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ABSTRACT: Polymeric β-cyclodextrin (βCD) films tunable
with respect to thickness and βCD content were prepared in
order to develop a suitable platform, allowing for inclusion of
nonpolar guest molecules in the βCD cavity, while suppressing
nonspecific protein adsorption. The βCD films were synthesized
from linear βCD dextran polymers, and grafted onto silicon
oxide surfaces by “click” chemistry. Topographic and morpho-
logical characteristics are controllable by reaction conditions and
polymer type, with average film heights from 2.5 to 12.5 nm.
Reversible introduction of electrostatic charges in the βCD
dextran by complex formation with 1-adamantanecarboxylic acid prior to surface grafting resulted in a thinner and denser film,
presumably by decompaction of the polymers. Total internal reflection fluorescence spectroscopy (TIRF) was employed to
evaluate the accessibility of βCD cavities to the fluorescent probe 2-anilinonaphthalene-6-sulfonic acid. Only a minor fraction of
the βCD cavities was accessible in the thicker and less dense films; however, accessibility was largely improved with increased
ionic strength using NaCl up to 1 M. Antifouling properties of the βCD dextran polymer films were assessed by TIRF real-time
monitoring, using bovine serum albumin as a model protein, and showed a 5- to 10-fold reduction in nonspecific adsorption as
compared to a bare quartz surface with the degree of reduction reflecting film thickness and interfacial polymer density.

KEYWORDS: β-cyclodextrin, dextran, polymer films, protein immobilization, nonspecific adsorption,
total internal reflection fluorescence spectroscopy

■ INTRODUCTION
The development of surfaces compatible with protein stability
and function is a key issue in a wide range of biotechnological
applications.1,2 This concerns, for instance, applications as
diverse as protein microarrays and medical implants. The
general objective is to engineer desired surface characteristics
while minimizing unwanted (nonspecific) interactions, as these
may result in protein aggregation and denaturation.1,3 For
implants, these characteristics could involve the encapsulation
of a relevant drug, e.g., an antibiotic for local delivery,2 while for
protein microarrays, the grafting of capture agents for site-
selective immobilization is desired.4 The unique feature of the
cyclic oligosaccharide β-cyclodextrin (βCD) to host small
lipophilic compounds in its cavity by host−guest inclusion
complex formation has proved useful in this context. Facile
modification, biocompatibility, low price, and high accessibility5

make βCD an attractive surface host for protein immobiliza-
tion6−12 and drug delivery/release.13−16 The latter of these two
applications is by far the most extensively studied; however,

there has been increased attention toward the use of βCD as
capture agents for protein immobilization, e.g., for the
development of protein microarrays.
Protein immobilization can be achieved by employing an

orthogonal (bifunctional) linker, allowing for inclusion in the
βCD cavity through host−guest interactions and binding to a
protein or protein tag.7,11,17−19 Alternatively, proteins chemi-
cally tagged with suitable βCD guest molecules can be
immobilized directly onto βCD functionalized surfaces.6,9,10,20

Our group has, in line with this approach, developed a method,
termed, “Dock’n’flash” for light-induced covalent immobiliza-
tion of proteins tagged genetically with a photoreactive βCD
guest molecule.8,21 The work presented here aims at designing
βCD functionalized flat silicon oxide surfaces suitable for site-
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specific immobilization of βCD guest-tagged proteins, and with
minimal nonspecific protein adsorption.
The topic of protein immobilization and the requirements

for suitable surfaces have been thoroughly and critically
reviewed;4,22 it was concluded that an ideal surface would
consist of a thin organic film with a high density of available
capture agents (in this context βCDs) for site-specific protein
immobilization. Further, the coating should be “protein
compatible” while suppressing nonspecific protein adsorption.
“Protein compatibility” is a critical aspect in order to preserve
structural and functional integrity of immobilized proteins (e.g.,
avoid denaturation).4,22 Antifouling is equally critical to prevent
interference and passivation from nonspecifically adsorbed
proteins during immobilization and applications of the
surfaces.4,22,23 Finally, the method should lead to high
reproducibility, high coupling yields, and a stable surface
chemistry in order to ensure maximum and uniform surface
coverage as well as to alleviate losses of immobilized protein
during washing steps.4,22

