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ABSTRACT: In this study of nanopatterned helical poly(benzyl-L-
glutamate) (PBLG) brushes, rod-type brush arrays were fabricated via
an integrated process of high-resolution lithography and surface-
initiated vapor deposition polymerization (SI-VDP). “Nanospikes” of
polymer brushes with spacings of less than 100 nm were produced.
The topology and areal behavior of the resulting patterned rod-like
brushes were analyzed and compared with patterned coil-type
brushes. A geometric study of these self-assembled “nanospikes” was
carried out, and their cross sections were investigated via focused ion
beam (FIB) and scanning electron microscopy (SEM). Furthermore,
the presence of poly(N-isopropylacrylamide) (PNIPAM) brushes in
unpatterned regions was shown to inhibit undesired “inter-spike”
bridging of the PBLG brushes, resulting in more well-defined
nanostructures. It was shown that rod-like polypeptide brushes are capable of self-segregation and become arranged vertically
without any external support from their surroundings, to form a rod bundle end-point functional topography that could provide
possible pathways for studies of model biological surfaces, directed assembly of nanoparticles, or binary mixed brush surfaces with
dual properties.

Polymer brushes are typically polymer chains with one end
anchored via stable covalent bonds to a substrate, such as

silica. While polymer brushes have been an active research area
for some years, precise control of the area-selective formation
of these brushes remains a challenge, especially when
nanoscale resolution is required. As such, there is growing
interest in integrating lithographic techniques with polymer
brush synthesis.1 Applications such as directed cell growth,2−4

substrates for cell-membrane derived sheets,5 thermorespon-
sive surfaces,6−9 and antibody biosensors10−12 have been
developed in the past using patterned brushes with submicron
structures.
In general, there are two approaches in generating patterned

polymer brushes: the “top-down” approach, where the polymer
brushes are grown homogeneously on the surface and then
selectively removed to form a pattern; and the “bottom-up”
approach, where a patterned self-assembled initiator monolayer
is formed as the site for subsequent surface-initiated polymer-
ization.13,14 While the “top-down” approach is more
straightforward and uncomplicated in terms of chemical
processing, it has several disadvantages, such as postprocessing
residue, surface defects, and overetching.15 On the other hand,
“bottom-up” approaches are usually associated with complica-
tions in terms of chemical compatibility and processing, since it
involves a layer of patterned resist that forms the template that
limits self-assembled monolayer (SAM) formation to a specific
region. Thus, there are merits in developing a polymer brush

synthesis technique that is compatible with nanofabrication
methods, especially high-resolution lithography process
methods. In this study, we developed a facile “bottom-up”
method for forming well-defined, self-supported rod polymer
brushes patterned on the nanoscale using a sequence of
electron beam lithography (EBL) and vapor phase surface-
initiated polymerization.
Due to their thermodynamically stable conformation and

high persistence length, α-helical polypeptide brushes were
used as model rod brushes.16 Polypeptides are also known to
offer potential benefits in biological applications,17,18 and the
vertical alignment of these brushes combined with their
unidirectional vapor growth can enable terminal group
functionalization and, thus, specific surface chemical proper-
ties. Our previous research has already shown the vertical
alignment and self-aggregation of polypeptide brushes when
placed in a mixed rod−coil brushes system. However, the poly-
γ-benzyl-L-glutamate (PBLG) brushes’ self-support and free-
standing capability were not examined in the same study due
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to a lack of nanopatterning analysis.19 It is worth noting that
the fundamental characteristics of nanopatterned polymer
brushes (NPB) are different from those of homogeneous brush
layers and micropatterned brushes since the NPB’s polymer
contour length now becomes comparable to pattern size.20−22

Therefore, it was of interest to investigate helical polypeptide
NPBs and gain insight into how nanostructured rod-type
polymer brushes adapt to the imposition of nanoscale patterns.
Moreover, the polypeptide brushes’ self-supported, con-

trolled surface topography with uniform end-group function-
ality and submicron spacing superficially resembles the capsid
and antigen structure of several types of viruses, which are
responsible for cell recognition and invasion and antibody
recognition.23 As such, it would be possible for us to make a
virus-like surface using proteins for cell−virus interaction
simulations if the spacings could be made small enough. It was
therefore of interest to us to understand how much control we
have over the architecture and constituents of such polymer
brushes and what periodic spacings we can achieve in
producing this model surface system. With the ability to
control the placement, spacing, and molecular arrangement of
these polypeptide brushes at the nanometer scale via EBL, in
the future we want to use them to study biomolecular surface
attachment and cell−surface interactions that involve feature
sizes in the sub-50 nm regime.
In order to test the control of our processes as well as to

