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We present fabrication of patterned poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) brushes with

sub-100 nm features over large areas. The patterned polymer brushes are fabricated by a combination

of block copolymer micelle lithography and surface-initiated atom transfer radical polymerization. The

PDMAEMA brushes are neutralized and collapsed at pH 9, and positively charged and swollen at pH 4.

The protein adsorption and desorption on the patterned PDMAEMA brushes are studied by laser

scanning confocal microscopy, atomic force microscopy (AFM), and quartz crystal microbalance with

dissipation (QCM-D). In 1 mM NaCl solution at pH 5.8, the patterned brushes take up bovine serum

albumin (BSA, isoelectric point �4.8) via electrostatic interactions. BSA adsorbs both inside the brushes

and at the outer edge of the brushes. BSA at the outer edge of the brushes is released by rinsing the

brushes with 1 M NaCl solutions at pH 4 and 9. Part of the absorbed BSA remains trapped inside the

brushes, resulting in an increase of their volume. The regular sub-100 nm features of the patterned

PDMAEMA brushes allowed us to directly visualize protein adsorption/desorption by AFM on a nanoscale.

The large area of the patterned brushes allowed us to collect statistical results of the nanostructures by

QCM-D.
Introduction

Polymer brushes are layers of polymer chains that are tethered
to a surface with one chain ending.1 Polymer brushes can
selectively bind proteins, which may open applications in
protein immobilization, purication, and analysis.2 Under-
standing protein adsorption/desorption on polymer brushes
will help to delineate their performance for such applications. It
was demonstrated that controlling the environmental pH is a
practical way to manipulate protein adsorption/desorption on
pH-responsive polymer brushes.3–8 Protein adsorption/desorp-
tion on pH-responsive polymer brushes has been studied using
quartz crystal microbalance with dissipation (QCM-D),8 surface
plasmon resonance (SPR) spectroscopy,4 and optical reec-
tometry.6,7 However, these methods lack spatial resolution,
which only provides limited information for protein adsorption/
desorption on polymer brushes. Direct imaging protein
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adsorption/desorption on polymer brushes at the nano scale
can give us more insights into the performance of polymer
brushes as protein binders.

Patterned polymer brushes were used as model systems
to understand wettability, adhesion, and adsorption on
surfaces.9–11 Patterned polymer brushes with small feature sizes
may enable us to directly image protein adsorption/desorption
on polymer brushes at the nano scale. In a recent review, Chen
et al. summarized that patterned polymer brushes are fabri-
cated by combination of various lithography methods and
surface-initiated polymerizations.9 The smallest feature size of
patterned polymer brushes fabricated by conventional photoli-
thography is in the order of few hundred nanometers caused by
the diffraction limit of light.9 The feature size of patterned
polymer brushes fabricated by micro contact printing is in the
order of microns.9 Electron-beam lithography and scanning
probe lithography can produce patterned polymer brushes with
sub-100 nm features.9 Due to the low throughput of electron-
beam lithography and scanning probe lithography, the areas of
patterned polymer brushes are usually only up to �100 mm2.
This area is too small for some standard characterization
techniques such as gravimetry by quartz crystal microbalance.
Cell adhesion study is also not applicable on patterns with small
areas because T cells require a certain density of continuously
nanopatterns for spreading to occur and a large-size extracel-
lular matrix is needed to collect statistical results.12,13 Scanning
RSC Adv., 2014, 4, 45059–45064 | 45059
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probe lithography using tip arrays can increase the throughput
of patterned polymer brushes.14 The problem of scanning probe
lithography using tip arrays is that patterning will fail if
substrates are uneven or tips in tip arrays are not perfectly
aligned.14 Recently, block copolymer lithography based on
phase separation of block copolymers was combined with
surface-initiated polymerizations to fabricate patterned poly-
mer brushes.15,16 The fabricated patterned polymer brushes may
not fully replicate ordered structures of block copolymer
templates.15 This may occur because the pattern transfer
processes for patterns with sub-100 nm features are difficult
to achieve. Up until now, it is still a challenge to fabricate
patterned polymer brushes with sub-100 nm features over large
areas.

