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a b s t r a c t

The development of a biosensor based on surface plasmon resonance is described for the detection of
carbohydrate-binding proteins in solution on a Biacore 2000 instrument, using immobilized glycopeptides
as ligands. Their selection was based on previous screenings of solid-phase glycopeptide libraries with
Ricinus communis agglutinin (RCA120) and human adhesion/growth-regulatory galectin-1 (h-Gal-1). Gly-
copeptides were immobilized on Au sensor chips functionalized with mixed self-assembled monolayers
of different ratios of 11-mercapto-1-undecanol and 11-mercaptoundecanoic acid, and of 3-mercapto-1-
propanol and 11-mercaptoundecanoic acid. The biosensors were optimized for the detection of RCA120,
and a detection limit of 0.13 nM was obtained. Subsequent experiments with h-Gal-1 indicated a detection
limit of at least 0.9 nM for this lectin. Additionally, the effect of interfering proteins on the sensitivity of
the optimized biosensor was investigated.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Since the development of the first biosensors in the early 1960s
(Clark Jr. and Lions, 1962) this research area has seen an enormous
growth (Cullum and Vo-Dinh, 2000; Lu and Rosenzweig, 2000; Vo-
Dinh and Cullum, 2000). Nowadays, biosensors are widely applied
for the detection, identification, and characterization of biologi-
cal material, which is of great importance in industrial (Castillo
et al., 2004), medical (Hsieh et al., 2004; Dillon et al., 2005;
Jiang et al., 2005), food (Gustavsson et al., 2002; Haasnoot et
al., 2002; Indyk and Filonzi, 2005; Muller-Renaud et al., 2005),
and environmental (Castillo et al., 2004) analysis. Surface plas-
mon resonance-based biosensors are currently widely used to
monitor these interactions (Chou et al., 2004; Oh et al., 2004;
Choi et al., 2005). Although analytes can be detected by a wide
range of immobilized ligands, such as antibodies (Soh et al., 2003;
Liu et al., 2004; Choi et al., 2005; Muller-Renaud et al., 2005),
enzymes, and carbohydrate-binding proteins (CBPs) (Hsieh et al.,
2004), the development of carbohydrate-based biosensors has
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recently received increased attention because of the importance
of carbohydrate–protein interactions in life. So far, carbohydrate-
based biosensors are predominantly used for the characterization
of the kinetics and affinity of carbohydrate–protein interactions
(Shinohara et al., 1994; Bourne et al., 2002; Zhang et al., 2006), or in
an array-type set-up (Love and Seeberger, 2002; Feizi et al., 2003;
Blixt et al., 2004; Dyukova et al., 2006) to determine the speci-
ficity, and possible cross-reactivity of a CBP. However, it would also
be of interest to apply carbohydrate-based biosensors to the sensi-
tive detection and quantification of minute amounts of CBPs, which
could lead to the development of diagnostic tools.

The access to structurally well-defined carbohydrates is com-
plicated, since both the isolation from natural sources, and the
synthesis are very challenging. Since it has been demonstrated
that complex carbohydrates can be efficiently mimicked by gly-
copeptides (St. Hilaire et al., 1998; Halkes et al., 2003; Maljaars et
al., 2006), here, the development of a SPR-based biosensor using
immobilized glycopeptides is described for the detection of CBPs.
The glycopeptides are lead structures that were obtained from
the systematic screening of solid-phase glycopeptide libraries with
Ricinus communis agglutinin (RCA120; Maljaars et al., 2006) and
human adhesion/growth-regulatory galectin-1 (h-Gal-1; André et
al., 2007a). In the present study, these glycopeptides are used for the
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set-up of a biosensor system for the sensitive detection of RCA120
and h-Gal-1 in solution on a Biacore 2000 instrument. In addition,
the performance of the optimized biosensors was investigated in
the detection of low amounts of RCA120 and h-Gal-1 in complex
protein mixtures.

