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Abstract

Surfaces with end-grafted, nanopatterned polymer brushes that exhibit well-defined feature dimensions
and controlled chemical and physical properties provide versatile platforms not only for investigation of
nanoscale phenomena at biointerfaces, but also for the development of advanced devices relevant to
biotechnology and electronics applications. In this review, we first give a brief introduction of scaling
behavior of nanopatterned polymer brushes and then summarize recent progress in fabrication and
application of nanopatterned polymer brushes. Specifically, we highlight applications of nanopatterned

stimuli-responsive polymer brushes in the areas of biomedicine and biotechnology.
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1 Introduction

Polymer brushes --ensembles of densely packed polymer chains that are tethered with one end to a
surface-- are versatile materials for tailoring surface functionality and morphology.'™ Patterned polymer
brushes with controllable, spatially distributed chemical and physical properties are increasingly used in
fundamental research and are proposed for a variety of practical applications. The convergence of
burgeoning developments in both nanofabrication techniques and synthetic methods for forming
polymer brushes has driven research focused on creation and study of nanopatterned polymer brushes
(NPBs), in which surface tethered polymers that have molecular size (i.e. contour lengths) that are
comparable to the areas over which they are patterned.* > These versatile platforms enable the study of
unique nanoscale phenomena, and have spurred the development of advanced materials and devices for
biotechnology and electronics applications.*’ Our groups have been especially engaged in
proof-of-principle studies that indicate that NPBs have great potential as engineered biointerfaces, for
example, in applications ranging from biosensing, to cell culture, to antifouling surfaces.”

NPBs exhibit unique morphological and functional properties. For example, polymer chains
end-tethered on nanoscale footprints can lack lateral restraint and thus adopt a less extended
conformation compared with homogenously-grafted brushes.” Moreover, the height of NPBs scales with
the grafting density and with the pattern size; i.e., the polymer brush height decreases with decreasing
extent of the pattern footprint.'” ' Combined with periodicities on the length scale of the polymer
molecules themselves, this effect can lead to interactions between polymer chains on adjacent parts of a
nanopattern, and can provide additional functionality that is unavailable to micropatterned brushes.'*'*

For example, we observed that, when NPBs are well solvated, the chains from adjacent nanopatterned
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areas can overlap above the ungrafted areas of the nanopattern to interact physically.® Upon an
environmentally-induced transition to a poorly solvated state, however, this overlap and interaction is
diminished and ungrafted portions of the substrate can be exposed. Such NPB behavior can be used to
effectively and precisely control the access of solutes to the ungrafted substrate areas between adjacent,
nanopatterned brushes. That is, extended, solvated brushes can provide a diffusive barrier to transport of
solutes, and thus change the rate and extent of adsorption/desorption of a variety of components (e.g.,
physically or chemically adsorbing macromolecules and nanoparticles) to/from the substrate surface.

Polymer brushes can be either “grafted to” nanopatterned substrates by reaction between
end-functionalized polymer chains with surface-bound activated sites, or “grafted from” substrates
using surface-initiated polymerization (SIP)."? The former approach is straightforward but suffers from
certain limitations including the tendency toward low grafting density and reduced film thickness.'® In
contrast, controlled SIP techniques allow precise control over the grafting density, thickness, and
composition of polymer brushes, making them well-suited for facile fabrication of well-defined
NPBs.'*'®

The last decade has witnessed dramatic progress in methods for nanopatterning substrates using
mechanical, optical, electrical, and/or thermal means.* > These strategies can be divided into two
approaches, according to the process by which the polymer brush is patterned: (i) direct patterning, in
which the polymer is directly written on the substrate or the preformed homogenous polymer films are
selectively removed or degraded by locally confined mechanical force or irradiation (“top-down”), and
(1) indirect patterning, in which the nanopatterns of surface-bound initiators are pre-fabricated and

serve as templates to graft polymer brushes via SIP (“bottom-up”). In the second strategy, the patterns of
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initiators can be (i) generated in situ by UV or X-ray irradiation of a substrate; (ii) directly “written” on
nanoscopic regions of the substrate; (iii) removed or degraded selectively from preformed, uniformly
distributed surface-immobilized initiators; (iv) immobilized onto previously nanopatterned surfaces
using selective chemistry or (v) immobilized onto nano-textured substrates.

Advances in fabrication techniques have enabled the study of NPBs for a range of applications. For
example, nanopatterned stimuli-responsive polymer brushes are able dynamically control surface
wettability;'” *° NPBs incorporated on microchips and biosensors allow for the absorption of proteins
and other functional biomolecules from very small volumes and, thus, enable miniaturized, multiplexed
diagnostics.?"** In addition, because cells are known to respond to nanometer-scale surface chemical
and topographical cues, NPBs with controllable size, functionality, and physico-chemical properties
provide excellent experimental platforms to study cell-surface interactions.”** We recently reported a
system with switchable bioactivity based on nanopatterned stimuli-responsive polymer brushes that
exploits triggered molecular conformational changes to control surface bio-recognition and cellular
adhesion at the nanoscale.® *>*® Moreover, after modification with stimuli-responsive polymer brushes,
nanoporous substrates such as mesoporous silica,”’ porous silicon (pSi),*’ silicon nanowire arrays
(SiNWAs),*! and anodic aluminum oxide (AAO)** ** can serve as reservoirs for on demand- triggered
release of drugs, proteins or other molecules.

This review provides a survey of recent advances made in the theory, simulation, fabrication, and
application of NPBs. The first part summarizes studies of NPB scaling behavior, and presents strategies
that are used for the fabrication of NPBs including direct patterning of polymer brushes, and the

combination of nanolithography and surface initiated polymerization. The second part highlights
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applications of NPBs including their use (i) to control surface wettability, (i1) as templates to pattern
biomolecules, (iii) as platforms to investigate cell-substrate interactions, (iv) as actuators to control
surface bioactivity, and (v) as stimuli-responsive “gates” to control release of molecules from
nanoporous materials.
2 Scaling Relationships for NPBs

The implementation of patterned polymer brushes in micro and nanotechnology applications
requires precise control of pattern shape, feature dimension, grafting density and pattern spacing, and
thus, an understanding of nanopatterned brush physics. As with unpatterned brushes, the conformational
behavior of surface tethered polymers is highly dependent on interactions between polymer chains,
between polymer and solvent and between polymer and the substrate.** > In addition, nanopatterned
brushes are significantly affected by the size of the grafting footprint and by the chemistry of the
surrounding, non-grafted surface area. The effect of pattern size on brush conformation was first noticed
by Ahn et al., who prepared surface-confined poly(N-isopropylacrylamide) (PNIPAAm) polymer brush
patterns by combining lift-oft electron beam lithography (EBL) and surface-initiated atom transfer
radical polymerization (SI-ATRP), using a thiol-based surface-tethered initiator (Figure 1). They
found that the thickness of a polymer brush grown on sub-micrometer patterns (600 nm pattern size) is
significantly less (e.g., 170 nm) than the thickness (e.g., 300 nm) of brushes grown on micrometer-scale
patterns (1.8 um pattern size).

In general, polymer brush conformation results from an energy balance between polymer brush
chain segment interactions (which are typically repulsive in good solvents) and the elastic free energy

that arises from the entropic penalty associated with chain stretching. Less chain crowding occurs at the
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pattern periphery and results in decreased chain stretching. On patterns with a small footprint, a larger
portion of the polymer brush is affected by this edge effect. This argument thus qualitatively explains the
observed decrease in polymer brush thickness with decreasing pattern footprint size for polymer brushes

of equal degree of polymerization.
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Figure 1. Tapping mode atomic force microscopy (AFM) height image (left) obtained at room
temperature in air and corresponding average height profile (right) of PNIPAAm brush line
micropatterns (1.8 pm wide, 300 nm high) and sub-micron patterns (600 nm wide, 170 nm high),
fabricated using lift-off EBL and SI-ATRP after 90 min polymerization time. [Reprinted from Ref.*®

with permission, Copyright 2004, Wiley-VCH.]

