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Poly(oligo(ethylene glycol) methacrylate) (POEGMA)-block-poly(2-(methacryloyloxy) ethyl trimethy-
lammonium chloride) (PMETAC) brushes were synthesized on silicon wafer surfaces by a surface-
initiated atom transfer radical polymerization (ATRP) method. Salt-triggered collapse of the poly-
electrolyte in solution was employed to induce phase segregations between the two hydrophilic blocks
and thus to develop nanoscale patterns. The smallest feature size was about 10 nm and was tunable on
the nanoscale. Various patterns including spherical aggregates, wormlike aggregates, and line patterns
were obtained through adjusting the upper block layer thickness. These nanopatterns could switch
between the different morphologies through the treatment of selective solvents. The adsorption behavior
of fibrinogen on these patterns was also studied by ellipsometry, water contact angle measurement, AFM
and radio labelling method. The results showed that these nanopatterns possess the ability to pattern

proteins.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Over the past decades, nanotechnology has been generating
significant interest in various fields. In biological and medical areas,
nanopatterns hold the ability to pattern proteins, cells or
DNAs [1-5]. These patterns have found great values in a variety
of applications, for example, in the preparation of
bio-microelectromechanical systems, biochips, microfluid devices,
biosensors, biodiagnostic devices etc. [6—12]. In biological funda-
mental studies, the nanostructure has helped biologists to inves-
tigate behaviors of individual biomolecules by isolating and giving
them specific surroundings [13,14].

Fabrication of nanopatterns can be divided into “top-down” and
“bottom-up” methods [15,16]. The “top-down” lithographic method
is well established and frequently used. It can produce high quality
nanopatterns with arbitrary designs at a nanoscale precision.
However, when the feature sizes less than 100 nm are required, the
complex procedures associated with electron-beam or certain probe
tips including dip-pens bear high costs [7,16]. The “bottom-up”
method makes full use of self-assembly of various materials to
produce nanoscale patterns at low costs [16]. It has an obvious
advantage when large area periodic nanopatterns are targeted.
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The self-assembly of block copolymers has been widely
employed to generate nanoscale patterns in the size range below
100 nm [15,17,18]. In the recent years, several studies were carried
out to self-assemble block copolymer brushes into nanoscale
patterned surfaces [19—24]. These copolymer brushes are
chemically grafted on various surfaces. The chemically grafted
polymer chains through covalent bonds on the surfaces can lead to
stable patterned surfaces, overcoming some problems associated
with spun-cast films due to solubility or swelling. The recent
development of various surface-initiated living polymerization
techniques offers precise design for copolymer brushes on surface.
Furthermore, these living polymerization methods yield polymer
brushes with active chain ends. They can be readily modified to
introduce more functions to the surface (e.g. biofunction or specific
adsorption capacity).

Zhao and Brittain et al. [25] demonstrated the feasibility of
introducing nanoscale patterns by self-assembly of tethered
polystyrene-b-poly(methyl methacrylate) brushes after some
treatment of selective solvents. Genzer and Ruhe et al. [26—30]
showed that, by varying chain lengths of the blocks, different
surface morphologies including flat, micellar and bicontinuous
morphologies could be achieved. In Choi et al's work, the
solvent treatments were found to affect surface morphologies as
well [31]. Bruening and Baker et al. [32] prepared amphiphilic
triblock copolymer brushes on surface and achieved more
uniform domain sizes. In our previous work [33], we introduced
various nanopatterns to surface through self-assembly of grafted
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poly(oligo(ethylene glycol) methacrylate) (POEGMA)-block-poly
(methyl methacrylate) (PMMA) brushes. Simple water treat-
ments induced phase segregations of the POEGMA and PMMA
segments and thus generated the nanoscale patterns. The
smallest feature size was less than 10 nm. Various patterns
including spherical aggregates, wormlike aggregates, line
patterns, perforated layers and complete overlayers were
obtained by varying the upper block layer thickness. These
patterns possessed some unique stimuli-responsive properties
and were switchable between the different morphologies with
simple solvent treatments. All these studies showed that the
self-assembly of block copolymer brushes represents a promising
approach for the preparation of nanoscale patterns on surface.

