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Attachment of Streptavidin to b-Cyclodextrin Molecular
Printboards via Orthogonal Host–Guest and Protein–
Ligand Interactions
Manon J. W. Ludden, M
ria P�ter, David N. Reinhoudt, and Jurriaan Huskens*

Streptavidin (SAv) is attached to b-cyclodextrin (b-CD) self-assembled
monolayers (SAMs) via orthogonal host–guest and SAv–biotin interac-
tions. The orthogonal linkers consist of a biotin functionality for binding
to SAv and adamantyl functionalities for host–guest interactions at b-CD
SAMs. SAv complexed to excess monovalent linker in solution and then
attached to a b-CD SAM could be removed by rinsing with a 10 mm b-
CD solution. When SAv was attached to the b-CD SAM via the divalent
linker, it was impossible to remove SAv from the surface by the same
rinsing procedure. This is interpreted by assuming that two SAv binding
pockets are oriented towards the b-CD SAM resulting in (labile) divalent
and (stable) tetravalent b-CD-adamantyl interactions for the mono- and
divalent linkers, respectively. This was confirmed by experiments at
varying b-CD concentrations. When the [linker]/ ACHTUNGTRENNUNG[SAv] ratio is reduced, a
clear trend in the divalent-linker case is seen: the less linker the more
protein could be removed from the surface. It is proven that the orthog-
onality of the binding motifs and the stability of the divalent linker at the
b-CD SAM allows the stepwise assembly of the complex at the b-CD
SAM by first adsorbing the linker, followed by SAv. This stepwise
assembly allows the controlled heterofunctionalization of surface-immo-
bilized SAv.
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1. Introduction

The attachment of proteins at surfaces is important for
various fields, such as bioanalytical, biochemical, and bio-
physical research.[1–6] A strong attachment between the pro-
tein and the surface is deemed essential, as well as that
binding at the surface being specific, and the biomolecule of
interest not being denatured at the surface.[6] Furthermore,
proteins are often used as building blocks at surfaces for the
build-up of larger structures.[7, 8] The precise and controlled
attachment of biomolecules is also a key issue in biotech-
nology. Streptavidin (SAv) often serves as a model protein
in such studies, because of its robustness and its extensive
characterization.[9–18]

There are several methods by which proteins can be at-
tached to a surface, such as covalent attachment through
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primary amines at the protein surface,[19] attachment via a
biochemically engineered His6-tag at the protein to a nick-
el(ii)-complexed nitrilo triacetate (NiNTA) linker,[20–24] or
via a SAv–biotin linkage.[7] In most of these methods, how-
ever, the kinetics and thermodynamics of adsorption and
desorption cannot be controlled at will. In the NiNTA–His-
tag system,[24,25] however, multivalent chelator head groups
can be applied, and thus proteins can be immobilized at
NiNTA surfaces with high affinities, specificities, and well-
defined stoichiometries.

Monolayers of biotin have previously been employed for
the attachment of SAv to surfaces.[7, 26–31] In these studies, it
has been shown that the attachment of SAv to a biotin
monoACHTUNGTRENNUNGlayer occurs through the use of two biotin binding
pockets of SAv, and that the two remaining biotin binding
pockets are available for further functionalization with bio-
tinylated (bio)molecules. Such SAv monolayers therefore
can serve as platforms for further biofunctionalization, for
example, for the development of hormone sensors, as shown
by Knoll et al.[7]

b-Cyclodextrin (b-CD) is a well known host for various
small hydrophobic organic molecules in aqueous environ-
ments.[32] b-CD has been modified by us with seven hepta-
thioether chains[33] in order to obtain self-assembled mono-
layers (SAMs) on gold. Such SAMs are ordered and densely
packed, and have been extensively characterized.[33,34] Bind-
ing constants of monovalent guest molecules to a single b-
CD cavity of these SAMs are comparable to binding con-
stants of the respective molecules to b-CD in solution.[1,34]

All guest-binding sites in the b-CD SAM are equivalent and
independent. The use of multivalent[35] host–guest interac-
tions allows the formation of kinetically stable assemblies,
and thus local complex formation for example, by pattern-
ing, so that these surfaces can be viewed as “molecular
printboards”.[36,37] By choosing the correct number and type
of guest sites, it is possible to control thermodynamics, ki-
netics, and stoichiometry of the adsorption and desorption
of multivalent molecules at such surfaces.

