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Polymer brushes provide an exceptional route to surface functionalization due to their chemical and
mechanical robustness, lack of large-area defects, and high density of functional groups. In spite of these
benefits, the synthetic difficulty and complex surface structure associated with polymer brushes have
hindered their utilization for constructing multifunctional, patterned surfaces. In this contribution we
describe the use of a rapid and highly efficient polymer brush post-functionalization technique as a facile
method for controlling surface functionality of polymer brushes. Poly(2-hydroxyethyl methacrylate)
(PHEMA) brushes are post-functionalized via activation with N,N’-disuccinimidyl carbonate (DSC) and
subsequent coupling to molecules containing «-amine moieties. This post-functionalization effectively
tailors surface energy resulting in water contact angles ranging from 40° to 100° using different con-
jugate molecules. Furthermore, the solvent tolerance, insensitivity to reactant concentration, and rapid
reaction time of the aminolysis reaction enable surface energy patterning of the polymer brushes
through the use of “reactive” soft lithography. Finally, these surface energy patterns could be “de-
veloped” by exposure to gold nanoparticle solutions to yield surfaces with patterned nanoparticle
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density.
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1. Introduction

Tailoring the surface chemistry of solid substrates by synthetic
tools is of fundamental importance in materials science, for ex-
ample in the creation of biologically relevant interfaces for sensing
and separation applications [1]. Popular methods of tuning surface
functionality are based on decorating surfaces with self-assembled
monolayers (SAMs), polymer thin films, and polymer brushes [2].
SAMs have been extensively studied due to their molecular order
and synthetic simplicity [3]. Polymer brushes share many of the
same characteristics as SAMs but offer distinct advantages in-
cluding the ability to tailor surface coverage, thickness, and com-
position, and increased functional group density and robustness
[4]. The main drawback of polymer brushes has been the technical
difficulty associated with their synthesis. In particular, tuning the
surface functionality of polymer brushes requires the use of dif-
ferent monomers, which necessitates tailoring of the polymeriza-
tion methodology for each monomer choice in order to achieve the
desired grafting density and chain length. The structural com-
plexity of polymer brushes and the complexity associated with
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tailoring their surface properties have led to the preferential use of
SAMs for patterning applications.

An alternate method of tuning polymer brush surface properties
is through post-functionalization from a common polymer brush
platform. This route for the generation of functional brushes allows
the fabrication of a wide variety of surface functionalities without
changing polymerization kinetics and enables incorporation of
chemical moieties or creation of polymer architectures that are not
tolerated by the polymerization process [5]. Although there have
been extensive reports of derivatization of free polymer chains,
there have been only a handful of reports on the side chain and
chain end functionalization of tethered polymer brushes [6]. Al-
though end-group functionalization may be preferable in cases
where 1:1 ligand/receptor stoichiometry is required, the higher
density of side chains provides a greater ability to impact surface
properties, enable multidentate interactions, and achieve full sur-
face passivation. The majority of previous attempts at polymer
brush post-functionalization have focused on the coupling of specific
molecules, rather than broad-range reactivity. A notable exception
is the recent work by Murata et al., which involved the synthesis of
polymers with succinimide side chains and subsequent coupling of
a broad range of functional amines [7]. Unfortunately, this approach
relies on a succinimide substituted-monomer, which had to be
specially synthesized. The authors did not attempt to use this post-
functionalization approach for surface patterning; however, the
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Fig. 1. Functionalization of PHEMA side chain using DSC activation and subsequent amination.

timescale of the aminolysis reaction (=16 h) is not amenable to
patterning where it is essential to have a relatively rapid, techni-
cally simple, and highly efficient coupling chemistry.

Another approach to post-polymerization functionalization is to
utilize a two-step process, in which an existing moiety on the
polymer side chain is selectively “activated” then subsequently
coupled to by a rapid, orthogonal reaction. The activation-coupling
approach is conceptually amenable to the creation of complex brush
architectures and surface patterns. For example, after spatially uni-
form activation, the subsequent coupling reaction could be spatially
confined. Steric bulk and diffusivity could potentially be harnessed
to enable control of coupling efficiency and the tailored distribution
oflarge and small molecules perpendicular to the brush axis. Herein,
we developed the activation-coupling approach based on the acti-
vation of the hydroxyl group of poly(2-hydroxyethyl methacrylate)
(PHEMA) side chains with N,N’-disuccinimidyl carbonate (DSC)
followed by subsequent coupling to a primary amine (Fig. 1). This
coupling chemistry has been used extensively in the PEGylation of
proteins and drugs, affinity column preparation, and solid-phase
synthesis of peptide carbamates; it has thereby been demonstrated
to be highly specific in its reactivity to ¢-amino groups, as well as its
tolerance to a wide variety of solvents and biological buffers [8,9].
Furthermore, this DSC-mediated amination technique has been
shown by several studies to give higher coupling yields with less side
reactions than the p-nitrophenyl chloroformate (NPC) and 1,1’-car-
bonyldiimidazole (CDI) mediated coupling reactions used by pre-
vious polymer brush post-functionalization approaches [9]. The
carbamate linkage yielded by the two-step activation-coupling ap-
proach is known to have higher stability toward hydrolysis and
proteolysis than moieties commonly obtained by one-step pro-
cesses, such as, amide or ester linkages [10]. This highly versatile
methodology has allowed us to study the effect of post-

Table 1
Post-functionalization of brushes with various functional groups

functionalization of a variety of conjugate molecules on the surface
properties of PHEMA brushes and to pattern the surface energy of
a polymer brush substrate via post-functionalization.