2. Materials and methods

2.1. General

Bovine serum albumin (BSA), Ricinus communis agglutinin
(RCA120), bovine ribonuclease B (RNase B), ovalbumin, trypsin
inhibitor, 11-mercaptoundecanoic acid (11-MUA), 11-mercapto-
1-undecanol (11-MUOH), 3-mercapto-1-propanol (3-MPOH),
N-ethyl-N′-(dimethylaminopropyl)carbodiimide hydrochloride
(EDC), and N-hydroxysuccinimide (NHS) were obtained from
Sigma–Aldrich (Zwijndrecht, The Netherlands); human Galectin-
1 (h-Gal-1) was prepared, purified, and quality controlled as
described previously (André et al., 2004). The SIA-kit AU was
purchased from Biacore AB (Uppsala, Sweden). All solvents were
of HPLC grade and were used without further purification.

2.2. Preparation of N-acetylated glycopeptides 1 and 2

Fmoc-protected (9-fluorenylmethoxycarbonyl) glycopep-
tides A(Gal-)CYPY(Gal-)C and (Lac-)TMRA(Lac-)TCha were
previously prepared on Wang-resin prefunctionalized with
a Rink-amide linker and an Ionization Mass Peptide (IMP)-
spacer (GPPFPFK) (Maljaars et al., 2006; André et al., 2007a).
The resin-bound glycopeptides were treated with 20% piperi-
dine in N,N-dimethylformamide (2×, 2 + 18 min) to remove the
Fmoc-protecting group, and the resin was washed with N,N-
dimethylformamide (10×). Subsequently, the N-termini were
acetylated using 20% acetic anhydride in N,N-dimethylformamide
(15 min). The resin was washed with N,N-dimethylformamide
(6×) and methanol (4×), and the glycopeptides were de-O-
acetylated overnight with hydrazine monohydrate (55 �l) in
methanol (1 ml), followed by washings with methanol (6×)
and water (4×). The amino acid side-chains were deprotected
with concomitant release of the glycopeptides from the resin by
using a mixture of trifluoroacetic acid/water/triisopropylsilane
(95:2.5:2.5; 4 × 30 min). The cleaved glycopeptides 1 and 2 were
extracted from the resin with 10% aq. acetonitrile (4×), then
concentrated, and purified by reverse-phase HPLC. Then, the
glycopeptides were lyophilized, and analyzed by MALDI-TOF
MS (1, AcA(Gal-)CYPY(Gal-)C-GPPFPFK, [M+H]calcd = 1854.797 Da,
[M+H]det = 1854.841 Da; 2, Ac(Lac-)TMRA(Lac-)TCha-GPPFPFK,
[M+H]calcd = 2192.057, [M+H]det = 2192.424.

2.3. Surface plasmon resonance

2.3.1. Surface preparation
Self-assembled monolayers (SAMs) of alkanethiols were created

on Au-surfaces from a SIA-kit Au, in order to prepare SAMs deriva-
tized with glycopeptides 1 and 2 (Choi et al., 2005; Lee et al., 2005).
To this end, 9 mM mixtures of 11-MUOH/11-MUA (molar ratios:
95:5, 9:1, and 8:2), and 3-MPOH/11-MUA (molar ratio: 9:1) were
prepared in absolute ethanol. The Au-surfaces were immersed in
the appropriate alkanethiol mixture for 24 h. Then, the Au-surfaces
were washed with absolute ethanol and deionized water, and dried
with a stream of N2 prior to the assembly of the sensor chips.

All surface plasmon resonance (SPR)-measurements were per-
formed on a Biacore 2000 instrument. All reagents for the surface
preparations were injected at a flow rate of 5 �l min−1, using HBS-
EP (10 mM 2-[4-(2-hydroxyethyl)-1-piperazinyl]-ethanesulfonic