Our goals are (i) the demonstration of a new method for
fabricating patterned polymer brushes with sub-100 nm
features over large areas and (ii) the use of these novel fabri-
cated patterned polymer brushes to study protein adsorption.
The pH-responsive patterned poly(2-(dimethylamino)ethyl
methacrylate) (PDMAEMA) brushes were fabricated by combi-
nation of block copolymer micelle lithography and surface-
initiated atom transfer radical polymerization (SI-ATRP). Our
polymer brushes are graed onto patterned Au nanoparticles
via the “graing from” method. In contrast to the “graing to”
method,12,13,17,18 polymer brushes with a high graing density
can be synthesized using the “graing from” method.1,19–23 To
the best of our knowledge, fabrication of patterned polymer
brushes by SI-ATRP from patterned Au nanoparticles prepared
by block copolymer micelle lithography has not been reported
yet. The regular sub-100 nm features of the patterned
PDMAEMA brushes allowed us to directly visualize protein
adsorption/desorption on the patterned brushes by atomic
force microscopy (AFM) on a nano scale. The large area of the
patterned PDMAEMA brushes allowed us to use QCM-D to
collect statistical results of the nanostructures.
Experimental section
Materials

Polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP, Mn ¼ 55-b-
50 kgmol�1 and PDI¼ 1.05) andu-trimethoxysilane terminated
PEG methyl ether (Mn ¼ 0.35 kg mol�1 and PDI ¼ 1.10) were
purchased from Polymer Source. Bovine serum albumin (BSA)
labeled with uorescent Texas Red was purchased from Life
Technologies and used without further purication. The ATRP
initiator u-mercaptoundecyl bromoisobutyrate was synthesized
according to the literature.24 All other chemicals were purchased
from Sigma-Aldrich.
Sample preparation

Preparation of substrates with patterned Au nanoparticles.
Patterned Au nanoparticles were prepared by a procedure
reported in the literature.18,25,26 PS-b-P2VPmicelle solution (3 mg
mL�1) was prepared by dissolving PS-b-P2VP in anhydrous
toluene. The micelle solution was stirred for two days before
use. Hydrogen tetrachloroaurate(III) trihydrate was added to the
45060 | RSC Adv., 2014, 4, 45059–45064
micelle solution. The molar ratio of HAuCl4 to the repeat unit of
P2VP was 1 : 2. The micelle solution was stirred for 1 day to
allow it to reach equilibrium. Dip-coating of clean quartz slides
or quartz crystals into the micelle solution with a velocity of 12
mm min�1 produced a monolayer of micelles. Patterned Au
nanoparticles were obtained by treating the monolayer with
oxygen plasma (5 sccm, 15 W, 15 min) and annealing in H2

(200 �C, 1.5 h).
Synthesis of patterned PDMAEMA brushes. The ATRP initi-

ator u-mercaptoundecyl bromoisobutyrate was immobilized on
patterned Au nanoparticles by immersing patterned substrates
in an anhydrous ethanol solution of u-mercaptoundecyl bro-
moisobutyrate (5.0 mM) for 24 h. Then, the substrates were
rinsed with ethanol, dried with nitrogen, and used immediately
for surface-initiated polymerization. DMAEMA (4 mL, 23.7
mmol) and 2,20-bipyridine (0.4 mmol, 0.0625 g) were dissolved
in water/methanol mixture (20.0 mL, 1 : 1 v/v). Aer stirring and
bubbling with Ar for 30 min, CuBr (0.2 mmol, 0.0285 g) was
added under Ar. The mixture was stirred for another 30 min.
Then, the initiator-modied substrates were placed inside the
ask under Ar. The polymerization reaction was at 25 �C for
24 h. Aer polymerization, the substrates were washed with
water and methanol. The space between nanoparticles was
passivated by PEG using a literature method with minor
modications.12,13 In brief, PEG passivation is conducted by
immersing substrates in an anhydrous toluene solution (30 mL)
of u-trimethoxysilane terminated PEG methyl ether (0.07 g) and
triethylamine as the catalyst. The substrate was placed in the
above solution under Ar at 40 �C for 4 h. Then, the substrate was
washed with toluene and ethanol.

