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Implementation of Specific Bioconjugation
in Polystyrene-block-poly(tert-butyl acrylate)-Based
Bio-Interfaces
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Summary: Here we report on the expansion of a previously introduced biointerface
platform based on thin spin-coated films of polystyrene-block-poly(tert-butyl acry-
late) (PS-b-PtBA). Following the selective deprotection of the tert-butyl-ester groups
in the PtBA skin layer by hydrolysis under acidic conditions, the activation with N-
hydroxysuccinimide and the subsequent derivatization with o,w-biotin-amine end-
functionalized poly(ethylene glycol) (PEG), strepavidin was immobilized as anchor
layer for specific immobilization of biotin-tagged molecules. Based on contact angle,
Fourier transform infrared (FTIR) spectroscopy, atomic force microscopy (AFM) and
confocal fluorescence microscopy data it was shown that the polymer films were
efficiently modified. The complexation of a biotin-tagged dye, as well as the non-
specific adsorption of proteins was determined by confocal fluorescence microscopy
measurements. The surface coverage of the immobilized dye as a function of dye
concentration in solution was found to be consistent with a high affinity-type
adsorption isotherm, while the protein resistant properties were found to be similar
to non-biotinylated PEG. The scope of micro- and nanostructured PS-b-
PtBA biointerfaces is thereby considerably expanded to encompass the specific

Introduction

Structured and functionalized thin polymer
films received increasing attention in recent
years in the context of advanced materials
and tailored interfaces for application in the
areas of (bio)sensors and biologically
oriented research involving Dbiointer-
faces.l'*! In addition to compatibility with
micro-/nanopatterning and -structuring
methodologies[4'6] and the control of sur-
face mechanical properties,[7‘9] advanced
biointerfaces require sophisticated surface
chemistry to facilitate controllable biocon-
jugation and to implement the function of
suppressing non-specific adsorption of pro-
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immobilization of biotin-tagged biomolecules.
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teins.'? In view of the fundamental

importance of an advanced understanding
of cell-surface interactions in 2 and 3
dimensions,’™ but also for the fabrication
of (bio)sensor surfaces, progress in this area
is crucial for future applications in the
biomedical field.

To address these needs, we previously
introduced thin spin-coated films of poly-
styrene-block-poly(tert-butyl acrylate) (PS-
b-PrBA) on various substrates as versatile,
robust reactive platform for the immobili-
zation of (bio)molecules for the fabrication
of tailored biointerfaces.!') The block
copolymer incorporates three important
functions, i.e. (i) a stabilizing glassy micro-
phase of polystyrene to impart film stability
and integrity under typical wet chemical
processing conditions, (ii)) a protected
carboxylic acid functionality that can be
conveniently deprotected to render high
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molecular loading via robust covalent
(bio)conjugation feasible using active ester
chemistry, and (iii) the implementation of
chemical and topographic patterns on a
broad range of length scales.'>'*! To this
end the micro- and nanopatterning of the
PS-b-PtBA via established and new soft
lithographic approaches,“s’lﬁ] as well as the
fabrication of 3-dimensional structures and
films was investigated. In addition, the
polymers films served as reactive platforms
for various types of scanning probe nano-
lithography.!'”)

Key to the function of biointerfaces is
the optimized surface chemistry. To date
we have demonstrated on PS-b-PtBA the
successful covalent immobilization of
amino-end functionalized DNA and poly-
(ethylene glycol) (PEG), proteins, includ-
ing fibronectin, laminin, protein G and
bovine serum albumin (BSA), as well as
organic dyes etc.'213] This covalent con-
jugation is based on the selective deprotec-
tion of the rerr-butyl-ester groups in
the PrBA skin layer by hydrolysis under
acidic conditions (Figure 1a) or by thermo-
lysis, the activation with N-hydroxysuccini-
mide and the subsequent derivatization
with amino functionalized (bio)molecules.
The covalent coupling of proteins via
pending amino groups leads to a robust
attachment, however, this approach does
not control the attachment point on the
protein and may lead to multipoint attach-
ment.