examine the self-aggregation behavior of polypeptides under
different conditions, polymer brushes with various thicknesses,
patterns, and structures were grown for a comparative study.
Specifically, PBLG brushes were synthesized via surface-
initiated ring-opening polymerization (SI-ROP) and poly(N-
isopropylacrylamide) (PNIPAM) were separately grown via
surface-initiated atom transfer radical polymerization (SI-
ATRP) as secondary brushes in a binary brush synthesis
(Scheme 1). As noted above, electron beam lithography was
used to create patterned amino silane initiators, where a JEOL
9500 EBL system was used to expose a ZEP-520A e-beam
resist film (∼150 nm) on a blank silicon wafer. The patterned
resist film was used to mask initiator deposition after a brief
descum process via reactive ion etching. Afterward, vapor
deposition of (3-aminopropyl)di-isopropylethoxysilane (AP-
DIPES) was carried out following the procedure suggested by
Fetterly et al.24 The substrate and APDIPES were placed
together in a closed chamber with a pressure of 1 Torr and a
temperature of 70 °C. APDIPES was selected due to its bulky
size to localize surface deposition to the exposed oxide surface

and to minimize transport of APDIPES through the resist film.
Vapor-deposition conditions were further optimized to prevent
background contamination of the silane in unexposed areas.
After the resist lift-off, PBLG brushes were grown via vapor
phase SI-ROP under vacuum and elevated temperature, and
the solvent quenching process was used via the procedure
described by Tran et al.19 (Chart 1).

Topological studies of these polymer brushes were done by
the Zeiss Ultra scanning electron microscope (SEM) and
Asylum MFP-3D atomic force microscopy (AFM). Figure 1a−
d shows the brushes fabricated with dot-like EBL patterns: the
center-to-center distance was held at 200 nm, and the
diameters of the dot-patterned brushes are around 60 nm
(Figure 1a,b for PBLG and Figure 1c for PS) and 100 nm
(Figure 1d for PBLG). As the diameter of the dots increases,
the PBLG brushes form separate bundles, reflecting the
inhomogeneous segregation of these brushes. Furthermore,
the brushes start to interact with each other and form “bridges”
between each other at larger spikes, probably due to a decrease
in edge-to-edge distance (Figure 1d). However, “bridges” only
formed between edge-adjacent dots, but not if the regions were
located on the diagonals.
A simple explanation is that a diagonal is always ∼1.41×

more distant than an edge, which makes the “inter-spike”
interaction more difficult. One noteworthy observation is that
the polypeptide brushes can stand up on their own without any
secondary support, probably due to their high persistence
length (∼70 nm)25 and strong intermolecular interactions. A
comparison between PBLG brushes and PS brushes further
demonstrates this characteristic of the rod brushes. For

Scheme 1. Synthesis of (a) PBLG Brushes via SI-ROP, (b) PS via SI-CuCRP, and (c) PNIPAM via SI-ATRP

Chart 1. Formation of Nanopatterned Brushes via EBL
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comparison, patterned PS brushes were fabricated through
similar procedures described in Chart 1, with one additional
step for attaching 2-bromo-2-methylpropionyl bromide (BiBB)
onto the aminosilane initiator (Scheme 1b). Figure 1c
illustrates the SEM image of patterned PS brushes fabricated
via surface-initiated Cu(0) mediated controlled radical
polymerization (SI-CuCRP) with the same resist template as
the PBLG brushes in Figure 1a: the edge of the resulting PS
brushes became blurry and diffuse, which is in agreement with
previous studies,21,26 and is consistent with the collapse of the
brushes at the edges of the patterns due to low polymer
persistence length combined with the absence of strong
interchain interactions.
While SEM images provide insights on the topology of the

brushes, they have been limited in assessing more geometric
information such as the height and the cross-sectional shapes
of the PBLG brushes. Figure 1b shows the corresponding AFM
image of the brushes in Figure 1a using an Asylum MFP-3D.
The average brush height is 60 nm, and cone-shaped tips were
observed. In order to obtain a more comprehensive under-
standing of the shape of these “nanospikes”, a cross-sectional
study was carried out using the Helios G4 UX Focused Ion
Beam (FIB) to isolate samples for side view observation. PBLG
brushes with line pattern was prepared and protected by
depositing a layer of platinum on top. Subsequently, the
sample was cut by a strong focused ion beam in the direction
normal to the plane of the substrate until a very thin slice was
obtained. The entire process was monitored via SEM imaging
(Chart S1). Figure 1e,f shows a cross-section of the PBLG
brushes after processing. Instead of straight sides shown in
AFM images, the side of the spikes curved inward, which
reflect a nonlinear relationship between the collapse tendency
of the brushes and height.
While patterned PBLG brushes exhibit high orientation and