Silicon oxide surfaces are attractive for protein immobiliza-
tion, as glass and quartz permit the use of optical techniques,
while oxidized silicon wafers (Si) are well suited for a range of
surface characterization techniques, including ellipsometry and
scanning probe microscopy (SPM).4,22,23 Grafting of βCD onto
these materials has been addressed in numerous studies,
typically by coupling of mono- or poly-substituted βCD to a
reactive moiety of an alkane silane after silanization of the
surface.10,11,20,24−26 Although several of the reported methods
have been applied successfully for protein immobiliza-
tion,10,11,20 the performance of the functionalized surfaces
with respect to nonspecific protein adsorption of abundant
serum proteins has received less attention. This issue was
nevertheless addressed in a study on immobilization of proteins
onto self-assembled monolayers of per-substituted βCD
heptathioether on gold surfaces.17 In this study, significant
nonspecific adsorption of streptavidin, bovine serum albumin
(BSA), and histidine-tagged maltose binding protein onto the
βCD functionalized surfaces was reported.17 Although the
study concerns planar gold surfaces it highlights the necessity of
rendering the βCD modified surface resistant to nonspecific
protein adsorption prior to protein immobilization. This was
efficiently achieved by the authors of the relevant study by
pretreating the βCD modified surfaces with adamantane
modified oligo(ethylene glycol),17 which could be coadded or
replaced with bifunctional adamantane linkers, thereby
facilitating subsequent protein immobilization.17

Alternatively, nonspecific protein adsorption may be
addressed by having the βCD incorporated into an antifouling
polymer, thereby avoiding additional pretreatments prior to
protein immobilization. The natural polysaccharide dextran is
in this respect a promising scaffold for anchoring of βCD, as
previous studies have shown that dextran polymer coated
surfaces efficiently suppress nonspecific protein adsorption and
prevent protein aggregation.27−29 βCD dextran (DβCD)
polymers may consequently provide a protein compatible
coating, shielding the underlying substrate and the chemistry
facilitating surface functionalization, while simultaneously
allowing for βCD host−guest interactions.
In the present study, we made use of a recently developed

approach for the synthesis of linear DβCD polymers prepared
from native dextran by “click” chemistry.30 Here, DβCD
polymers were prepared from 5 and 110 kDa dextran (D5βCD
and D110βCD) and grafted onto azido functionalized quartz

and Si slides by a copper(I)-catalyzed azide−alkyne cyclo-
addition (CuAAC). Changes in film structuration in response
to surface grafting of the polymers at varying concentration and
in the presence/absence of a high affinity βCD guest molecule
were investigated using SPM and ellipsometry. By employing
the sensitive surface technique total internal reflection
fluorescence (TIRF) spectroscopy, the observed changes in
structuration were related to the accessibility of βCD for
inclusion complex formation and to the antifouling properties
of the polymer films.

■ EXPERIMENTAL SECTION
Materials. Polished CZ Si wafers (P/boron doped; diameter, 200

mm; orientation, {100}; sheet resistance, 5−20 Ω/sq; thickness, 710−
740 μm) were obtained from SEH Europe Ltd. (West Lothian, UK)
and diced in 10 × 10 mm slides. Quartz slides (25 × 38 × 1 mm) were
purchased from TIRF Labs Inc. (Morrisville, NC, USA). PEG400 and
DMSO (VWR International, Fontenay-sous-Bois, France), 2-anilino-
naphthalene-6-sulfonic acid (2,6 ANS, Invitrogen, Oregon, USA) were
all used as received. 6-Monodeoxy-6-monoazido-βCD (N3βCD,
Nielsen et al.30), propargyl modified 5 and 110 kDa dextran (D5GP
and D110GP, Nielsen et al.30), and (tris(benzyltriazolylmethyl)amine
(TBTA, Chan et al.31) were prepared according to the literature. All
other chemicals were obtained from Aldrich (Steinheim, Germany).

General Procedures (for Details, See the Supporting
Information). NMR analyses were conducted in D2O with a Bruker
DRX600 spectrometer equipped with a 5 mm TXI (H/C/N) xyz-
gradient probe. Ellipsometric measurements were conducted with a
Sentech SE 850 ellipsometer. Polarization modulation infrared
reflection absorption spectroscopy (PM-IRRAS) spectra were
collected on a Nicolet 6700 FT-IR equipped with a photoelastic
modulator (PEM 90). X-ray photoelectron spectroscopy (XPS)
analysis was achieved using a Kratos Axis Ultra-DLD spectrometer.
Surface topography and morphology were visualized by SPM on a
NTEGRA Aura operated in intermittent contact mode. TIRF
spectroscopy was performed on a Varian Cary Eclipse fluorescence
spectrophotometer equipped with a TIRF Labs flow system.

