic
group of the mixed SAMs.6 The second coupling procedure

(33) Spinke, J.; Liley, M.; Guder, H.-J.; Angermaier, L.; Knoll, W.
Langmuir 1993, 9, 1821.

(34) Jung, L. S.; Nelson, K. E.; Stayton, P. S.; Campbell, C. T.
Langmuir 2000, 16 (24), 9421.

(35) Shon, Y.-S.; Lee, S.; Perry, S. S.; Lee, T. R. J. Am. Chem. Soc.
2000, 122, 1278.

(36) Stranick, S. J.; Atre, S. V.; Parikh, A. N.; Wood, M. C.; Allara,
D. L.; Winograd, N.; Weiss, P. S. Nanotechnology 1996, 7, 438.

(37) Chen, S.; Li, L.; Boozer, C. L.; Jiang, S. Langmuir 2000, 16,
9287.

(38) Mizutani, W.; Ishida, T.; Tokumoto, H. Appl. Surf. Sci. 1998,
130-132, 792.

(39) Shevade, A. V.; Zhou, J.; Zin, M. T.; Jiang, S. Langmuir 2001,
17, 7566.

(40) Li, L.; Chen, S.; Jiang, S. Langmuir 2003, 19 (3), 666.

Figure 3. SPR signals for the covalent coupling of anti-HSA
(from 500 µg/mL in 10 mM acetate buffer pH ) 5) onto mixed
SAM1 and the recognition of 10 µg/mL HSA (in HBS buffer) by
the immobilized anti-HSA versus the dilution factors of 16-
MHA in the mixed 16-MHA/11-MUOH alkylthiol mixture (in
ethanol solution) used to prepare the monolayer. Error bars
indicate the absolute standard deviation of at least two lines
on at least two samples.
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is an indirect coupling procedure using streptavidin and
biotin. Streptavidin is a tetramer containing four identical
subunits with a molecular mass of 15 kDa. Each subunit
possesses one high-affinity binding site for biotin (vitamin
H). The dissociation constant of approximately 10-15 M is
undisturbed by extremes of pH, buffer salts, and even
chaotropic agents.6 This kind of coupling is therefore
universally applicable and very stable. After the activation
of the carboxylic group of the mixed SAMs with EDC-
NHS, streptavidin (500 µg/mL) is covalently coupled to
the surface. In a next step biotinylated anti-HSA (500
µg/mL) is immobilized on the streptavidin-coated surface.
The SPR results show that the immobilization of anti-
HSA, the immobilization of streptavidin, and the binding
of biotinylated anti-HSA are clearly the highest on the
mixed SAMs (Figure 4). Therefore, these results again
indicate the enhanced qualities, which can be achieved by
using mixed SAMs.

The stoichiometry of the binding of biotinylated anti-
HSA to streptavidin can be calculated using the molecular
mass values for streptavidin (60 kDa) and biotinylated
anti-HSA (150 kDa) and their immobilization degree. It
is found that the binding stoichiometry on the homoge-
neous SAM is somewhat higher than that on the mixed
SAM, i.e., 1.46 compared to 1.05. The low experimental
stoichiometry compared to the theoretical value (i.e., 4)
is probably due to steric hindrance. Since streptavidin is
covalently immobilized on the surface, one cannot expect
a large binding stoichiometry for large antibodies (∼14
nm) to the small binding sites of the small streptavidin
molecules (∼5 nm). Since more streptavidin can be coupled
on the mixed SAM1, one can immobilize more biotinylated
anti-HSA despite the lower stoichiometry for the mixed
SAM1.

In real diagnostic applications a specific analyte must
be detected in the presence of a higher amount of
nonspecific analytes. To investigate this, we spiked the
analyte of interest, i.e., HSA, with a higher concentration
of a nonspecific analyte, i.e., IgG. Figure 5 shows the
recognition of HSA by randomly immobilized anti-HSA
(using EDC-NHS) on SAM1. One can observe that the
recognition signal is very similar for the sample with or
without nonspecific analytes. These results demonstrate
that SAM1 is excellent for real biological applications.