The aim of this work is the controlled attachment of a
protein to a surface with respect to kinetics, thermodynam-
ics, and orientation, and with the potential for stimulated
desorption.[38] Through the stepwise assembly of SAv to the
b-CD SAM, controlled heterofunctionalization of SAv is
possible (which is impossible in solution), with the potential
to control the orientation of the protein towards the surface
upon immobilization. Firm attachment of the protein to the
surface is achieved by using appropriately functionalized
linkers, while the protein is still in a liquidlike environment.
In this paper, the attachment of SAv to b-CD SAMs
through host–guest interactions using orthogonal linkers is
discussed. The aim is to combine the robust, well-known
SAv–biotin interaction motif for the formation of protein
constructions with the versatility of the b-CD host–guest in-
teraction motif for tuning the kinetics, thermodynamics, and
orientation of the immobilized SAv to the b-CD SAM.
Therefore, two linkers were developed, both with a biotin
functionality to enable binding to SAv, and with one or two
adamantyl functionalities to enable binding to the b-CD
SAM. Surface plasmon resonance (SPR) spectroscopy,

atomic force microscopy (AFM), X-ray photoelectron spec-
troscopy (XPS), and fluorescence spectroscopy were em-
ployed 1) to probe specificity of the interactions, 2) to inves-
tigate the orthogonality of the binding motifs, 3) to study
the adsorption and desorption properties of the SAv–linker
complexes, 4) to probe the different assembly schemes for
SAv attachment, and 5) to show the possibility of controlled
heterofunctionalization of SAv when immobilized to the sur-
face in a stepwise manner.

2. Results and Discussion

For the attachment of SAv (Figure 1, 6) at b-CD SAMs,
two orthogonal linkers were developed, each with a biotin
functionality to enable binding to SAv, and one (3) or two
(4) adamantyl functionalities to enable host–guest interac-
tions at the b-CD SAM. The syntheses of 3 and 4 are out-
lined in Scheme 1. The syntheses of 7 and 10 were per-
formed according to literature procedures.[39] The monova-
lent linker (3) was synthesized from 7 in three subsequent
steps. The bromide functionality of the monoadamantyl-
functionalized tetra(ethylene glycol) bromide (7) was con-
verted into a phthalimide functionality upon reaction with

Figure 1. Building blocks used in this study: b-CD (1), adsorbate for
preparing b-CD SAMs (2), monovalent linker (3), divalent linker (4),
biotin-4-fluorescein (5), and SAv (6).
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potassium phthalimide in toluene to yield 8. The phthal-
imide functionality was converted into an amino group
upon reaction with hydrazine monohydrate in ethanol to
yield 9. Upon reaction of 9 with (+)-biotin 4-nitrophenyl
ester, the linker 3 was obtained. The divalent linker (4) was
prepared from 10 in one step, upon reaction with (+)-biotin
4-nitrophenyl ester.

Scheme 2 shows the various adsorption modes that can
be envisaged for the adsorption of SAv to the b-CD SAM.

The potential advantage of
using orthogonal interac-
tions is that the order of
putting together the inter-
action motifs can be
varied. The consequence
of this versatility for our
system is that the linkers
can be bound in solution
to SAv by the biotin–SAv
interaction followed by ad-
sorption to the b-CD SAM
(Scheme 2, routes A and
B), or that the linkers can
be first adsorbed to the b-
CD SAM followed by SAv
attachment (Scheme 2,
routes C and D). For
studying assembly schemes

A and B, b-CD SAMs on gold were placed in a flow cell
and studied by surface plasmon resonance (SPR) spectros-
copy. Protein and linker were dissolved together in 10 mm

phosphate buffered saline (PBS). The protein concentration
used was 1.3>10�7m, while the linker concentration was 1>
10�4m, unless stated otherwise. This large linker-to-protein
ratio ensures that all biotin binding pockets of SAv are oc-
cupied. All solutions were passed over the b-CD SAM
through the liquid cell, and the flow rate was controlled by

a peristaltic pump.
For the specific attach-

ment of SAv to b-CD
SAMs via orthogonal link-
ers, the reduction of non-
specific adsorption is very
important. Therefore, sev-
eral SPR experiments were
performed to investigate
the conditions for reducing
or eliminating nonspecific
interactions of SAv to the
surface. Nonspecific ad-
sorption of SAv to the b-
CD SAM is dependent on
the flow rate (data not
shown). When flow rates
below 0.4 mLmin�1 were
used, the nonspecific ad-
sorption of SAv appeared
to be considerable. Flow
rates of 0.4 mLmin�1 or
higher reduced the nonspe-
cific adsorption to the sur-
face to some extent. There-
fore, all subsequent experi-
ments were performed at a
flow rate of 0.5 mLmin�1.
Nonspecific adsorption of
SAv still occurred, and
rinsing with a 10 mm b-CD

Scheme 1. Synthesis routes towards the monovalent and divalent linkers 3 and 4: i) potassium phthalimide
in dimethylformamide (DMF), 60 8C, stirring overnight; ii) N2H4·H2O in ethanol, reflux, stirring overnight;
iii) (+)-biotin-4-nitrophenyl ester in DMF and Et3N, room temperature, stirring overnight.

Scheme 2. Adsorption schemes for the assembly of SAv at b-CD SAMs through monovalent and divalent
linkers.
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solution led only to partial restoration of the signal
(Figure 2, black curve). An experiment in which SAv was
saturated with 1>10�4m natural biotin (Figure 2, dark gray
curve) showed much less nonspecific adsorption. Similarly,
adsorption of SAv at a 1 mm b-CD background (light gray
curve) showed that the nonspecific interactions of SAv to
the b-CD SAM were strongly reduced, most likely through
competition introduced by b-CD in solution.