Synthesis of βCD Polymers. 0.25 g of the D5GP and D110GP
(0.22 and 0.27 mmol alkynes, respectively), N3βCD (0.8 equiv),
sodium ascorbate (0.15 equiv), and TBTA (0.055 equiv) were
dissolved in 25 mL of oxygen free DMSO/H2O (1:1) under a nitrogen
atmosphere. CuSO4 (0.05 equiv) was added, and the solution was
stirred for 2 h at 50 °C and subsequently precipitated in 300 mL of
acetone. The crude polymers were dissolved in 50 mL of water and
swirled over 2 g of Ambersep GT74 resin for 12 h and dialyzed for 72
h (MWCO 3.5 kDa, Spectrum Laboratories Inc., CA, USA). The pure
polymers were obtained as white solids by lyophilization (yield 69−
82%).

Surface Activation. Cleaned and hydroxylated quartz and Si slides
were silanized with 3-glycidoxypropyltrimethoxysilane (GPTMS) by
vapor deposition at −800 mbar for 48 h at 105 °C after which, azide
functionalities for the CuAAC were introduced by ring opening of the
epoxides with 400 mM sodium azide in PEG40032 for 4 h at 40 °C
(for details, see the Supporting Information). Following azidolysis, the
substrates were rinsed thoroughly with Milli-Q water (MQ), sonicated
for 5 min in EtOH, and dried under a stream of dry nitrogen. Quartz
substrates were immediately transferred to a nitrogen purged glovebox,
while Si slides were kept under argon until measured by ellipsometry
and then transferred to the glovebox.

Surface Grafting. All surface CuAAC reactions were conducted in
the glovebox at 40 °C with reagents degassed and nitrogen purged (for
details, see the Supporting Information). Briefly, quartz and Si
substrates to be processed alike were placed in the same reaction dish
on an orbital shaker facing front up and the appropriate polymer
solution added. The volume was adjusted to 6 mL with DMSO/MQ
(1:1) and then TBTA (60 μM), CuSO4 (50 μM), and sodium
ascorbate (150 μM) were added in the listed order. After 2 h, the
slides were rinsed with DMSO/MQ (1:1) and the CuAAC reaction
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repeated twice, first with N3βCD (step excluded for D110GP
polymer) and then with propargyl alcohol instead of the polymers.
The slides were then transferred from the glovebox and sonicated 20
min in DMSO, DMSO/MQ (1:1), and MQ. Quartz slides were
subsequently stored in MQ, while Si slides were dried under a mild
stream of dry nitrogen.
Inclusion Complex Formation. To probe βCD accessibility, the

appropriate quartz slide was mounted and fluorescence emission
spectra (340 to 625 nm at λex 320 nm) recorded after injection of 250
μL of 1 mM 2,6-ANS in PBS (10 mM, pH 7.4) with or without 1 M
NaCl.
Protein Adsorption. The BSA adsorption measurements were

conducted by mounting the appropriate quartz slide, injecting PBS and
heating the slide to 37 °C at which point continuous emission
recording (λex 555 nm, λem 565 nm) was initiated. After 60 to 120 s,
the PBS was replaced with 250 μL of 0.4 mg/mL Alexa Fluor 555
labeled BSA (DOL 0.6) in PBS (50 μL/s), freshly prepared from an
ice cold stock solution in PBS. The same stock solution was used for
all slides and all measurements were conducted within 4 days. After 60
min of incubation with the labeled BSA, the flow cell was flushed with
5 × 2.5 mL PBS (166 μL/s).

■ RESULTS AND DISCUSSION

Synthesis and Grafting of DβCD Polymers. The
synthesis of the DβCD polymers is illustrated in Scheme 1a.
The synthesis is based on the method described by Nielsen et
al.30 Propargyl modified dextrans, D5GP and D110GP, were
grafted with N3βCD by CuAAC to give D5βCD and D110βCD
however, using only 0.8 equiv of N3βCD per alkyne, in order to
retain free alkynes for subsequent CuAAC surface grafting.
Table 1 provides the average number of free alkynes and βCD
units of the surface grafted polymers calculated from the
average molecular weight of the dextran and the molar ratios of
βCD and alkynes. The ratio of free alkynes was determined by