To overcome this problem of undefined
protein conjugation on surfaces, specific
molecular recognition has been exploited.
The streptavidin/biotin system is of special
interest in this context because of its large
free energies of association.'®! In addition
to this interaction pair, the interaction
between Ni*" and histidine tags has been
exploited in this respect.'*!1 The non-
covalent binding of a biotin to streptavidin
in aqueous solution is characterized by a
large equilibrium constant (K =10 M),
which renders the immobilization practi-
cally irreversible. The complexes formed
are also extremely stable over a wide range
of temperature and pH. Since streptavidin
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possesses four binding pockets for biotin,
biotin-tagged molecules can be conveni-
ently immobilized on surface-attached
streptavidin (Figure 1b).

In our current study the specificity of
analyte binding of the PS-b-PfBA platform
was significantly expanded by implement-
ing the mentioned streptavidin - biotin
complexation. By covalently grafting o,w-
biotin-amine end-functionalized PEG on
activated PS-b-PrBA films the two neces-
sary functions of specific streptavidin
recognition and protein and cell repellence
were combined. The immobilized strepta-
vidin functions as a capture layer for
arbitrary  biotin-labeled (bio)molecules
and thereby considerably expands scope
of micro- and nanostructured PS-b-
PrBA biointerfaces.

Experimental Part

Materials: PS,45-b- PIBA 15, diblock copo-
lymers (the subscripts refer to the number
of repeat units of each block) were obtained
from Polymer Source Company (Dorval,
Canada) and were used as received
(total M,,=387.75 kg/mol, polydispersity
index (PDI)=1.10). Amino functionalized
Biotin-PEG was purchased from Nektar U.
K. Company (M, =4847 g/mol, PDI=1.1).
The biotinylated dye (Biotin — ATTO -
532) was purchased from ATTO - TEC —
GmbH (Siegen, Germany).
Trifluoroacetic acid (TFA) and N-hydro-
xysuccinimide (NHS) were obtained from
Sigma - Aldrich (Steinheim, Germany,
purity > 98%). N-(3-Dimethylaminopro-
pyl)-N-ethylcarbodiimide  hydrochloride
(EDC) was purchased from Fluka (Stein-
heim, Germany, purity >98%). EDC was
stored at —20°C. Phosphate buffer saline
(PBS) tablets were purchased from Sigma —
Aldrich (Steinheim, Germany) to prepare
phosphate buffer saline (pH 7.4, ionic
strength = 0.1397 M). Silicon (100) wafers
(P/Boron type) were applied as substrates.
The cleaning of these substrates was done
with piranha solution (solution of 1:3 (v/v)
30% H,0, and concentrated H,SO,) for
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Figure 1.

(a) schematic of film structure: Due to the lower interfacial free energies at both interfaces the PtBA phase
shows symmetric wetting. Hydrolysis under acidic conditions converts the ester into carboxylic acid groups. (b)
Grafting of biotin-PEG-NH, to hydrolyzed and NHS-activated PS,q4s-b- PtBA,,s,, specific binding of streptavidin
to biotin-PEG, and high affinity binding of biotinylated fluorescence dye to streptavidin.

2 min and rinsed with copious amounts of
high - purity water (E-Pure, Barnstead).
Caution! Piranha solution should be
handled with extreme caution; it has been
reported to detonate unexpectedly.

Thin films were prepared by spin-coat-
ing polymer solutions in toluene (concen-
tration 22.5 mg/mL) onto piranha -
cleaned silicon wafers. The samples were
spun at 3000 rpm for 60s using a home-
built spin-coater. All spin-coated films
were annealed for 24 h at the temperature
of 135°C in vacuum before modification.
The annealed polymer films were hydro-
lyzed at room temperature in neat TFA for
4 min, rinsed with high - purity water and
finally dried in a stream of nitrogen. Then
the films were activated by immersion in an
aqueous solution of NHS (0.25 M) and
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EDC (0.20 M) for 60min, followed by
rinsing with PBS —solution (0.1379 M) and
drying in a stream of nitrogen. The
activated polymer films were immediately
thereafter functionalized by immersion in
an aqueous solution of biotin-PEG-NH,
(1.0 x 10~* M) for 60 min. After rinsing
with high - purity water and drying in a
stream of nitrogen, the films were modified
by immersion in an aqueous solution of
streptavidin (5.0 x 10~7 M) for 20 min.
Then the films were rinsed with PBS -
solution, dried in a stream of nitrogen and
were modified by immersion in aqueous
solutions of biotinylated dye (Biotin-Atto-
532) with different concentrations (from
1.0 x 107° M t0 2.0 x 107! M). Finally, the
films were rinsed with high - purity water
and dried in a stream of nitrogen.
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Atomic Force Microscopy (AFM): The
AFM images were taken in tapping mode
with a NanoScope III multimode atomic
force microscope (Digital Instruments/
Veeco) using Olympus tips (type OMCL-
AC160TS, with a nominal cantilever elastic
constant of 40 N/m) and a J- scanner in
ambient atmosphere (20 °C).