To gain a more quantitative understanding of the relationship between pattern size and polymer
brush conformation, Patra et al. simulated the static equilibrium conformation of polymer brushes as a
function of pattern width using a coarse-grained model (Figure 2).'° In this model, the brush height, A,
depends on polymer contour length, N, grafting density, o, and pattern width, A. The universal scaling
among these parameters is evident upon normalization of the pattern width and the grafting density by

the polymer contour length, i.e., A/N and ho'3IN (Figure 3a). The dependencies can then be described

1 ~ ~
as h(A,N,o)=No?*h(A/N),where h(A/N) isauniversal function that ranges between 0 (for A/N
7
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= 0) and a finite value (for A/N — o).

These simulations show that, with increasing 4, the polymer brush height increases and the region
of high polymer brush density expands. Specifically, when the width increases from 0.1 to 4 times the
polymer contour length, the polymer brush height increases from 0.5 to full height of the
homogeneously grafted brush. Furthermore, the simulations reveal that when the polymer brush regions

exceed the pattern footprint width, the best scaling relationship between the excess width, w, and N, g,

1

and 4, isw(A,N,o) = No> w(A/ N). Thus as ¢ increases, the excess width increases faster than the

brush height.

Figure 2. Snapshot illustrating the model system composed of a planar surface on which polymers are
grafted onto a stripe with width, A. [Reprinted from Ref.'® with permission, Copyright 2006, American

Chemical Society.]

To verify the simulation results, Lee et al. synthesized PNIPAAm brushes on pattern footprints with
different sizes, and compared the measured brush heights with the scaling predictions from the

coarse-grained simulations.'' To do so required three assumptions: 1) & = Cjheyp, 11) N = Cgh*, and iii) 0 =
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Csxsurs, Where h is the brush height on an unpatterned substrate, ., is the initiator mole fraction on the
surface, and C;, C,, and Cj; are constants. With these assumptions, the universal scaling relationship

1
becomes h, (A1, ) = h Xy’ WA/ ) . A comparison of Figures 3a and 3b shows that the
normalized experimental results generally reflect the scaling predictions from simulations.
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Figure 3. Scaled brush height as a function of scaled footprint size. (a) Results from a coarse-grained

model'® and (b) experimental data from AFM measurements. [Reprinted from Ref."" with permission,

Copyright 2007, Wiley-VCH. ]

In another study, Jonas et al. studied the shape of poly(2-(2-methoxyethoxy)ethyl methacrylate)
(PMEO;MA) nanopatterns experimentally and described the dry shape of the polymer brush using a

simple model involving chain entropy and wetting energy."> This model reveals a universal relationship

9
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between the polymer brush dry height and its lateral dimensions on nanopatterns, as shown in Figure 4
by the dashed line, and data for PMEO,;MA, PNIPAAm, and polystyrene (PS) brushes. Here, the scaled
brush height 2?0 is defined as 2R(/hy, where hj is the corresponding brush height on a surface with
infinite lateral extent, and 2Ry is the grafting diameter. When 21?0 > 3, the wetting energy can be safely
ignored. However, once 2?0 decreases, the wetting interaction between substrate and polymer brush
becomes important. Because the polymer is surface-tethered, the entropic chain stretching energy
penalty limits chain spreading on the substrate. Thus, as shown by the solid line in Figure 4, the
nanopatterned polymer brushes behave as nanodroplets, whose shape is controlled by both chain

stretching and wetting.
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Figure 4. Normalized maximal height of nanobrushes plotted as a function of normalized grafting
diameter: (*) PMEO,MA brushes; (°) PNIPAAm brushes''; (+) PS brushes®’. Dashed line: theoretical
master curve incorporating chain entropy only. Continuous line: theoretical prediction incorporating
chain entropy and wetting energy. The inset schematically shows a brush nanodroplet. [Reprinted from

Ref."* with permission, Copyright 2008, American Chemical Society.]

10
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Alexandros ef al. used a lattice bond fluctuation Monte Carlo method to simulate polymer brush
conformation on periodically patterned stripes of different widths;'? interactions between neighboring
polymer brush stripes were considered as well. These simulations predict that for &< 0.7 (& = A/Ne'?),
the polymer brush morphology is similar to that of a homogenously grafted brush with grafting density.
For ¢ > 4, the brush forms isolated polymer stripes, and for 0.7 < & < 4, the polymer brush forms parallel
pores on non-grafted areas, and exhibits a groove morphology on the brush surface. The depth of the

grooves scales with £ (Figure 5).
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Figure 5. Representative contour plots of the average two-dimensional density profile ¢(x,z) for the
system with N =40 and g,= 0.1 for various stripe widths: (a) 4 =40 (£ = 1.08), (b) 4 =40 (¢ = 2.15),

and (c) 4 =80 (£ =4.31). The yellow and red contours correspond to ¢y=0.05 and 0.08, respectively. The
alternating green and orange bars on the x-axis represent the non-grafted and grafted stripes, respectively.

[Reprinted from Ref.'? with permission, Copyright 2008, American Chemical Society.]

The pioneering simulation work of Alexandros ef al., provided a basis by which to interpret our

11
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more recent experimental results on similarly patterned, stimuli-responsive brushes and provided the
theoretical underpinning for the development of a number of multi-functional, nanopatterned brush
systems for biomaterial applications (vide infra).> **** We fabricated a series of nanopatterned
PNIPAAm brushes with varying stripe width ( 4).® AFM section analysis of these brushes suggested that
the nanopatterned polymer structures can be grouped into three distinct categories, corresponding to
large, medium, and small 4 (Figure 6a). At both 25°C and 37°C (i.e., above and below the lower critical
solution temperature (LCST) of PNIPAAm in water), the samples with larger 4 exhibited a relatively
smooth morphology of the brush surface and limited access of the AFM tip to the substrate. Conversely,
the samples with smaller 4 exhibited a groove- and ridge-like topography, in which the AFM tip can
come into direct contact with the substrate surface. Interestingly, for the sample with medium 4, the
variation in the peak-to-valley dimension (PVD) values of the nanopatterned PNIPAAm brushes in an
aqueous environment between 25°C and 37°C is largest (Figure 6b). At 25°C (below the LCST of
PNIPAAm), chains hydrate and adopt an extended conformation in which they spread and interact
laterally to form a continuous layer that occludes the underlying patterned substrate to yield a relatively
smooth surface (PVD = 1.6 nm). However, at 37°C (above the LCST), the pattern appears and shows a
dramatic increase in the PVD value (= 38.0 nm) that likely corresponds to the distance between the
substrate and the top of the collapsed polymer stripes. This temperature triggered topological change
was switchable and repeatable for several cycles, thus enabling the spatially regulated concealment and
exposure of molecules that are immobilized between the lines of nanopatterned brushes. This behavior

has been exploited to control the bioactivity of surfaces, as described in more detail in Section 4.3.

12
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Figure 6. (a) Schematic representation of contour plots of nanopatterned polymer brushes with varying
stripe width (4), 4, > 4, > 45. (b) Contact-mode topographical AFM image of nanopatterned PNIPAAm
brushes under different conditions. The corresponding value of the peak-to-valley dimension (PVD, i.e.,
the vertical distance between red arrows) is 1.6 = 0.5 nm (at 25°C in water) and 38.0 + 1.5 nm (at 37°C

in water). [Adapted from Ref.® with permission, Copyright 2013, The Royal Society of Chemistry.]