1H NMR (NMR spectra in the Supporting Information, Figures
S1 to S3).
The introduction of azides for CuAAC grafting of the

polymers (Scheme 1b) was done in two steps. First, the cleaned
substrates were silanized with GPTMS by vapor deposition;
second, azidolysis of the epoxides was achieved with sodium
azide in PEG400. The average thickness of the azidosilane
layers determined from ellipsometry, assuming bulk refractive
indices of the natural grown oxide and the silane monolayer,
yields 0.8 ± 0.1 nm. Compared to a fully extended length of
0.95 nm for GPTMS,33 the obtained thickness of the silane
layers indicates the formation of incomplete monolayers. This
is attributed to the reaction conditions which, in the absence of
H2O, disfavor hydrolysis and polymerization of the silanes.
Therefore, silanes only react with surface silanols resulting in
noncontinuous films. The final steps in surface functionalization
are the CuAAC surface grafting of the polymers (Scheme 1b)
followed by saturation of unreacted surface azides and alkynes
on the dextran backbone with propargyl alcohol and N3βCD,
respectively (not shown in Scheme 1b). The CuAAC used for
both synthesis and surface grafting is known to be selective,
proceed fast and react quantitatively under mild conditions and
the formed triazole is stable against oxidation, reduction, and
hydrolysis.34 The CuAAC is therefore considered suitable both

Scheme 1. (a) Synthesis of Linear DβCD Polymers from Propargyl Modified Dextrans onto which N3βCD is Grafted by “Click”
Chemistry. (b) Grafting of the DβCD Polymers onto Azido Functionalized Silicon Oxide Surfaces by “Click” Chemistry

Table 1. Specifications of Polymers Used for Grafting

polymer
Ave MW
(kDa)

glucose
unitsa

alkyne
ratiob

βCD
ratio

ave. #
alkynes

ave. #
βCD

D110GP 127 679 0.22 N/A 149 N/A
D5βCD 133 31 0.27 0.8 1.6 7
D110βCD 260 679 0.22 0.8 30 120

aBased on the molecular weight of the dextran polymers. bMolar ratio
of free alkynes as determined by 1H NMR.
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for controlling βCD ratio of the DβCD polymers and to
achieve full coverage with a stable surface coating.
The presence of characteristic βCD IR absorption

frequencies and the expected change in chemical composition
upon surface grafting of the DβCD polymers were confirmed
by PM-IRRAS and XPS, respectively (spectra and assignment
in the Supporting Information). With the three polymers
(Table 1), five types of films were prepared. To investigate the
effect of the incorporation of βCD on the resulting film
properties, the D110GP and the D110βCD polymers were
grafted at the same molar concentration (2 μM), and the
D110βCD polymer was additionally grafted in complex with
the high-affinity βCD guest molecule, 1-adamantanecarboxlic
acid (Ada-COO−, log K 4−4.5).35 Further, the concentration
dependency was probed by grafting the D110βCD polymer at a
10-fold higher polymer reaction concentration (20 μM).
Finally, films were prepared with the short chain D5βCD
polymer to investigate the effect of single-point vs multipoint
attachment, as this polymer has only 1.6 alkynes on average
available for surface grafting compared to an average of 30 for
the D110βCD polymer (Table 1). The polymer films will, for
further reference, be labeled according to type of slide (Q, Si),
polymer used, and, for the D110βCD polymer films, an
indication of the presence of Ada-COO− (A) during surface
grafting or the 10-fold polymer reaction concentration (10×).
For example, film SiD110βCDA is prepared from the polymer
D110βCD grafted onto a Si slide in the presence of Ada-
COO−.
Surface Characterization. The polymer films were

characterized by SPM and ellipsometry to gain insight into
the change in surface structuration in response to the different
reaction conditions. From the SPM imaging, and in particular
the phase imaging (Figure 1, bottom panel), it is evident that
for all of the prepared films, the grafting results in excellent
coverage of the Si substrates with densely packed polymer
assemblies. There are, however, noticeable differences in
topographical and morphological appearances. Films
SiD110GP and SiD110βCDA are constituted of structures
best described as hemispherical and have almost identical,
narrow unimodal height distributions (Figure 2) and roughness
values below 1 nm. The structure marked with a circle on the
phase imaging for SiD110βCDA (Figure 1, second panel from
bottom left) represents the typical structure observed on both
SiD110GP and SiD110βCDA. Its projected boundary length
and calculated volume (based on a Laplacian background) are