Quantitative Information. Semiquantitative calcu-

lations can yield information on the amount of antibodies
bound on the surface. One may consider the antibody to
be a lens-shaped spheroid and densely packed in upright
or in down-lying position. Depending on this difference,
a monolayer of antibodies on the surface represents
between 1.3 and 6.5 mg/m2.41,42 Since ∆RU ) 1000
corresponds to 1 mg/m2,25,26 an antibody monolayer should
result in a RU value between 1300 and 6500. The
immobilization degree observed in Figure 4 varies between
1376 RU and 5502 RU depending on the SAM and the
coupling procedure used. This implies that the antibodies
exhibit a packing structure between a monolayer of
antibodies in down-lying position and an incomplete
coverage of antibodies in upright position (hence less area
per antibody).

A standard curve was generated in order to calculate
the detection limit (data not shown). Different concentra-
tions of HSA were sent over the immobilized anti-HSA
surface, and this binding event was regenerated with 10
mM of glycine pH 2.2. These experiments revealed that
the decrease in antibody activity or stability is only 8%
after 14 regeneration cycles (data not shown). The linear
range is found to be between 0 and 100 ng/mL. The
detection limit43 is calculated to be 3 × (SD/S) ) 3 ×
(0.2222/0.3123) ) 2.1 ng/mL, with SD the standard
deviation on 10 blank injections and S the slope of the
standard curve. This value is very small for this kind of
system (Biacore 2000) in combination with mixed SAMs.

Comparison with a Commercial Layer. The mixed
and homogeneous SAMs were compared with the com-
mercial carboxymethylated dextran surface (CM5-chip)
of Biacore with regard to antibody immobilization, antigen
recognition, and nonspecific adsorption. On all surfaces,
500 µg/mL anti-HSA was immobilized. Different concen-
trations of HSA (1 ng/mL up to 100 µg/mL) and 10 µg/mL
of a nonspecific analyte such as IgG were sent over the
surface-immobilized anti-HSA (Figure 6). These experi-
mental data clearly show that the different surfaces and
coupling procedures result in a similar sensitivity for the
detection of a lower concentration of HSA (100 ng/mL). As
opposed to these lower concentrations, the signal of the
CM-5 chip is much higher for the higher concentrations
of HSA (10 µg/mL) because of the three-dimensional
dextran structure on this chip and its higher capability
to bind antibodies (14626 ( 133 RU). To our opinion, this
difference in antibody immobilization (88% lower on the
mixed SAM1) is compensated (for lower concentrations)
by the limited thickness of the thiol monolayers, giving
rise to similar recognition signals and similar sensitivity
for lower concentrations of HSA detection. More specif-
ically the CM-5 chip consists of dextran chains attached
to a thiol monolayer, the global thickness being around
100 nm.44 The thiol monolayers of SAM1, on the contrary,
are much thinner (1.45-2.25 nm) so that the binding event
occursmuchcloser to thesurface. Indeed, surfaceplasmons
are electron clouds, which behave as if they were single
charged particles. Part of their energy is expressed as
oscillations in the plane of the metal surface, which
generates an electric field extending about 100 nm above
and below the metal surface, decaying exponentially as
a function of the distance.2 It is therefore clear that SPR
measurements will be more sensitive to binding events

(41) Esser, P. Nunc Bull. 1997, 6 (1), 1.
(42) Kim, M.; Saito, K.; Furusaki, S.; Sugo, T.; Ishigaki, I. J.

Chromatogr. 1991, 586, 27.
(43) Snyder, L. R. Practical HPLC method development; John Wiley

& Sons: New York, 1997.
(44) Löfås, S.; Johnsson, B. J. Chem. Soc., Chem. Commun. 1990,

1526.

Figure 4. SPR signals for the covalent coupling of anti-HSA,
streptavidin (500 µg/mL in 10 mM acetate buffer pH ) 5) and
biotinylated anti-HSA (500 µg/mL in HBS buffer) onto mixed
SAM1 or onto a homogeneous SAM of 16-MHA. Error bars
indicate the absolute standard deviation of at least two lines
on at least two samples.
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occurring closer to the surface. Although the signals for
lower concentrations of HSA (100 ng/mL) are comparable
for all surfaces, the signal for the nonspecific adsorption
of 10 µg/mL of IgG is comparable to the signal observed
for 100 ng/mL of the specific antigen, i.e., HSA, for both
the homogeneous SAM or the CM-5 chip. As a consequence,
it is not possible to discriminate between a low concentra-
tion of a specific analyte in the presence of an excess of
nonspecific species using the CM-5 chip or a homogeneous
SAM, which is a major drawback for real diagnostical
applications. Contrary to this, the mixed SAM1 can easily
discriminate 100 ng/mL of HSA from an excess of
nonspecific analyte. In addition, the drift on the baseline
signal is quite high for the CM-5 chip (drift of 2428 RU
over 4.5 h), which is a large disadvantage for quantitative