3 Synthesis and Patterning Methods for NPBs

Over the last two decades, many techniques have been developed to fabricate nanometer-scale
patterned polymer brushes. The advances seen in this area have been enabled by progress both in

patterning and polymerization techniques as we outline below. In direct patterning the polymer itself is

13
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patterned, either through direct “writing” of the polymer on the surface or through ablation of a
pre-formed polymer brush. In indirect patterning an initiator is patterned in some manner or
immobilized onto nano-textured substrates, followed by in situ polymerization.

3.1 Direct patterning methods
3.1.1 Scanning probe lithography (SPL)

SPL encompasses a series of techniques including scanning tunneling microscopy (STM), atomic
force microscopy (AFM), or scanning electrochemical microscopy (SECM) that all use sharp scanning
tips to fabricate nanometer-scale features on surfaces. Advantages of SPL include its simplicity,
versatility, and the ability to form precise, arbitrary spatial features while providing a method for
imaging of structures in situ.”® >’ Next we highlight some examples of SPL to directly pattern

as-prepared polymers with several different approaches, illustrated in Figure 7.

(a) (b) (c) .
/J’ Conductive tiP

< Y ¢ dap o

polymer ink

Figure 7. Direct patterning of polymer brushes using scanning probe lithography. (a) Deposition of
polymers on the substrate by dip pen nanolithography, enabled by heating the cantilever probe to the
polymer melting temperature.*’ (b) AFM nanoshaving of a polymer brush covered a substrate surface.*'

(¢) Field-induced, electrochemical removal of polymer brushes.*” [Adapted from Ref.***!*]

Dip-pen nanolithography (DPN) uses an AFM tip as a nib to directly “write” functional molecules

onto a solid substrate in contact mode (Figure 7a). DPN has thus been used to nanopattern small organic
14
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43,44 ¢ . 45 40, 46, 47
molecules, ™™ biomolecules,” or polymers ™™

onto inorganic supports such as gold and silicon
wafers. For example, dendrimers of polyamidoamine or polypropylene imine have all been used as “inks”
to write nanostructures with 100 nm features (~20 dendrimer molecules) on a silicon surface with the

size of the pattern feature being dependent on the molecular weight of the dendrimer.*” Stable
nanopatterns of conducting polymers, including self-doped sulfonated polyaniline and doped

polypyrrole, have been deposited on charged silicon surfaces via DPN using electrostatic interactions as

a driving force.*

A variety of modified DPN techniques have also been developed. For example, electrochemical
polymerization at the AFM tip/substrate interface has been used to synthesize
poly(3,4-ethylenedioxy-thiophene) polymer brushes in situ, creating nanostructures with lateral
dimensions of less than 100 nm on semiconducting and insulating surfaces, thus enabling the fabrication
of electronic nanodevices.*® In thermal-DPN a solid polymer is melted into an ink by a heated probe and
written directly onto a substrate.*® Patterns fabricated using thermal-DPN are often more uniform and
dense than those created using solvents.

AFM tips can not only be used as “nano-pens” to write polymers onto a surface, but also as
“nanoshavers” to ablate regions of preformed polymer films*® (Figure 7b). For example, well-defined
patterns of the conducting polymer poly(3,4-ethylenedioxythiophene):poly (4-styrenesulphonate) were
obtained by AFM nanoshaving at high applied normal force on both rigid and flexible substrates with 50
nm resolution. The scratched nanometer channel shows excellent performance in organic transistors with

a low voltage and negligible short-channel effect.*' Due to the different chemical properties of substrate

and polymer layer, site-selective immobilization of dyes or proteins on the patterned surfaces can also be

15
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49,50
performed.™

Conductive AFM, in which hydrophilic polymer brushes tethered on a conductive substrate are
ablated using an electrochemical reaction between the tip and substrate, has been used to create patterns
of poly(oligo(ethylene glycol) methyl methacrylate) (POEGMA), and other polymer brush thin films
(Figure 7¢).*” During patterning a voltage was applied between the tip and the conductive substrate,
which were separated by the polymer brush thin film. Using this method, it is possible to locally change
the surface chemical composition of the polymer brushes in the patterned regions.

3.1.2 Electron beam lithography (EBL)

EBL writes patterns in thin films of electron sensitive material using a finely focused
(sub-micrometer diameter) electron beam (e-beam). This method can be used in a single-step approach
to directly generate patterns of polymer brushes as small as 50 nm on oxide surfaces.’' This technique
requires a polymer that is e-beam scissile, such as a polymethacrylate. Furthermore, diblock copolymer
brushes, with an upper layer that is not ablated by e-beam (e.g., polystyrene, PS), and an lower layer that
is e-beam- scissile (e.g., poly(methyl methacrylate, PMMA), can be subjected to an e-beam to
regio-selectively degrade the PMMA, while simultaneously cross-linking the overlaying PS, producing

nanochannels after developing with proper solvent to remove PMMA fragments (Figure 8).”

(a) (b) (c)

diblock copolymer brush e-beam patterning nanochannels

Figure 8. An illustration representing the fabrication of nanochannels based on nanopatterned diblock

16
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copolymer PMMA-b-PS brushes. (a) The diblock brushes before patterning. (b) The diblock brushes
after e-beam exposure. (¢) The patterned diblock brush after development. [Reprinted from Ref.”* with

permission, Copyright 2010, American Chemical Society.]

3.1.3 Photolithography

Photolithography (PL) using ultraviolet light (UV) is widely used to fabricate nanostructures by
ablative patterning. Scanning near-field photolithography (SNP) utilizes a scanning near-field optical
microscope coupled to a laser to initiate photochemical reactions with nanoscale spatial resolution.” >*
For example, polymer films of plasma-polymerized tetraglyme (PP4G)> or POEGMA>® were directly
patterned in this way, resulting in features as small as 200 nm. UV-interferometric lithography (IL; see
also Section 3.2.3) can be used to generate periodic patterns of azobenzene-group-containing
poly(methyl acrylic acid) (azo-PMAA) brushes. These azo-PMAA brushes showed a strong response
upon UV irradiation, which induced a photomechanical scission process that resulted in parallel
interference patterns.””>®
3.2 Indirect patterning strategies: combining nanolithography and surface

initiated polymerization

Surface initiated polymerization (SIP) can overcome some of the limitations imposed by patterning
NPBs directly from preformed polymer. Destructive techniques in particular are often limited by the
inability to completely remove the entangled polymer from the surface. In addition, direct patterning

methods using incident electromagnetic radiation are only applicable to polymers that either assemble or

degrade at specific energies.

17
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In SIP-based patterning, initiators are (i) directly patterned, or (ii) ablated from uniform
surface-immobilized initiator layers, which are formed by either chemisorption (covalent attachment) of
small molecules or physisorption of macroinitiators onto the substrates. For the chemisorption strategy,
the most frequently used method is based on self-assembly of w-substituted alkyl thiols (for gold
surfaces) or silanes (for oxide (e.g., silica) surfaces), or by directly coupling small molecules that contain
end groups with initiation activity, such as 2-bromoisobutyryl bromide or its analogues.'® >

In the physisorption strategy, a pre-synthesized polymer with initiator groups (i.e., a macroinitiator)
can be immobilized onto the substrate surface by spin-coating,”® chemical vapor deposition,®!
layer-by-layer deposition,* or electrostatic adsorption.*”® These patterned initiators can subsequently
serve as templates for polymerization, resulting in well-defined NPBs. The same nanolithography
techniques described above for direct patterning can also be used and combined in indirect patterning for
the creation of more complex architectures.