The objective of this work is to prepare nanoscale patterns by
self-assembly of block copolymer brushes to pattern biomolecules
for potential biological and medical applications. One basic
requirement for these nanopatterns is that their interfaces must
have both binding capacity for targeted biomolecules and at the
same time a non-fouling background which resists non-specific
adsorption of proteins or cells. POEGMA is chosen in this work to
provide a non-fouling background. PEG-based polymers are the
most important type of materials that provide non-biofouling
functions because of their excellent resistance to non-specific
protein adsorption and cell adhesion [34—38], as well as their
non-toxic and non-immunogenic properties [6,35]. Various
patterned PEG-based surfaces have been prepared to pattern
proteins [39—44] or cells [35,37,43,45—-50] for different
applications. A hydrophobic polymer has always been used as the
top block, to assure phase segregation. In our previous work, PMMA
was used as the hydrophobic top block for the phase separation
[33]. Hydrophobic polymers have ability to adsorb proteins non-
selectively. The patterns prepared from this design have potential
to pattern biomolecules with limited bioapplications. Although
a hydrophobic surface can adsorb proteins, it has been found that
some adsorbed proteins on surface experience significant change in
conformation and as a result, lose their bioactivities. Besides, the
non-selectivity of hydrophobic surfaces also makes it challenging in
further modification of chain ends for selectively capture of tar-
geted biomolecules.

The use of hydrophilic polymer as the top block could provide an
ideal solution to this problem. However, the difficulty lies in that
phase segregation between two hydrophilic blocks cannot be
induced by simple water treatment. The approach in the current
work is to use a polyelectrolyte as the top block. In salt solution, the
polyelectrolyte chains collapse and form patterns on the surface.
Furthermore, the static electrolyte charges may bring more
advantages, e.g. external electric field may be applied to control the
formation of patterns. The objective of this work is therefore to
prepare the nanoscale patterns from block copolymer brushes
having two hydrophilic segments by salt solution treatment and to
explore ability of the polymer patterned surface in developing
protein patterns.

2. Experimental section
2.1. Materials

Cu'Br (99.999%), Cu'Cl (99.99%), Cu"'Cl, (99.995%), 2,2'-bipyridyl
(Bipy) (99%), ethyl a-bromoisobutyrate (EBIB) (98%), and methanol
(HPLC grade, Aldrich) were purchased from Aldrich and used as
received. Oligo(ethylene glycol) methacrylate (OEGMA) (98%,
M, = 300 g/mol, Aldrich) was distilled over CaH, under vacuum. [2-
(Methacryloyloxy)ethyl] trimethylammonium chloride (METAC)
solution (75 wt% in H,0, M, = 207.70 g/mol, Aldrich) was passed
through an inhibitor remover column (Aldrich) to remove the

inhibitor, monomethyl ether hydroquinone. Toluene (HPLC grade,
Aldrich) was distilled over CaH; twice. Deionized water from the
Millipore water purification system had the minimum resistivity of
18.0 MQ cm. Argon and nitrogen gas were of ultra-purity grade.
Silicon wafers with 0.56 mm thickness were purchased from
University Wafer Company (Boston, MA) and cut into 12 x 6 mm?
pieces.

2.2. Self-assembly of initiator monolayer on surface

Silicon wafers were treated first in a clean room environment
before the grafting process. They were exposed to UV/ozone for
30 min, and then immersed in 0.15 M hydrofluoric acid solution for
20 min to remove silicon oxide layer. After that, they were rinsed
thoroughly by deionized water, dried under a nitrogen stream, and
exposed to UV/ozone again for 30 min to form a new
contamination-free silicon oxide layer. The surface-attachable
ATRP initiator, 6-(2-bromo-2-methyl) propionyloxy hexenyl tri-
chlorosilane (BMPHTCS) was synthesized beforehand [51]. The pre-
treated silicon wafers were subsequently immersed in a 2.5 mM
solution of BMPHTCS in dry toluene for 18 h at room temperature to
form self-assembled initiator monolayers with thicknesses of
1.6 &+ 0.2 nm. The surfaces were finally cleaned in toluene ultra-
sonically, rinsed 3 times, and then dried in an argon stream.