In order to test the binding specificity of the linkers to-
wards the b-CD SAM, the adsorption of each linker to b-
CD SAMs was compared to their adsorption to 11-mercap-
to-1-undecanol SAMs. Such OH-terminated SAMs resemble
the b-CD SAMs regarding polarity, but lack the specific
host–guest recognition sites. Figure 3 shows the SPR senso-
grams of these adsorption experiments. From Figure 3 it is
clear that none of the linkers adsorbed to the OH-terminat-
ed SAMs. Both linkers however did adsorb to the b-CD
SAMs. This implies that the b-CD cavity is needed to
ensure binding of the linkers, and thus that the adsorption
of the linkers to the b-CD SAMs is specific.

Figure 4 (top) shows six SPR sensograms representing
the adsorption of the SAv, bound to the monovalent linker
(3) in solution (at b-CD concentrations ranging from 0 to
10 mm) to the b-CD SAM. It can be seen that when the b-
CD concentration in the buffer was increased, less SAv ad-
sorbed to the surface. When the SAv–monovalent linker
complex was passed over the b-CD surface at low b-CD
concentrations, followed by a rinsing procedure with 10 mm

b-CD, the baseline was restored. In contrast, when the SAv–
monovalent linker complex was passed over the surface at
higher b-CD concentrations, some SAv remained at the sur-
face.

Figure 4 (bottom) shows the SPR sensograms for the ad-
sorption of SAv (coupled to the divalent linker (4) in solu-

Figure 2. SPR sensograms recorded for the adsorption and
(attempted) desorption of SAv in the absence (black curve, upper-
most) or presence of 1310�4 mm biotin (dark gray curve, middle) or
1 mm of b-CD (light gray curve). Symbols indicate switching of solu-
tions in the SPR flow cell: SAv with or without biotin or b-CD in PBS
(›), PBS (fl), 10 mm b-CD in PBS (^).

Figure 3. SPR sensograms recorded for the adsorption and
(attempted) desorption of the monovalent and divalent linkers to
b-CD and 11-mercapto-1-undecanol SAMs in PBS buffer with 1 mm

b-CD. Symbols indicate switching of solutions in the SPR flow cell:
linker with or without 1 mm b-CD in PBS (›), PBS or 1 mm b-CD
PBS (fl).

Figure 4. SPR sensograms recorded for the adsorption and
(attempted) desorption of SAv complexed to monovalent linker 3
(top) and divalent linker 4 (bottom) at b-CD SAMs at increasing b-CD
concentrations. Symbols indicate switching of solutions in the SPR
flow cell: SAv with mono- or divalent linker in PBS (›), PBS (fl), or
10 mm b-CD in PBS (^).
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tion) on the b-CD printboard at b-CD concentrations from
0 to 10 mm. At all b-CD concentrations the SAv–divalent
linker complex adACHTUNGTRENNUNGsorbed to the surface in comparable
amounts. After a rinsing procedure with 10 mm b-CD in so-
lution, it appeared impossible to remove the protein–diva-
lent linker complex from the surface.

From Figure 4, it can be concluded that SAv can be at-
tached to the b-CD SAM at all b-CD concentrations with
either the mono- or divalent linker. This emphasizes the im-
portance of the presence of host–guest interactions between
the adamantyl functionalities of the linker and the b-CD
cavity at the SAM. When SAv was attached through the
monovalent linker to the b-CD SAM at lower b-CD concen-
trations, all attached material could be removed from the
surface; at higher b-CD concentrations, most material re-
mained. When the divalent linker was used for attachment,
the complex could not be removed from the surface through
competition with 10 mm b-CD. This difference in binding
behavior between mono- and divalent linkers can be ex-
plained by examining the valency of the SAv/linker com-
plexes at the b-CD SAM. When SAv is complexed with the
monovalent linker in solution, four adamantyl functionali-
ties are present at the complex (Scheme 2A). From previous
studies, it is known that a compound attached to the b-CD
SAM via four or more adamantyl functionalities cannot be
removed from the surface through competition with a high
concentration of b-CD in solution.[40] Thus, if the adsorbed
protein can be desorbed, it must be bound through one to
three interactions. The most likely number of interactions,
however, will be two, since that corresponds with the ex-
pected orientation of SAv with two of its four binding pock-
ets towards the surface ACHTUNGTRENNUNG(Scheme 2A). Complexation of the
divalent linker to SAv results in a complex with eight ada-
mantyl functionalities. Analogously this complexation is
expected to be tetravalent at the b-CD SAM interface
(Scheme 2B), which is in agreement with the observation
that it cannot be removed from the surface. Thus, this
method allows switching between reversible and irreversible
complexation to the surface, simply by changing the valency
of the host–guest interactions directed towards the surface.