129 and 490 nm3, respectively. Assuming an average distance of
0.7 nm between each D-glucose unit36 constituting the dextran
backbone of the D110 polymer, its calculated length in fully
extended conformation is ∼475 nm. With this crude estimate in
mind, the apparent volume of 490 nm3 may correspond to one
single polymer chain. The hemispherical structuration is
ascribed to strong intramolecular H-bonding between the
dextran −OH groups, in accordance with a previous study on
D10 dextran films showing that similar hemispherical
assemblies decompose and spread onto the surface in response
to increased oxidation of the dextran chain.29 It was suggested
that the hemispherical structuration could be the result of either
the collapse of dextran chains due to strong collective
intramolecular H-bonding interactions between the −OH
groups, or the result of the polymers adapting a “tail”
conformation due to the fact that the “native” dextrans had
only one site for surface grafting.29 The polymers used for
SiD110GP and SiD110βCDA have in average 147 and 20 free
alkynes available for surface grafting (Table 1). The similarity of
these two films, in spite of the large difference in total number
of alkynes indicates that it is, in fact, intramolecular interactions
and not the number of free alkynes, i.e., potential grafting sites,
which are the dominant factors responsible for the hemi-
spherical structuration.
The appearances of films SiD110βCD, SiD110βCD10x, and

SiD5βCD are distinctively different from films SiD110GP and
SiD110βCDA by being dominated by large bead-shaped
polymer assemblies, varying in shape, packing density, height,

Figure 1. SPM (1 × 1 μm) topographical (top) and phase imaging (bottom) of the five types of polymer films. The vertical scale for the
topographical images is 0−30 nm.

Figure 2. Normalized height distribution plots extracted from the
topographic (1 × 1 μm) SPM measurements (Figure 1).
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and height distribution. The origin of these large polymer
assemblies is revealed by comparing film SiD110βCD and
SiD110βCDA, for which the only difference in preparation is
the addition of the high-affinity βCD guest molecule Ada-
COO− to the polymer solution prior to surface grafting of the
latter of the films (Ada-COO− displaced after grafting by post-
treatment). The almost complete absence of large polymer
assemblies on film SiD110βCDA shows that the presence of
Ada-COO− (in complex with βCD) disturbs the formation of
these assemblies and thereby favors coupling of individual
polymer strands, presumably through more grafting points.
This effect is ascribed to the inclusion of Ada-COO− into the
βCD cavity disturbing βCD driven intermolecular interactions
through electrostatic repulsion by the carboxylate groups,
resulting in decompaction.
The presumed increased density of polymer chains at the

interface, due to better spreading, suggested for film
SiD110βCDA is supported by the comparison between SPM
and the ellipsometric measurements (Table 2). The ellipso-

metric thickness estimation of film SiD110GP correlates with
the average height extracted from the SPM imaging, indicating
that the assigned refractive index of 1.5, obtained from the
literature,37 is appropriate for this film. The slightly over-
estimated ellipsometric thickness obtained for film SiD110βC-
DA may reflect an increase in the refractive index in response to
the βCD grafting or the presence of nondisplaced Ada-COO−,
and/or be ascribed to the presence of a minor population of
large polymer assemblies, similar to those observed on film
SiD110βCD/10x (due to grafting of non- or partial complexed
D110βCD polymers). More interestingly, however, is the
notable underestimated ellipsometric thicknesses obtained on
films SiD110βCD, SiD110βCD10x, and SiD5βCD, for which

the deviation increases (Table 2) as the larger bead-shaped
polymer assemblies become dominant on film appearance
(Figure 1) and the average film heights and height distributions
increase (Figure 2). This is indicative of a decrease in the
effective refractive index of these three films compared to film
SiD110βCDA, because the bulk refractive index of the
polymers must be comparable (unambiguously for the
D110βCD films). Alternatively, it is the result of blank spots,
i.e., areas free of polymers on these films. This is, however,
contradictive in light of the higher polymer reaction
concentrations used for SiD110βCD10x and SiD5βCD and
the fact that a 20 × 20 μm SPM scan on film SiD110βCD10x
confirms full surface coverage (Supporting Information, Figure
S6). Consequently, it is concluded that the large polymer
assemblies are constituted of loosely packed DβCD polymer
strands formed by the aforementioned βCD driven intermo-
lecular interactions. The reduced compactness of these
assemblies effectively lowers the refractive index of the films
as compared to films SiD110βCDA and SiD110GP. Further,
that film SiD110βCD yields a slightly lower ellipsometric
thickness than SiD110βCDA indicates that the latter film has,
in fact, a higher density of DβCD in spite of SPM imaging
showing a notable thinner film thickness (Figure 1 and Table
2).
These findings allow for an evaluation of the concentration