Recently developed techniques for SIP allow for direct control of the polymerization reaction
kinetics, which results in brushes with a narrow molecular weight (MW) distribution and uniform
height.***® Among different SIP methods, surface-initiated atom transfer radical polymerization
(SI-ATRP) developed by Matyjaszewski et al., has been widely considered to be an extremely versatile,
accessible and robust technique to grow polymer brushes.’” SI-ATRP provides many advantages
including simple experimental setups, readily available initiators and catalysts that can be used in a
range of solvents, allowing precise control over final polymer brushes with complex compositions and

architectures (e.g., block, gradient, inorganic/organic hybrid, and bioconjugate).® However,

conventional SI-ATRP methods also suffer several drawbacks such as requirement of a relatively large

18
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amount of a transition metal catalyst (usually based on copper) and a completely inert atmosphere for
polymerization.® Therefore, considerable attention has been paid to developing ATRP variants that
avoid these limitations.®® A typical example is activator regenerated by electron transfer (ARGET)-ATRP,
in which the oxygen-sensitive Cu(I) catalyst species are generated in situ from oxidatively stable Cu(II)
species by the action of reducing agents within the polymerization reaction system.”® The distinguishing
advantages of ARGET-ATRP are that (i) the amount of copper can be reduced to only a few ppm and (i1)
the reaction can tolerates limited amounts of oxygen.’"’* Surface-initiated ARGET-ATRP from various
material surfaces has been performed without the need for any deoxygenation,*”> providing simplicity
and accessibility for fabrication of NPBs. Besides SI-ATRP, other controlled SIP techniques, including
surface-initiated reversible addition-fragmentation chain transfer polymerization (SI-RAFT)®,
surface-initiated photoiniferter-mediated polymerization (SI-PIMP)”’, surface-initiated
nitroxide-mediated polymerization (SI-NMP)’®, surface-initiated ring opening metathesis polymerization
(SI-ROMP)”, and surface-initiated living anionic/cationic polymerization®” *', have also been applied to
graft well-defined polymer brushes on surfaces. Several excellent reviews have detailed these
polymerization mechanisms and their use in the synthesis of polymer brushes.' '¢'% 3% 82-84
3.2.1 Direct scanning probe lithography (SPL)

As is the case for direct patterning of polymers, SPL is a versatile and effective way to pattern
initiator molecules. For example, DPN can be used to transfer thiol-functionalized initiator molecules
from an AFM tip to a gold substrate,” where they serve as initiators for subsequent, localized

polymerization.® *® Pattern precision can be increased by using DPN to pattern gold nanowires as small

as 20 nm onto a silica surface, followed by incubation with thiol-functionalized initiator and subsequent

19
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polymerization. This method has been used to produce nano-“hedges’ of poly(methyl acrylic acid)
(PMAA).*’

On the other hand, destructive methods, such as nanoshaving, can also be used to pattern initiators.
For example, an AFM tip was used to selectively remove a preformed self-assembled monolayer (SAM)
of methyl-terminated 1-octadecanethiol (ODT) on gold substrates, after which the gaps containing
freshly exposed gold surfaces were backfilled by self-assembly of the thiol-substituted initiator
(w-mercaptoundecyl bromoisobutyrate). This technique has been used to great effect to produce
PNIPAAm brushes with features down to 300 nm.***

Dip-pen nanodisplacement lithography (DNL) combines the attributes of DPN and nanoshaving to
yield high resolution patterns (with feature sizes as small as 25 nm) of initiator molecules on a surface
(Figure 9a).”° After polymerization, three-dimensional polymer nanostructures of poly
(2-(methacryloyloxy) ethyltrimethyl ammonium chloride) (PMETAC) with well-defined composition,
properties, and morphology can be formed (Figure 9b).”' Recently, this technique has been parallelized,
using a multiple AFM tip-array, and is able to fabricate patterns over a macroscopic area, while

maintaining high resolution.”

(a)
* % » 4 | ﬁ
DNL SIP
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Figure 9. (a) Schematic illustration of the fabrication of NPBs produced by DNL and SIP. (b) Gray-scale
digital photograph (left) and AFM topographic (right) image of the Mona Lisa obtained from PMETAC

brushes. [Adapted from Ref.”! with permission, Copyright 2011, Wiley-VCH.]

A conductive AFM tip can be used to selectively oxidize surface-immobilized organic precursors
and anodize the silicon underneath by applying a bias voltage to the substrate; the ablation and
anodization are then followed by immobilization of initiator molecules on the oxidized regions. A typical
example is reported by Lee et al., in which nanopatterns of two chemically different polymers
(poly(cyclooctatetraene) or poly(5-ethylidene-2-norbornene))were fabricated on a single substrate by
step-and-repeat anodization lithography followed by surface initiated ring-opening metathesis
polymerization (SI-ROMP) (Figure 10).” In another example, octadecyltrichlorosilane (OTS)
monolayers were locally oxidized by an AFM tip to generate silicon oxide nanopatterns, which served as
a site-specific anchoring platforms for further functionalization of initiators and grafting of polymer

94
brushes.

OT5 BAl Anodized

lithography

—>

Figure 10. Schematic illustration of the fabrication of NPBs by anodized lithography and SI-ROMP.

0 Attach catalyst

[Adapted from Ref.”® with permission, Copyright 2006, Wiley-VCH.]
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3.2.2 Electron beam lithography (EBL)

Bombardment of a substrate with a high energy electron beam can be used to form a pattern by
decomposing initiator molecules immobilized on its surface.” Unlike polymers, initiators are typically
more susceptible to degradation during EBL. Alternatively, EBL can be used to pattern the substrate
used for initiator immobilization. For example, using PMMA as an e-beam sensitive resist layer, lift-off
EBL was used to fabricate gold patterns on a silicon substrate. The resultant patterns were functionalized
with thiol-functionalized initiators for further polymerization (Figure 11).** *® Additionally, techniques
combining lift-off EBL and gas-phase silanation have been used to obtain nanopatterns of polymer

eqe . 9 98
brushes on silicon substrates with features as small as ~25-nm.”°"
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-

Figure 11. Schematic illustration of the fabrication of NPBs by lift-off EBL and SIP. [Adapted from

Refs.’® %]

A variation on EBL, electron beam chemical lithography (EBCL), has been developed to achieve
nanopatterns with specific chemical functionalities. For example, electron irradiation of aromatic SAMs
of 4’-nitro-1,1’-biphenyl-4-thiol (NBT) results in selective and quantitative reduction of the nitro
functionalities to amines, while the aromatic biphenyl groups dehydrogenate and crosslink.”” The newly

created amine groups can be subsequently functionalized through standard chemical reactions, including
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those incorporating biologically relevant molecules or other functional macromolecules. EBCL has been

100

used to create features as small as 50 nm. ™ EBCL can also be used to fabricate NPBs by incorporating

101-103

chemical and photochemical initiators on a surface, followed by SI-ATRP or surface-initiated

photopolymerization (SIPP)*- '%°

(Figure 12). The density of surface immobilized initiator is controlled
by the e-beam dose in the EBCL process, so that NPBs with well-defined grafting gradients can be
created. Major limitations to widespread use of this particular technique for initiator patterning are (i)
that the precursors may not be commercially available, and (ii) that the amine generating reaction
requires intensive e-beam irradiation. These limitations can be overcome using gold-thiolate SAMs
made from dodecanethiol as resists. Because the gold-thiolate bond is energetically labile (it can be

disrupted using UV irradiation), patterning can be performed with lower irradiation doses. The patterns

produced can then be exposed to alkanethiols with reactive w-substitutions (such as amines or

104

carboxylate) and subsequently coupled with initiators for SIP.