specific surface functionality with potential for biological
applications, the addition of secondary brushes can further
modify the surface with unique dual properties.27−29 For this
purpose, SI-ATRP was integrated after the fabrication of

patterned PBLG brushes to grow the secondary brushes at the
blank area on the same substrate. PNIPAM was selected for
the secondary brush in this case due to its compatibility with
SI-ATRP30 as well as its stimulus responsive properties: as
PNIPAM established a change in solubility in water at its lower
critical solution temperature (LCST) of 32 °C,31 one can
control the swelling of the PNIPAM film in solution to expose
or envelop the spiky rod brushes by controlling the
surrounding temperature. However, for the purpose of this
study, we focus on how the presence of secondary brushes can
isolate and potentially support the PBLG “nanospikes”. The
secondary brush synthesis was carried out via a two-step
procedure. ATRP initiators were immobilized into non-
patterned areas by immersing the sample into a solution of
BiBB-functionalized silanes overnight at room temperature; SI-
ATRP was then carried out for PNIPAM brush growth in the
desired area (Scheme 1c). The resulting binary brush sample
was then analyzed by SEM and AFM and compared with the
PBLG homobrush sample in Figure 2. The height of PNIPAM
brushes was measured as 25 nm using ellipsometry. Instead of
a spiky surface with clean, sharp nanocones, the surface after
PNIPAM brushes growth is smoother; the secondary brushes
filled the blank area, causing the edges to be less defined. Also,
the addition of PNIPAM brushes improved phase separation,
which is reflected by the decrease in the number of “bridges”
between the nanocones and bundles within each area.
Additionally, the same sample was scratched to remove
brush from the region of the scratch and examined using
SEM imaging to provide a more visual comparison of the
relative height of the PNIPAM, and PBLG brushes on the
silicon surface (Figure S1) to confirm the ellipsometer readings
of the presence of secondary PNIPAM brushes in the open
area, which might not be directly noted in Figure 2.
Herein, we report the preparation of patterned polypeptide

brushes via SI-ROP following EBL patterned initiator
formation. This work combined distinct techniques from the
areas of oxide surface functionalization using organosilane
monolayers with e-beam nanolithography to achieve nanoscale

Figure 1. SEM image of PBLG brushes with diameter (a) ∼60 nm and (b) the corresponding AFM images. (c) SEM image of PS brushes with
diameters of ∼70 nm for the inner circle and ∼160 nm for the outer circle. (d) SEM image of PBLG brushes with diameters of ∼100 nm showing
the inhomogeneous aggregation. (e) SEM images of FIB processing for cross-sectional analysis and (f) SEM image of PBLG brushes cross-
sectional. V1 and V2 are dummy labels for length measurements.
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localized functionalization, combining surface-initiated poly-
mer brush growth to form polymer thin films. Patterned PBLG
brushes with diameters of 60−100 nm were produced, and
vertically oriented “nanospikes” were formed after a solvent
quenching process. In contrast, PS brushes showed a collapsed
morphology due to the coil polymer’s lower persistence length
(∼1 nm).32 In addition, PNIPAM brushes were grown in the
“blank” areas to make patterned binary rod−coil brushes for
stimuli-responsive surfaces.
It is a future goal to study how surface-modification of the

end functional patterned rod brushes can form precisely
placed, controlled attachments and the performance of such
functional films. For example, with such materials it is possible
to foresee the formation of functional arrays on desired
surfaces with the assistance of the patterned brushes, where the
active functional groups on the tips of the brushes act as
specific binding sites of nanoparticles.33 Such arrays could be
the building blocks of the functional optical, electrical, sensor,
or chemical devices34,35 or high-density magnetic storage
medium.36,37

The mild conditions of vapor phase deposition make this
method particularly useful in combination with the EBL for the
patterning procedure. The bottom-up patterning method
reduces process defects and allows polymer films to remain
intact compared to top-down approaches where films are
etched after being made. Furthermore, the grafting-from
synthesis approach, that is, surface-initiated polymerization,
results in high grafting density and controlled and uniform film
thickness, thus, achieving enhanced self-assembly of the mixed
rod−coil polymer brushes. Combining with a solvent
quenching process19 significantly reduced the annealing time
compared to the thermal or solvent annealing techniques

compared to block copolymer self-assembly. Further studies
are required for understanding the mechanism of such
attachments and finer control on these assemblies to produce
patterned rod-brush structures with smaller spacings and
explore their possible applications in biological simulations and
electronic devices.
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