1.1. Post-functionalization

PHEMA brushes were synthesized on silicon wafers via the
grafting from method utilizing atom transfer radical polymeriza-
tion (ATRP) [11]. This synthesis of PHEMA followed the route sug-
gested by Robinson and coworkers [12]. Details of the synthesis and
associated characterization are provided in Section 3, [11,21,22].
Specifically the post-functionalization discussed herein was per-
formed on PHEMA chains (MW = 12-15 kDa) end-tethered at
~0.4-0.5 chains/nm? These characteristics result in a dry brush
within the semidilute region, that is one that is swellable by a low
molecular weight medium [13]. As shown previously, this synthetic
scheme enabled the generation of linear (uncross-linked) PHEMA
chains [11]. This is important as the hydroxyl terminus in the
pendant group of each monomer is available for subsequent
chemical functionalization, described in detail below.

To activate the brush, the substrate is immersed in a 100 mM
solution of N,N'-disuccinimidyl carbonate (DSC) and 4-(dimethyl-
amino)pyridine (DMAP) in anhydrous dimethylformamide (DMF)
for up to 24 h. DMAP acts as a catalytic base, deprotonating the
hydroxyl group, and thus making it more reactive towards DSC. The
activated hydroxyl group then acts as a nucleophile and attacks the
electrophilic carbonyl of DSC causing the formation of the activated
succinimidyl group (Fig. 1). The brush is then taken out of solution
and rinsed thoroughly with anhydrous DMF and methylene chlo-
ride in order to remove unreacted DSC/DMAP. Due to the small size
of the succinimidyl carbonate group, only a modest increase in
brush thickness is seen upon brush activation (Table 1, Entry 2).

Thickness® (nm) Contact angle® Composition© 100% coupling Coupling efficiency

composition? (%)°

PHEMA 14.8 +0.1 58 +2° 68% C, 32% O 67% C, 33% O N/A

DSC-PHEMA 172 +0.2 65 +2° 62% C, 35% 0, 3% N 58% C, 37% O, 5% N ~90f

PHEMA-g-Cy6 224+0.2 99+ 1° 81% C, 16% O, 3% N 82% C,14% 0O, 4% N 87 +£11

PHEMA-g-PEG5¢ 23.8+0.3 434+ 1° 67% C, 31% 0O, 2% N 66% C, 32% 0, 2% N 79+5

PHEMA-g-PEGsq 20.8+0.3 38+1° 65% C, 34% 0, 1% N 66% C, 33% 0,1% N 43+6

PHEMA-g-CgFi5 20.7 £0.2 110+ 1° 47% C,18% O, 3% N, 32% F 43% C,11% O, 3% N, 43% F 59+6

C16 control® no activation 146+ 0.3 60+ 1° 66% C, 34% O 67% C, 33% O -

All reactions in table performed on the same PHEMA brush substrate.

2 Thickness measured by ellipsometry.

b Water contact angle.

¢ Elemental composition measured by XPS.

4 Expected elemental composition at 100% coupling efficiency.
As estimated from XPS data by comparing experimentally measured elemental composition and composition at 100% coupling or by carbon deconvolution for PEG coupled
materials see Section 3 for full details.

f Estimated maximum activation efficiency based on coupling data.

& Unactivated brush was exposed to hexadecylamine solution for 24 h.

e
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Fig. 2. XPS survey scans of pristine PHEMA brush, activated brush, and fluorinated
conjugate.

This thickness increase is due to the increased steric constraints
caused by the increased volume of side chain functional groups
which cause an upward expansion of the individual chains to
minimize steric repulsion [1,6i]. The activation step was found to be
relatively slow, requiring at least 7 h for completion (Supplemen-
tary data). X-ray photoelectron spectroscopy (XPS) of the activated
brush exhibits a nitrogen peak in the survey scan, providing qual-
itative confirmation of the conversion of a portion of the PHEMA
hydroxyl side chain to the succinimidyl carbonyl activated side
chain (Fig. 2). Unfortunately, direct quantification of activation ef-
ficiency is difficult due to the inherent inaccuracy of integrating the
relatively small nitrogen peak or deconvoluting the contribution of
the carbonyl peak to the carbon 1s peak. Subsequent coupling of
a-amino molecules (Table 1) implies that the maximum activation
efficiency in the near surface region of the brush must be >90%.