Figure 12. Schematic illustration of the fabrication of NPBs (PS or PNIPAAm) by EBCL and SIP (SIPP

or SI-ATRP). [Adapted from Refs.” %]
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EBCL techniques are also limited in their utility because they require a multi-step procedure of
initiator immobilization, structuring, and functionalization for the final SIP to produce NPBs. These
limitations can be alleviated using a straightforward method for producing structured polymer brushes of
controlled morphology by means of electron-beam-induced carbon deposition (EBCD).'** In this
method, a stable ultrathin template layer of carbonaceous material is locally deposited on an inorganic
substrate by means of a focused e-beam, followed by direct photografting of vinyl monomers on the
template. EBCD is a general method for the fabrication of stable polymer brush nanostructures on a
broad variety of substrates without the need of specific surface chemistry.' %"

3.2.3 Interference photolithography (IL)

IL is a facile and high-throughput technique to provide periodic-nanopatterns over relatively large
areal scales.'” A prototypical IL apparatus is shown in Figure 13. During this simple IL process, a
coherent laser beam is split into two beams. The top beam impinges on a mirror and reflects down to the
substrate, while the other beam directly illuminates the substrate, yielding a sinusoidal light intensity
distribution (i.e., and interference pattern) on the substrate surface with a period of A/[2(sin 06/2)], where
A is the wavelength of laser beam and 0 is the interference angle. This technique has been widely used
for the fabrication of nanoelectronic, nanofluidic, and nanophotonic devices, and more recently, for
patterning of initiators for NPB.'®"'? In contrast to SPL and EBL, IL can be used to rapidly create
patterns over relatively large (~cm?) surface areas, therefore, shortening patterning time and increasing
throughput. For example, UV IL can also degrade/deactivate monolayers of initiators immobilized on

silicon substrates.''"" "> While most studies that have used IL to fabricate NPBs have formed simple

patterns (e.g., arrays of straight lines), it is possible to use interference of multiple laser beams to form
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arrays of many types of geometrical nanoscopic objects using holographic approaches.'*: '?

Figure 13. Schematic of preparation of nanopatterned brushes by IL and SIP. First, nanopatterns of
ATREP initiators are fabricated via interferometric lithography (IL). Second, brushes (e.g., PNIPAAm) are

grafted from the nanopatterns of ATRP initiators. [Adapted from Ref.*]

IL can also easily create gradients of features that would normally be time-consuming to produce
using single beam methods. The sinusoidal light intensity distribution generated by interference
patterns creates similarly shaped concentration gradients of active initiators on the surface. These
gradients are then propagated in the surface density and, sometimes, length of the polymer chains. For
example, PMMA brushes synthesized with nanoscale gradients in grafting density were prepared by
UV-IL from a pre-patterned photoinitiator layer, in which the high energy UV light decomposed the
initiator only in sufficiently illuminated areas.''! We routinely use UV-IL to selectively photo-degrade
monolayers of ATRP initiators and conduct polymerization from IL-patterned initiators to achieve

nanopatterns of thermo-responsive PNIPAAm brushes (Figure 13), which can then be employed in a
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variety of applications, as discussed below.® ** Alternatively, irradiation of a polymer substrate with
electrons or photons can directly generate reactive radicals, which can themselves serve as initiators for
polymerization from surfaces.''*!'®

3.2.4 Nanoimprint lithography (NIL)

NIL is a simple and versatile nanopatterning technique that is able to produce three dimensional (3D)
patterns with features as small as tens of nanometers.''’'?° As shown in Figure 14, typical NIL process
for fabrication of NPBs requires two steps. The first step uses nanocontact methods to create a
photopolymer mold, which imbeds functional molecules (inimers) with both initiator and monomer

moieties into the desired pattern. In the second step, SIP is used on the exposed reactive sites to achieve

polymer patterns.'*’

Mold Photopolymer
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Figure 14. Schematic illustration of the fabrication of NPBs by NIL and SIP. [Reprinted from Ref.'*’

with permission, Copyright 2003, American Chemical Society.]
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3.2.5 Capillary force lithography (CFL)
CFL is a large-area patterning technique, which uses soft lithography to generate a mold, typically

from polydimethylsiloxane (PDMS).'?" 1%

The PDMS mold, nanopatterned using similar techniques as
those employed for NIL, is placed on the polymer film, which is then heated above the glass-transition
temperature of the polymer. The capillary forces drive the melted polymer into the void space of the
channels defined by the mold, thus generating a negative replicate. This method has been used to create
patterned binary polymer brushes by the combination of CFL and SIP (Figure 15).'* Like NIL, this

does not require irradiation of either the substrate or the polymer, and has been used to produce feature

sizes on the order of 100 nm.

(a) PDMS mold
m—l v B e PS thin film
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Figure 15. (a) Schematic illustration of the fabrication of binary, orthogonal NPBs by CFL and SIP. (b)

AFM image of a PS pattern created on top of a macroinitiator surface (image: 20x 20um). (c) AFM
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image of PNIPAAm brush pattern created by CFL and SIP (20x20 um).[Reprinted from Ref.'* with

permission, Copyright 2006, American Chemical Society.]

3.3 Polymer brushes grafted from nano-textured substrates

The previous two sections discussed NPSs fabricated on planar substrates. Perhaps the simplest way
to form an NPB is by grafting polymer chains at a surface of a material with pre-existing, nanoscale
textures or nanopatterned structures. Such nanotextured substrates include porous silicon (pSi),'** silicon

126

nanowire arrays (SiNWAs),'* nanoporous anodic aluminum oxide (AAO),"?° or titanium dioxide

nanotube arrays,'*’ for example. Polymers can be either (i) directly immobilized on nanotextured
substrates by a range of methods, including physisorption,'*® chemical vapor deposition,'?
layer-by-layer depostion,'*® and click-chemisty,"”" or (ii) more commonly, grafted from
initiator-functionilized substrates by SIP.***" 132 The resultant polymer chains can be located on the
topmost surface and/or inside nanopores. If the grafted polymers exhibit stimuli-responsive properties,
the resultant NPBs can be used to dynamically control the wetting characteristics of such surfaces, the

diffusional and convection-based transport through nanopores, or the adsorption within the porous

materials (examples will be given in the application section below).

4 Applications of NPBs

Due to their various chemical functionalities, good mechanical and physical properties, and special
topological features (e.g., the commensurate length scales of the polymer brush height and the lateral

patterning dimension), using the techniques discussed above, NPBs can be tailored to provide platforms
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for a plethora of different applications. In this section, we highlight recent examples that used NPBs for
(1) controlling surface wettability, (ii) patterning biomolecules, (iii) the investigation of cell-substrate
interactions, (iv) controlling surface bioactivity, (v) controlled release of molecules from nanoporous
materials, and (vi) other applications.
4.1 Controlling surface wettability