acid (HEPES) buffer, pH 7.5, containing 150 mM NaCl, 0.005% poly-
oxyethylenesorbitan (p20), and 3 mM ethylenediaminetetraacetic
acid (EDTA)) as the running buffer. The carboxyl-terminated alka-
nethiols on the surfaces of the appropriate flow cell of each
sensor chip were activated by the injection of 35 �l of a 1:1
mixture of 0.05 M NHS and 0.2 M EDC, and the appropriate gly-
copeptide (3 × 35 �l, 500 �g ml−1 in 10 mM NaHCO3 buffer, pH
8.5) was injected. The remaining N-hydroxysuccinimide esters
were blocked by injection of 1.0 M ethanolamine hydrochloride,
pH 8.5 (35 �l). Using this protocol, six SAMs were prepared:
SAM-1: 8:2 11-MUOH/11-MUA, 700 RU glycopeptide 1; SAM-
2: 9:1 11-MUOH/11-MUA, 510 RU glycopeptide 1; SAM-3:
95:5 11-MUOH/11-MUA, 300 RU glycopeptide 1; SAM-4: 9:1
3-MPOH/11-MUA, 930 RU glycopeptide 1; SAM-5: 9:1 3-MPOH/11-
MUA, 1256 RU glycopeptide 2; SAM-6: 9:1 3-MPOH/11-MUA, 1032
RU glycopeptide 1.

2.3.2. Detection measurements
The interaction experiments with soluble RCA120 and h-Gal-1,

and the immobilized glycopeptides were carried out in duplicate
using a 10 mM HBS-EP running buffer, pH 7.5. RCA120 and h-Gal-
1 were injected into the appropriate flow cells for 3 min, allowing
3 min for dissociation, and using a flow rate of 5 �l min−1.

For the experiments with glycopeptide 1 on SAM-1, -2,
and -3, the RCA120 -concentration range covered was 41.7–0.08 nM,
obtained by 2-fold dilution. For SAM-4 and SAM-6, an RCA120-
concentration range of 4.2–0.008 nM was used. For the experiments
with immobilized glycopeptide 2 (SAM-5), the h-Gal-1-
concentration range covered was 500–0.9 nM. The surfaces were
regenerated with a 2-min pulse of a solution containing a mixture
of 200 mM lactose and 0.002% sodium dodecyl sulfate. All data were
double-reference-subtracted. The detection limit of the assay was
defined as the lowest concentration that could be visually discerned
from the overlapping lower concentrations. Calibration curves of
the duplicate experiments on SAM-1–4 were created by plotting
dRU/dt versus the RCA120 concentration; dRU/dt was calculated for
the initial 30 s of the association phase, using RUaverage of 3 data-
points around t = 30 s and around t = 0. The average of the duplicates
of each datapoint was used to fit a trendline. For h-Gal-1, KD could
be determined from non-linear fitting of the plot of the response
at equilibrium (Req) versus the h-Gal-1 concentration using the
average model with steady state affinity in BIAevaluation 4.1.

2.3.3. Detection of analyte in a complex protein mixture
Two stock solutions of a protein mixture were prepared in HBS-

EP buffer, pH 7.5, by mixing equal volumes of 10 or 100 �M BSA,
ovalbumin, RNase B, and trypsin inhibitor. These stock solutions
were used in the appropriate amounts to prepare a 4.2 nM RCA120
solution containing a 10-, 100-, 1000-, or 10,000-fold molar excess
of each component of the protein mixture. Subsequently, dilution
series (4.2–0.008 nM) of RCA120 were prepared by 2-fold dilution.
The above-described stock solutions of the protein mixture were
used in the appropriate amounts to prepare a 500 nM h-Gal-1 solu-
tion containing an equimolar, or a 10-, 50-, or 100-fold molar excess
of each component of the protein mixture. The dilution series of
h-Gal-1 (500–0.9 nM) was prepared as described for RCA120. The
surfaces were regenerated with a 2-min pulse of a solution con-
taining a mixture of 200 mM lactose and 0.002% sodium dodecyl
sulfate, and all data were double-reference-subtracted.