Coupling of a-amino molecules was achieved by immediately
immersing the activated brush in a 0.010-100 mM solution of the
reactant of choice for up to 24 h. After sonication and washing to
desorb non-specifically bound reactants, the coupling of conjugate
molecules resulted in an increase in brush thickness as measured by
ellipsometry (Table 1, Entries 3-6). Furthermore, successful coupling
was also demonstrated by a change in static water contact angle for
conjugate molecules that were either more hydrophilic or hydro-
phobic than PHEMA (Table 1). In particular, the coupling of hydro-
philic conjugates, such as PEGsg caused a substantial decrease in
water contact angle (Table 1, Entry 4), while the coupling of a hy-
drophobic conjugate, such as hexadecylamine, caused a substantial
increase in water contact angle (Table 1, Entry 3). In concert, the
affinity of the surface to nanoparticle adsorption can be tuned. Fig. 3
shows the change in surface coverage of 30 nm citrate coated Au NPs
on surfaces comprised of various a-amino molecules coupled to
PHEMA brushes. Perflouro-functionalization created a surface that
was completely repulsive to Au NP absorption. PEG functionalized
surfaces demonstrated a marked increase in Au NP absorption rel-
ative to unfunctionalized PHEMA or alkane functionalized PHEMA.
Higher molecular weight PEG showed greater affinity than lower
molecular weight PEG. For PEGs, reversible colorimetric detection
of solvent vapor that swells the brush was observed due to the
increase (decrease) in the mean Au NP spacing upon absorption
(desorption) of the solvent, and associated hypsochromic (batho-
chromic) shifting of the collective plasmon resonance.

The extent of post-functionalization in approximately the upper
third of the brush (Table 1) can be estimated using XPS either from
the elemental composition, or in cases where elemental composi-
tion of the conjugate and PHEMA are very similar (as in PHEMA-g-

PEG), by deconvolution of the carbon 1s peak which reveals the
relative amounts of C-C, C-0, and C=0 bonds (Fig. 4). For example,
a fluorinated conjugate shows distinct nitrogen and fluorine peaks
in the XPS survey scan (Fig. 2), reflecting the covalent attachment of
this molecule to the brush. Furthermore, Fig. 4 compares the Cls
peak for the pristine PHEMA brush with the PHEMA grafted hex-
adecylamine (PHEMA-g-C;6) and PHEMA grafted PEGs5o (PHEMA-g-
PEGsp). The expected proportions of C-C, C-0, and C=0 (3:2:1)
bonds are observed for PHEMA (Fig. 4A). When a primary alkane
molecule (hexadecylamine) is coupled, a large increase in the rel-
ative amount of the low binding energy peak (C-C) is seen (Fig. 4B).
In contrast, when PEGs, containing a high density of ether linkages
is coupled, a substantial increase in the proportion of peaks
stemming from C-O bonds is noted (Fig. 4C). Note that a control
experiment, in which pristine PHEMA brush is reacted directly with
hexadecylamine without DSC activation, does not reveal sub-
stantial changes in thickness, contact angle, or elemental compo-
sition (Table 1, Entry 7). Similar results were seen in control
experiments using the other reactants. Overall, these results dem-
onstrate that DSC activation causes a specific reaction with primary
amines and that the physical and elemental changes noted are not
simply due to non-specific adsorption of reactant molecules.
Finally, a variety of small peptides and other synthetic molecules
have been coupled using the aforementioned procedure (Supple-
mentary data).

Ellipsometry, XPS and changes in physical properties, including
water contact angle, confirm the applicability of DSC activation for
coupling ¢-amino molecules to PHEMA. Unfortunately, only limited
understanding with regard to the final distribution of pendants
along the chain axis is currently available. Attenuated Total Re-
flectance-IR confirmed the formation of succinimide and amide
groups during the post-functionalization. However, due to the thin
brush (<20 nm) and resultant poor signal-to-noise, the composi-
tional analysis of the brush was less reliable than the analysis
obtained by XPS. Attempts at depth profiling with XPS were in-
conclusive, attributed to the different etched rates of the elements
artificially enriching compositions of the slower etching species.
Variable take-off angle XPS was also found challenging due to the
different mean-free path lengths of the 1s electrons. Previous
studies have also cautioned independent use of these approaches,
especially since conformation of brushes in dry state (ala vacuum)
differs from that in solution (reaction) [14]. Future studies using
X-ray and neutron reflectometry, as well as near edge X-ray ab-
sorption fine structure (NEXAFS) are necessary to elucidate the
compositional variation along the brush axis.