dependent surface structuration observed for the D110βCD
polymer on films SiD110βCD and SiD110βCD10x. Although
the only difference in preparation of these films is the 10-fold
higher polymer concentration, i.e., 2 vs 20 μM (0.5 vs 5 mg/
mL), there are notable differences in film thicknesses (Table 2)
and height distributions (Figure 3). At high polymer
concentrations (SiD110βCD10x), competition for surface
azides is likely to be promoted. Consequently, the polymers
are grafted through a lower number of attachment points,
thereby adopting a conformation stretched in the z-dimension,
i.e., higher film height, giving rise to a high proportion of the
bead-shaped polymer assemblies (constituted of loosely packed
polymer strands) with a wide height distribution. In
comparison, at lower polymer concentration (SiD110βCD)
reduced competition for surface azides is expected, thereby
allowing more grafting points. This results in a thinner and
denser film, i.e., smaller ellipsometric deviation with a sharper
and almost unimodal height distribution.
The last film, SiD5βCD, differs by being prepared from a

significant shorter dextran chain (∼22 nm in fully extended

Table 2. Film Thicknesses (ΔT) and Average Heights (h)
Determined by Ellipsometry and SPM, Respectively

film ΔTa (nm) hb (nm)

SiD110GP 2.1 ± 0.2 2.5
SiD110βCDA 3.4 ± 0.2 2.8
SiD110βCD 3.1 ± 0.2 4.5
SiD110βCD10x 5.6 ± 0.4 9.9
SiD5βCD 7.3 ± 0.3 12.2

aAverage of six measurements. bAverage film heights extracted from
the SPM imaging (Figure 1).

Figure 3. TIRF emission scans of the polymer films and a bare quartz slide after injection of 1 mM 2,6 ANS in PBS (pH 7.4) without (a) and with 1
M NaCl. (b). Excitation at 320 nm and buffer background subtracted.
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conformation). This film is characterized by displaying the
thickest film (Table 2) and broadest height distribution (Figure
2). These features are thought to be the result of the D5βCD
polymer having only 1−2 alkyne groups in average available for
surface grafting (vs ∼30 for D110βCD). As a result of the
limited grafting points, the polymer assemblies appear as
extended in the z-direction with the height depending on the
position of the alkyne(s) in the polymer chain. The alkyne
substitution is expected to be randomly distributed, leading to a
broad height distribution. Further, it should be noted that
structuration/appearance of the D5βCD polymer is independ-
ent of polymer reaction concentration (0.5 to 5 mg/mL) and
not affected by the presence of Ada-COO− during grafting (not
shown).
Taken together, these results show that DβCD polymers can

be efficiently coupled to silicon oxide surfaces to yield
nanometer-thick films of densely packed polymer beads, and
ensuring excellent coverage of the substrate surface. The
method thereby addresses the issue of low coupling yields often
associated with “grafting to” techniques.29,38 Obviously, film
thickness can be tuned with the choice of reaction
concentration (D110βCD) and backbone polymer
(D110βCD vs D5βCD). More interestingly, the introduction
of repulsive negative charges through host−guest complex
formation between Ada-COO− and the βCD cavities, leads to
an improved spreading of the D110βCD polymer across the
surface. Better shielding of the underlying substrate and surface
chemistry is highly relevant with respect to suppression of
protein adsorption.28

Inclusion Complex Formation. The relative accessibility
of βCD cavities available for inclusion complex formation was
evaluated for the five types of films using TIRF spectroscopy
and the fluorescent probe 2,6-ANS as guest molecule. TIRF
spectroscopy is a sensitive surface technique allowing for
monitoring fluorescent events within ∼200 nm of the interfacial
region and which physical design excludes potential interfer-
ence from light-scattering events of the source beam
(illustration of principal setup in the Supporting Information,
Figure S7). With its coplanar aromatic rings, 2,6-ANS makes an
excellent guest molecule for the βCD cavity (∼log K 3.3).39 In
water, 2,6-ANS displays only weak fluorescence due to the
dipolar nature of water acting as an effective quencher but upon
inclusion in the hydrophobic βCD cavity the fluorescence yield
increases accompanied by a blue shift of the emission
maximum.
Figure 3 shows the emission spectrum after injection of 1

mM 2,6-ANS in PBS buffer without (a) and with (b) an
additional 1 M NaCl added for the five different types of films
and a clean unmodified quartz surface. No change in
fluorescence emission is observed for film QD110GP compared
with the bare slide indicating that the propargyl modified
dextran polymer backbone has no impact on 2,6-ANS
fluorescence. On the contrary, the films prepared with DβCD
polymers all display an increase in fluorescence intensity (FI)
accompanied by a blue-shift in emission maximum thereby
verifying the inclusion of 2,6-ANS in βCD cavities.
The most striking observation, however, is the strong