3. Results and discussion

3.1. Modification of the glycopeptides

The non-N-acetylated analogs of the glycopeptides used in this
study were identified in previous screenings of solid-phase gly-
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Table 1
The different glycopeptide-derivatized SAMs and the observed detection limits for RCA120 and h-Gal-1

SAM Composition Ligand Analyte Immobilization level (RU) Detection limit (nM)

SAM-1 8:2 11-MUOH/11-MUA 1 RCA120 700 0.65
SAM-2 9:1 11-MUOH/11-MUA 1 RCA120 510 0.65
SAM-3 95:5 11-MUOH/11-MUA 1 RCA120 300 2.6
SAM-4 9:1 3-MPOH/11-MUA 1 RCA120 930 0.13
SAM-5 9:1 3-MPOH/11-MUA 2 h-Gal-1 1256 0.9
SAM-6 9:1 3-MPOH/11-MUA 1 RCA120 1032 0.13

Ligand 1: AcA(Gal-)CYPY(Gal-)C-GPPFPFK. Ligand 2: Ac(Lac-)TMRA(Lac-)TCha-GPPFPFK.

copeptide libraries using fluorescently labeled RCA120 and h-Gal-1
(Maljaars et al., 2006; André et al., 2007a). For the present exper-
iments, N-acetylated forms were used (1, AcA(Gal-)CYPY(Gal-)C-
GPPFPFK; 2, Ac(Lac-)TMRA(Lac-)TCha-GPPFPFK). This allowed a
homogeneous orientation of the glycopeptides, by using the amine
function in the side-chain of Lys, which is the C-terminal residue in
the IMP-spacer, for the coupling of the glycopeptides to the sensor
chips.

3.2. Detection of RCA120 on SAM-1, -2, -3, and -4

Previously, it has been shown that sensitive biosensors can be
prepared using self-assembled monolayers of alkanethiols on a
gold surface, to which a ligand can be coupled (Miura et al., 1999;
Ista et al., 2001; Tamada et al., 2001; Choi et al., 2005; Lee et
al., 2005). It was demonstrated that SAMs containing a mixture
of hydroxyl- and carboxyl-terminated alkanethiols provide a bet-
ter sensitivity than SAMs containing acid thiols only. Therefore,
SAMs were created by immersing Au-surfaces in alkanethiol solu-
tions containing different molar ratios of 11-mercapto-1-undecanol
(11-MUOH) and 11-mercaptoundecanoic acid (11-MUA), or 3-
mercapto-1-propanol (3-MPOH) and 11-MUA. Glycopeptide 1 was

immobilized on Au-chips decorated with 11-MUOH and 11-MUA
in the molar ratios 8:2 (SAM-1), 9:1 (SAM-2), and 95:5 (SAM-3)
(Table 1).

Binding data were collected at different concentrations
(41.7–0.08 nM) at a flow rate of 5 �l min−1. Since initial exper-
iments did not indicate any non-specific binding of RCA120 to
a reference surface with underivatized 11-MUOH and 11-MUA
on the respective SAM, this surface was used as the refer-
ence surface. Examination of the concentration-dependent overlay
plots of RCA120 binding to glycopeptide 1-derivatized SAM-1
(Fig. 1a; Supplementary material Figs. A(a) and A(b)) and SAM-
2 (Supplementary material Figs. A(c) and A(d)), indicated that
0.65 nM was the lowest concentration that could be visually differ-
entiated, and 2.6 nM for SAM-3 (Fig. 1b; Supplementary material
Figs. A(e) and A(f)). The curves corresponding to the lowest dis-
tinguishable concentration, representing the detection limit, have
been marked with an asterisk.

Glycopeptide 1 was also immobilized on SAM-4 (Table 1), con-
taining a 9:1 molar ratio of 3-MPOH/11-MUA. Binding data were
collected at different concentrations (4.2–0.008 nM), following the
same protocol as described for SAM-1–3. As can be seen from Fig. 1c
(Supplementary material Figs. A(g) and A(h)), 0.13 nM was the low-

Fig. 1. (a) Glycopeptide 1, immobilized on SAM-1 (700 RU). Concentration-dependent overlay plots were made of soluble RCA120 binding at 10 different concentrations from
41.7 to 0.08 nM (2-fold dilution), of which the five lowest concentrations (1.3–0.08 nM) are depiccted. (b) Glycopeptide 1, immobilized on SAM-3 (300 RU). The analyzed
concentration range is as in (a), of which the six lowest concentrations (2.6–0.08 nM) are depicted. (c) Glycopeptide 1, immobilized on SAM-4 (930 RU). Ten different
RCA120 concentrations were analyzed from 4.2 to 0.008 nM, of which the six lowest concentrations (0.26–0.008 nM) are depicted. The curves corresponding to the lowest
distinguishable concentration, representing the detection limit, are marked with an asterisk.
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est distinguishable concentration, indicating that this SAM is the
most sensitive biosensor for the detection of RCA120.