Minimizing reactant concentration and reaction time, as well as,
expanding potential reaction media are critical to optimizing the
amination reaction for patterning applications. A substantial ad-
vantage of the DSC activation reaction is the purported stability of
the activated group to water, making it amenable to coupling
g-amines in water, thus enabling conjugation of biological mole-
cules [9]. Nevertheless, many potential reactants have greater sol-
ubility in other media. In order to ascertain the effect of solvent on
coupling efficiency, MeO-PEG2o-NH; was reacted with an activated
brush in three different solvents (chloroform, acetone, and 50 mM
phosphate buffered saline (PBS)). Coupling in acetone yields the
largest increase in brush thickness, while chloroform and PBS
buffer show similar brush thicknesses by ellipsometry (Table 2).
The greater coupling efficiency measured by XPS (Table 2) from
coupling in acetone (=89%) versus chloroform and PBS (=80%)
could be due to the greater solubility of PEG in acetone, which
yields a looser polymer coil with greater accessibility of the amine
terminus for the coupling reaction. However, we do not find dele-
terious effects on the reaction from using any particular solvent,
rather finding the optimal solvent for each set of reactions entails
optimizing the solubility of the reactant.
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Fig. 3. Relative affinity of post-functionalized PHEMA brushes to adsorption of 30 nm citrate-capped Au nanoparticles. (a) PHEMA-g-PEGsg (130 + 15 NP/um?); (b) PHEMA-g-PEGo0
(41 +£6.8 NP/um?); (c) PHEMA-g-C6 (0.8 0.2 NP/um?); (d) PHEMA-g-CgF;5 (0 NP/um?); (e) pristine PHEMA (3.2 + 1.8 NP/um?).

Paralleling the toleration of a range of reaction media, the sur-
face amination reaction is also seen to be insensitive to reactant
concentration and time (Supplementary data). For example, cou-
pling of hexadecylamine in acetone for 24 h was effectively in-
variant in the concentration range of 10-50 mM, potentially
decreasing slightly for low uM concentrations, as revealed by
a minute decrease in brush thickness (ellipsometry). For 25 mM
solutions of hexadecylamine in acetone, increase in brush thickness
demonstrated substantial reaction progress in only 2 min with
a plateau reached at 15 min. The water contact angle indicated

a complete change to the equilibrium value in 2 min. This rapid
change of surface properties suggests a reaction mechanism, by
which surface groups react quickly and internal brush functional-
ities react more slowly due to the need for reactants to diffuse into
the dense brush layer. Such diffusional limitation of polymer brush
side-chain reactivity has been noted in other studies [7]. Multi-
variable optimization of concentration and contact time provides
awide range of processing conditions amenable for reactive contact
printing (locally high reactive ink concentration and short contact
time).
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Fig. 4. Deconvoluted carbon 1s peak of pristine PHEMA brush (A), hexadecane conjugate (B) and PEGs, conjugate (C).

Table 2
Effect of solvent on extent of amination reaction

Reaction solvent Thickness® (nm) Coupling efficiency®

PHEMA - 15.0+£0.2 -

PHEMA-g-PEG;q Acetone 26.2+03 89+6
PHEMA-g-PEGq Chloroform 24.0+0.2 80+5
PHEMA-g-PEG;9 PBS buffer 229+0.2 79+8

¢ Thickness measured by ellipsometry.
b As estimated from XPS data by carbon 1s peak deconvolution, see Section 3 for
full details.

1.2. Reactive microcontact printing

The rapid reaction of the activated PHEMA brushes and in-
sensitivity to reactant concentration imply that this process is
amenable to “reactive” microcontact printing (R-pCP). Typically,
UCP is performed on bare, inorganic surfaces for the formation of
patterned SAMs. Patterns on a surface are formed via the deposition
of material from an inked stamp, followed by the formation of
covalent linkages with the surface via extremely efficient reactions,
such as, gold-thiol or siloxane bond formation [15]. There have
been far fewer examples of R-CP on organically-derivatized SAMs
in the literature, compared to conventional puCP [16,17]. An early
example by Whitesides involved the printing of polymer chains
onto a carboxylic anhydride activated substrate [15]. Recently, Huck

Apply Reactant
pply

to Stamp
Patterned PDMS Stamp

Activate
—_—
Step 1

Stamp
S
Step 2

Polymer Brush Surface Activated Brush Surface

Stamped Brush Surface

et al. reported catalyst-free R-uCP of N-protected amino acids onto
amino-functionalized SAMs and Reinhoudt et al. reported catalyst-
free click reactions via R-puCP [16b,c]. Very recently there has been
interest in the extension of R-puCP from SAMs to polymer thin films
[18]. In general, these approaches have focused on cell-growth
applications.

The aforementioned “activate and couple” process was utilized
to enable R-puCP of organic molecules onto activated polymer
brushes as detailed below and described schematically in Fig. 5. As
a specific example, the PHEMA brush was activated as described
above (Fig. 5, step 1). A PDMS stamp pattern was then wetted with
a 25 mM solution of MeO-PEGs5¢p—NH; and then brought into con-
formal contact with the wafer (Fig. 5, step 2). The stamp was then
peeled off, the substrate rinsed, and then immersed in a solution of
hexadecylamine to backfill the unreacted but activated regions of
the substrate (Fig. 5, step 3). The C16—PEGsg compositional pattern
results in a surface energy pattern; PEG regions are hydrophilic,
while hexadecylamine regions are hydrophobic. Due to the re-
fractive index differential between the alkylated and PEGylated
portions of the polymer brush, the surface pattern could be visu-
alized under an optical microscope (Supplementary data).