enhancement in FI (and blue shift) in response to the presence
of 1 M NaCl in the 2,6-ANS solution (Figure 3b) observed for
film QD5βCD (black) and QD110βCD10x (red) and, to a
lesser extent, film QD110βCD (green). These films correspond
to the films for which SPM showed large bead-shaped polymer
assemblies. This enhancement of the FI was found to be

concentration dependent with an increase in FI up to 1 M
NaCl, above which no further effect was observed (not shown).
This effect is not observed on film QD110βCDA (blue) nor for
the inclusion complex formation of free βCD and 2,6-ANS
(Supporting Information, Figure S8). This indicates that the FI
enhancement does not reflect a change in binding affinity, but
instead can be ascribed to an increased number of binding
events due to increased accessibility of βCD cavities to 2,6-
ANS. This apparent limited accessibility of βCD cavities to 2,6-
ANS in film QD5βCD, QD110βCD10x, and QD110βCD is
surprising given that 2,6-ANS is a small diffusible molecule and
the TIRF sensorgrams reached a steady signal seconds after
injection of the fluorescent probe. Either the packing of the
polymer assemblies would appear to be tight enough to form a
molecular sieve preventing 2,6-ANS to reach buried βCD
cavities or alternatively the secondary rims of βCD cavities are
involved in H-bonding networks with each other, or the dextran
backbone, preventing the binding of 2,6-ANS. Of these two
explanations, the latter seems the more likely, as tight packing
of the polymer assemblies is contradicted by the ellipsometric
measurements, which indicated a loose structuration of the
three films for which the presence of NaCl increases
accessibility. In particular, βCD rim-rim interactions would
explain the efficient shielding of the βCD cavities. In this
context, it should be noted that free βCD tends to self-organize
and to form βCD rim−rim interactions and that previous
studies have shown that these interactions are suppressed by
NaCl.40−42 Ionic species have a direct effect on the structure on
H-bonding network in water measured by their Jones−Dole B-
coefficient.43 Na+ with a negative Jones−Dole B-coefficient acts
as an H-bond breaker, whereas Cl− with a positive Jones−Dole
B-coefficient acts as an H-bond maker. With the magnitude of
this coefficient being much higher for Na+ than for Cl−,43 the
H-bond breaking properties of Na+ will predominate. It is
anticipated that a high concentration of Na+ in the solvent
disrupts βCD H-bonding through similar mechanisms, resulting
in decompaction and leading to higher accessibility to βCD
cavities in film SiD110βCD, SiD110βCD10x, and SiD5βCD
(Figure 3). The effect is thereby similar to that achieved when
the D110βCD polymer is grafted in a complex with Ada-COO−

(Si/QD110βCDA) where charge repulsions are postulated to
have resulted in H-bonding disruption, leading to decom-
paction and improved spreading of the film across the surface as
observed on film SiD110βCDA (Figure 1). Consequently, βCD
accessibility on the corresponding film QD110βCDA is not
affected by treatment with 1 M NaCl (Figure 3), as this film is
already in decompacted conformation and the βCD cavities are
already solvent accessible after surface grafting.
Concerning the relative number of βCD cavities accessible

for inclusion complex formation, the TIRF measurements
correlate well with the findings in the surface characterization:
the most intense FI enhancement is observed for QD5βCD and
QD110βCD10x, in line with the thick films observed by SPM
on the corresponding Si surfaces (Figure 1). For film
QD110βCDA, TIRF spectroscopy reveals a higher density of
accessible βCD cavities than film QD110βCD despite SPM
indicating a thicker film for the corresponding SiD110βCD.
This is, however, in line with the film densities estimated by
ellipsometry. Finally, it should be noted that extended storage
of the polymer grafted quartz slides in MQ water and repeated
washing with PBS and EtOH did not change 2,6-ANS
fluorescence response in subsequent injections (not shown),
thereby confirming the stability of the grafted polymer films.
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Protein Adsorption. The films were probed with respect
to nonspecific protein adsorption by monitoring real-time
adsorption of fluorophore-labeled BSA with TIRF spectrosco-
py. BSA is structurally very similar to its human homologue,
which is the most abundant protein in blood plasma, and
contains multiple hydrophobic binding sites for nonspecific
binding of hydrophobic molecules such as lipids.44 Therefore,
BSA is a relevant model for applications involving the exposure
to blood plasma/serum. The experiments were conducted by
injecting the fluorophore-labeled BSA (0.4 mg/mL), incubating
for 60 min at 37 °C, and flushing repeatedly with PBS buffer,
whereby the residual FI signal reflect different amounts of BSA
adsorbed on the films.
The adsorption results of all films investigated are