measurements. These drawbacks can be avoided by using
the mixed SAMs (drift of 64 RU over 4.5 h) in combination
with either the direct or the indirect random coupling
procedure.

An added advantage of the mixed SAM1 concerns the
reliability of the binding kinetics. To assess this into more
detail, the same RU signal of anti-HSA was immobilized
on the CM5-chip and on the mixed SAM1. Subsequently
we monitored the recognition of different concentrations
of HSA. In Figure 7 the recognition of 200 ng/mL (2.94
nM) HSA normalized at the maximum response is shown
on both the CM5-chip and the mixed SAM1. The normal-
ized response curves as function of time give a good
estimation of the mass transport limiting factor.45 The
change of the sensor response is faster on the mixed SAM1

Figure 5. Surface plasmon resonance sensograms showing the association and dissociation of different concentrations of HSA
and of HSA spiked with IgG on a mixed SAM1 covered with anti-HSA. The recognition of a nonspecific analyte (IgG) is also shown.

Figure 6. Surface plasmon resonance signals for the recognition of 100 ng/mL of HSA, 10 µg/mL HSA, and 10 µg/mL of a nonspecific
analyte (IgG) on different surfaces and different anti-HSA coupling procedures. Error bars indicate the absolute standard deviation
of at least two lines on at least two samples.
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compared to the CM5-chip, which implies that the CM5-
chip is more mass transport limited. Therefore the
apparent kinetic parameter will be underestimated on
the CM5-chip. This is probably due to the slower transport
step of the antigens to the immobilized anti-HSA because
of the three-dimensional dextran structure on this chip,
which gives rises to effects of gel partitioning and
aggregation induced by high local steric hindrance.45-47

Conclusion
In this paper mixed self-assembled monolayers are

studied in which two functionalities are simultaneously
incorporated on the gold surface. These SAMs were
characterized with CV, CA, and GA-FTIR. The SAM
coverage was found to be adequate, and the structural
properties and physical properties were demonstrated.
The properties of the mixed SAMs fulfill the necessary
requirements for making stable and well-ordered mixed
SAMs. Their use as an affinity biosensor interface for
immunosensor applications was evaluated using SPR. The

amount of the different components in the mixed SAMs
was optimized with regard to antibody immobilization,
antigen recognition, and nonspecific adsorption. It was
found that a mixed SAM deposited from a mixed solution
of 5% of 16-MHA and 95% of 11-MUOH exhibits the most
favorable properties. The indirect and direct coupling of
biomolecules to mixed SAMs was evaluated. In addition,
the enhanced qualities of this mixed SAM compared to
the commercially available dextran layer of Biacore were
assessed. Quantitative information about the antibodies
immobilized on the mixed SAM surface, the detection limit
of mixed SAM1 in combination with a Biacore® 2000
system, and the stoichiometry of the antibody/antigen
binding events were interpreted.

The ability to tune surface properties with regard to
antibody immobilizations, recognition signals, and non-
specific adsorption with mixed SAMs has been demon-
strated. Their stability and their excellent qualities
concerning nonspecific adsorption make them very useful
as a basis for the development of affinity biosensor
interfaces for real diagnostical applications or immuno-
sensors. The sensor platform used in this study is the
surface plasmon resonance system of Biacore, but there
is no restriction to use other sensors in combination with
the affinity biosensor interface based on mixed SAMs of
thiols. Almost every sensor with a gold surface can be
used to monitor the antigen-antibody interaction and
can benefit from the enhanced qualities of the mixed SAM
approach.
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Figure 7. The association and dissociation of 200 ng/mL (2.94
nM) of HSA by the immobilized anti-HSA on both the CM5-
chip and the mixed SAM1. These curves are normalized at the
maximum response.
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