As previously noted the PEG functionalized brushes have a high
affinity for citrate-capped gold nanoparticles (Au NP) while alkane-
functionalized brushes have a low affinity for such nanoparticles.
Thus the surface energy pattern can be “developed” by immersing
the substrate in an AuNP solution. Fig. 6 shows selective absorption

Backfill with 2" Reactant
Step 3

Final Patterned Brush Surface

Fig. 5. Schematic of reactive microcontact printing process.
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Fig. 6. Scanning electron microscopy images of reactively patterned substrate after
exposure to gold nanoparticle solution. (Top) uniformity of pattern over mm? area.
(Bottom) resolution of the edge of pattern showing abrupt transition from high areal
density Au NP absorption on PHEMA-g-PEGs to low areal density Au NP absorption on
PHEMA-g-Ci6.

of 30 nm citrate-capped AuNPs in the PHEMA-g-PEGs;q regions after
exposure for 24 h. Loosely physisorbed particles were removed by
sonication for 5 min in Milli-Q water and methanol. In general the
average particle density in the PHEMA-g-PEGs( regions (AuNP rich
regions) was =160 particles/um? (aerial coverage = 10-15%). This

Substrate Activated|
Step 1

is slightly higher than the 130 particles/um? seen on homogeneous
PHEMA-g-PEGs. In the PHEMA-g-Cy6 regions (AuNP poor regions),
~25 particles/um? were observed; significantly higher than the
values seen on homogeneous PHEMA-g-Cy¢ surfaces (=1 particle/
um?). It is currently unclear why the R-pCP process may lead to
higher nanoparticle densities than those seen on homogeneously
reacted surfaces. However, there is literature precedent that re-
actions performed via R-puCP show enhanced yields due to the close
proximity of reactants provided by the uCP geometry [14]. This
could result in higher levels of coupled PEGsg and corresponding
affinity for AuNPs. The presence of the AuNPs on the PHEMA-g-Cyg
regions may reflect unintentional deposition of PEGsy moieties
prior to Cyg grafting, such as via the recessed regions of the stamp,
or more likely via transfer during the bulk rinse step intermediate
between the PEGsg and Cyg grafting reactions. As noted above, the
coupling between a-amines and succinimide is highly efficient,
occurring at very low concentrations of the a-amine reactant. De-
spite these unresolved issues, due to the tolerance of the post-
functionalization chemistry to a wide variety of reactants, it is
conceptually possible to create a large diversity of patterned sur-
faces. In practice, however, we find that the inking of stamps with
different molecules must be individually optimized with regard to
solvent and reactant concentrations in order to ensure complete
and uniform coverage of the stamp.

1.3. Reactive microcapillary patterning

The activate and coupling post-functionalization approach also
enables patterning via local confinement of reactants in channels.
This “reactive” microcapillary patterning (R-pCaP) is conceptually
similar to micromolding in capillaries (MIMIC) [19], but instead of
the capillary solution cross-linking on top of the substrate, it reacts
with the substrate. In our case, R-pCaP is anticipated to enable
deeper penetration of reactants into the interior of the brush rel-
ative to R-uCP, due to the presence of reactants in the solvated
versus dry state. That is the architecture of the post-functionalized
brush will be different, brushes patterned throughout their chain
length (R-pCaP) versus at the air-brush interface (R-uCP).

The R-pCaP process, schematically shown in Fig. 7, was per-
formed as follows. The PHEMA brush was activated as previously
described (Fig. 7, step 1). The channel patterned PDMS stamp was
then brought into contact with the wafer, and vacuum was applied
via a cavity at the end of the pattern (Fig. 7, step 2). This vacuum-

Stamp Applied, Vacuum
Pulled

Step 2

L

Needle hooked to vacuum

Solvent Front

Reaction Solution Applied
Step 3

Solution Fills Channels

Step 4

Needle hooked to vacuum

Backfil with 2"*Reactant

Step 5

Pattern is filled Pattern is Complete

Fig. 7. Schematic of reactive microcapillary patterning process.
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Fig. 8. Scanning electron micrographs showing areas of high and low Au NP areal
densities on PHEMA-g-PEGso-PHEMA-g-Cy¢ surface pattern formed through reactive
microcapillary patterning. (Top) fidelity of pattern across mm? areas, where excellent
reproducibility was achieved in the smaller channels, but larger channels exhibited
surfaces reflective of dewetting along the width of the channel. (Bottom) resolution of
the edge of pattern (circle, top) showing abrupt transition from high areal density Au NP
absorption on PHEMA-g-PEGsq to low areal density Au NP absorption on PHEMA-g-Cye.
The scale bar in (Top) and (Bottom) micrograph corresponds to 500 um and 2 pm,
respectively.