To further investigate the valency effect of the linker on
the adsorption of SAv to the b-CD SAM, two SPR titrations
were performed in which the concentration of SAv was kept
constant at 1.3>10�7m and the concentration of the linker
was increased stepwise from 0.77 to 7.7 equivalents for the
monovalent linker and from 0.38 to 7.7 equivalents for the
divalent linker. For both the monovalent and divalent link-
ers, the experiments were performed at a b-CD concentra-
tion of 1 mm to suppress nonspecific adsorption of SAv to
the surface. The SPR sensograms at varying monovalent
linker-to-SAv ratios are shown in Figure 5 (top). SAv was
complexed to linker 3 in solution. Figure 5 (top) shows that
after adsorption, it is only at the highest linker concentra-
tion that the original baseline was restored after desorption
by inducing competition with 10 mm b-CD. At lower linker
concentrations the complex also adsorbed at the surface,
but after inducing competition with 10 mm b-CD, some of
the complex remained. The SPR sensograms at varying di-
valent linker-to-SAv ratios are shown in Figure 5 (bottom).

SAv was complexed to the divalent linker 4 in solution as
well. In this case, adsorption was stronger at higher linker
concentrations and, under all conditions, only relatively
small fractions could be removed.

The SPR sensograms confirmed that there is a differ-
ence in binding of SAv to the b-CD SAM between the
mono- and divalent linkers in these concentration series.
When SAv is adsorbed to the surface using the monovalent
linker, the binding of the SAv–monovalent linker complex
to the surface is reversible at high linker concentrations, be-
cause it can be removed after adsorption by competition
with 10 mm b-CD in solution. At lower concentrations of
the monovalent linker, however, more nonspecific interac-
tions are apparent, leading to only partial removal of the
monovalent linker–SAv complex from the surface. This is
most likely caused by the presence of empty SAv binding
pockets at low linker concentrations. When SAv is adsorbed
to the surface through the divalent linker, the adsorption at
higher linker concentrations is stronger, due to the forma-
tion of specific tetravalent interactions. The complex cannot

Figure 5. SPR sensograms recorded for the adsorption and
(attempted) desorption of SAv at an increasing [3]/ACHTUNGTRENNUNG[SAv] ratio (top)
and [4]/ACHTUNGTRENNUNG[SAv] ratio (bottom). Symbols indicate switching of solutions
in the SPR flow cell: SAv–linker in 1 mm b-CD PBS (›), 1 mm b-CD
PBS (fl), 10 mm b-CD in PBS (^).
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be removed, neither at high concentrations because of the
high valency, nor at low concentrations due to nonspecific
interactions.

As a last test, the SAv–linker complexes were built up at
the surface in a stepwise fashion (Scheme 2, routes C and
D). In these experiments, a b-CD concentration of 1 mm in
PBS was used to suppress nonspecific adsorption of SAv to
the surface. First, the linker was allowed to flow over the
surface, followed by SAv, and finally the linker again, to
occupy the free biotin-binding sites at the SAv side exposed
to the solution. In Figure 6, the combined SPR graphs are
depicted. After adsorption of the monovalent linker 3 (gray

line, Scheme 2C), the baseline was restored upon rinsing
with 1 mm b-CD. When SAv was passed over this surface,
only some nonspecific adsorption was observed. When the
linker was passed over this surface again, it reversibly ad-
ACHTUNGTRENNUNGsorbed to the surface in a fashion comparable to the initial
linker adsorption, indicating that many CD sites were still
accessible. For the divalent linker (black line; ACHTUNGTRENNUNGScheme 2D),
it can be seen that the linker remained at the surface after
adsorption and rinsing with buffer containing 1 mm b-CD.
When SAv was subsequently allowed to flow over the sur-
face, a strong adsorption was observed. After adsorption of
SAv, the divalent linker was passed over the SAv surface,
and this adsorption was again irreversible. Thus it is clear
that only the divalent linker allows a reliable stepwise build-
up of the SAv complex and thus a controlled functionaliza-
tion of sides of SAv, potentially with two different linkers.

XPS studies were performed in order to follow the dif-
ferent adsorption steps. Therefore a b-CD SAM, a b-CD
SAM fully covered with divalent linker, and then same

system with SAv adsorbed on top were studied by XPS. Al-
though the absolute values differed considerably from the
theoretically expected values, we could conclude from the
relative trends (see Supporting Information) that the organ-
ic layer thickness increased in each adsorption step, as indi-
cated by the decrease of the Au 4f signal. Upon protein ad-
sorption, the N 1s signal increased, confirming the adsorp-
tion of SAv.

The stepwise assembly of SAv can be extended to the
patterning of b-CD SAMs. Patterned surfaces were obtained
by microcontact printing (mCP) the divalent linker onto b-
CD SAMs, and subsequently flowing SAv over the sample.
The adsorption of SAv to the specifically patterned surface
was followed in situ by an atomic force microscope
equipped with a liquid cell. Imaging in a liquid cell not only
allows the possibility of following the adsorption of SAv
in situ in a liquidlike environment, but also ensures the
monitoring of the process at the very same spot. Another
advantage is that, due to imaging in a liquid, capillary forces
are excluded; therefore the forces exerted by the scanning
tip to the surface are at least two orders of magnitude less
than in air. Potential damage to the protein layer is mini-
mized this way.