summarized in Figure 4 and gives the residual FI expressed

as a percentage of the average FI for the last 2 min before the
PBS flushing is initiated. Compared to the blank slide, which
retains 9.4% of the initial FI signal, all of the polymer grafted
slides suppress adsorption of BSA. However, there are notable
differences in residual FI with the following ranking: QD110GP
(0.03%) < QD110βCDA (0.7%) < QD110βCD (1.5%) <
QD110βCD10x (2%) < QD5βCD (2.5%). This ranking
mirrors the suggested grafting behavior, i.e., the more the
grafting sites, the higher the interfacial polymer density, and the
better the suppression of protein adsorption, in agreement with
previous findings on dextran coated surfaces.27,28 This is best
exemplified with film QD110GP, which suppresses BSA
adsorption more efficiently than film QD110βCDA, although
the corresponding films on Si slides appear almost identical
with respect to topographical and morphological appearance; in
the absence of βCD, the D110GP polymer has 80% more
alkynes and is likely to be coupled through significantly more
grafting points. That it is the interfacial polymer density, i.e.,
number of grafting points, and not the presence of βCD that is
the major determinant on nonspecific adsorption of BSA is
evident from the fact that film QD110βCD displays higher
protein adsorption than QD110βCDA (Figure 4), although
QD110βCD has less βCD cavities accessible for inclusion
complex formation (Figure 3) and thereby less solvent exposed
βCD to interact with the BSA.

■ CONCLUSION

In this study, the development of βCD functionalized silicon
oxide surfaces allowing for host−guest interactions with
nonpolar guest molecules, while suppressing nonspecific
protein adsorption, was addressed. The proposed solution is
based on synthesis of dense polymeric βCD monolayer films
using dextran as a polymeric backbone. The DβCD polymers
are prepared and grafted by “click” chemistry, allowing for mild
reaction conditions, stable surface chemistry, and excellent
surface coverage, and thereby shielding of the substrate and the
alkane linker moieties, even when grafting at low polymer
concentrations. The surface structuration of the polymers, and
thereby film thickness and density, is tunable presumably by
regulation of the number of surface grafting points and
intermolecular H-bonding. Using TIRF spectroscopy, it is
shown that the βCD cavities are available for host−guest
interaction and that the polymer films suppress nonspecific
protein adsorption with efficiencies depending on film
structuration. Based on these results and previous findings,
showing that dextran polymer coatings prevent protein
aggregation, these films are considered “protein-friendly” and,
consequently, suitable for protein applications. Concerning the
intended application, namely platforms for protein immobiliza-
tion based on βCD host−guest interactions, film Si/
QD110βCDA is considered the most promising candidate
due to the full accessibility to the βCD cavities, the low BSA
adsorption, and the thin and smooth film appearance.
Immobilization studies using the “Dock’n’flash” technology
and single chain variable fragments antibodies tagged
genetically with a photoreactive βCD guest-tag21 are currently
in progress. Although the thick DβCD films might be less
suitable for protein immobilization, these may be relevant as
surface coatings onto materials for medical implants, e.g.,
hydroxyapatites, for high-capacity delivery/release of drugs
fitting the βCD cavity.
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Figure 4. Nonspecific adsorption of Alexa Flour 555 labeled BSA onto
the prepared films and a clean unmodified (hydroxylated) quartz slide
measured by TIRF real-time monitoring. The residual FI is expressed
as a percentage of the average FI for the last 2 min before PBS flushing
is initiated.
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Waldmann, H. Chemical Strategies for Generating Protein Biochips.
Angew. Chem., Int. Ed. 2008, 47, 9618−9647.
(23) Onclin, S.; Ravoo, B. J.; Reinhoudt, D. N. Engineering Silicon
Oxide Surfaces Using Self-Assembled Monolayers. Angew. Chem., Int.
Ed. 2005, 44, 6282−6304.
(24) Busse, S.; DePaoli, M.; Wenz, G.; Mittler, S. An Integrated
Optical Mach−Zehnder Interferometer Functionalized by β-Cyclo-
dextrin to Monitor Binding Reactions. Sens. Actuators, B 2001, 80,
116−124.
(25) Onclin, S.; Mulder, A.; Huskens, J.; Ravoo, B. J.; Reinhoudt, D.
N. Molecular Printboards: Monolayers of β-Cyclodextrins on Silicon
Oxide Surfaces. Langmuir 2004, 20, 5460−5466.
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