assisted technique [20] avoids the complexity of a dynamically
changing stamp surface that results from surface-plasma treatment
of PDMS to increase hydrophilicity to enable capillary uptake of
water [21]. A reservoir of an MeO-PEGs5o-NH; solution in water was
applied at the end of the stamp pattern (Fig. 7, step 3). After the
PEG50 solution had fully percolated the channels and the solvent
had evaporated (Fig. 7, step 4), the stamp was then removed from
the substrate and the substrate rinsed and then immersed in a so-
lution of hexadecylamine to backfill the unreacted but activated
regions of the substrate (Fig. 7, step 5). As before the surface energy
pattern was “developed” by exposure of the substrate to an Au NP
solution and the substrate imaged by scanning electron microscopy
(Fig. 8). Good pattern fidelity on the micron scale was achieved in
the smaller channels, but larger channels exhibited surfaces re-
flective of dewetting along the width of the channel. The average
particle density in the PHEMA-g-PEGs5g regions (AuNP rich regions)
was ~ 120 particles/um?, in very close agreement with the afore-
mentioned homogeneous PHEMA-g-PEGso surfaces (~ 130 parti-
cles/um?). The average particle density in the PHEMA-g-Cy regions
(AuNP poor regions) was ~ 6 particles/um?, substantially closer to
the values observed on homogeneous PHEMA-g-Cis surfaces
(~1 particles/um?) than observed for R-uCP. Dewetting of large
channels and the imprecise edge definition are due to several fac-
tors including surface energy mismatch between the stamp and the
underlying brush and non-uniform swelling of the brush which can
be addressed by process optimization.

2. Conclusion

A highly versatile and efficient method of polymer brush func-
tionalization has been developed by exploiting the specificity and
water tolerance of DSC-mediated coupling for side chain

derivatization of PHEMA hydroxyl groups. This “activate and cou-
ple” technique has allowed us to attach a variety of synthetic
molecules in order to effectively tailor the surface properties of the
polymer brush. Furthermore, it has been demonstrated that this
coupling reaction can be performed at short reaction times
(<10 min), low solution concentrations (uM) and in various sol-
vents, including buffer. The speed and precision of this function-
alization chemistry allow the fabrication of patterned brush
surfaces via “reactive” soft lithography such as R-uCaP or R-uCP. The
exposure of these patterned brush surfaces to nanoparticle solu-
tions results in replication of the surface energy pattern (based on
differential binding affinity) with high fidelity at the micron scale.
This represents a facile method to create hierarchically patterned
hybrid polymer-nanoparticle surfaces, useful for a range of sensing
applications that capitalize on the distance dependent plasmonic
characteristics of gold nanoparticle arrays.

Although both pattern techniques discussed require further
optimization to reach the pattern-edge fidelities seen in soft li-
thography on SAMs, the “activate and couple” methodology to
post-functionalized polymer brushes is clearly a viable technique to
create surface energy and nanoparticle density patterns on robust
polymeric surfaces. Additionally, the biocompatibility of succini-
mide coupling enables the extension of both R-uCP and R-pCaP
approaches to a wide variety of biomolecules, including peptides,
proteins and enzymes. Establishing a detailed picture of correlation
between reaction conditions, reactant size and the distribution of
side-chain functionalities along the depth of the brush is a neces-
sary follow-on to enable fabrication of surfaces that fully capitalize
on the specificity afforded by biomacromolecules. In general,
optimization of “activate and couple” methodology with reactive
micro-printing processes will enable the fabrication of sophisti-
cated multifunctional surfaces.

3. Experimental
3.1. Materials

All chemicals unless specified were analytical grade from
Sigma-Aldrich and were used as-received. 2-Hydroxyethyl meth-
acrylate (HEMA) was obtained from Acros, methanol (HLPC grade)
was purchased from Fisher Scientific. CuCl and CuCl;, (analytical
grade) were obtained from Sigma-Aldrich and were used as-re-
ceived. Citrate-capped gold nanoparticle solutions (30 nm) were
used as-received from Ted Pella. MeO-PEGs5o-NH, and MeO-
PEG,0-NH; were used as-received from Polymer Source. 1H,1H-
Perfluorooctylamine was used as-received from SynQuest Labs.
N,N’-Disuccinimidyl carbonate was from Fluka (purum grade) and
was used as-received.

3.2. Instrumentation

Polymer brush thicknesses were measured by ellipsometry via
a Senetech SE400 variable angle ellipsometer using a wavelength of
632.8 nm and angles from 40° to 70°. Six spots per wafer were
measured and the results averaged. Reported error was the spread
in data from the six different measurements. Thickness was de-
termined using the accompanying software and the measured phi
and psi angles. The bulk refractive index of 1.512 for PHEMA was
assumed. Note that for film thickness below 20 nm, refractive index
differences in the range anticipated for the post-functionalization
(An ~0.1) result in an insignificant change in the calculated
thickness (+10%). Elemental compositions and coupling efficiencies
were determined using ESCA 2000 software by averaging results
from four spots (800 pm?) on each wafer by X-ray photoelectron
spectroscopy (XPS) performed on a Surface Instruments (SSI) M-
probe instrument operated at a base pressure of 3 x 107 Pa using
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an operating voltage of 10 kV. Contact angles were determined on
an FTA200 from First Ten Angstroms at =22 °C. In a given experi-
ment with a single water drop, 30 contact angle measurements
were taken over 2 min and averaged. Four separate experiments
were conducted per sample and these results averaged. All samples
were analyzed on the same day at 15% relative humidity. Optical
microscopy was performed on a Zeiss-Axio optical microscope.
Gold nanoparticle patterns were imaged by an FEI XL30 scanning
electron microscope at 20 kV at a working distance of 5.0 mm.