Protein adsorption and desorption. In the protein adsorp-
tion process, patterned PDMAEMA brushes were immersed into
BSA solution (0.1 mg mL�1, pH 5.8) for 1 hour and then washed
with NaCl solution (1 mM, pH 5.8) and dried with N2. In the
protein desorption process, patterned PDMAEMA brushes with
BSA were rinsed with NaCl solution (1 M, pH 4), NaCl solution
(1 M, pH 9) and Milli-Q Water, and dried by N2.
Characterization

X-ray photoelectron spectroscopy (XPS) measurements were
conducted on an ESCALAB-250 spectrometer with a mono-
chromatic Al Ka X-ray source (hn ¼ 1486.6 eV). Atomic force
microscopy (AFM) images were obtained on a Dimension 3100
system using tapping mode. A silicon cantilever (OMCL AC 160
TN-W2, spring constant �42 N m�1, resonance frequency �300
kHz) was used. Scanning electron microscopy (SEM) images
were obtained on a LEO Gemini 1530 system. Quartz crystal
microbalance with dissipation (QCM-D) experiments were
conducted on a Q-sense E1 system. Quartz crystals with
patterned PDMAEMA brushes were used as QCM sensors. Laser
scanning confocal microscopy experiments were performed on
a commercial setup (Carl Zeiss, Jena, Germany) consisting of
the module LSM 510 and an inverted microscope model Axio-
vert 200 using a C-Apochromat 40� water immersion objective
(Carl Zeiss, Jena, Germany) with numerical aperture (NA) of 1.2.
The excitation was done with the 543 nm line of a 1 mW HeNe
This journal is © The Royal Society of Chemistry 2014
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laser ber coupled to the LSM510 module. The uorescent
images were recorded using a LP 560 long-pass emission lter.
Results and discussion
Patterned polymer brushes

To fabricate patterned PDMAEMA brushes (Fig. 1a), rst, a
micelle solution of PS-b-P2VP in toluene was loaded with HAuCl4.
HAuCl4 selectively bound to the P2VP block via protonation.
Then, a close-packedmonolayer of micelles on a quartz substrate
was fabricated by dip-coating. PS-b-P2VP was removed, and
patterned Au nanoparticles were formed when the monolayer
was exposed to oxygen plasma and annealed in a hydrogen
atmosphere.18,25,26 This method can generate patterned Au
nanoparticles on a wafer scale.18,25,26 The Au nanoparticles which
were prepared using the optimized plasma and annealing
conditions are stable and difficult to remove from the quartz
substrate even by sonication.18 The stability, large area and small
feature size of the patterned Au nanoparticles make them inter-
esting templates for fabricating large-area and high-resolution
patterns of polymer brushes. However, fabrication of patterned
polymer brushes by SI-ATRP from patterned Au nanoparticles
prepared by block copolymer micelle lithography has not been
reported. To fabricate such patterned polymer brushes, an ATRP
initiator u-mercaptoundecyl bromoisobutyrate was selectively
Fig. 1 (a) Schematic illustration of fabricating patterned poly(2-
(dimethylamino)ethyl methacrylate) (PDMAEMA) brushes with sub-100
nm features over large areas by combination of block copolymer
micelle lithography and surface-initiated atom transfer radical poly-
merization (SI-ATRP). AFM topography and corresponding cross-
sectional profiles of patterned Au nanoparticles before (b) and after (c)
grafting PDMAEMA.

This journal is © The Royal Society of Chemistry 2014
anchored to the patterned Au nanoparticles. Finally, patterned
PDMAEMA brushes were graed from the patterned Au nano-
particles by SI-ATRP (Fig. 1a).