2.3. Preparation of POEGMA-b-PMETAC copolymer brushes
on surface

To graft POEGMA brushes onto silicon wafers, Cu'Br (28.8 mg,
0.2 mmol) and Bipy (63.6 mg, 0.4 mmol) were first added to
a 50-mL flask [33]. The flask was then evacuated and backfilled
with argon 3 times to remove oxygen. Degassed OEGMA (12 g,
40 mmol) and methanol (20 mL) were then transferred into the
flask. The solution was degassed with argon for another 30 min
before it was transferred to a glove box filled with ultra-pure
nitrogen. The free initiator EBIB (29.4 pL, 0.2 mmol) was added
to the solution to initiate polymerization. After stirred for
another 30 s, the reaction mixture was allocated to small glass
tubes containing initiator-grafted silicon wafers. The grafting
reaction was stopped by adding a methanol solution of Cu'Br,/
Bipy after a certain period of time. The POEGMA-grafted surfaces
were cleaned ultrasonically in methanol for a certain period of
time, rinsed thoroughly, dried in an argon stream, and measured
by ellipsometer. No further reduction in the POEGMA layer
thickness after successive cleaning steps suggested a complete
removal of the physically adsorbed POEGMA chains. The surfaces
were finally dried in an argon stream, ready for grafting the
second block.

To graft PMETAC block onto POEGMA-grafted surfaces, Cu'Cl
(89.1 mg, 0.9 mmol), Cu''Cl, (242 mg, 0.18 mmol) and Bipy
(337.3 mmyg, 2.16 mmol) were first placed into a 50-mL flask. It was
evacuated and backfilled with argon for 3 times. Degassed METAC
solution (10 g, 36 mmol METAC), methanol (10 mL) and water
(2.5 mL) were then added to the flask. The mixture was degassed
for another hour, then transferred to a glove box, distributed into
small glass tubes with POEGMA-grafted silicon wafers. The grafting
process was carried out at room temperature for a preset period of
time and stopped by adding a methanol/water (volume ratio of 2:1)
solution of Cu'lCly/Bipy. The same cleaning procedure as described
above was followed.

2.4. Characterization

The thickness of the grafts on the silicon wafers was measured
by an ellipsometer (Exacta 2000, Waterloo Digital Electronics,
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Scheme 1. Synthesis procedure for POEGMA-b-PMETAC copolymer brushes on silicon wafer via surface-initiated ATRP.

He—Ne laser (632.8 nm), incident angle 70°). The water contact
angle was measured with a contact angle goniometer (Model 200,
Rame-Hart instrument Co.). A NanoScope Illa Multimode atomic
force microscope (Digital Instruments, Inc.) was employed to
observe surface morphology in air.

2.5. Protein adsorption experiments

Protein adsorption experiments were carried out in isotonic
tris buffered saline (TBS) with radioiodinated fibrinogen. Fibrin-
ogen is an important protein in blood plasma which is essential
in blood coagulation. It has a molecular weight of 340,000 g/mol
and a structure containing two sets of three different polypeptide
chains, which are linked to each other by disulfide bonds [52]. It
was selected as the model protein in this work because it has
a large size and narrow dimension of 450 x 90 x 90 A3, which
makes it detectable by AFM method. Its adsorption behavior on
POEGMA surfaces was evaluated in our previous work [53]. To
count the amount of protein adsorption on the surface, fibrin-
ogen was radiolabeled with Na125] via the iodine monochloride
(IC1) method [54]. lon exchange chromatography was employed
to remove unbound radioactive iodide. The solutions for protein
adsorption contained only 10% radiolabeled proteins. The
surfaces were immersed in the protein solution for 2 h allowing
protein adsorption to reach equilibrium. The surfaces were then
put into fresh TBS solution for 5 min (3 cycles) to remove loosely
adsorbed proteins, dried and measured by a Wizard 3” 1480
Automatic Gamma Counter (Perkin—Elmer Life Sciences) to count

the amount of proteins adsorbed on the surface. For surface
morphology observation by AFM method, the same procedure
was used except that regular fibrinogen without radio labelling
was used.
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Fig. 2. AFM image of surface in air. All the samples have the same POEGMA layer thickness of 23.4 nm. PMETAC block varies from 2.4 nm to 10.6 nm.
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Fig. 3. AFM images after water treatment.