Polydimethylsiloxane (PDMS) stamps were treated with
ozone and UV irradiation to render them hydrophilic, and
placed in a 1>10�4m aqueous solution of the divalent linker.
Subsequently, the stamps were blown dry in a stream of N2,
and placed in contact with the b-CD SAMs on gold. The
samples were rinsed with water, dried, and before assem-
bling them into the liquid cell they were imaged by contact-
mode AFM in air in order to verify the presence and quality
of the divalent linker patterns (Figure 7a, left). The height
of the patterns from the topography image shown in Fig-
ure 7a was estimated by cross-section analysis to be about
0.5 nm (Figure 7a, right). This corresponds to the theoreti-
cally expected height of the adsorbed divalent linker.

Subsequently, the samples were assembled into a liquid
cell filled with deionized water, and again height images
were recorded in contact mode (Figure 7b, left). After this
step, 10 mL of SAv (5>10�7m) was passed through the cell
with a 1 mm background concentration of b-CD in order to
suppress nonspecific interactions. Afterwards, water was
passed through the cell and AFM images were recorded in
contact mode (Figure 7c, left). The cross-section analysis of
the AFM image gave a height of about 2.7 nm (Figure 7c,
right), indicating the successful adsorption of SAv. Subse-
quently, 10 mm b-CD was allowed to flow through the liquid
cell followed by flushing with water and again an AFM
height image was recorded in water. After this last rinsing
step, a slight decrease in height was observed. Initially this
was attributed to material removal by rinsing with b-CD,
but zooming out to a larger scan area showed that the
height decrease was present only in the initially scanned
area where we initially scanned for a longer time (see Sup-
porting Information). Thus, the decrease in height is attrib-
uted to some compression or removal of the protein by the
scanning tip. The AFM experiments showed that the attach-
ment of SAv only occurred at the areas prepatterned by the
divalent linker. There were no signs of nonspecific SAv ad-

Figure 6. SPR sensograms for the stepwise adsorption of the SAv–
linker complex at the b-CD SAM. The black and gray curves represent
the adsorption via the mono- and divalent linkers, respectively. Sym-
bols indicate switching of solutions in the SPR flow cell: linker (*),
SAv (›), PBS containing 1 mm b-CD (fl), PBS containing 10 mm b-CD
(^).
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sorption on the bare b-CD sites, indicating excellent specif-
icity under these conditions.

In order to show controlled heterofunctionalization at
the stepwise immobilized SAv, an experiment was per-
formed in which the divalent linker was printed onto a b-
CD SAM on glass (Scheme 2E). SAv was attached on top
of the linker, followed by the attachment of fluorescein-
labeled biotin. Cyclodextrin SAMs on glass were prepared
as described before.[41] Printing of the divalent linker 4 was
performed as described above for the patterning of b-CD
SAMs on gold. The patterned substrates were placed in a
liquid cell, and for one sample SAv was allowed to flow
over the substrate at a b-CD concentration of 1 mm. Subse-
quently fluorescein-labeled biotin was passed over the sur-

face. The samples were
dried in a stream of N2,
and examined by fluores-
cence microscopy. Fig-
ure 8a confirms the results
obtained by SPR experi-
ments in which the SAv
complex was built up at
the surface in a stepwise
manner. The fluorescence
patterns clearly indicate
the presence of free bind-
ing pockets available for
subsequent biotin binding
after the SAv assembly
step. The complete ab-
sence of fluorescence in
the noncontacted areas
shows the excellent specif-
icity of the binding of the
fluorescent-labeled biotin.
Figure 8b shows a fluores-
cence image of the same
process, but without SAv
attachment. The absence
of a pattern confirms again
the specific interactions be-
tween SAv and the fluores-
cently labeled biotin that
are needed to create the
pattern.

3. Conclusions

It has been shown that
it is possible to attach a
protein (in this case SAv)
to b-CD SAMs through or-
thogonal host–guest and
protein–ligand interactions.
Both the mono- and diva-
lent linkers (3 and 4) can
be used in this assembly
process, as shown by SPR.

It was possible to reduce nonspecific interactions between
SAv and the b-CD SAM by adding 1 mm b-CD. Also, non-
specific interactions were reduced when all biotin-binding
pockets of SAv were occupied. From SPR experiments in
which the b-CD concentration or the [linker]/ACHTUNGTRENNUNG[SAv] ratio
was varied, it was concluded that when the monovalent
linker is used, SAv is complexed to the surface through two
adamantyl–cyclodextrin interactions, while in the case of the
divalent linker, the binding was tetravalent. We have also
examined the assembly of the protein–divalent linker com-
plex in a stepwise fashion at the surface, leaving the upper
two binding pockets of SAv available for further (hetero)-
functionalization. This scheme was not possible with the
monovalent linker, because the binding of this linker to the

Figure 7. Contact-mode AFM height images (left; z range=5 nm) with cross sections performed across the
shown lines (right) recorded in air (a) or water (b,c) after printing the divalent linker 4 onto the b-CD SAM
(a), after transfer of the sample to water (b), and after subsequent SAv adsorption (c).
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surface is not thermodynamically strong enough. The step-
wise assembly of SAv to the b-CD SAM was also proven by
AFM imaging, from which it was concluded that the height
of the SAv–linker complex attached to the b-CD SAM is
about 2.7 nm. From experiments with fluorescently labeled
biotin, it was shown that the upper biotin binding pockets
were indeed available for further functionalization, in this
case also providing controlled heterofunctionalization. Both
AFM imaging and fluorescence studies showed that the at-
tachment of SAv was very specific, and that there was no
detectable nonspecific interaction of SAv to the b-CD
SAM.