Laser Scanning Confocal Microscopy
(LSCM): The LSCM measurements were
carried out on a home-built laser scanning
confocal microscope in combination with a
green Argon laser in fluorescence mode
(hex =532 nm). The modified polymer films
were investigated with an air-immersion
objective lens with a numerical aperture of
(0.75) and working distance of 210 pm.
Fluorescence intensities were measured
using a scan size of 10pm x10pm
(100 x 100 pixels) at nine different posi-
tions on each sample.

Fourier Transform Infrared (FTIR)
Spectroscopy: Transmission FTIR spectra
(spectral resolution 4cm ™', 1000 scans)
were obtained using an IFS 66V model
FTIR spectrometer (Bruker) employing a
liquid nitrogen-cooled cryogenic mercury
cadmium telluride (MCT) detector. Back-
ground spectra were measured using pir-
anha-cleaned silicon wafers.

Contact Angle (CA) Measurement: The
static contact angles were measured after
each step of reaction on a contact angle
microscope (OCA 20, Data Physics) with

Figure 2.

high - purity water as probe liquid at room
temperature.

Results and Discussion

The spin-coated diblock copolymer films,
which comprise chemically distinct immis-
cible blocks of PS and PrBA, exhibited
microphase separation in thin films on
oxidized silicon. Intermittent contact mode
AFM data showed wormlike structures
(Figure 2a). From the power spectral
density a typical repeat distance of
147nm was determined. Upon annealing
these films roughened considerably
(Figure 2b). The rms roughness, evaluated
on a scale of 5um x5 um, was found to
increase from 0.8 nm for the non-annealed
films to 2.8 nm after annealing.

The observed roughening can be tenta-
tively attributed to a metastable or fru-
strated film morphology induced by the
interplay of the interfacial energies. Wet-
ting of the substrate with PrBA and exposi-
tion of the same block at the film-gas
interface is favored, at the same time the
film tries to adapt the cylindrical bulk
morphology at this composition. Since we
do not exploit the nanostructure of the
block copolymer per se, the absence of long-
range order on the nanoscale does not
interfere with the intended application of
the films. Important in the context of this

20.0 nm

0 nm

Tapping mode AFM height images (5 m x 5 wm) of (a) as spin-coated and (b) annealed PS,o,5-b- PtBA;;;, film

(thickness 142 nm) on silicon.
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Figure 3.

FTIR spectra of a) spin-coated PS,q4s-b- PtBAys,, b)
after hydrolysis of spin-coated film, c) after activation
and coupling with biotin-PEG-NH,.

report is the presence of a PrBA skin layer,
which has been confirmed for various block
copolymer compositions by X-Ray photo-
electron spectroscopy (XPS),??! and the
stability of the films imparted by the water-
insoluble PS block.

The successful hydrolysis and attach-
ment of biotin-PEG was confirmed by
contact angle measurements and in trans-
mission FTTR measurements (Figure 3).
The static contact angle measured with
water as a probe liquid decreased upon

Table 1.
Assignment of bands observed in the FTIR spectra.

hydrolysis from initially 87° to 40° - 60°
(depending on the hydrolysis time); the
PEG-biotin functionalized films showed
contact angles between 15° and 30°.

The surface modification reactions were
also analyzed by FTIR spectroscopy
(Figure 3). Upon hydrolysis the C=0O
stretching vibrations were detected at lower
wave numbers and the peak broadened
considerably. In addition the absorbance of
the peaks attributed to the deformation
vibration of the methyl groups were greatly
reduced in magnitude, indicating practi-
cally complete hydrolysis. The data are in
line with previous reports. The C—-O
stretching vibrations of the ester were much
less intense after hydrolysis. Consistently
the band showed strong intensity after the
coupling of the PEG. Finally, the amide I
and IT bands provide direct evidence for the
covalent immobilization of the PEG deri-
vative. The peak positions and full assign-
ment is summarized in Table 1.