The efficiency of ligand immobilization on the acid thiols,
and thereby the sensitivity of detection, is affected by a num-
ber of factors. First, hydroxyl-terminated SAMs have a lower level
of non-specific analyte binding than carboxyl-terminated SAMs
(Silin et al., 1997). Second, the steric hindrance (Patel et al., 1998;
Lee et al., 2005) and electrostatic repulsion of the acid thiols in
mixed SAMs are lower than in SAMs consisting of acid thiols
only. This improves the accessibility of the carboxyl-terminated
alkanethiols for the activation and subsequent ligand coupling.
Third, a mixture of short hydroxyl-terminated alkanethiols and long
carboxyl-terminated alkanethiols also enhances the accessibility of
the acid thiols. Therefore, the optimum accessibility, and sensitiv-
ity, is achieved by fine-tuning the length and ratio of hydroxyl-
and carboxyl-terminated alkanethiols, rather than by increasing
the absolute number of acid thiols that are present on the SAM.
In our study, comparison of the SAMs containing an 8:2, 9:1, and
95:5 11-MUOH/11-MUA molar ratio shows that a good sensitiv-
ity is obtained using SAMs with a 9:1 and 8:2 11-MUOH/11-MUA
ratio (Table 1). Reducing the spacer length, i.e. using 3-MPOH
instead of 11-MUOH, further increased the accessibility of the car-
boxylic acids for ligand immobilization and analyte binding. This
resulted in a 5-fold improvement of the sensitivity for the detec-
tion of RCA120 (i.e. 0.65 nM on SAM-2 versus 0.13 nM on SAM-4).
Interestingly, comparison of the shape of the various curves (for
detailed pictures, see Supplementary material Fig. A) reveals that
the kinetics of the binding of RCA120 to immobilized 1 is affected
by the 11-MUOH/11-MUA ratio and the length of the hydroxyl-
terminated alkanethiol (11-MUOH versus 3-MPOH). Previously,
monovalent binding of (Gal-)CYPY(Gal-)C-GPPFPFK to immobilized
RCA120 resulted in a KA of 3.81 ± 0.04 × 104 M−1 (Maljaars et al.,
2006). Qualitative assessment of the binding kinetics reported here
suggests that the interaction of soluble RCA120 with immobilized 1
is much stronger. Since RCA120 is a bivalent protein, the distance
between the individual peptides on SAM-1 and SAM-2 probably
allows bivalent binding, whereas bivalent binding is hampered
on SAM-3, which has a lower peptide density, resulting in faster
kinetics. SAM-4 may have both an optimum peptide density for
bivalent binding of RCA120, and an improved accessibility of 1,
which allows a more efficient analyte binding with a very slow
association and dissociation rate, thereby enhancing the sensitiv-
ity of this biosensor. Finally, it should be noted that plots of dRU/dt
versus the RCA120 concentration are linear and slopes increase
upon an enhanced sensitivity (Supplementary material Fig.
A(i)).

3.3. Detection of h-Gal-1 on SAM-5

Galectins have attracted increasing medical attention, because
these endogenous lectins with affinity for �-galactosides are
involved in tumor progression and inflammatory diseases
(Villalobo et al., 2006; André et al., 2007b). Consequently, their
detection in extract or serum samples may reveal pertinent clinical
information, warranting respective development of biosensor tech-
niques. Previously, it has been reported that galectin concentrations
in sera of cancer patients and healthy controls vary between
74 pM (Saussez et al., unpublished results) and 32 nM (Iurisci et al.,
2000).