The approach used here for the attachment of SAv to a
surface shows that multivalency plays an important role in
the adsorption of proteins to surfaces. The stepwise adsorp-
tion of SAv to the surface through the divalent linker en-
ables us to use the biotin binding pockets that are directed
towards the solution for the binding of other, biotinylated
(bio/macro)molecules. b-CD is a cyclic oligosaccharide, and
interactions between the hydrophobic b-CD cavity and hy-
drophobic amino acids of proteins will occur.[42–44] However,
this appeared not to interfere with the biomolecules used in
this system. It is difficult to predict whether b-CD will inter-
fere with other biological systems, but in the case of step-
wise assembly onto the SAv layer by the further (hetero)-
functionalization of the free binding pockets, b-CD does not
need to be present. The approach presented here can be
used for further build-up and patterning of (bio)molecular

nanostructures at inter-
faces, especially by further
functionalization of the
unused biotin binding sites
of SAv immobilized during
the stepwise fabrication
procedure.

4. Experimental
Section

General: All materials
and reagents were used as
received, unless stated oth-
erwise. The syntheses of 7
and 10 have been reported
previously.[39] Biotin-4-fluo-
rescein was bought from
Sigma and used as received.
All moisture-sensitive reac-
tions were carried out under
an argon atmosphere.
1H NMR spectra were record-
ed on Bruker AC300 and
AMX400 spectrometers.
Spectra are reported in ppm
downfield from trimethylsi-
lane (TMS) as an internal

standard. Mass spectrometry (MS) measurements (fast atomic
bombardment, FAB-MS and matrix-assisted laser desorption ion-
ization time-of-flight, MALDI-TOF-MS) were recorded with a Finni-
gan MAT 90 spectrometer using m-NBA as a matrix and a Per-
Spective Biosystems Voyager-De-RP spectrometer, respectively.
Analytical thin-layer chromatography (TLC) was performed using
Merck-prepared plates (silica gel 60 F-254 on aluminum). Merck
silica gel (40–63 mm) was used for flash chromatography.

Triethylene glycol phthalimide-ethyl adamantyl ether (8):
Compound 7 (1.02 g, 2.6 mmol) and potassium phthalimide
(482 mg, 2.6 mmol) were mixed in DMF (30 mL) and allowed to
reflux for 10 h while stirring. The precipitate was filtered off after
cooling to room temperature, and the solvent was removed by
rotary evaporation. The product was a yellowish oil (yield 75%).

1H NMR (300 MHz, CDCl3, 20 8C, TMS): d (ppm): 7.90 (m, 2H,
ArH), 7.70 (m, 2H, ArH), 3.86 (t, 2H, AdOCH2CH2), 3.75–3.70
(t, 2H, NCH2CH2), 2.65–2.55 (m, 12H, OCH2CH2O), 2.15 (m, 3H,
CH2CHCH2Ad), 1.76–1.75 (m, 6H, CHCH2CAd), 1.64–1.58
(m, 6H, CHCH2CHAd);

13C NMR: d (ppm): 169.0, 132.1, 127.6,
70.5, 70.2, 67.8, 66.1, 43.1, 39.2, 38.1, 36.4, 30.4; MS (FAB-MS):
m/z calcd for [M+H+] 458.3, found 458.3.

Triethylene glycol amine-ethyl adamantyl ether (9): Com-
pound 8 (1.4 g, 3.05 mmol) was dissolved in ethanol. The mix-
ture was heated to reflux and hydrazine monohydrate (0.168 g,
3.36 mmol) was added. The mixture was allowed to reflux for
1 h. Thereafter, the mixture was allowed to cool to room temper-
ature, and 6m hydrochloric acid was added to obtain a slightly
acidic solution. Subsequently, the mixture was refluxed for 1 h.

Figure 8. a) Fluorescence image and line scan recorded after printing the divalent linker 4 followed by the
selective attachment of SAv to the patterned areas, and subsequent attachment of fluorescein-labeled
biotin to the available biotin binding pockets at SAv; b) fluorescence image and line scan recorded after
printing the divalent linker 4, and subsequent flow of fluorescein-labeled biotin over the patterned surface.
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After cooling to room temperature the phthalhydrazine was fil-
tered off, and the remaining liquid was removed by rotary evapo-
ration. The product was a colorless oil (yield 90%).