Wettability, particularly by aqueous media, is an important property of surfaces that has implications
for the performance for a wide variety of applications, in both daily life and in industry."**"** Two
extremes of aqueous wettability of solid surfaces, superhydrophilicity (with a water contact angle (WCA)
<5°)"%® and superhydrophobicity (with a WCA>150°)"*" have attracted considerable attention. The
wettability of solid surfaces is typically governed by a combination of interfacial chemistry (which
dictates interfacial free energy) and surface roughness at the micro- and nanoscale.*® '** The
introduction of nanotexture into solid surfaces can have a profound effect on their wettability as
described theoretically by the Wenzel and Cassie-Baxter models.'*™ '*! Experimentally, this is illustrated
by a flat silicon surface coated with a thin native oxide layer, which is hydrophilic with a WCA less than
20°; the introduction of nanostructures (e.g., by the formation of silicon nanowire arrays (SINWAs)) will
result in superhydrophilicity, i.e., a WCA of ~0°. On the other hand, after modification of SINWAs with
a hydrophobic layer, the low surface energy of the coating and the nanostructure of SINWAs
synergistically can generate a stable superhydrophobic surface.'** In recent decades, a number of works
have demonstrated that nanotextured surfaces, modified by NPBs, exhibit unique wettability as
compared with the corresponding smooth surfaces; readers who are interested may refer to several

. 20,143, 144
excellent reviews™” " .
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The use of external stimuli (e.g., heat, light) to dynamically change and control surface wettability
has been exploited in a number of areas, including microsystems, materials science, biotechnology and
medicine.'” Such stimuli-responsive or “smart” surfaces with switchable interfacial properties can also
be used to regulate the adsorption of biomolecules and adhesion of cells.'* '*® Several reports have
shown that such changes in surface wettability in response to external stimuli can be greatly enhanced
by nanoscale roughness'*”'*’. For example, Lopez and coworkers grafted PNIPAAm brushes onto
anodic aluminum oxide membranes (widely-available, nanotextured model surfaces) with varying pore
sizes of 20, 100, and 200 nm.> They found that the WCAs of these surfaces, both below and above the
LCST of PNIPAAm in water, depended dramatically on the membrane’s pore size (and thus nanoscopic
roughness). Increasing the pore size of the substrate led to a gradual decrease in the WCAs measured at
temperature below the LCST and a dramatic increase in WCAs measured at temperature above the
LCST (Figure 16a). Similarly, Yu and coworkers modified SINWAs with PNIPAAm and systematically
investigated the temperature-dependent wettability.'*> Changes in temperature from 23°C to 37°C also
lead to a significant change in wettability of SINWA-PNIPA Am surfaces in air (from superhydrophilic
(WCA ~0°) to strongly hydrophobic (WCA ~120°), as shown in Figure 16b). Interestingly, this surface
remained superoleophobic in water with an oil CA over 140° regardless of temperature. This was
attributed to the presence of water molecules trapped in the interstices of the SINWAs. In another report,
the dual responsive wettability of SINWAs, grafted with poly(2-(dimethylamino)ethyl methacrylate)
(PDMAEMA), was investigated (Figure 16¢)'*’. This surface shows trends in WCA in response to
changes in pH and salt concentration. At pH 3, the surface is strongly hydrophilic, independent of ionic

strength. In contrast, at pH 5 and above, the surface becomes more wettable with increasing ionic
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strength.
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Figure 16. (a) Water contact angle (WCA) data (sessile drop) measured at 22°C and 40°C for PNIPAAm

grafted to AAO surfaces with varying nominal pore size. (b) Typical contact angle images for (a)
Si-PNIPAAm and SiNWAs-PNIPAAm surfaces at both 23°C and 37°C. (c¢) Influence of pH and NaCl on
the WCA of SiNWAs-PDMAEMA surfaces. [Reprinted from Refs.** > ' with permission, Copyright
2004, American Chemical Society; Copyright 2011, The Royal Society of Chemistry; Copyright 2011,

The Royal Society of Chemistry.]

4.2 Patterning biomolecules

Guidance the patterned adsorption of biomolecules onto solids with nanoscale resolution is useful in
the fundamental study of biologically relevant processes on surfaces and in the development of
advanced biochips and biosensors."”'** Using the techniques described in Section 3, biomolecules can
be nanopatterned directly®® or using pre-patterned surfaces with nanoscale features (e.g., NPBs) as
templates.'>>"*” Here, polymer brushes offer a number of advantages over other types of surface

modification in controlling the adsorption of biomolecules on surfaces. For example, brushes of highly
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hydrated polymers such as poly(ethylene glycol) (PEG), and its derivatives, or polyzwitterions are
highly resistant to nonspecific protein adsorption, making these brushes excellent candidates for use in
areas of a surface in which one wants to minimize biointeraction.'”® *° Furthermore, polymer brushes
can be tailored to display high and controlled densities of protein ligands, both within the plane of the
brush (using mixed brushes, for example) or along the polymers themselves.> '®°

To decrease non-specific interactions, and thus increases selectivity, as well as signal-to-noise ratio,
biosensors can benefit from the patterning of biomolecular receptors within a nonfouling matrix.'> '®!
For example, crosslinking of surface-grafted, amine-terminated PEG via e-beam lithography was used to
create hydrogel nanoarrays with ~200 nm features on silicon substrates.'®* The amine groups were then
used to covalently link different proteins to the patterned substrate via N-ethyl-N'-(3-(dimethylamino)
propyl) carbodiimide/N-hydroxysuccinimide (EDC/NHS) chemistry. Another example is the
immobilization of proteins on reactive regions patterned by exposing protein-resistant PP4G>> or
POEGMA® brushes to UV light using SNP techniques. The UV light causes a loss of polyether units
and the creation of aldehyde groups that can be used to immobilize proteins. As shown in Figure 17,
bright lines are clearly distinguishable from the background, suggesting that NeutrAvidin conjugated,

yellow-green fluorescent nanoparticles, strongly adsorbed to UV-exposed areas, while the unexposed

regions retained their protein resistance.
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Figure 17. (a) AFM height image of a POEGMA brush sample that has been patterned using a scanning
near-field optical microscope. (b) Fluorescence microscopy image of a similar sample following
exposure to a solution of NeutrAvidin conjugated yellow-green fluorescent nanoparticles (40 nm).

[Reprinted from Ref.*® with permission, Copyright 2010, American Chemical Society.]

Biotin, a high affinity ligand for avidin and streptavidin, was conjugated to
poly(glycidylmethracrylate) (PGMA) brushes that were grafted onto flexible fluoropolymer films and
nanopatterned by a combination of UV-IL and radical polymerization. The resulting surfaces were used
as nanoarray platforms for standard biotin-streptavidin assays.''* In another example, streptavidin
nanopatterns were produced by biomolecular recognition of pre-patterned, biotinylated
poly(L-lysine)-graft -poly(ethylene glycol) (PLL-g-PEG) brushes on Nb,Os substrates, produced by a
combination of NIL and lift-off molecular assembly. The resulting surfaces thus can serve as universal
platforms for the immobilization of biotin-tagged biomolecules.'®
4.3 Investigation of cell-substrate interactions

Cell-substrate and cell-cell interactions play crucial roles in biotechnology and biology, and clearer

understanding of these interactions is important to explain cell behavior in vitro and in vivo. From in
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vitro experiments, it is well known that cells respond to micro- and nano-features that have different
chemistries and topographies.'®* ' For example, mammalian cell function is partly directed by
interactions with nanosized structures constructed from extracellular matrix (ECM), resulting in
well-documented changes in adhesion, proliferation, migration, and gene expression.”* '®” Mammalian
cells are also known to respond to nanoscale topographical features on synthetic substrates, e.g.,
nanogrooves, nanopillars, and nanocolumns.” '** '®® Thus, nanostructured surfaces provide a
controllable, in vitro platform on which to study cellular response to variables such as feature spacing
and surface chemical cues, and to modulate such responses for biotechnological applications.” '**
Furthermore, NPBs surfaces enable the study of cell-surface interactions with precise control and
variation of biomolecule (e.g., cell adhesion ligands, growth factors) concentration and accessibility and
provide potent platforms for a broad range of biomedical applications, including tissue engineering, cell
aggregate formation, and for various biological assays.'®® - 1%

Polymer brush nanogradients have also been used to study cell-substrate interactions and to tailor
cell adhesion on biomaterial interfaces.'”*'’? For example, orthogonal gradient PHEMA brushes with
gradually varying graft density (o) and/or molecular weight (MW) were modified with the extracellular
matrix protein, fibronectin (FN), to obtain a gradient density of FN on the surface.'” Due to the
protein-resistance of PHEMA, increases of 6 and MW decreased FN coverage, which in turn decreased
the adhesion density of osteoblastic MC-3T3 Elcells cultured on this surface. Similarly, a PNIPAAm
gradient, with a linear variation of thickness and covalently anchored on to a silicon substrate, affected

attachment and detachment of HepG2 cells. A critical thickness range (20-45 nm) was found in which

the cells could be attached and detached by temperature-induced phase changes.'”* These studies
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demonstrate that surfaces nanopatterned with gradient polymer brushes can serve as useful platforms to

study the effect of surface chemistry and topography on cell behavior.'”