Block copolymer micelle lithography generated a quasi-
hexagonal pattern of Au nanoparticles on the quartz substrate
(Fig. 1b). The average distance of neighboring Au nanoparticles
was 91 nm (Fig. S1†). The average height of Au nanoparticles
measured by AFM in tapping mode in air was 10.3 � 2.4 nm
(Fig. 1b and S2†). Aer graing PDMAEMA brushes, the average
height of the nanoparticles increased to 18.4 � 4.5 nm (Fig. 1c
and S2†), indicating that Au nanoparticles were coated with an
approximately 8 nm polymer layer. We stochastically analyzed
the morphology of patterned PDMAEMA brushes at different
positions on the same substrate (Fig. S3†). The similar
morphology of patterned PDMAEMA brushes at randomly
different positions indicates that PDMAEMA brushes were
patterned over a large area (Fig. S3†).

Surface compositions of patterned Au nanoparticles before
and aer graing PDMAEMA were studied by X-ray photoelectron
spectroscopy (XPS, Fig. 2). Aer PDMAEMA was graed from the
Au nanoparticles, the N 1s signal at �399 eV, which corresponds
to the dimethylamino group, appeared. The intensity of Au 4f
signals at �84.5 and �88.5 eV decreased. This measurement
conrmed the presence of PDMAEMA on the surface.
pH responsiveness of the patterned polymer brushes

PDMAEMA is pH-responsive resulting from the protonation/
deprotonation equilibrium of the dimethylamino groups
(Fig. 3a).4,27 We studied pH response of patterned PDMAEMA
brushes using QCM-D (Fig. 3b). To avoid the disturbance of
acid–base reactions, we always used a pH 7 buffer solution to
rinse the QCM cell when switching pH between 4 and 9.
Frequency shi (Df) and dissipation shi.

(DD) increased when the pH was switched from 7 to 4. As pH
decreased from 7 to 4, the extent of hydration of PDMAEMA
Fig. 2 XPS spectra of patterned Au nanoparticles before and after
grafting poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA). Inset:
enlarged XPS spectra at N 1s region. N 1s signal appears after grafting
PDMAEMA brushes.

RSC Adv., 2014, 4, 45059–45064 | 45061
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Fig. 3 (a) Schematic illustration of protonation/deprotonation of the
dimethylamino groups on PDMAEMA and swelling/deswelling of
PDMAEMA chains. (b) Frequency shift (Df) and dissipation shift (DD) of
quartz crystal microbalance with dissipation (QCM-D) for patterned
PDMAEMA brushes at different pH as a function of time.
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increased due to the protonation of the dimethylamino groups.
This hydration effect, which was observed on PDMAEMA
brushes on a at surface,28 will decrease Df. However, for
Fig. 4 Schematic models (a), laser scanning confocal microscopy image
(c) of patterned PDMAEMA brushes before protein adsorption (left), after
protein adsorption process, the brushes were immersed in BSA solution
dried with N2. In the protein desorption process, the brushes were succes
Milli-Q Water, and dried with N2.

45062 | RSC Adv., 2014, 4, 45059–45064
surfaces with nanostructures, Df is inuenced not only by the
hydration/dehydration of polymer chains but also by the water
trapped in surface nanostructures.29,30 The swelling of PDMEMA
on the patterned surface with decreasing pH from 7 to 4 will
lessen the surface roughness, which reduces the amount of
water trapped by the surface nanostructures. Therefore, the
effect of the nanostructures will increase Df. The combined
effects by hydration and surface nanostructures resulted in an
increase of Df with decreasing pH from 7 to 4 (Fig. 3b). This
result indicates that the mass change induced by the reduction
of trapped water in surface nanostructures dominates over that
induced by the hydration of PDMAEMA. DD increased with
decreasing pH from 7 to 4, indicating that more energy was
dissipated in the swollen PDMAEMA layer via internal friction.