1H NMR (300 MHz, CDCl3, 20 8C, TMS): d (ppm): 3.75–3.50
(m, 16H, OCH2CH2O + OCH2CH2NH2), 2.85 (t, 2H, CH2NH2), 2.15
(m, 3H, CH2CHCH2Ad), 1.76–1.75 (m, 16H, CHCH2CAd), 1.64–
1.58 (m, 6H, CHCH2CHAd);

13C NMR: d (ppm): 73.9, 73.7, 73.3,
69.0, 68.5, 67.5, 66.5, 66.3, 66.1, 65.9, 57.5, 55.5,37.8, 32.5,
26.8; MS (FAB-MS): m/z calcd for [M+H+] 327.2, found 327.5.

Triethylene glycol biotin-ethyl adamantyl ether (3): Com-
pound 9 (297 mg, 0.65 mmol) was dissolved in DMF (2 mL) and
Et3N (0.1 mL, 0.72 mmol). Then, (+)-biotin-4-nitro-phenyl ester
(238 mg, 0.65 mmol) was added to this solution, which was
then stirred overnight at room temperature. Subsequently, dieth-
yl ether was added dropwise, and the product precipitated. The
product was redissolved in DMF, and precipitated again by
adding diethyl ether dropwise. The product was recovered as a
white solid (yield 60%).

1H NMR (400 MHz, D2O, 20 8C, TMS): d (ppm): 6.80 (t, 2H,
CONH), 5.60 (s, 2H, CH2NHCH2), 4.45 (m, 1H, NHCHCH2), 4.25
(m, 1H, NHCHCH), 3.65–3.45 (m, 12H, OCH2CH2O), 3.39 (m, 2H,
CH2NHCO), 3.10 (m, 1H, CHCHCH2), 2.85 (d, 1H, SCH2CH), 2.65
(s, 1H, SCH2CH), 2.10 (t, 2H, COCH2CH2), 2.05 (m, 3H,
CH2CHCH2Ad), 1.75–1.45 (m, 12H, CHCH2CAd +

CH2CH2CH2CH2CH), 1.60–1.58 (m, 6H, CHCH2CHAd);
13C NMR:

d (ppm): 170.0, 73.8, 73.4, 73.3, 68.9, 67.5, 66.8, 66.3, 58.0,
56.5, 55.5, 54.5, 51.9, 49.5; MS (MALDI-TOF-MS): m/z calcd for
[M+H+] 553.8, found 553.2.

1-Biotin-3-(3,5-di(tetraethylene glycol adamantyl ether)
benzyl amide (4): Compound 10 (250 mg, 0.33 mmol) was dis-
solved in DMF, and a few drops of triethylamine were added, fol-
lowed by (+)-biotin-4-nitro-phenyl ester (238 mg, 0.65 mmol).
The mixture was stirred overnight at room temperature. The prod-
uct was precipitated by adding diethyl ether dropwise. The prod-
uct was redissolved in DMF and precipitated again by adding di-
ethyl ether dropwise (three times). The product was recovered as
a white solid (yield 55%).

1H NMR (400 MHz, CDCl3, 20 8C, TMS): d (ppm): 6.55 (s, 2H,
ArH), 6.39 (s, 1H, ArH), 4.49 (t, 2H, NCHCH + NCHCH2), 4.13
(t, 4H, ArOCH2), 3.86 (m, 6H, AdOCH2 + CCH2NH), 3.76–3.65
(m, 18H, OCH2CH2O + CCH2NH), 3.60 (m, 8H, AdOCH2CH2 +

CH2CH2OAr), 2.16 (m, 3H, CH2CHCH2Ad), 1.75–1.76 (m, 18H,
CHCH2CAd + CH2CH2CH2CH2CH), 1.68–1.58 (m, 12H,
CHCH2CHAd);

13C NMR: d (ppm): 162.0, 160.0, 105.0, 82.0,
80.5, 79.2, 78.0, 77.5, 71.2, 70.5, 69.5, 68.8, 67.0, 61.0, 58.8,
56.0, 55.5 ppm; MS (MALDI-TOF-MS): m/z calcd for [M+H+]
987.3, found 987.2.

Monolayer preparation: Gold substrates for SPR (BK7 glass/
2–4 nm Ti/50 nm Au), XPS (BK7 glass/2–4 nm Ti/200 nm Au)
and AFM (Si wafer/2–4 nm Ti/20 nm Au) were obtained from
SSens B.V., Hengelo, The Netherlands. Gold substrates were
cleaned by dipping them in piranha solution (1:3 mixture of con-
centrated H2SO4 and 30% H2O2) for 5 s (WARNING: piranha solu-
tion should be handled with caution; it can detonate unexpect-
edly). After thorough rinsing with Millipore water, they were
placed for 10 min in absolute ethanol in order to remove the
oxide layer. Subsequently the substrates were placed in a freshly
prepared solution of b-CD heptathioether (2; 0.1 mm) for 16 h at
60 8C. The samples were subsequently rinsed three times with