3.3. Polymer brush synthesis

Silicon wafers (Silicon Valley Microelectronics Ltd.) were cut
into pieces of desired sizes and exposed to ultraviolet radiation/
ozone (UVO) treatment (Jelight Inc., model 42) for 30 min. This
treatment generates a large concentration of surface-bound hy-
droxyl groups required for the attachment of polymerization ini-
tiator. Poly(2-hydroxyethyl methacrylate) (PHEMA) brushes were
prepared by “grafting from” polymerization based on atom transfer
radical polymerization (ATRP) on account of its ability to form
polymers with low polydispersity as described in prior publica-
tions [11a,23]. This procedure involved the deposition of the
ATRP initiator (11-(2-bromo-2-methyl)propionyloxy)-undecyl tri-
chlorosilane, (BMPUS) on the surface of silicon wafer and
subsequent polymerization initiated from the surface-bound
BMPUS centers. BMPUS was attached to silicon substrate by
keeping UVO-treated wafer in the initiator solution (5 ml in 150 ml
anhydrous toluene at —10 °C for about 12 h). Polymerization of
HEMA was carried out using methanol/water ATRP using a mixture
containing 37.45 g of HEMA, 25.5 g of methanol, 7 g of water, 2.33 g
of bipyridine, 0.663 g of CuCl and 0.05 g of CuCl,. The polymeriza-
tion time (ranging between 2 and 5 h) was adjusted to achieve
desired brush thickness (=10nm) and tethering density of
=0.4 chains/nm?. Note that the pristine polymer brush was char-
acterized extensively as described in prior publications [13,23,24].
In general obtaining the grafting density of brushes on flat sub-
strates is a challenge, since cleavage of the brushes from flat sub-
strates liberates insufficient material for subsequent size exclusion
chromatography (SEC) analysis. However, by combining ellipso-
metric results of dry brush thickness with SEC measurements from
brushes grown on and cleaved off small particles a good estimate of
the grafting density is obtained. Using this procedure a rough
correlation between the brush dry thickness (h) and molecular
weight (M) of the brush is established (M = 1200h, where h is in
nanometers) [23].

3.4. Polymer brush functionalization

Note: For all reaction series, experiments were performed on
a single brush wafer fractured into multiple pieces. This ensures
that the measured results are not impacted by the variations of
chain density or chain length on different brush wafers. Polymer
brushes were immersed in a deoxygenated solution of 0.1 M N,N’-
disuccinimidyl carbonate (DSC) and 4-dimethylaminopyridine
(DMAP) in anhydrous dimethylformamide (DMF) for 24 h. The
brushes were then rinsed thoroughly with DMF and methylene
chloride and then immersed in a solution at the proper reactant
concentration of the primary amine containing coupling reagent
for the specified time. The brushes were then removed from the
solution and sonicated for 15 min each in Milli-Q water, acetone,
and methylene chloride in order to remove excess adsorbed re-
actants. The post-functionalized brushes were characterized by
ellipsometry, water contact angle measurements, and XPS as de-
tailed in Section 3.2. An example of the determination of elemental
composition follows: for the coupling of hexadecylamine, the high
resolution carbon 1s peak, oxygen 1s peak, and nitrogen 1s peak

were all integrated. The ESCA 2000 software automatically de-
termined the elemental composition by multiplying each peak area
by its respective sensitivity factor and dividing it by the total for all
elements present. The fitting of the carbons 1s peak was performed
in an automated fashion using the peak-fitting program on the
software.

3.5. Estimation of grafting efficiency

Grafting efficiencies were estimated by either carbon 1s peak
fitting (in the case of PEG) or elemental composition (carbon,
oxygen or fluorine), respectively, as described below. Note that due
to the difficulty in integrating the relatively small nitrogen peak,
nitrogen composition was not used to calculate grafting efficiency.
When possible, (as in the case of hexadecylamine) estimates were
performed by both carbon 1s peak fitting and elemental composi-
tion to ensure that both methods gave similar results. Assuming the
post-functionalized brush is composed of unreacted (unactivated)
PHEMA monomers (u) and reacted (coupled) PHEMA monomers
(r), the total elemental composition, Cy, can be expressed as
Cr = Cyxu + Crxr where Cj is the elemental content, ; is the fraction
of reacted and unreacted monomers, and yy + xr = 1. The grafting
efficiency, defined as the fraction of reacted monomers (x;), is then
xr = (Cr—Cu)/(G—Cy). The elemental carbon composition of the
pristine PHEMA brush and theoretical 100% grafted brush are
summarized in Table 1. For the XPS conditions used, the escape
depth of 95% of 1s electrons (defined as 31 where A is the inelastic
mean-free path length of the surface ejected electrons) from these
polymers is approximately 7.2, 6.4, and 5.7 nm for carbon, oxygen,
and fluorine, respectively; this implies that the estimated effi-
ciencies are specific for the outermost 25-33% of the brush. Finally,
there was insufficient resolution to estimate the relative content of
the activated PHEMA-succinimide monomer (C:0 - 1.6:1) and
pristine PHEMA monomer (C:O - 2:1), thus the reported estimates
based on the a-amino coupled brushes reflect the efficiency of both
steps and imply that DSC-activation process is of greater efficiency.
This is consistent with literature reports that the amino coupling to
the PHEMA-succinimide is highly efficient [8].