Subsequently, the block copolymer films
were investigated before and after mod-
ification with the biotinylated dye with
confocal fluorescence microscopy to quan-
tify the background fluorescence and to
monitor the intensity distributions as well
as the lateral distribution of the immobi-
lized dye. Figure 4a and 4c show fluores-

Vibration PS PtBA PAA biotin-PEG-NH,
block block block layer
cm™! cm™! cm™! cm™’

v (CH)aromat. 3062
3052
3021

Vas(CH3) 2987
v(CH,) 2975
Vas(CH,) 2921
v5(CH,) 2844
v(C=0) 1725 1712 1740
V(CC)aromat. 1492
1450
35(CH;) 1367
1347
v(C—0—-0Q) 1247 1106
147
amide(l) 1671
amide(1) 1573
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Figure 4.

(a,b) 100 um x 100 pm CLSM images and corresponding intensity distributions of the biotinylated dye bound to
streptavidin. The intensities in the two Figures cannot be directly compared since a different neutral density
filter setting was used. (c,d) 100 um x 100 um CLSM image and corresponding distribution of a neat film of
PS,0487b- PtBAys,. (€) 9 intensity distributions recorded at 9 different positions (10 um x 10 wm) on the film.

cence microscopy images and Figure 4b
and 4d the corresponding intensity distri-
butions of the homogenous films, respec-
tively. The high intensity of the biotinylated

Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

dye bound to the streptavidin-modified
polymer films, as well we the very low
background fluorescence of neat spin-
coated polymeric film PS,p4s-b- PrBAj1s,
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Figure 5.

Fluorescence intensity as a function of biotinylated
dye concentration determined by confocal micro-
scopy (inset: surface coverage).

are obvious. Hence these data imply that
the  biotin-streptavidin ~ complexation
afforded specific immobilization of the
dye. This interpretation is further corrobo-
rated by an analysis of the concentration
dependence of the dye loading on the film
(dose response), as shown below in
Figure 5. The lateral variations in dye
loading were small, as indicated by the
superposition of intensity distributions
recorded at 9 different locations on a given
film (Figure 4e).

The specific character of the biotin-
mediated dye immobilization is evident
from the relative coverage 6 of the film with
the dye (where 0=1/I,,,x). As shown in
Figure 5, an increase of the concentration of
biotinylated dye in buffer resulted in an
increase of 6. For concentration >2 uM we
observed a saturation in surface coverage
(for an interaction time of 15min.). The
shape of this plot is consistent with a high
affinity isotherm.

A comparison of the background fluor-
escence detected in the absence of the
biotin-dye conjugate on the one hand and
the measured fluorescence emission inten-
sity for neat BCP films on the other hand
shows that non-specific adsorption of the
dye is negligible. The non-biotinylated
PEG modified platforms have been pre-
viously shown to exhibit favorable non-
specific adsorption properties when tested
with bovine serum albumin, fibronectin or

Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

laminin.">"'#! Together with the specific
biotin-streptavidin immobilization strategy
implemented in this current work, the
oriented and specific immobilization of
biomolecules is now feasible on this poly-
mer platform. This advanced surface chem-
istry will be combined with the possibilities
of topographic structuring““ﬁl for the
investigation of cell-surface interactions
in 3-D microwell arrays.

Conclusion

The thin film based biointerface platform of
polystyrene-block-poly(tert-butyl acrylate)
was derivatized with «,w-biotin-amine
end-functionalized poly(ethylene glycol)
(PEG) using EDC/NHS chemistry. The
subsequently immobilized streptavidin
served as an anchor layer for specific
immobilization of biotin-tagged molecules.
The surface coverage of the immobilized
dye as a function of dye concentration in
solution was found to be consistent with a
high affinity-type adsorption isotherm,
while the protein resistant properties were
found to be similar to non-biotinylated
PEG. The scope of micro- and nanostruc-
tured PS-b-PrBA biointerfaces is thereby
considerably expanded to encompass the
specific immobilization of biotin-tagged
biomolecules.
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