CHCl3, ethanol, and Millipore water.[33] The 11-mercapto-1-unde-
canol SAMs were prepared by leaving clean gold substrates in
an ethanolic solution of 11-mercapto-1-undecanol overnight. The
layers were rinsed three times with dichloromethane, ethanol,
and Millipore water. All solvents used in the monolayer prepara-
tion were of analytic grade. b-CD monolayers on glass were pre-
pared as described previously.[41]

SPR spectroscopy: SPR measurements were performed on a
Resonant Probes Gmbh SPR instrument. The instrument consists
of a HeNe laser (JDS Uniphase, 10 mW, l=632.8 nm) whose
light passes through a chopper that is connected to a lock-in
amplifier (EG&G 7256). The modulated beam is directed through
two polarizers (OWIS) to control the intensity and the plane of
polarization of the light. The light is coupled via a high-index
prism (Scott, LaSFN9) in the Kretschmann configuration to the
backside of the gold-coated substrate, which is optically matched
through a refractive-index-matching oil (Cargille; series B;
nD

25=1.700�0.0002) at the prism, mounted on a q–2q gonio-
meter in contact with a Teflon cell with a volume of 39 mL and a
diameter of 5 mm. The light that leaves the prism passes
through a beam splitter; subsequently, the s-polarized light is
directed to a reference detector, and the p-polarized light passes
through a lens which focuses the light onto a photodiode detec-
tor. Laser fluctuations are filtered out by dividing the intensity of
the p-polarized light (Ip) by the intensity of the s-polarized light
(Is). All measurements were performed at a constant angle by re-
flectivity tracking. A Reglo digital MS-4/8 flow pump from Isma-
tec with four channels was used. In this flow pump, Tygon
R3607 tubing with a diameter of 0.76 mm was used, also ob-
tained from Ismatec.

The SPR experiments were performed in a flow cell with a
volume of 3.9310�2 mL under flow. Apart from experiments that
were flow-rate dependent, a continuous flow of 0.5 mLmin�1

was used. Before a new experiment was started, the gold sub-
strates were rinsed thoroughly with 10 mm b-CD in 10 mm PBS
containing 150 mm NaCl, and 10 mm PBS containing 150 mm

NaCl. Experiments were started after the baseline became
stable. When the solution had to be changed, the pump was
stopped, and switched on again immediately after changing the
solution.

mCP: PDMS stamps were prepared by casting a 10:1 (v/v)
mixture of poly(dimethylsiloxane) and curing agent (Sylgard 184,
Dow Corning) against a patterned silicon master. After curing of
the stamps overnight, they were mildly oxidized in an ozone
plasma reactor (Ultra-Violet Products Inc., model PR-100) for
60 min to render them hydrophilic. Subsequently, they were
inked by soaking them in a 10�5

m aqueous solution of the diva-
lent linker (3) for 20 min. The master employed to prepare the
PDMS stamps had hexagonally oriented 10 mm circular features
separated by 5 mm. Before printing, the stamps were blown dry
in a stream of N2. The stamps were applied manually and with-
out pressure control for 10 min onto the b-CD SAMs on gold and
then carefully removed. For every printing step, a new stamp
was used. The substrates were thoroughly rinsed with water.

AFM: The AFM experiments were performed on a Nanoscope
IIIa (Veeco, Digital Instruments, USA) multimode atomic force mi-
croscope equipped with a J-scanner (maximum scan size about
1703170 mm2). The instrument was operated in contact mode
setting the feedback mechanism so as to ensure a constant
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force between the tip and the sample. The in situ AFM experi-
ments were also performed in tapping mode (non-contact mode)
in liquid but the results found were not different from those ob-
tained in contact mode. Commercially available triangular Si3N4

cantilevers with a nominal spring constant of about 0.32 Nm�1

were used both in air and in liquid. The total force applied to the
surface in air was less than 10 nN. The in situ experiments were
performed using a liquid cell supplied by the manufacturer of
the instrument. The available volume of the cell was about 50
mL. The sample and the cell were sealed together using a rubber
ring. The images were recorded at scan speeds between 1 and
1.5 Hz (1 Hz: 1 lines�1).

Fluorescence microscopy: Fluorescence images were record-
ed using an Olympus IX71 inverted research microscope
equipped with a U-RFL-T mercury burner as light source and an
Olympus DP70 digital camera (12.5 million-pixel cooled digital
color camera) for image acquisition. Blue excitation light
(450 nm�l� 480 nm) and green emission light (l�515 nm)
was filtered using a U-MWB Olympus filter cube.

XPS spectroscopy: XPS was performed on a PHI Quantera
SXM, using a monochromated AlKa X-ray source with an energy
of 1486.6 eV. The X-ray beam with a diameter of 100 mm and a
power of 25 W was scanned over an area of 3003700 mm2.
Survey scans (1100–0 eV) were collected at 458 takeoff angle
and at a pass energy of 224 eV (0.4 eV step size). Element scans
were collected with a pass energy of 112 eV (0.2 eV step size).
Samples were neutralized with low-energy Ar+ ions and elec-
trons. Atomic concentrations were calculated using Multipak 8.0
software from PHI.
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