3. Results and discussion
3.1. Preparation of POEGMA-b-PMETAC copolymer brushes

The surface grafting procedure is described briefly in Scheme 1.
After the pre-treatment of silicon wafers in a clean room, an initi-
ator monolayer was grafted onto the surface. The surface-initiated
ATRP of OEGMA was subsequently carried out at room temperature.
The free initiator was added to the solution to generate deactivator
and thus to assure the living character of ATRP. As shown in Fig. 1,
the thickness of POEGMA brushes grow linearly with OEGMA
conversion in the solution, demonstrating the living character of
this system. The grafting process was stopped after 18 h at 72%
conversion to minimize chain termination. The surfaces were
cleaned ultrasonically in methanol and rinsed thoroughly to
remove physically adsorbed POEGMA chains. The resulting
POEGMA brushes had a thickness of 23.4 nm. The grafting density
was estimated from the equation of I' = dp/M,, where d is the
layer thickness, p is the polymer bulk density, and Mj, is the polymer
molecular weight, respectively. The molecular weight of grafted
POEGMA cannot be measured directly, so it was assumed the
molecular weight of grafted POEGMA was the same as that of free
POEGMA in solution. It was measured by gel permeation
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chromatography. The estimated grafting density was 0.26 chains/
nm? [51].

PMETAC block was grafted to the brushes through ATRP chain
extension of POEGMA. The chain ends of the POEGMA brushes
were reactivated by the catalyst in solution to initiate PMETAC
grafting. Excess deactivator, instead of free initiator, was added to
facilitate the living character of ATRP, especially in the early stage.
As shown in Fig. 1, the thickness of the PMETAC block increased
linearly with time, indicating a living grafting process [55,56].
Surfaces having PMETAC block thicknesses varying from 2.4 to
10.6 nm were prepared by controlling the grafting time. The chain
length and polydispersity of grafted polymer chains on surface are
difficult to be measured by experimental methods. In this work, the
formation of different patterns and their ability to pattern proteins
are discussed based on the variation in block thickness, which can
be measured accurately by ellipsometer.

3.2. Formation of nanoscale patterns

The surfaces were immersed in a 0.5 mol/L NaCl solution for 4 h
at room temperature, and were then dried in an argon flow (ultra-
purity grade) for ~2 min. The dry state surface morphologies were
observed by AFM, as shown in Fig. 2. Fig. 2(a) and (b) give the height
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Fig. 4. (a) Water contact angle of the surfaces before and after fibrinogen adsorption. The advancing water contact angle was measured by the sessile drop method. (b) The increase

in thickness on the surfaces after fibrinogen adsorption.
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Fig. 5. AFM phase image of fibrinogen adsorption on the PMETAC surface.

and phase images of the same surface. The height image gives the
height variation on the surface. The obtained patterned surface was
still flat, as shown in Fig. 2(a). The phase image detects the chemical
variation on the surface. Fig. 2(b) shows the patterns developed
from the phase segregation between POEGMA and PMETAC. In the
NaCl solution, PMETAC, a strong polyelectrolyte, collapsed on the
POEGMA surface and thus formed nanoscale aggregates. The bright
domains denote PMETAC, while the dark areas correspond to
POEGMA. The chemical variations on the surface were targeted in
this work; therefore only phase images were examined in details.

In the current study, the bottom POEGMA layer thickness was
fixed to ~23.4 nm and the upper PMETAC layer thickness was
varied from 2 nm to 12.0 nm. Different nanoscale patterns were
achieved through varying PMETAC layer thickness. Our experi-
mental observations showed qualitative similarity with the theo-
retical morphologies simulated by Shi et al. [57]. Their simulation
work showed that the self-assembly of densely grafted block
copolymer brushes could give a range of patterns including
spherical aggregate, wormlike and line pattern etc. on the surface
when the upper block thickness was varied.

Sample 1 and Sample 2 had the PMETAC layer thickness less
than 6 nm, forming spherical aggregates as shown in Fig. 2(b) and
(c). The smallest PMETAC domain size was less than 10 nm. In our
previous work, the smallest domain size achieved by the self-
assembly of POEGMA-block-PMMA brushes was 6—9 nm. These
feature sizes are among the smallest ones achieved by the self-
assembly of block copolymers, which normally gives feature sizes
between 10 and 100 nm [16,18]. We believe that the long side
chains of POEGMA effectively isolated the PMETAC aggregates and
resulted in the small feature sizes.