When pH changed from 7 to 9, Df increased and DD
decreased (Fig. 3b). These results imply that the deprotonation
of dimethylamino groups caused dehydration of PDMAEMA
and the weakening of the electrostatic repulsions between
PDMAEMA chains cause a collapse of PDMAEMA chains. The
collapse of PDMAEMA might generate a rougher surface, but
the collapsed PDMAEMA chains are too hydrophobic to effec-
tively trap water.31,32 Thus, the mass change of the patterned
surface was dominated by the dehydration of PDMAEMA with
s (b), and AFM topography and corresponding cross-sectional profiles
protein adsorption (middle), and after protein desorption (right). In the
(0.1 mg mL�1, pH 5.8), washed with NaCl solution (1 mM, pH 5.8), and
sively rinsed in NaCl solution (1 M, pH 4), NaCl solution (pH 9, 1 M), and

This journal is © The Royal Society of Chemistry 2014
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increasing pH from 7 to 9. The cyclic measurements by QCM-D
show that the pH response of the patterned brushes was
reversible. The control experiment using patterned Au nano-
particles without PDMAEMA showed that both Df and DD
remained almost constant with varying pH (Fig. S4†), conrm-
ing that the pH response was induced by the variation of
PDMAEMA brushes at different pH.
Fig. 5 Frequency shift (Df) and dissipation shift (DD) of quartz crystal
microbalance with dissipation (QCM-D) for the patterned PDMAEMA
brushes in: (1) NaCl solution (1 mM, pH 5.8, baseline), (2) BSA solution
(0.1 mg mL�1, pH 5.8, protein adsorption), (3) NaCl solution, (1 mM, pH
5.8), (4) NaCl solution (1 M, pH 4, protein desorption), (5) NaCl solution
(1 mM, pH 5.8), (6) NaCl solution (1 M, pH 9, protein desorption), (7)
NaCl solution (1 mM, pH 5.8).
Protein adsorption

We studied protein adsorption and desorption on patterned
PDMAEMA brushes (Fig. 4). To avoid protein adsorption on the
substrate between the polymer pattern, the surface was modi-
ed with a protein resistant poly(ethylene glycol) (PEG) layer.
Laser scanning confocal microscopy was used to study adsorp-
tion and desorption of uorescence-labeled bovine serum
albumin (BSA, isoelectric point �4.8) (Fig. 4b). The patterned
brushes were non-uorescent (Fig. 4b le). Fluorescence
appeared only aer immersion in BSA solution (0.1 mg mL�1,
pH 5.8) for 1 hour and subsequent washing with a NaCl solution
(1 mM, pH 5.8). This uorescence indicates that BSA was
adsorbed on the surface. The uorescence intensity decreased
to �47% of the original intensity aer the sample was succes-
sively rinsed in NaCl solution (1 M, pH 4) and NaCl solution
(1 M, pH 9) (Fig. 4b right and S5†), which indicates that�53% of
the adsorbed proteins were released from the surface. In a
control experiment, substrates without PDMAEMA showed
nearly no protein adsorption (Fig. S6†), demonstrating that
proteins were taken up by PDMAEMA brushes.

Proteins may penetrate into polymer brushes or adsorb at
the outer edge of brushes (Fig. 4a).3 We used AFM to study the
locations of proteins adsorbed on the patterned PDMAEMA
brushes (Fig. 4c). The average height of the nanostructures in
the initial patterned brushes was 15.4 � 3.5 nm (Fig. 4c le and
S7†). Aer the brushes were exposed to BSA, the pattern became
blurry (Fig. 4c middle). The average height of the nano-
structures decreased to 5.5 � 1.7 nm and some big aggregates
appeared on the surface. These results indicate that some
proteins on the outer edge of the brushes formed aggregates
and merged initially separated nanostructures (model in Fig. 4a
middle). Aer part of the adsorbed BSA was released from the
surface again, an ordered pattern appeared (Fig. 4c right).
However, the average height of the nanostructures increased to
19.5 � 5.1 nm that is even higher than that of the nano-
structures before protein adsorption (Fig. S7†). According to the
laser scanning confocal microscopy images (Fig. 4b), �47% of
the proteins were still on the surface aer the desorption
process. These results show that the residual proteins were
located inside the brushes. Accumulation of proteins inside the
brushes caused the volume expansion of the nanostructures.