4.4 Controlling surface bioactivity using nanopatterned stimuli-responsive
polymer brushes

Stimuli-responsive polymers (SRPs) undergo conformational and/or chemical changes that are
triggered by external stimuli, often within physiological ranges, and are thus of particular interest for
developing active, nanostructured platforms on which to study biointerfacial interactions.'”®'”” Among
SRPs, PNIPAAm is a well-studied, thermally responsive polymer with a physiologically relevant, lower
critical solution temperature (LCST) of ~32°C in water. When PNIPA Am is grafted to a surface, the
LCST behavior translates into a change in wettability'"® and in polymer layer swelling.'”

Although most research to date has focused on applications of micropatterned, SRP brushes,'**'%*
the focus is shifting to stimuli-responsive NPBs to exploit properties that are only available on the nano
(and thus, molecular) scale. Investigation of the temperature-dependent swelling process of

nanopatterned PNIPAAm brushes in water'°"+ 102

revealed that as the temperature is increased from 25°C
(below the LCST) to 40°C (above the LCST), a sharp decrease in polymer brush height occurs, which is
attributed to water being expelled from the polymer brush layer. This temperature-induced change of
brush conformation and swelling is reversible.'** '®* Although research on stimuli-responsive NPBs is
still in its early stage, and emphasizes the nature and details of hydration transitions, the integration of

nanopatterned SRP brushes into practical devices is being increasingly explored. For example, the

reversible phase transition of PNIPAAm modified surfaces has been exploited to control the adsorption

35



Nanoscale Page 36 of 51

and desorption of proteins.'® Furthermore, thin, nanopatterned PNIPAAm layers, produced using
thermal DPN, retained the ability of unpatterned PNIPAAm to reversibly bind and release bovine serum
albumin (BSA) by temperature cycling through the LCST.*

Inspired by the Monte Carlo simulations of Alexandros ef al.'?, we have investigated the properties
of patterned PNIPAAm brushes and exploited them to develop new platforms with switchable
bioactivity.® These nanopatterned PNIPAAm surfaces undergo a significant topographical change
between 25°C and 37°C in aqueous environments (Figure 18a). At 25°C (below the LCST), the surface
was relatively smooth, with barely noticeable nanopattern features, due to the lateral spreading of
hydrated PNIPAAm brushes. However, upon increasing the temperature to 37°C (above the LCST), the
polymer brushes collapsed and a distinct surface nanopattern became obvious. This
temperature-triggered conformational change was repeatable for several cycles, thus enabling the
thermally regulated concealment and exposure of molecules that were immobilized between the

nanoscopic lines of PNIPAAm brushes.
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Figure 18. (a) Contact-mode topographical AFM images of nanopatterned PNIPAAm surfaces in water
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at 37°C (upper) and 25°C (lower). This temperature-responsive conformational change can be used to
expose or hide functional molecules immobilized in the polymer-free regions. (b) Adsorption of
fluorophore-labeled streptavidin on nanopatterned PNIPAAm surfaces (after immobilization of
BSA-biotin) at 37°C and 25°C. (¢) SEM image of streptavidin-labeled nanoparticles adsorbed on
nanopatterned PNIPAAm surfaces (after immobilization of BSA-biotin). [Adapted from Ref.® with

permission, Copyright 2013, The Royal Society of Chemistry.]

We demonstrated that the temperature dependent, conformational changes of PNIPAAm brushes in
water can control access to proteins immobilized on nanoscopic, polymer-free regions of the substrate.
This allows to reversibly switch the surface bioactivity between an “ON state” (above the LCST, the
collapsed PNIPAAm chains exposes ligands adsorbed in areas between the brushes, for example) and an
“OFF state” (below the LCST, the swollen PNIPAAm chains conceal the ligands). For example, because
dense PNIPAAm brushes can be resistant to nonspecific protein adsorption both above and below the
LCST,'® biotin-labeled BSA (BSA-biotin) can be physisorbed into the PNIPAAm-free regions of the
nanopattern and then exposed to with streptavidin (SA) above and below the LCST. As shown in Figure
18b, a marked decrease in SA binding was observed as the temperature decreased from 37°C to 25°C.
This clear difference suggests that, at 25°C, biotin binding sites were effectively occluded by the
extended PNIPA Am brushes, whereas at 37°C, biotin binding sites were made available by the
dehydration and collapse of the nanopatterned PNIPA Am brushes.

Moreover, we found that the nanopatterned PNIPA Am brushes affected adsorption based on the size

of the adsorbing species. For example, the adsorption ratio between 37°C and 25°C for SA (~2 nm) and
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SA-labeled nanoparticles (SA-NPs, 40 nm) is 1.70 + 0.15 and 3.34 + 0.31, respectively, suggesting an
enhanced temperature dependence of biospecific adsorption for larger rather than smaller adsorbates.
This difference might be due to the difference in steric limitations to diffusive transport for these
adsorbates through the hydrated PNIPAAm brush overlayer. Scanning electron microscope (SEM)
images clearly showed that almost all of the SA-NPs bound to the parallel interstices between the
patterned polymer brushes (Figure 18c). These results suggest that nanopatterned, responsive polymer
brush systems provide a facile means by which to dynamically control the diffusion limited adsorption
of proteins and nanoparticles to engineered surfaces.

Expanding upon these results, and drawing on other work on interfacial interactions between
PNIPAAm modified surfaces and microorganisms that established the use of PNIPAAm as a material

that can exhibit triggered biofouling-release,186'192

we developed nanopatterned PNIPAAm surfaces as a
bifunctional platform with switchable antimicrobial activity and fouling-release capability, by
integration of biocides into PNIPAAm brush nanopatterns.”**® In three separate studies, three types of
biocidal agents (a quaternary ammonium salt: dimethyloctadecyl [3-(trimethoxysilyl) propyl]
ammonium chloride (QAS)®°, a hydrolase: lysozyme?’ and a light-activated singlet oxygen sensitizer:
poly(phenylene-ethynylene) (PPE)**) were physisorbed into the void spaces between PNIPAAm brush
nanopatterns. We examined the attachment, killing and release of Escherichia coli on the nanopatterned
PNIPAAm/biocide hybrid surfaces (Figure 19). At 37°C, the hybrid surface attracted E. coli; the
biocides, exposed by the collapse of the PNIPAAm brush, killed the adhered cells. SEM examination of

the killed bacteria indicated that their cell envelopes were severely damaged, resulting in loss of cellular

integrity and function. Upon transitioning the temperature to below the LCST, the adhered dead bacteria
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were released from the hybrid surfaces, which renders the hydrated brush surface unfavorable for cell
adhesion, and regenerated the biocidal function by releasing dead cells and their debris from the
contact-active biocides. This cycle of killing and release could be repeated several times. This platform
represents a new paradigm for biocidal surfaces, as they can be reset and thus diminish the problem of

fouling and inactivation that plagues most contact-biocidal surfaces.