To assess the performance of the SAM-based biosensors used
for RCA120 in the detection of a human lectin, the sensitivity of this
type of biosensor was evaluated with the galectin h-Gal-1 as model.
This lectin belongs to the prototype group, and forms a homo-
dimer in solution via hydrophobic interactions and hydrogen bonds
(López-Lucendo et al., 2004). Glycopeptide 2 was immobilized on

Fig. 2. Glycopeptide 2, immobilized on SAM-5 (1256 RU). Concentration-dependent
overlay plots were made of soluble h-Gal-1 binding at ten different concentrations
from 500 to 0.9 nM (2-fold dilution), of which the four lowest h-Gal-1 concentrations
(7.8–0.9 nM) are depicted. The curve corresponding to the lowest distinguishable
concentration, representing the detection limit, is marked with an asterisk.

SAMs containing mixtures of hydroxyl- and carboxyl-terminated
alkanethiols, analogous to SAM-1–4. The significant non-specific
binding of h-Gal-1 that was initially observed on the underiva-
tized SAM of the reference surface could be completely eliminated
by immobilizing ethanolamine. The correlation between the sen-
sitivity of the biosensor and the composition of the SAM (i.e. the
length and ratio of hydroxyl- and carboxyl-terminated alkanethi-
ols) was similar for RCA120 and h-Gal-1 (data not shown). The
most sensitive biosensor was obtained with a SAM consisting of
a 9:1 ratio of 3-MPOH/11-MUA (SAM-5; Table 1). Binding data
were obtained at different h-Gal-1 concentrations (500–0.9 nM) at
a flow rate of 5 �l min−1. Visual inspection of the curve in Fig. 2
(see also Supplementary material Figs. B(a) and B(b)) indicated
that the lowest distinguishable h-Gal-1-concentration of the series
tested (marked with an asterisk) surpassed the 1 nM threshold
with 0.9 nM on this SAM. It can be expected that the actual detec-
tion limit might even be slightly lower. For the h-Gal-1 binding
to immobilized 2, a KD of 0.36 ± 0.04 �M was obtained from a
non-linear fit of the data in a plot of Req versus the h-Gal-1 concen-
tration (Supplementary material Fig. B(c)). In contrast, an IC50 value
of 235 ± 15 �M was obtained for (Lac-)TMRA(Lac-)TCha-GPPFPFK
from competition experiments by allowing soluble glycopeptide
to compete with immobilized asialofetuin in the presence of sol-
uble h-Gal-1 (Maljaars et al., unpublished results). This indicates
that the multivalent presentation of 2 on SAM-5 allows a stronger
interaction with h-Gal-1 when compared to the glycopeptide –
h-Gal-1 interaction in solution. A possible explanation could be
bivalent binding of h-Gal-1 to SAM-5, however, slower kinetics than
observed in Fig. 2 would then be more likely.

As can be seen from Table 1, the best biosensor for the detection
of RCA120 was more sensitive for RCA120 (detection limit 0.13 nM)
than a similar biosensor for the detection of h-Gal-1 (detection
limit 0.9 nM). This can be attributed, at least in part, to the dif-
ference in molecular mass (120 kDa for RCA120 versus 30 kDa for
h-Gal-1), since SPR-detection is based on mass-dependent changes
in refractive index at the sensor chip surface.

3.4. Detection of carbohydrate-binding proteins in protein
mixtures

To assess the performance of the best biosensors described
above in detecting low concentrations of analyte in the presence
of other proteins, a model protein mixture containing ovalbumin,
BSA, RNase B, and trypsin inhibitor (1:1:1:1 molar ratio) spiked
with RCA120 or h-Gal-1 was tested.

In the case of RCA120, stock solutions of 4.2 nM RCA120 were
prepared containing a 10-, 100-, 1000-, and 10,000-fold excess,
respectively, of each component of the protein mixture. Dilution
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Fig. 3. Glycopeptide 1, immobilized on SAM-6 (1032 RU). Concentration-dependent
overlay plots were made of soluble RCA120 binding at 10 different concentra-
tions from 4.2 to 0.008 nM (2-fold dilution), containing a 100-fold molar excess
of each component of the protein mixture (1:1:1:1 BSA/ovalbumin/RNase B/trypsin
inhibitor). The curves resulting from the six lowest concentrations (0.26–0.008 nM)
are depicted. The curve corresponding to the lowest distinguishable concentration,
representing the detection limit, is marked with an asterisk.