The kinetics of protein adsorption/desorption on the
patterned PDMAEMA brushes were studied by QCM-D (Fig. 5).
To obtain the baseline, the patterned brushes were exposed to
NaCl solution (1 mM, pH 5.8, step (1)). When the patterned
brush surfaces were exposed to BSA solution (0.1 mg mL�1, pH
5.8, step (2)), Df decreased drastically within 3 min. It continued
to decrease slowly in the following 20 min until saturation. This
This journal is © The Royal Society of Chemistry 2014
Df decrease indicates a mass increase due to adsorbed proteins.
There was only a slight change in DD during protein adsorption.
The adsorption of BSA on the patterned brushes should lead to
an increase of DD because the adsorbed BSA will cause more
energy to be dissipated during the oscillation of the resonator.
Nonetheless, the electrostatic complexation between the
adsorbed BSA and the brushes would make the polymer layer
more rigid as BSA and PDMAEMA are oppositely charged at pH
5.8. This effect will decrease DD. As a result, the combined
effects may only lead to a slight change in DD during the protein
adsorption process (Fig. 5). Additionally, the adsorbed proteins
are stable upon rinsing with NaCl solution (1 mM, pH 5.8,
step (3)).

To release protein, the patterned brushes were rinsed with
NaCl solution (1 M, pH 4, setp (4)). As a consequence, both Df
and DD rapidly increased (Fig. 5). The increase in Df indicates
the desorption of some proteins. At pH 4, both BSA and
PDMAEMA are positively charged. The high ionic strength in
1 M NaCl solution can screen localized electrostatic attractions
and provide high-concentration Cl� as counter ions to exchange
BSA from the brushes. Both pH and ionic strength should
contribute to protein desorption.4,27 However, some strongly
adsorbed proteins still stick to the brushes. This should be due
to the electrostatic attractions between the positively charged
brushes and the negatively charged patches on BSA because pH
4 is close to the isoelectric point of BSA (pH 4.8). These adsorbed
proteins will form a swollen layer on the surface of the brushes
as they are repelled by the brushes, which would increase DD.
Then, the patterned brushes were rinsed with NaCl solution
again (1 mM, pH 5.8, step (5)). To further release the adsorbed
RSC Adv., 2014, 4, 45059–45064 | 45063
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proteins, the patterned brushes were successively rinsed with
NaCl solution (1 M, pH 9, step (6)) and NaCl solution (1 mM, pH
5.8, step (7)). PDMAEMA is neutral at pH 9 and no electrostatic
attractions exist between the brushes and BSA at this pH.
Consequently, the residual BSA molecules at the outer edge of
the brushes were removed by rinsing with the NaCl solutions, as
indicated by the further increase in Df and decrease in DD. In a
control experiment, patterned Au nanoparticles without
PDMAEMA adsorbed hardly any protein (Fig. S8†).

Conclusions

By combination of block copolymer micelle lithography and SI-
ATRP, we developed an efficient method to fabricate pH-
responsive patterned polymer brushes with sub-100 nm
features over large areas. The small feature size of the patterned
brushes allowed us to visualize protein adsorption/desorption
by AFM on a nano scale. The large area of the patterned brushes
allowed us to collect statistical results of the nanostructures by
QCM-D. Thus, the patterned polymer brushes could be used as
a prototype system to understand fundamental questions
regarding protein adsorption/desorption on a nano scale. We
expect that large-area nanopatterns of polymer brushes with
various stimuli-responsive properties and functionalities could
be synthesized by our method using other monomers instead of
DMAEMA.
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