@?‘é S

Attach == Kill

B

Figure 19. Schematic of attachment, killing and thermally triggered release of bacteria on nanopatterned
hybrid PNIPA Am/biocide surfaces. [Reprinted from Ref.?” with permission, Copyright 2014, The Royal

Society of Chemistry.]

We conducted similar experiments with stimuli-responsive NPBs to control the attachment and
detachment of mammalian cells.”> PNIPAAm-coated surfaces have previously been applied as

193, 194
93.194 Because cells

cell-culture substrates that enable the reversible adhesion and detachment of cells.
can be detached from PNIPAAm without mechanical or enzymatic disruption, nanopatterned PNIPAAm
brushes have potential to release adherent cell types for subsequent analysis, expansion or regenerative

medicine applications. However, one limitation of this approach has been the critical dependence of cell

attachment and detachment on a narrow range of optimal thickness (20-45 nm) of the PNIPAAm
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layer.'”* On thicker PNIPAAm brushes, cells did not adhere at 37°C, presumably because polymer
chains in the outermost surface regions remained sufficiently hydrated, and, thus, repulsive. On thinner
PNIPAAm brush layers, however, cell release was observed to be significantly less effective upon
transition to temperatures below the LCST. We found that this limitation may be overcome by
integration of cell-adhesive ligands (e.g., a common extracellular matrix protein, fibronectin) into
nanopatterned PNIPAAm surfaces.”

In summary, the examples provided here demonstrate that conformational changes in
stimuli-responsive NPBs provide a general strategy for controlling surface activity and biospecific
recognition at nanoscopic levels. This may be useful for a variety of practical applications in the
biomedical and biotechnology fields.

4.5 Controlled release from nanoporous materials

Grafting of polymer brushes on nanotextured surfaces is a simple way to form a NPB. When SRPs
are grafted onto nanoporous substrates, the molecular conformational changes of SRPs in response to
external stimuli can endow these hybrid material systems with unique “gating” functionality, i.e., the
pores can be opened or closed (or the effective pore size can be modulated) depending on whether the
SRPs are in collapsed or extended conformational state. This dynamic property has been used to control

33,195

the diffusional permeation of molecules through nanoporous membrane materials or for on-demand

30, 196, 197
release of drugs.”™
Nanoporous materials such mesoporous silica, porous silicon (pSi) and anodic aluminum oxide

(AAO) have been explored as materials for controlled uptake and release applications due to their good

mechanical stability, tailorable surface chemistry, and their high surface area. For example, Lopez and
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coworkers modified mesoporous silica particles with PNIPAAm, such that the size and surface energy of
pores can be externally and reversibly controlled to dynamically modulate the transport of aqueous
molecular solutes.” Extending such approaches, Chu and coworkers used SI-ATRP of PNIPAAm to
fabricate a thermo-responsive, gating AAO membrane.'”> As shown in Figure 20a, above the LCST, the
PNIPAAm chains grafted in the membrane pores are collapsed, thus opening the pores; while below the
LCST, the grafted PNIPAAm chains are hydrated, thus effectively reducing the size of the pores. This
temperature-induced change of pore size led to a reversible and reproducible thermo-responsive
diffusional permeation of vitamin B12 through the membrane. Similarly, PNIPAAm modified pSi films
were shown to have high drug loading and excellent temperature-controlled drug release.’® Modulation
of the temperature around the LCST significantly altered the release rate of camptothecin from hybrid
films (Figure 20b). We note that the conformational change in surface-grafted polymer chains is not
limited to thermo-responsive PNIPAAm, but can be extended to other SRP systems including
electrical-responsive polymers such as polypyrroles® and pH-responsive polymers such as poly(acrylic

acid)'”® and poly(2-N,N-dimethylamino ethyl methacrylate)'”.
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Figure 20. (a) Reversible thermo-responsive diffusional permeation of vitamin B12 across
PNIPAAm-modified AAO membranes. (b) Schematic showing the drug release mechanism from a
PNIPAAm modified pSi film. [Reprinted from Ref.'** and Ref.** with permission, Copyright 2009,

Elsevier; Copyright 2011, American Chemical Society]

4.6 Other applications

In addition to the applications discussed above, NPBs are finding utility in a variety of areas. For
example, NPBs can provide the experimental platforms to investigate the conformational changes of
polymer chains under nanoscale confinement. This opens up the opportunity to better understand
polymer chains and solvation dynamics, and provides a useful tool for the design and fabrication of

%1113 Moreover, patterned polymer

polymeric and bio-macromolecular nanostructures on surfaces.
brushes can serve as robust barriers to a range of chemical etchants, which is of significant importance

for the fabrication of microelectronic and photonic devices.”””**' Advances in the fields of
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molecular-scale electronics, magnetic storage, optoelectronics, and biotechnology, all depend
increasingly on the ability to fashion materials with precise control of feature size and functionality.
Large-scale and high-throughput surface patterning with polymers is of fundamental importance not
only to the microelectronics industry, but also to other areas of modern technology, including the
fabrication and function of nanodevices such as nanofluidic pla‘[forrns,202 actuators,203 and biosensors.”
S Summary and Perspective

Various techniques have been developed to fabricate NPBs on a wide range of substrate types, with
each of these techniques has its advantages and limitations. Even in the absence of resource limitations,
the optimal method of patterning for a particular application, the balance between pattern resolution,
flexibility and pattern throughput (i.e., patterning rate) must be taken into account. For example, while
photolithography is a convenient technique for patterning polymer brushes over large areas at high
throughput, it is difficult to get submicrometer feature sizes due to inherent diffraction limitations. The
resolution problem has been solved through use of scanning near-field photolithography, which can be
used to obtain feature sizes on the order of nanometers. However, this approach requires is inherently
slow. Similar limitations also hinder the widespread application of EBL. While IL, CFL, and NIL are
facile methods to pattern polymer brushes over large area (several cm? with submicrometer resolution);
these methods suffer from less flexibility in nanopatterned polymer feature shapes, imposed by the
means by which master patterns are generated. Although the recent rapid development of multiple robust
methods for SIP has provided many chemistries for producing NPBs of homopolymer, random

copolymers and block copolymers, development of NPBs into future areas of application will require

advances that simultaneously improve patterning efficiency, versatility, and cost effectiveness, making
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such processes suitable for industrial implementation.

Complex nanopatterns of polymer brushes, which exhibit well-defined feature dimensions and
controlled chemical and physical properties, can pave the way for a new generation of advanced
materials and devices. These nanostructured systems not only can be used as passive resists for
fabrication of nanodevices in the semiconductor industry, but can also serve as carrier matrices for
immobilization of functional biomolecules, including proteins, peptides, and nucleic acids. Patterned
polymer brushes with nanoscopically defined architecture and chemical functionality are an ideal
platform for immobilization of cell adhesion proteins and peptides to mimic local biological
environments, which is of great importance for both the fundamental understanding of cell-cell and
cell-matrix interactions and their manipulation. Combining nanofabrication and SRPs provides
engineered, active surfaces in which the structures and functionalities of polymers at the nanoscopic
scale can be modulated temporally, and thus endows these systems with great potential for basic research,
biosensing, cell culture, and antifouling applications. Clearly, the applications of NPBs are still in the
early stage of development; further development of nanofabrication and synthetic techniques will

continue to enable widespread, practical applications of nanopatterned polymer brushes into the future.
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