When the PMETAC layer thickness was further increased, the
spherical aggregates increased in size until they came into contact
with each other forming the wormlike aggregates. As shown in Fig.
2(d), the wormlike aggregates formed when the PMETAC layer

Scheme 2. The fibrinogen adsorption scheme on POEGMA-b-PMETAC nanopatterns.

thickness was 7.3 nm. When the PMETAC layer thickness was
increased to 10.6 nm, the PMETAC domains coalesced, forming
a line pattern (Fig. 2(e)). In our studies, no parallel lines were
achieved as described in Shi's simulation. External aids (e.g. pre-
patterned substrates, electric field, mechanical flow field, temper-
ature gradient etc) may help form the long-range regular patterns
via the self-assembly method.

Fig. 2(f) gives a scan area of 200 nm x 200 nm to closely examine
the line pattern. It is evident that the feature size is quite uniform,
although the self-assembly method can only give random patterns.
These random patterns with the uniform feature size can be
employed as modules to prepare nanoscale products where only
arandom nanoscale structure is required, e.g. nanoscale membranes,
nanoparticles and nanofibers, and high-efficient catalysis.

The advantage of the self-assembly method lies in its ability to
prepare large area patterns at low costs. Fig. 2(g) gives a scan of
5 pum x 5 pm area. As it can be seen, no defects are observed. The
feature size is very uniform in the large area.

3.3. Stimuli-responsive behavior

The nanoscale patterns formed after the surfaces were treated
with NaCl solution. When the surfaces were treated with pure water,
the PMETAC blocks stretched out from the surface, giving a complete
PMETAC overlayer. Fig. 3(a) and (b) show the surface morphologies
of Sample 3 and Sample 4 after the water treatment. The bright dots
in Fig. 3(a) were caused by AFM tip contaminations. This switch of
the surface morphologies was reversible through the treatment
with different solvents. The overlayer morphology was observed in
the samples having PMETAC thickness greater than 7 nm after
treated with water. The overlayers in Sample 1 and Sample 2 were
incomplete, because the PMETAC layers were too thin.

3.4. Protein adsorption on nanoscale patterns

The surfaces grafted with POEGMA brushes have been widely
studied for their biocompatibility in resisting protein adsorption. It
was found in our previous work that the surfaces grafted with
POEGMA brushes adsorbed only 26 ng/cm? fibrinogen. Compared
to the unmodified silicon wafer of 773 ng/cm?, it was about 95%
reduction. Fig. 4(a) shows the water contact angle measurements.
The water contact angle of the POEGMA surface did not change
significantly before and after fibrinogen adsorption. However, the
water contact angle of silicon wafer surface was increased from 40°
to 70° after the fibrinogen adsorption. The monolayer adsorption of
fibrinogen on a flat surface is estimated to be between 140 and
700 ng/cm?. The adsorption amount of 773 ng/cm? on silicon wafer
indicates a complete coverage. The ellipsometry could not detect
any increase in thickness of the POEGMA surface after fibrinogen
adsorption. However, an increase of 13 nm in thickness was
detected on silicon wafer after the fibrinogen adsorption, as shown
in Fig. 4(b). The measurements confirmed the excellent perfor-
mance of POEGMA brushes in resisting fibrinogen adsorption. In
contrast, PMETAC could adsorb proteins through electronic
interactions. Fig. 4(b) shows an increase of 8 nm thickness, sug-
gesting adsorption of fibrinogen on the surface grafted with PME-
TAC brushes. The water contact angle changed from 10° to 70°,
close to the typical value of a complete coverage of fibrinogen. The
radio labelling experiment gave 240 ng/cm? fibrinogen adsorbed on
the PMETAC surface. Fig. 5 shows the AFM image of a homogeneous
surface after the fibrinogen adsorption, suggesting a complete
coverage of fibrinogen on the PMETAC surface. All these results
confirmed a monolayer of fibrinogen on the PMETAC surface.