series were prepared (4.2–0.008 nM RCA120) from these stock solu-
tions, and SPR measurements were carried out at a flow rate of
5 �l min−1 on glycopeptide 1-derivatized SAM-6 (comparable to
SAM-4; Table 1). As can be seen from Fig. 3 (for full details, see
Supplementary material Figs. C(a–d)), the detection limit of 0.13 nM
(marked with an asterisk) was not influenced by protein con-
centrations up to 100-fold higher than the RCA120 concentration.
Additional experiments with a 1000-fold (Supplementary material
Figs. C(e) and C(f)) or a 10,000-fold (data not shown) excess of each
component of the protein mixture showed a significant disturbance
of the association phase due to a major contribution of the protein
mixture to the bulk effect.

For h-Gal-1, stock solutions of 500 nM h-Gal-1 were prepared
containing an equimolar amount, as well as a 10-, 50-, and 100-fold
excess of each component of the protein mixture. Dilution series
(500–0.9 nM h-Gal-1) were prepared from these stock solutions,
and were measured at a flow rate of 5 �l min−1 on glycopeptide 2-
derivatized SAM-5. It turned out that an equimolar amount of each
component of the protein mixture relative to h-Gal-1 did not influ-
ence the signal (for full details, compare Supplementary material
Figs. B and D). However, the shift in response at the end of the asso-
ciation phase indicated that the bulk effect already interfered with
the h-Gal-1 response at a 10-fold excess (Supplementary material
Figs. D(c) and D(d)), but, without affecting the detection limit of
0.9 nM. At a 50- and 100-fold excess of each component of the
protein mixture, the huge contribution of the protein mixture to
the bulk effect (Supplementary material Figs. D(e–h)) precluded
the determination of the detection limit. In the latter experiments,
the absolute amount of protein corresponds to that of the 1000
to 10,000-fold excess relative to RCA120, where the same effect
was observed. Again, the size of the analyte may be of influence,
since RCA120 has a higher molecular mass than all proteins used
in the protein mixture, whereas the molecular masses of h-Gal-
1 and the components of the protein mixture are in the same
range.

Comparison of the observed detection limit, even in the
presence of 10-fold excess of contaminating proteins, with the
above-mentioned biologically relevant galectin levels indicates
that the sensitivity would be sufficient for detecting the concen-
tration at which galectins function in cells or tissues, as well as
elevated galectin levels in patient sera. However, in view of possi-
bly higher amounts of contaminating proteins that could influence
the detection limit, biological sample pre-treatment (partial purifi-
cation/concentration) needs further attention.

4. Concluding remarks

This work compares several SPR-based biosensors containing
mixed alkanethiol SAMs with respect to their performance in
detecting two different CBPs in solution on a Biacore 2000 instru-
ment. The results clearly demonstrate the potential of these types of
biosensors for the sensitive detection of CBPs in solution. Excellent
sensitivities were obtained using glycopeptide-derivatized SAMs
with a 9:1 3-MPOH/11-MUA ratio, resulting in detection limits of
0.13 and at least 0.9 nM for the detection of RCA120 and h-Gal-1,
respectively.

The experiments with RCA120 and h-Gal-1 containing an excess
of a protein mixture indicated that the presence of interfering com-
pounds at a certain concentration can affect the sensitivity of the
biosensor. Nevertheless, this method may be applied for the quan-
tification of CBPs in solution by transformation of a dilution series
into a calibration curve. The biosensors may, for example, be clini-
cally applicable for the quantification or monitoring of lectin levels
in patient samples or in biological materials, when excluding a bio-
hazard is an issue. Moreover, the coupling of this method to, for
example, mass spectrometry may increase the applicability and
versatility, which would allow the determination of the presence of
multiple analytes with the same specificity in a mixture of proteins.
Finally, another set-up, in which glycopeptides with a different car-
bohydrate are immobilized in different flow cells, may allow the
simultaneous detection of analytes that possess a different carbo-
hydrate specificity.
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