3.6. Reactive microcontact printing

The PDMS stamp pattern was fabricated as has been previously
described [25]. Briefly, the silicon master was placed in a glass petri
dish and a 10:1 (w:w) mixture of Sylgard 184 elastomer and curing
agent was mixed and poured over the master. This was then
degassed under vacuum to prevent air bubbles from forming in the
pattern. After degassing, the stamp was then allowed to cure
overnight at room temperature. After curing, the PDMS stamp was
cut out by a razor blade and washed and sonicated in a mixed
ethanol/water solution (30:70 v:v) prior to use and then dried in
a nitrogen stream to remove unreacted monomer and contami-
nants. The particular PDMS pattern used for R-uCP (Supplementary
data) consisted of a repetitive line pattern with raised features of
25 um width and recessed features of 45 um width. To activate the
polymer brush, the substrate was immersed in a deoxygenated
solution of 0.1 M N,N'-disuccinimidyl carbonate (DSC) and
4-dimethylaminopyridine (DMAP) in anhydrous dimethylforma-
mide (DMF) for 24 h. The brushes were then rinsed thoroughly
with DMF and methylene chloride. The PDMS stamp pattern was
wetted with a 25 mM solution of MeO-PEGs5¢p—-NH; in acetone by
application with a Q-Tip. Note: The PDMS stamp can also be inked
via spin coating of the reactant solution or other various application
methods, but it was found that the Q-tip application method yiel-
ded the best results. The PDMS stamp was then brought into con-
formal contact with the wafer under an applied force of 1 kg/cm?
and was kept in contact until the interface was fully dry (=10 min).
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The stamp was then peeled off and the substrate was rinsed in
acetone and methylene chloride and then immersed in a 25 mM
solution of hexadecylamine in acetone in order to backfill the
unreacted but activated regions of the substrate. The wafer was
then sonicated thoroughly for 15 min each in Milli-Q water, ace-
tone, and methylene chloride in order to remove excess adsorbed
reactants. The wafer was then floated on a solution of citrate-cap-
ped gold nanoparticles (Ted Pella) for 24 h. The substrate was then
taken out of solution and rinsed and sonicated for 5 min each in
Milli-Q water and methanol to remove loosely physisorbed parti-
cles. The substrates were imaged by SEM as described in Section
3.2, and the density of AuNPs on the brush surface was quantified
via image processing of the SEM images using image-] software.

3.7. Reactive microcapillary patterning

The PDMS stamp pattern was fabricated as has been previously
described [22] and summarized above. The particular PDMS pat-
tern used for R-uCaP (Supplementary data) consisted of a series of
parallel channels, where each channel sequentially increased in
size from the exterior (30 pm) to the center of the pattern (850 pm).
Polymer brushes were activated as described above. The pristine
(non-plasma treated) PDMS channel pattern was then brought into
contact with the wafer. A needle connected to a vacuum line was
punctured into a cavity at the end of the pattern and the vacuum
was then activated, enabling conformal contact of the stamp with
the substrate without applied weight. A reservoir of 100 puL of
a 25 mM solution of MeO-PEGs50-NH; in water was then applied at
the end of the stamp pattern (schematic shown in Fig. 7). The ap-
paratus was left for 4 h, during which time the vacuum assisted
pulling of the reaction liquid into the channels and slow evapora-
tion of water. The stamp was then removed from the polymer
brush substrate; the substrate was rinsed thoroughly with acetone
and methylene chloride, and then immersed in a 25 mM solution of
hexadecylamine in acetone in order to backfill the unreacted but
activated regions of the substrate. The wafer was then sonicated
thoroughly for 15 min each in Milli-Q water, acetone, and methy-
lene chloride in order to remove excess adsorbed reactants. Finally,
the wafer was floated on a solution of citrate-capped gold nano-
particles (Ted Pella) for 24 h. The substrate was then taken out of
solution and rinsed and sonicated for 5 min each in Milli-Q water
and methanol to remove loosely physisorbed particles. The sub-
strates were imaged by SEM as described in Section 3.2, and the
density of AuNPs on the brush surface was quantified via image
processing of the SEM images using image-] software.
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