Based on the above fibrinogen adsorption behaviour on
POEGMA and PMETAC brushes, it was hypothesized that the
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Fig. 6. AFM phase image of fibrinogen on POEGMA-b-PMETAC nanopatterns after protein adsorption with different fibrinogen concentrations: (a) 0.02 mg/mL, (b) 0.2 mg/mL and

(c) 1 mg/mL.

nanopatterns prepared in this work from POEGMA-b-PMETAC have
the ability to pattern proteins. As illustrated in Scheme 2, the
PMETAC aggregates attract fibrinogen, while the POEGMA back-
ground repels the protein. A protein pattern similar to the original
polymer pattern would form.

The protein concentration in solution is an important factor that
determines the amount of protein adsorption on the surface. Three
levels of concentration were studied in this work. A careful exam-
ination of three images in Fig. 6 reveals that fibrinogen was pref-
erably adsorbed on PMETAC with an increase in the protein
concentration. The contrast between PMETAC domains and
POEGMA background increased obviously while the fibrinogen
concentration was increased from 0.02 mg/mL (Fig. 6(a)) to 0.2 mg/
mL (Fig. 6(b)). It is well known that fibrinogen tends to aggregate
easily. It is evident in Fig. 6(b) that some fibrinogen aggregated and
even covered a part of the POEGMA background. The aggregated
fibrinogen has the exactly same color as the PMETAC domains,
suggesting a complete coverage of the PMETAC domains by
fibrinogen at 0.2 mg/mL. When the fibrinogen concentration was
further increased to 1 mg/mL, more fibrinogen aggregated and
started to cover the POEGMA background. It becomes clear that
there exists an optimal fibrinogen concentration (about 0.2 mg/mL)
for a complete coverage of the PMETAC domains but leaving
POEMGA background clean. As shown in Fig. 4(a), the water contact
angle of POEGMA-b-PMETAC surface after the protein adsorption at
0.2 mg/mL was 60°, between POEGMA (45°) and surfaces covered
completely by fibrinogen (70°).
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Fig. 7. The fibrinogen adsorption on POEGMA-b-PMETAC nanopatterns with different
PMETAC block thickness.

The protein adsorption on the surface was also studied quanti-
tatively by the radio labelling method. With the increase of the
PMETAC block thickness, the PMETAC composition on the surface
increased. The amount of adsorbed fibrinogen was expected to
increase as well. The fibrinogen adsorption on the POEGMA-b-
PMETAC nanopatterns with different PMETAC block thicknesses
was studied at the optimal fibrinogen concentration of 0.2 mg/mL
which enabled fibrinogen to give a complete coverage of the
PMETAC domains but to leave the POEMGA background clean. As
shown in Fig. 7, the amount of absorbed fibrinogen increased from
a value close to that of POEGMA to that of PMETAC, as expected.
When the PMETAC block thickness was between 5 nm and 10 nm,
a quick increase was observed. Fig. 2 shows that during this range
the patterns experienced the change in pattern type from spherical
aggregates to wormlike aggregates, and then line patterns, sug-
gesting an important role played by the pattern type in determining
the amount of protein adsorption on the surface.

4. Conclusions

Various nanopatterns have been introduced through the self-
assembly of grafted block copolymer brushes having two hydro-
philic components. The design of two hydrophilic components was
to avoid hydrophobic areas where proteins could change their
conformations and lose their activity. The polyelectrolyte collapsed in
salt solutions and induced phase segregation between the two
hydrophilic blocks. The nanopatterns including spherical aggregates,
wormlike aggregates and line patterns were obtained by simple
adjustment of the thickness of upper block layer. The long side chains
of POEGMA brushes helped constrain the feature size to about 10 nm
and fine tune the size on a nanoscale. These patterns were reversibly
switchable through treatments with selective solvents.

The behavior of fibrinogen adsorption on these patterns was
studied by ellipsometry, water contact angle, AFM and radio
labelling experiment. The results showed that PMETAC aggregates
attracted fibrinogen while the POEGMA background repelled the
protein. The polymer nanopatterns prepared in this work
possessed the ability to pattern proteins. Protein patterns identical
to the original polymer patterns were introduced with a proper
level of the protein concentration.
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